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Preface

The phenomenon of £1 Nino has become well known as a climatic
anomaly affecting the entire tropical Pacific Ocean. In the last
decade, a Nino paradigm has been developed that encompasses a plaus-
ible mechanism and promises to result in successful predictions.
But as the record-breaking event of 1987-1983 has demonstrated, not
all Ninos are the same, and reasons for the differences among them
are not well understood.

In an earlier volume, Warren §. Wooster, ed., From Year to
Year, Washington Sea Grant, 1983, the question of 1interannual
variability of the environment and fisheries of the Gulf of Alaska
and the eastern Bering Sea was examined. There is compelling evi-
dence that for many species, a varieble environment is assaciated
with variable recruitment to fish and shellfish stocks, but the
relationship s poorly understood. Just as the study of extreme
years classes may illuminate the interaction, so may the analysis of
extreme environmental fluctuations, of which E1 Nino is becoming one
of the best known.

To explore these matters, a meeting on Nino effects in the
eastern subarctic Pacific was held on 12 and 13 September 1984 at
the Pacific Marine Environmental Laboratory, Seattie. The meeting
was sponsored by IRIS (International Recruitment Investigations in
the Subarctic) and was supported by the HNorthwest and Alaska
Fisheries Center. Papers of the first day focused on the physical
environment; the second day was devoled to examining the bhiological
response, The program is given at the end of this volume.

The report on an earlier symposium on "The Changing Pacific
Ocean in 19%7 and 1958" (California Cooperative Qceanic Fisheries
Investigations, Reports, 7, 1960) has become a classic and served to
bring the Ninc phenomenan to the attention of scientists from many
disciplines. The record of the 1984 symposium may serve a similar
purpose and thus with the help of washington Sea Grant and the
Northwest and Alaska Fisheries Center is published din this volume.



In some cases, abstracts of papers being published elsewhere are in-
¢luded. All papers were refereed. Unfortunately, it was not pos-
sible for all authors to provide acceptable manuscripts in time to
meet the publicetion schedule, However, the papers included in the
volume suffice to show how a Nino event such as that of 1982-1983
can perturb the ocean and its bieta far from the equator and provide
some insight into the research required if the environmental effects
and their biological consequences are to be successfully predicted.

Wwe thank colleagues who referced the papers; K. Banse, O.
Bevan, Glenn Cannon, B. W. Frast, D. Gunderson, Barbara Hickey,
Reuben Lasker, John Liston, William G. Pearcy, Amy Schoener, James
D. Schumacher, B. A, Taft, J. M. Wallace and Warren $. Wooster. We
also appreciate the assistance of staff of Washington Sea Grant
Communications in publishing this volume.

Warren $. Wooster

David L. Fluharty
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El Nino of 1982-83 in the Tropical Pacific

Bruce A. Taft
Pacific Marine Environmental Laboratory, NOAA

Introduction

The oceanic manifestations of the 1982-83 Nifio have been documented
in three special issues of the Tropical Ocean-Atmosphere Newsletter
{(Numbers 16, 21, 28). In addition, presentations of tropical ocean
and wind data are found in the E1 Nino Atlas 1982-83 (lLeetmaa and
Witte, 1985). This paper summarizes the extensive literature which
was available at the time of the symposium.

Composite E]l Nino

The Nifio event of 1982-83 differed in many respects from Nihos of
the period 1957-1977. Rasmusson and Carpenter (1982) have derived
a composite NiAo which spans the period 1950-1973. This composite
representation has been averaged over the strongest six Nifo events
that occurred during this period. The basis of this compositing is
the strong coherence that is seen in the pattern of 35T and wind
anomaly for each event. A three year time series of 55T anomaly is
plotted along a ship track {5°5-12°S) parallel to the coast for
four major Nino events (1957, 1965, 1969, 1972} (Figure 1). The
timing of the April (year 0} and January (year + 1) SST anomaty
peaks is consistent among the events. The 1957-58 Nife differs
from the others in that there were positive anomalies preceding the
event and the $5T's did not return to normal tevels during

year + 1. It has been noted that the composite Nifo S$ST signal off
South America can be considered as an amplification of the annual
signal because the sharp rise at the beginning of the onset year
coincides with the normal heating cycle (Rasmusson and Carpenter,
1982} .

Studies of the composite Nifio event have indicated a sequence of
events that characterize the pheromena for the peried 1957-1973
(Rasmusson and Carpenter, 1982); the evolution of the S3T and wind
ancmaly fields for the composite Nifio fields is5 shown in

Figure 2. The Nifio event is preceded by a rather Jong period of
stronger than average easteriies in the western Pacific which
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Figure 1. Time series of SST anomalies along a shiptrack
(5°5-12°S) parailel to the coast which spans the period of
four Nifos (1957, 1965, 1969, 1972) and the average SST
anomalies for a region bounded by 0°-10°S and 80°-90°W
(1982)., Year O refers to the onset year (maximum anomalies).
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Figure 2. Time/longitude sections of composite wind and 557 (°C)
anomalies (5°N-5°S) along the equator (west of 95°W) and axis
of maximum SST anomalies (95°W to Peru coast) during year -1
through year +l. For wind anomalies, a full barb is
equivalent to 0.5 m s-!. Reproduced from Rasmusson and
Carpenter (1982).



depresses the thermecline and increases sea level in the western
Pacific relative to the eastern Pacific. SST is slightly warmer
(colder) tham normal in the western {eastern) Pacific. In
September of the year preceding the warming, the easterlies
decrease west of the dateline. Warming of the surface layer off
South America begins in December and increases to a maximum value
in June or July (Figure 1); the warming is accompanied by an
increase in sea level along the west coast of South America.
Westerly wind anomalies appear in the central Pacific in the
northern summer of year 0. The positive S5T7 anomalies propagate
westward along the equator from the eastern boundary so that by the
end of the year QO the maximum $ST anomaly shifts to the central
Pacific. The secondary peak in SST off South America (Figure 1)
follows a sharp decrease in the rarthern spring of year +l and a
return to below normal SST. Warm SST persists im the central
Pacific until the middle of year +l: by this time, the winds return
to strong easterlies and the event has run its course.

1982-83 El Nino
The first evidence of the incipient event appeared in the late

northern spring of 1982 when westerly wind and positive SST
ancmalies became noticeable (Figures 3, 4), The 1982-83 event was

{80 120w i80 120w

Figure 3. Time/longitude sectioms of $ST(°C) and aSST(°C) anomaly
{9°N-5°S) for 1981-1983. Shaded areas are SST > 29°C
and A35T > 1.0°C. Reproduced from Arkin, et al., (1983).
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Figure 4. Time/longitude sections of zonal wind component (4} and
its anomaly (su) {m s-!) at 850 mb (5°N-5°S) for 1981-83.
Shaded areas are u > 0 and su > 2.0 m s-i. Reproduced from
Arkin, et al. (1983). -

not preceded by a period of strong easterlies and associated high
(low) $ST's in the western {eastern) Pacific so that both the
timing of the initiation and the state of the system previous to
the beginning of the event differed from Nino events of 1957~
1973. SST in the sastern Pacific started to increase in northern
summer and by December 1982 maximum ancmalies {> 3.5°C} were
observed at 120°W. The maximum SST anomaly (> 4.0°C) at the coast
was observed in June 1983 (Figure 1). [t may be seen that the
anomaly was larger in 1982-83 than in the other major Nifo events
and the rise in temperature preceded the annual heating cycle by
five to six months (the second rise in SST did coincide with the
annual heating). Strong westerly wind anomalies persisted in the
sastern Pacific (east to 140°W) until mid-1983. Comparisons of
Figures 2, 3, and 4 show the following: (1) the 1982-83 event
began in the late northern spring, not the late northern fall; (2)
the SST signal was at least twice as large as the composite value;
{3} the SST anomaly moved from west to east instead of east to
west; and (&) the westerly wind anomalies penetrated much further
east than in the composite Nifio, and actually there were westerly
winds at the equator in the eastern Pacific.



Associated with the changes in winds and SST's were large signals
in sea level recorded at various islands located near the eguator
(Lukas, et al., 1984). In Figure 5 are shown island sea-level time
series at Nauru (0°32'S, 166°54'W), Jarvis (0°23'S, 160°W),
Christmas (1°59'N, 157°29'W) and Santa Cruz (0°27'S, 90°17'W).
Large and sudden sea level changes are seen at Jarvis and
Christmas: for example, Christmas sea level rose 25 cm between June
and September of 1982. The Santa Cruz record shows a more gradual
rise between September 1982 and early January 1983, with a broad
secondary peak occurring in May 1983. In general these sea level
changes are not related to local changes in winds but appear to be
due to remotely forced equatorial wave motions {Cane, 1983). Sea
level rose along the coast of South America several months after
the rise at Santa Cruz, for example at Callao (12°5} the sea level
began a 35 cm rise in October 1982 (Enfield, et al., 1983}, These
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Figure 5. Time series of daily mean and zonal wind index for the
equatorial Pacific near 170°E sea level from near-equatorial
Pacific island stations. Thin horizontal Tines indicate long-
term mean sea level relative to an arbitrary reference. The
Tocations of sea level stations is described in the text.
Reproduced from Lukas, et al. {1984).

changes in sea level imply a large shift in mass between the
western and eastern Pacific and a resulting change in the pressure
field (Wyrtki, 1984). Time series of equatorial dynamic height of
the sea surface based on ship of cpportunity expendable
bathythermograph (XBT} and sea-surface salinity data at three
longitudes are plotted in Figure &. During the pre-E1 Niho period
(1980-81) the sea-surface dynamic height is about 60 dynamic cm
higher in the western than in the eastern Pacific. Because of the
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Figure 6. Oynamic height of the sea surface relative to 400 db at
the equator (160°f, 150°W, 100°W) as calculated from XBT and
surface salinity {data made available by W. Kessler, J.-R.
Donguy and G. Meyers).
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Figure 7. Zanal geostrophic volume transport of the North
Equatorial Countercurrent at 160°W and 160"t (data made
available by W. Kessler, J.-R. Donguy and G. Meyers).



east-west shifts in mass, the slope of the sea surface was reduced
to zero in late 1982. Associated with the disappearance of the
east.west pressure gradiemt, was a drastic change in the current
structure resulting in the disappearance of the Eguatorial
Undercurrent in the central and eastern Pacific (Firing et al.,
1984; Halpern, 1983). Not only were there changes in the east-west
sea-surface topography, but also the meridional sea-surface profile
was modified dramatically which resulted in significant changes in
the zonal off-equatorial currents. For example, the zonal
geostrophic transport of the North Equatorial Countercurrent in
bath the western and central Pacific (computed from the XBT data
set) increased by about 15 x 106 m3s-! in Tate 1982 and then
decreased to very low values by mid 1983 (Figure 7). Significant
changes in geostrophic flow in 1982-83 appear to have been limited
to 10°K-20°S (the North Eguatorial Current was not affected
appreciably by the event).

Acknowledgments

This work was supported by the NOAA Equatorial Pacific Ocean
Climate Studies (EPOCS) program. The author particularly thanks
Jean-Rene Donguy, Gary Meyers and William Kessler for their
willingness to share their calcuiaticns based on XBT data.
Contribution No. 779 from NOAA/Pacific Marine Environmental
Laboratory.

References

Arkin, P. A., J. D. Kopman and R. W. Reynolds (1983). The 1982-
1983 £1 Nino/Southern Oscillation event quick look atlas.
Climate Analysis Center, Washington, 0. C.

Cane, M. (1983). Oceanographic events during E1 Nifio. Science,
222, 1189-1195,

Enfield, D.B., R.L. Smith and S.P. Hayes {1983). Sea level
variability at the eastern equatorial Pacific boundary in
1982. Trop. Ocean Atmos. Newsletter, No. 21.

Firing, E., R. Lukas, J. Sadler and XK. Wyrtki (1983). Equatorial
Undercurrent disappears during the 1982-83 E1 Nifio. Science,
227, 1121-1123.

Halpern, D. (1983). Variability of the Cromwell Current before and
during the 1982-83 warm event. Trop. Ocean Atmos. Newsletter,
No. 21,

Leetmaa, A. and J. Witte (1985). E1 Nifo Atlas 1982-83. Nova
University Press, in press.

Lukas, R., 5.P. Hayes and K. Wyrtki {1984). Equatorial sea level
response during the 1982-83 E1 Nifio. J. Geophys. Res., 89,
10425-10430.




Rasmusson, E.M. and T.H. Carpenter (1982). Variations in tropical
sea surface temperature and surface wind fields associated
with the Southern Oscillation/E1 Nifio. Monthly Wea. Rev.,

110, 354-384.

Wyrtki, K. (1984). The slope of the sea level alang the equator
during the 1982/1983 E1 Nifio. J. Geophys. Res.. 89, 10419-
10424.




Atmospheric Response to Equatorial
Sea-Surface Temperature Anomalies

J.M. Wallace
University of Washington

Introduction

The Joint Institute for the Study of the Atmosphere and Ocean
(JISA0), located in Seattle, involves scientists from the Univer—
sity's College of Ocean and Fisheries Sciences and the Departaent
of Atmospheric Sciences and the NOAA Pacific Marine Environmental
Laboratory. We have a post-doctoral and visitors program funded
through the NOAA EPOCS program which {s concerned with climatie
variability on the interannual tilme scale and we have been encour—
aged by our Administrative Board to explore the possibility of
studylng year—-to-year varlability of fisheries recruitment. In
both these topic areas, the El Nifio phenomenon, tine subject of this
meeting, plays an important role.

The main purpose of this lecture is Lo give an overview of physical
aspects of the El Nifio and the related Southern Uscilliation in the
atmospnere. T will begin by showing some evidence coarerniug thne
global coherence of the phenomenon.

Empirical Evidence of Global Teleconnections

Fig. 1 shows a set of time-series of selected meteorclogical para-
meters; one data point per year, The top three curves are obvivus—
ly very strongly related to one anothwr: the correlation coeffi-
cients between thew are all ia excess of 0.8 and the correlations
are especlally high during the most receat part of the record,
which corresponds to the most reliable observations, It is quite
temarkable that the time series vepresent three differvent variables
in three widely separated regions of the troplecs (hence, the term
"teleconnections”): the first one represents equatorial (6°N-6°S)
sea-surface temperature (5ST) for the region of the Pacific east of
the dateline; the second represents rainfall at island stations in
the equatorial central Pacific and the third represents sea—level
pressure at Darwin, Australia, far.to the west. All three time
series represent annual averages (April through March), The years
with above normal 35T, rainfall and Darwin sea-level pressure tend
to be assoclated with "E1 Nifio" episodes along the South American



coast. We have denoted the stronger episodes by vertical lines in
the figure.

Curve (d) shows the sea—level pressure at Tahiti, wnicn lies on rhe
eastern end of tne "see saw" for which 3ir Gilbert Walker invented
the name "Southern Oscillation” more tnan 5U years agd. The pro-
nounced negative correlation between spa-level pressure ar varwin
{c) and Tahiti (d) on the interannual rime scale is evidaace of tue
reality of thls phenomenon.

Curves (e), (£} and (g} in Fig. 1 depict monsoonal rainfall in var-
ious parts of the subtropics. These curves are not as strongly
related to (a), (b) and (c) as (a), (b) amd {c) are related to one
another (the correlation coefficieats ave on the order of O.b).
However, the relationsnips are still strong enough to he of some
use in loag range weather prediction. Note that "El Nifio" years
tend to be deficient in monsoonal rainfall in many parts of che
troples and subtropics. Jther examples of drought reglons {10t
shown here) Include Indonesia, eastern Australia, and parts of
French Polynesia and Brazil.

The curves labeled {h) and (1) represeat samples of iInterannual
climatic variability ia temperate laticudes which appears to be
related to EL Nifio events. The former, involving surface alr lem—
perature over scuthwestern Canada, was first noted by Walker and
Rliss (1932) and the relatiomship has obviously held up well during
subsequent years. The latter, which iovolves rainfall in tne U.3.
Gulf states, apparently escaped Walker's notice, tmt it appears Lo
be equally strong. Other examples (noL shown here) include sea—
level pressure 1a Lhe Aleutians and over the southeastern United
States and temperature over northern Japan., There is also evidence
of relationships iovolving temperate latitudes of South America.
The relations between the Southern Oscillation {or EL Niffo eventLs)}
and extratropical climatic ancwalies appear to be restricted to the
winter half of the year; [ am not aware of any documented evidence
of strony relationships during Ehe summer season,

We have known about the existence of Lhe kinds of relationships
described in Fig. | for many decades already. The EL Nifin/Soutnern
Oscillation phenomenon has generated a great deal of excitenment
during the past five yedrs not because of the discovery of relecon~
nectlons, but because of the rapid development of our understanding
of why they occur.

Equatorial Sea-Surface Temperature and Precipitation Patterns

A schematic view of the coupled atnosphere/ocean climate system
which Is relevant to "El Niffo" events in the Pacific and presumably
to phenomena in the other troplcal oceans as well is shown in Fig.
2. 1In discussing this figure, T will quite arbitrarily beglin by
assuming that there exists a large-scale pattern of sea-gurface

t amperature (35T) anomalies in some part of the tropical oceans.
The atmosphere Taspounds to the exlstence of such anomalies in a
very complex manner: the vedistribution of heat and moisture
fluxes at the sea surface influences paiterns of cloudiness, preci-
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Fig. 1. Time serles of selected variables whose interannual vari-
ability is related to the El Nifio/Southern Oscillation phenomenon.
Each data point represents an average over 1 year or a season, as
indicated, where the years on the horizontal axis refer to the
beginning of the averaging periods. {a) Equatorial eastern

Pacific (South American coast to the date line) S$ST, April to March;
(b) rainfall index for central equatorial Pacific island stations,
April to March; (c) sea-level pressure at Darwin, Australia (12°S,
131°E), April to March; (d) sea-level pressure at Tahiti (17°s,
150°W), April to March; (e) rainfall fndex for the subtropiecal
North Pacific, November to May; (f) rainfall index for India, June
to September; (g) rainfall index for southeastern Africa, November
te May; (h) temperature index for statlons in sourhwestern Canada
and the northwestern United States, November to April; and (i) rain-
fall index for staticons in northern Mexico and the U.S., Gulf Coast,
November to February, Vertical lines indicate E1 Nifio/Southern
Oscillation episodes as inferred from the top three series, after
Rasmusson and Wallace (1983). Further details and quantitative
values are available from E.M. Rasmusson.
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CLIMATE IMPACTS

TELECONNECTIONS
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Fig, 2. Schematic illustration of the interactions between the
tropical ocean circulations and the global atmosphere. OSee test
for discussion.

Fig. 3. Composite visible satellite imagery for Dec.-Feb. of four
years, showing the Intertreopical Convergence Zone, the South . Pacific
Convergence Zone, the Indonesian mensoon, and the equatorial dry
zone. From Global Atlas of Relative Cloud Cover, 1967-1970, U.S.
Dept. of Commerce/U.S. Air Force, Washington, D.C., 1971. Imagery
available through the Natilonal Climate Center, Asheville, N.C.
28801.
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pitation and latent heat release within rhe atmosphere, resultiag
in changes in large-scale air circulation patteras, including sur—
face winds, which further modify tne fluxes at the sea-surface, and
so on. The net result of this complex chain of interactions is to
effect a readjustment of the pattern of precipitation over the
equatorial Pacific Oaean such that the heavy rainfall tends to
follow the region of warmest 357.

In order to show how this relationship applies to the unperturbed
climate system, we can compare Figs. 3 and 4b which siaow, respec—
tively, the climatelogical mean distributions of cloudiness and SST
during Horthern demisphere winter. Note the 4-3°C $5[ gradient
between Indonesia, where temperatures exceed 29°C and the eastern
Pacific, where equatorial and coastal upwelling, advection of caold
water from the souill, aad 2xtensive low cloudiness (all direct or
indivect consequences of the strong southeast trades, which extend
across the equator to the Intertropical Convergence zone at 7°N in
the eastern half of the Pacific) conspire to maiantalin $8T's at a
level considerably below the average in the equatorial belt.
Extensive cloudiness, indicative of heavy coavective precipitation,
covers the equatorial belt over Indonesia and the extreme western
Pacific, while the cooler eastern belt of the Pacific tends to be
free of clouds. We can liken the equatorial ocean surface to the
top of a stove, with a burner or heating element located over the
warmest 55T, near Indonesia, and the atmosphere to a shallow pan of
water In which vigorous bolling (coavection) is oacurring over the
burner and subsidence is located elsewhere.

The pattern of SST anomalies observed duriag El NiTlo episodes is
such as to shift the region of warmest 35T eastward froa ILadonesia
toward the ceatral Pacific Ocean and tu weaken the overall east—
west temperature yradient across the equatorial Pacitin., The most
tecent El Niffo was an extreme case: tne pattern of 55T anomalies
during the 1982-83 winter, snown in Fig. 4c, was rvather typical of
El Nifio evencs 4t that time of year, but the magnitude was two or
three times as large as that observad in typical evears. The ano~
malies were so large that the normal east-west S5T gradient across
the equatorial Pacific was completely eliminated. Fig. 4a shows
that during this peried, a pool of very warm surface water was
observed near 150°W, During more typical events, the warmest S5T
is observed near the dateline and 55T anomalies inm the edstern
Pacific are not large enough to counter che climatological mean SS8T
gradlent ian that region,

In response to the altered 33T gradient along the equator the beltr
of convective precipitation shifts eastward, leaving Indonesia in a
drought situation and producing heavy rainfall at island stations
in the central equatorial Pacific. For example, Canton Island,
which has a desert climate during non-Niho vears may experlence
rainfall amounts on the order of 300 mn per month for six or more
consecutive months during El Niflo episndes. During the recant
1982-83 event, the vainfall belt shifted even further eastward, as
revealed by the distribution of outgoing longwave radiarlon (OLR)
anowmalies shown in Figz. 5., ([Over most of the tropics negative OLR
anomalies are indicative of an above normal freaquency of deep coa-
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Fig. 5. Anomalies in satellite-sensed cutgoing long-wave radiation
(OLR) {(contours) and wind at 850 mbar (arrows) for three seasons
during the 1982-1983 episode. Top panel, June-August 1982: middle
panel, December 1982-February 1983; lower panel, March-May 1983.
Negative anomalies in OLR, indicated by the solid contours and
labelled W for "wer,” correspond to regions of enhanced praeipita-
tion, and vice versa (D, "dry'"). Contour interval, 20 W/m® (where
contours correspond to * 10, * 30, and so forth)., The longest
arrows correspond to wind anomalies on the order of 10 m/sac.
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seorive clouds wirh cold tops radiating to space, and vice varsd, ]
As the event progressed, the belt of heavy precipirarion shifted
Earther and farther eastward, following tue warmest 35T. The
observed eastward siift of equatorial precipitation during El Nino
events has been successfully simulated in a large number of recent
geaeral circulation model {GCM} experimeacs. It is represented
schematically in Fig. 2 by the arrow labeled A.

There are some other important cilanges in the distribution of tro-
pical precipicarion during the El Nino eveats that are not so well
understood. Even during rather modest Ninos, in whiah 33T along
the South American coast remalns samewhat cooler than ILn the west—
ern Pacifle, episodes of heavy rainfall have been observed along
the coast of Ecuador and northern Peru. And in nearly all eveats
the intertropical convergence zone (I1TC2), which corresponds Lo the
prominent east—west band of heavy cloudiness in Fig, 3, shifts
equatorward by a few degrees of tatitude. The present generation
of general virculation wmodels used in sensitivity studies involviag
equatorial 55T do neot adequately resolve these more sublle,
regional features and as yet we nave no satisfactory tnevretical
explanation for them.

Atmospheric Teleconnections

Returning to Fig. 2, we see Lhal tne changes ia eyuatorial rainfall
produce teleconnections to iigner lacitudes and to otier regions of
the tropics by rearranging the distribution of planetary waves, as
indicated by the arruw labeled B. A crude analogue of this process
is deseribed in Fig. &, where we see a distribution of surface
waves produced by an obstacle in a stream. If the obstacle 1<
moved to another place, the downstream waveLTain will move with it,
and the water levels at fixed points well downstrean frou the
obatacle may rise or fall as a resuli. i Fig. 7 we see the dis-
tribution of Rossby-waves emanating from 4 tropical source or sink
of vorticity in the presence of a uniform woesterly flew on a vota—
ting sphere. The vortlciry source or sink shown in panel {a) rep-
resents the cutfiow from a localized regilon of heavy convective
precipitation, and in this discussion I am treating it as a crude
analogue to the obstacle ia Fig. 6. The wavetrains in Fig. 7 are
planecary in scale and they are oriented along “greac circle
routes” emanating from the locallzed veglon of forcing.

Fig. 7 is based on calculations involving a linearized barulroplc
nodel. The time sequence in cie three panels (o) through {d} shows
how the respoanse develops after Ciaw perfurpdation 1§ aoruptly
inserted {alay moe flow, Jithia 2-1/2 days (panel {n)) there is a
local response whose shape already reseuoles tne eguilibprium con-

f iguration wnich will not be fully realized until much later; at
larger distances from the perturbation rae flow is still viriually
undisturbed. The stationary wavelrains downstredn af Che pertur-
bution develup gradually, one center al a time, over & time iater—
val of a week or two. Individual centers dun't propagate, bul wave
euergy clearly does disperse downsbream from the source as che
wavetrain develops. The rate ob development af the downsLream cen—
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ters 1s related to the group velocity assoclated witn Kossby-wave
dispersion.

Linear, parotropic Rossby-wave dispersion is, by no means, the full
expianation of atmospheric teleconnections. [t nas becone increa-—
ingly apparent over the past few years that the telecoanection pat—
terns observed in the atmosphere result from the interplay hetween
a number of different dynamical mechanisms, some of which may be
highly nonlinear., Further discussion of these matters would be
inappropriate fn this forum: it suffices to say that there exist
plausible dynamical mechaanisms which could account for the observed
correlations between equatorial SST and rainfall anomalies and cir-—
culation patterns at higher latitudes and in other parts of the
tvopics.

On the basis of surface observations of past El Ninos such as these
presented In Fig. 1, together with analyses of radiosonle abserva-—
tions and upper alr charts it is possible to put together a global
picture of circulation anomalies characteristic of Bl Nino episo~
des. Fig. 8 shows such a synthesis for the middle latitude wiunter
season, The schematic c¢loud indicates the reglon ¢f enhanced rain-
fall in the equatorial central Pacific and the arrows represent the
sense of the atmospheric circulation ancomalies at the jetstreawm
level. ©Note the pair of anticyclonic circulation anomalies which
straddles the region of enhanced rainfail, with centers 1a the
subtropics, easterly wind anomalies over the equatorvial belt aud
westerly anomalies near 3U° latitude, This couplet appears with
remarikable regularity in individual El dino episodes: it is che
most robust feature of tne anomaleus circulation pattern. Exteod-
ing poleward and thence downstream frow the aaticyclonic gyre in
the subtropical Novch Pacific is a planetary-scale wavetrain, with
anomalous cycleoaic circulation over the Nortn Pacific and Gulf of
Alaska, anticyclonic civculation over much of central and wesl:ra
Canada, and cyclonie circulation over rhe southeastern United
States. The features over western Canada and the Gulr of Hexico
are consistent with the climatic anomalies in those regions
described ia Fig. 1lh,i. The presence of tne upper level anticy—
clone and the southerly flow just to the west of it is conducive
to abgve normal surface air temperatures in southwestern Canada and
northwestern inited States. The westerly wind anomalies over the
Gulf are indicative of an abnormally strong subtropical jetstream
which favors an active cyclone track across the southern U.S. The
shape of the wavetrain i1s reminiscent of Fig. 7, though the corre-
spondence is perhaps fortuitous in view of the complexity of the
dynamical mechanisms responsible for the teleconnections.

The picture in Fig., 8 is supported by results from a growing number
of general circulation model (GCM) sensitivity experiments ar at
least 8 different research institutions in five different coun-
tries, In these experimeats a GCM is run for an extended period in
which the S8T pactern is prescribed in terms of the climatological
mean conditions. Statistics on the time wean circulation pattern
are compiled for cthis "control run” to construct a model ciimato=
logy. Then the same model is rerun, starting from the same initial
conditions, with the S$5T discribution prescribed in terms of tie

17



Fig. 6. Schematic 1ilustration of a wake caused by an obstacle in a
uniform flow in a fluid with a free surface. Such wakes are
apparent in patterns of low, stratiferm clouds dowvnstream of small
islands.

Fig. 7. Analytical solution for a linear barotropic model with a
background flow consistipg of pure superrotation with a westerly
wind velocity of 15 m s — at the equator and a localized forcing
located at 40°N. (a) The distribution of forcing, (b)-(d) solutions
at 2%, 5 and 7% days. Courtesy of Brian J. Roskins, Unlversity of
Reading.
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same climatological mean conditions plus an anomaly field bhased
upon conditions charactevistic of E1l Nific episodes. Corresponding
time mean statistics ave compiled for this “anamaly vun” and mead
circulation ancmalies due to El NiTo are inferred by comparing cli-
matologies for the control and anomaly runs. Virtually all these
experiments have succeeded in sigulating tne anticyclonic dipoles
straddling the reglon of enhanced precipitation and most of Cien
show evidence of teleconnections te higner latitudes qualitacively
gimilar to the observed. Results from GCil experiments increase ouvr
confidence in the veality of the observed teleconnection patterns.

Another independent verification of the pictuve 1in Fig. 8 is tne
pattern of circulation anomalles observed during the 1982-83 win-
ter, when the most Tecent Nifioc was at its peak., The pattern is
shown schematically in Fig. 9. [t can be seen ihat the usual pairv
of anticyclonic cireulation anomalies is present, but shifted
slightly to the east of its position in Fig. 8, consistent with the
unusually pronouaced eastward shifc of equatorial precipitation
during the 1982-83 winter. The wavetrain over the Pacific/North
American esector resembles the composite plcture 1n Fig. 8, based on
previous events. Conslstent with this anomaly pattern, the 1982-83
winter was characterized by record low sea-level pressure in the
North Pacific, warmth over western Canada and the northern United
States from the Great lakes westward, and very heavy precipitation
over the Gulf States.

While the overall pattera in Fig. 9 is similar to that in Fig. 8,
there are some regional-scale difterences between the two patterns
which had important implications for local climate anomalies. #or
example, the region of enhanced westerlles over the Norch pPacific
along 3U°N was located farther to tie east during 1982-g3 tnan in
more typical events, bringing a garies ol damaging stovms ashore
onto the Southern California coast. The upper level anticyclone
over Canada was farcher to the southeast than usual, bringing miid
winter temperatures to the Great Lakes and much of Ene northeastern
United States whereas durlag the 197b-77 and 1977-74 Nifio winters
these regions suffered below normal temperatures. lven a parcial
understanding of these subtle distinctions between circulaticn pat—
terns observed during individual El Niffo episodes could contribute
gsignificantly to improving the skill of long-range wearher fore-
casts.

The redisrribution of equatorial precipitation during El Nifio
events lmpacts the planetary-scale circulation patteran not only at
the jetstream level, but also at the earth's surface, as indicated
in Fig. 2 by the arrow labeled C. Fig. 5 shows the 850 mb wind
anomalies observed at three different stages during the 1982-83
Nifio episode. {(The 850 mb level 1s located abouat 1.5 km above gea-
level and the wind anomalies there are at least qualitatively rep-
resentztive of the surface wind anomalies.) Tt can be seen that
there L5 a consistent relationship between the QLR anomalies and
the wind anomalies, with westerly wind anomalies in the equatorial
belt near and just to the west of the region of enhanced rainfall
and vice versa. A similar relationship has been observed in pre—
vious eplsodes [e.g., see Rasmugson and Carpenter (193Z)], and it
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is consistent with the linear theory of equatorial waves [Matsunco
(1966), Gill (1930)].

Atmospheric Forcing of the Ocean

The surface wind anomalies are the crucial link in the feedback
from the atmosphere to the ocean, represented by the downward arrow
labeled D in Fig. 2. Changes in zonal wind stress along the egua—
tor produce a stroag response ia the distribution of sea-level and
surface and subsurface currents, and the gcean dynawics, in tura,
has important implications upon bilological preductivity and fisher—
ies and upon the distribution of sea-surface temperature, as indi-
cated by the arrows labeled E and F in Fig. 2, Hence, we have coue
through a full cirecle ia tne sequence of atmosphere ocean interac-
tions described in Fig. 2: the El Nifid/Southern Dsciliation pheno—
aenon truly involves a two-way interaction between the two media,
It is this clese dyaamical coupling tnat makes [t such a challeng-
iog sclentific problem.

I am sure that other speakers will elaborate further upon the ovce-
anic asperts of this feedback loop. I will conclude by mention—
ing one other aspect of El NiTWo upon fisherles which is closely
Telated to the main theme of this workshop. A pronounced El NiTlo
signal has beea found in sea-level, SST, currents, biological pro-
ductivity, and fisheries recruftmeat not only in the equatorial
belt, but also along the Pacific coast from Chile to at least as
far north as California and perhaps farther. There are two
pogsible mechanisms which may play a role in transmitting this
signal from the squatorial belt to higher latitudes: (1) propaga-
tion of coastally trapped waves in the ocean, and (2} local forcing
of coastal phenomena by anomalous surface winds associated with
planetary-scale teleconnection patterns in the atmosphere. The
latter mechanism should be largely restricted to the colder half of
the year, when the atmospheric teleconnection patterns are rela-
tively strong. Therefore, in order to explain apparent influences
of El Nifio upon fisheries in exiratropical latitudes during summer—
time it is going to be necessary either to invoke tne first mecha-
mism, which can operate during any season, or to explain how the
coastal ocean siructure remeuwbevs the pattern iaposed wpoa it by
local winds dutiag the previous cold season.
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Introduction

The variability of the sea surface temperature (5ST) in the
Eastern Subarctic Pacific Ocean has attracted a great deal of
attention from oceanographers and meteorclogists over the Tast
three decades. This interest has been natural, since fluctuations
in the SST in the waters off the west coast of North America may
significantly influence the weather over the continent itself
{e.g. Namias, 1976}, and may also affect the migration patterns
and oceanic survival of various fish species (e.g., Tully et al.,
1960; Mysak et al., 1982). In the past few years there has also
been mich attention devoted to the interannual variations in sea
Tevel height (SLK) along the Pacific coast of North America
(Enfield and Allen, 1980; Thomson and Tabata, 1981; Chelton and
Davis, 1982).

There is a growing body of evidence connecting both the SST and
SLH fluctuations in the Northeast Pacific with the familiar
tropical Southern Oscillation {S0) phenomenon. It is now well
established that a statistical analysis of data spanning many
years will reveal a positive correlation between the SST in the
tropical Eastern Pacific and that in the Northeast Pacific (e.g.,
pan and Oort, 1983). It is also known that at least some of the
major E1 Nino/Southern Oscillation {ENSD) events in the tropics
were coincident with significant oceanic warmings and the
occurrence of anomalously high SLH aleng the pacific coast of
North America. In particular, the mature phases of both the
1957-58 and 1982-83 ENSO events were accompanied by strong
warmings in the Northeast Pacific {e.g., Tully et al., 1960;
Tabata, 1983, 1984; Royer and Xiong, 1984} . -

Despite all of the research dealing with this subject, however,
two important issues have still not been completely elucidated.
Firstly, it is not clear how regular and predictable the
relationship between ENSO events and the occurrvence of anomalously
high sea levels and SSTs in the Northeast Pacific really is.
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In addition the actual mechanisms that may be responsible for
producing a Northeast Pacific Ocean response to a tropical ENSO
event are not completely understood. Enfield and Allen (1980) and
Chelton and Davis {1982) have emphasized the possible role of
coastally-trapped waves in propagating interannual signals
generated fn the tropics northward along the Pacific coast of
North America. On the other hand tropical oceanic and atmospheric
variations are known to be correlated with changes in the sea
level atmospheric circulation in the Northeast Pacific region
{e.g., Trenberth and Paoline, 1981; van Loon and Madden, 1981).
Such variations in the extratropical atmospheric circulation could
also significantly affect the oceanic conditions in the Gulf of
Alaska (e.g., Haney et al., 1983).

The present brief paper reports on the results of an attempt to
resolve these questions by means of a simple analysis of long time
series of meteorolegical and oceanographic data. This
investigation 15 described in more detai! in Emery and Hamilton
(1985; hereafter EH). As in EH, the present discussion will focus
on results 1n the winter season {winter is the season with the
largest interannual variability in both atmospheric and ocean
surface conditions in the Northeast Pacific, e.g., Trenberth and
Paolino, 1981; Namias, 1979).

Sea Surface Temperature Variations

Fig.1 shows the locations of the Amphitrite Point and Kains Island
lighthouse stations for which long time series of $$T data were
available. The dashed curves in Fig.2 show the observed

winter mean SST observed at the these two stations in a series of
individual years (winter is defined as the period December through
February; winter 1936 s December 1935-February 1936, etc.).
Interannual variations of the order of 1-2°C are evident at both
stations. Many of the peaks in these S5T records coincide with
the mature phases of ENSC events. Quinm et al. {1978) examined
long historical records of tropical oceanographic and
meteorological data and classified the intensity of various ENSO
events as being weak, moderate or strong. In their view the
onsets of strong ENSO events occurred in the years 1941, 1957 and
1972 (corresponding to mature phases in winter 1942, 1958 and
1973); moderate ENSO events began in 1939, 1953, 1965 and 1976
(i.e. mature phases in winter 1940, 1954, 1966 and 1977).
Examination of Fig.2 reveals that the S$STs along the British
Columbfa coast were anomalously warm during the winters of 1940,
1941, 1954, 1958, 1966 and 1977, but were anomaleusly cold during
winter 1973. Quinn et al. {1978} also identified 1943, 1951 and
1969 as onset years of weak ENSO events (mature phases in the
winters of 1944, 1952 and 1970); only in the winter of 1970 is
there a clear peak fn the SST records shown in Fig.2. Thus it
appears that, while there is a definite tendency for the
occurrence of warm British Columbia coastal water to coincide with
the mature phases of tropical ENSQ events, this relationship does
not hold for all ENSO episodes. It is also noteworthy that very
warm winter 55Ts are sometimes observed at the lighthouse stations
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Figure 1. Map of the Canadian pacific coast showing the locatiens
of the stations from which oceanographic data were
employed.

at times unrelated to the occurrence of ENSO events {e.g., 1945,
1948, 1961, 1963, 1964).

In order to discover how these coastal SST variations might be
related to the atmospheric wind forcing in the Mortheast Pacific
region, seascnal mean sea level atmospheric pressure (SLP} maps
over the last half century were examined. These maps were
produced from the daily digitized Northern Hemisphere SLP analyses
assembled from various sources by the Data Support Section at NCAR
{Jenne, 1975). The winter climatotogy computed from the data
during the period 1947-82 {s shown in Fig.3. The most prominent
feature 1n the climatological SLP pattern is the Aleutian low
which stretches from Kamchatka to the Alaskan Peninsula; the
associated geostrophic surface winds are directed from the
subtropical Pacific into the Gulf of Alaska. Examination of the
SIP charts for the individual winters revealed that, when the
atmospheric pressure pattern differs significantly from
climatology, it tends to do so in one of two charcteristic ways.
In some winters the Aleutian low has a similar shape and location
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Figure 2. Time series of the Northeast Pacific winter pressure
index {s01id) and the observed winter mean sea surface
temperature at Amphitrite Point (dashed upper} and
Kains Island {dashed bottom}.

as in the climatology, but s more fntense. In other winters the
Aleutian low 15 significantly weaker than climatology; generally

this is accompanied by a westward shift of the center of the low

as well (more details concerning the characteristic variations of
seasonal mean SLP can be found in EH).
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Table 1. The correlation coefficients between seasonal mean
coastal SSTs and the seasonal mean vaules of the
Northeast Pacific atmospheric pressure index (NPI) as
defined in the text. values computed using data for the
period 1947-1977.

Kains Island

winter SST spring SST summer SST autumn SST

winter NP1 713 .5h494 .129 047
spring NPI -- ~.250 -.208 -.334
summer NPI - -- 129 ~-.208
autumn NPI - -- - .b21

Amphitrite Point

winter S§ST sEring SST summer SST autumn SST

winter NPI ik . .20l 145
spring NP1 - -.074 -.112 -.338
summer NPI -- - .251 ~-.191
autumn NPI -- - - -401

A simple index that reflects these characteristic fluctuations in
the SLP was constructed by taking the difference in the seasonal
mean pressure at 40°N, 120°W and that at 50°N, 170°W (grid points
marked by dots in Fig.3). A large value of this index (designated
the North Pacific Index or NPI} corresponds to an intense Aleutian
Jow. The solid curves in Fig.2 show the NPI for each winter
between 1932 and 1982. The similarity of the interannual
fluctuations of the winter NPI and the winter SST at both Kains
Island and Amphitrite Point is quite striking. Intense (weak)
Aleutian lows are clearly associated with warm (cold) coastal
SSTs. In €4 Morth Pacific SST anomaly maps for individual winters
were examined in conjunction with the corresponding SLP charts; EM
concluded that the relation between the strength of the Aleutian
low and the winter ocean surface temperature applies not only near
the coast, but also as far west as 150°W.

Correlation coefficients between the seasonal NPI and lighthouse
SST time series are presented in Table 1 {if each of the years can
be regarded as providing an independent datum for each series,
then correlations greater than .35 in this table are significant
at the 95% confidence level). At both stations the winter NPI is
well correlated not only with the winter SST, but also with the
SST n the following spring (March-May}. As noted in EH, these
correlations are consistent with a view that interannual
fluctuations of the SST in the eastern half of the Gulf of Alaska
are largely produced by variations in the wind-induced surface
tayer horizontal advection. Thus in a winter with an anomalously
intense Aluetian low, one can expect anomlously strong
near-surface advection of warm water northeastward towards the
British Columbia coast. This effect should be most important in
winter, simply because the interannual fluctuations of SLP n the
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Figure 3. Mean sea Tevel pressure during winter for the period
1947-82. The contour labels are in millibars and the
contour interval is 5 millibars.

Northeast Pacific region are largest in winter {e.g., Trenberth
and Paolino, 1981). The strong correlation of spring SST with
winter NPI suggests that SST anomalies generated by the large
anomalies occurring in the winter atmospheric circulation can
persist for seasonal timescales. Correlations of the winter NPI
with the SST in the following summer and autumn, while stil!
positive, are quite small.

Examination of Fig.2 shows that the mature phases of ENSG events
generally coincide with high values of the NPI {and thus with the
occurrence of intense Aleutian Tows). The statistical
teteconnection between the Southern Oscillation index and the
pressure in the Gulf of Alaska found by Trenberth and Paolino
(1981) and van Loon and Madden {1981) presumably is largely a
reflection of this general tendency. However, there are
exceptions to this general rule, most notably in the winters of
1952 and 1973, when there were low values of the NPI and fairly
weak atmospheric circulation in the Gulf of Alaska (see EH). It
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is noteworthy that the winters of 1952 and 1973 had anomalously
cold $STs along the British Columbia coast. These observations
strongly suggest that the response of the Pacific coast SST to
tropical ENSO events occurs largely via the atmospheric
teleconnection that relates the strength of the Aleutian low to
tropical atmospheric conditions. However, this atmospheric
teleconnection appears not to function in a completely predictable
manner: this explains why some ENSO events are not accompanied by
warming of the British Columbia coastal waters. In addition,
strong Aleutian lows certainly occur in winters unconnected with
any tropical ENSO event; in such winters (e.g., 1961, see Fig.2)
the surface waters in the eastern Guif of Alaska are found to be
anomalously warm.

Sea Level Height Variations

Winter mean SLH anomalies at various British Columbia coastal
stations were also examined. In general there appeared to be good
correlation between the SLH and the winter NP1, indicating that
high coastal sea level is generally cofncident with the appearance
of an intense Aleutiam low. This relationship is consistent with
the most elementary conception of how the surface winds might
affect the coastal SLH. In particular a strong Aleutian Tow will
be accompanied by anomatously large northward surface wind stress
throughout the Gulf of Alaska (or at least east of 150°W, see
Fig.3). This should result in an anomalously targe shoreward
total mass transport, and presumably increased coastal sea

Tevels.

As in the case of the coastal SST observations, the SLH data
suggest that oceanic interannual variations along the west coast
can be explained largely as a response to regional atmospheric
forcing (at least in winter). The tendency for high British
columbia SLH to accompany the mature phases of ENSD events can
then be explained as a consequence of the atmospheric
teleconnection between the tropical Pacific and the Gulf of
Alaska.

Conclusion

Striking empirical correlations were found between the strength of
the Aleutian low and the British Columbia coasta) winter SST and
SLtH. In particular, anomalously strong cyclonic atmospheric
circulation fn the Gulf of Alaska is invariably associated with
warm coastal SST and high SLH. While it {s true that warm SST and
high sea levels are also generally associated with the mature
phases of tropical ENSO events, this relationship is less regular
and predictable than the connections with regional atmospheric
forcing.
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El Nino Effects in the Kuroshio
And Western North Pacific

Masaki Kawabe
University of Tokyo

1. Introduction

The relationship between the E1 Nino events and the oceanic and
atmospheric variations in the western North Pacific has been little
studied. Only for the tropical region have variables such as sea
level and wind stress been examined; it was shown, for example, that
the sea level in the western tropical Pacific reaches very low
values at the time of E1 Nino (Hickey, 1975; Wyrtki, 1977, 1979
Meyers, 1982). 1In the subtropnical region, the flow pattern of the
Kuroshio is highly variable (Fig. 1), these long-term variations
appearing to be related to large-scale sreanic and atmospheric
variations. However, no clear relation between Kuroshio variations
and E1 Nino has yet been established. In this paper the observed
variations of the Kuroshio path will be described in Sec. 3, and

the oceanic and atmospheric variations in the western North Pacific,
including the subarctic region, which seem to relate to E1 Nino
events will be discussed in Sec. 4.

2. Data

Sea level, sea surface temperature (SST) and atmospheric terperature
(AT) data were used. Daily mean sea levels at Kushimoto and Uragami
(Fig. 2 shows Tocations) are published in Tidal Observations issued
annually by the Japan Meteorological Agency [JHA). Monthly mean
anomalies of SST in regions (2) and {A) (Fig. 3 Shows locations) and
of AT in the Hokkaido and Tohoku Districts, northern Japan (north of
about 379N}, were calculated by JMA. Alsc used were anomalies of
SST in the eastern tropical region (H) from 1949 throyqh 1982,
analysed by Aocki and Yoshino (1984), and those from 1983 to 1982,
calculated by JMA.

3. Long-term Variations of the Kuroshio Path

Flow of the Kuroshio south and east of Javan exhibits large changes
over time (Fig., 1}. East of Japan, the meandering flow of the
Kuroshio Extension varies over the short term with the freguent
formation of cold and warm eddies. South of Japan, from south of
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Fig, 1

Flow patterns of the Kuroshio
from 1955 to 1964 (after Masu-
zawa, 1965).

Fig. 2

Three typical paths of the Kuro-
shio: the large-meandering path
{thick line), the nearshore
small-meandering path (thin line)
and the offshore small-meander-
ing path (broken line). K and U
indicate the sea level stations
at Kushimoto and Uragami, res-
pectively,

Fig. 3

Map of the regions where the S5T
data were averaged [after JMA,
1984} .

Kyushu {about 1310E) to the [zu-Ogasawara Ridge (about 1400E), flow
patterns are relatively regular and can be roughly classified into
two stable types, the large meandering path {thick line in Fig. 2)
and the small meandering path. The large meander persists for 2 few
to 10 years and reappears after a similar long interval. This is
the most conspicuous of the Tong-term oceanic variations near Japan.
The small meandering path has two stable short-time types which
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persist for 1 to 7 months. One is the nearshore path along the
scuth ccast of Japan and passing Miyake-3ima (thin Tine in Fig. 2);
the offshore path passes south of Hachijo-jima (broken line in Fig.
2) (Kawabe, MS),

Periods of large meanders of the Kuroshio can be determined from
ccastal sea levels. Sea level variations at Kushimoto and Uragami
reflect those of the regions to the west and east of these stations,
as indicated in Fig. 2 by the areas surrounded by dashed and dotted
lines (Tsumura, 1963; Kawabe, 1980a). These variations in the two
areas are very different during small meanders and very similar
during large. The sea level difference between Kushimote and
Uragami is a useful index of the large-meandering period of the
Kuroshio (Moriyasu, 1958; Yaqura and Goto, 1960;: Tsumura, 1963;
Okada, 1978; Kawabe, 1980a). From differences in daily mean sea
level between Kushimoto and Uragami (in Fig. 4, the period of small
differences and large meanders is underlined) and from Okada {1978)
for earlier years, the following periods of large meanders have
been identified:

Apr. 1906 - Sep. 1912 (6 years and 5 months)
Feb. 1917 - Mar. 1922 (5 years and 1 month)
Mar. 1934 - early 1944 (about 10 years)

Jul. 1953 - Dec. 1955 (2 years and 5 months)
May 1959 - May 1963 (4 years)

Aug. 1975 - Mar. 1980 (4 years and 7 months)
Oct. 1981 - Aug. 1984 (2 years and 11 months)

The large meander has besn present for 35 years and 5 months in the
period from 1895 to 1984, about 40% of the time.

Volume transport of the Kuroshio across lines south of Japan and in
the East China Sea (Fig. 5) have been calculated by Nishizawa {1981)
and Saiki (1984) (Figs. 6 and 7). They pointed out that during the
large-meandering period the transport of the Kuroshio is small on
the KG Tine along 137°F and Targe on the KB line in the East China
Sea. This out-of-phase of transport variation can be also seen from
the figures in Nitani (1972): its reason has been discussed {Konaga
et al., 1980; Kawabe, 1%80b) but is not yet understood clearly. The
transport of the Kuroshio across the KG line decreases from 1969 to
1971 significantly. This may correspond to the brief targe meander
which was almost formed in 1969 but was not stable and so is not
ordinarily classed as a large meander. The varfation of Kuroshio
transport has periods of 3-4 and 7-8 years in the region around the
KF and KG lines (Minami et al., 1978) and of 5.5 and 8 years on the
KB 1ine {Saiki, 1982). The dotted line in Fig. 7 indicates the
composite of the 5.5- and 8-year variations.

4. Oceanic and Atmospheric Variations in the
Western North Pacific and Nifno Events

Tropical region (south of about 159N},

Vertical distributions of temperature and salinity along 137°F in
January are shown in Fig. 8. At low Tatitudes the volume of warm
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Fig. 5

Locations of the observation lines
for the estimate of Kuroshio
transport,
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Fig. 6 Volume transport of the Kuroshio south of Japan calculated
with reference to 1000 db and normalized by the mean value
in each season (after Nishizawa, 1981}); {a) KD line,

(b} KE line, (c) KF line and (d} KG line. Solid bars in
the lowest part indicate the large-meandering neriods of
the Kuroshio.

water above 289C increased in 1970, 1971, 1972, 1974, 1976 and 1982,
extending meridionally to about 130N and vertically to near 100 m,
Thus it appears that warm water accumulates in the surface layer
grior to the E1 Nino events of 1972, 1976 and 1982, and that the
volume of warm water then decreases during E1 Nino, although this

is not so clear for the 1969 event. The Jarge accumutation of warm
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Fig. 7

aOwits ... . Annual mean volume transport of
30 _— - - - the Kuroshic across the KB Tine in
. - the East China Sea referred to
P j% - 700 db (solid line}, the composite
I S b Y of 5.5- and 8-year variations
3 L NV T which are dominant in the trans-
; d !, port variation shown by dotted
ol L | line and the large-meandering
1930 40 50 60 70 @ periods of the Kuroshio (bars)

{after Saiki, 1982).

L

Fig. 8 Vertical distributions of temperature (29, 28, 25, 209C)
and salinity (35.5, 35.0, 34.9%) in the surface layer
along ¥37CF in January, 1967 to 1983 (after JMA, 1934).

water corresponds to high sea level {MNagasaka, 1981). In the
western equatorial region, water temperature at a depth of 50 to
100 m correlate more closely with Nino events than does the sea
surface temperature {Japan Meteorological Agency, 1984).

The variation of salinity distribution is more evident in the region
from 10° to 200 latitude than near the equator. The volume of saline
water north of 100 is very small from 1970 to 1977, esoecially from
1970 to 1973, but there is no obvious relation between the salinity
variation and E1 Ninc.

Subarctic region {north of about 350N).

Figure 9 shows monthly mean anomalies of sea surface temperature
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Monthly mean anomalies of SST and AT from the seasonal
variation. ({a) SST in the eastern tropical reaion (H),
(b) SST in the western subarctic region {A), (¢} SST in
the Oyashio region east of Japan {2}, (d) AT in the
Hokkaido and Tohoku Districts in northern Japan, north of
about 37°N.  Thick lines indicate 12-month running means.
Downward arrows in (a) indicate the E1 Nino events, and
upward solid arrows in (b), {c) and (d} indicate low
temperature corvesponding to the E1 Nino events. Upward

dotted arrows in (c) indicate minima which dec nct
correspond to E1 Nino and cannot be seen for SST in
region (A).
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(SST) from the seasonal variation in the region {H) {595 - 50N,

900 - 100%%), (A) (359 - 530N, 1309 - 1BOPE) and (2) {350 - 400N,
140% - 150%E) and the anomalies of atmospheric temperature (AT) in
the Hokkaido and Tochoku Districts, northern Jaoan (Fig. 3 shows
locations). Eight SST maxima in region (H}, indicated by arrows,
correspond to the Nino events: 1951-1952, 1953, 1957-1958, 1965,
1969, 1972-1973, 1976-1977 and 1982-1983 (Fig. %9a). High S37 in

the region (H} also appears in 1980 which is as high as in 1553,

but it is not regarded as a Nino event. The most remarkable feature
js that SST in the regions {A) and (2} and AT in the northern oart
of Japan were low during Ninc events. Low SST in region (A}
occurred in 1953, 1957-1958, 1965, 1969-1970, 1976-1977, 1980-1981
and 1983 {Fig. $b}. The 6 minima, except for that in 1980-1981 were
at the time of €1 Nino, and low SS5T in 1980-1981 may correspond to
the high $ST in the region (H} in 1980. However, S5T was nat Tow

at the time of E1 Nino in 1951-1952 and 1972-1973. AT in the
nortnern part of Japan was clearly low in 1947, 1952-1954, 1957,
1964-1965, 1969-1970, 1974, 1976-1977, 1981 and 1983 (Fig. od).
Among these minima, except for that in 1947, Tow AT in 1974 and

1981 does not correspond to E1 Nino, but the other 6 minima occurred
during Nino events and low SST in the region (A). Thus, low S5T in
the western subarctic region (A) and low AT in the northern part of
Japan correlate clearly with most Nino events (1953, 1957-1958,
1965, 1969, 1976-1977 and 1982-1983 events), with the exception of
the events in 1951-1952 and 1972-1973.

A similar relation can be seen for SST in the QOyashio region {2}.

$ST in region (2) is Tow at the time of E1 Nino in 1953, 1965,
1976-1977 and 1983, though it is not always low at the time of El
Nino (only slightly low in 1857-1958 and not lTow in 1951-1952, 1969
and 1972-1973) (Fig. 9c). Besides these minima, there are four
significant minima in 1958, 1963, 1974 and 1981 that do not
correspond to the E1 Nino events. Since these minima are not

evident in vegion {A) SST, they are thought to be caused by spatially
Timited phenomena.

Yariation of the southernmost extent of the Oyashic water is aiso
informative {Fig. 10). The remarkable southward shift of the
Oyashio water in 1958, 1963, 1973-74 and 1981 corresponds well to
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Fig., 10 5-menth running means of the southernmost latitude reached
by Oyashio water as indicated by 5°C isotherm at a depth
of 100 m {after JWA, 1984},
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Fig. 11

Temperature distribution at a depth of

100 m in early May, 1984 (after Saiki, 1984a).
Shaded area is the region below 59C.

Broken 1ines indicate the mean isotherms
averaged from 1965 to 1983.

the 4 SST minima found only in region {2) (the southward shift in
1956 and 1978 does not relate to Tow SST). The largest southward
extension of the Qyashio water occurs from the end of 1983 to 1984
{Fig. 11; Saiki, 1984a) and corresnonds to extremely low SST in
region (2). Southward shift of the Oyashio water can be considered
as cne of the causes for Tow SST in region {2} not related to E)
Nino.

Power spectra of the time series in Fig. § are shown in Fio. 12.

The dominant periods being significant at the 90% level are the 3.6-
year period for SST in the region [H), the 6.1-year pericd for S5T
in the regions (A) and (2). Other apparent peaks are not
statistically significant.

The 6.1 year SST variation in region A is highly coherent with
variations of the same period of AT in the northern part of Jaoan
(significant at the 99% level} and of SST in reaion (2) {significant
at the 95% level), with Tittle difference in phase. The 6.1 year
557 variation in region H is not so highly coherent with those of
the other time series, but is highly coherent at the 7.1 year
period (close to the 80% significance tevel). The phase of the 7.1
year 35T variation in region H Tags SST in region A by 0.86 =, SST
in region (2) by 1.16 n and AT in northern Japan by 0.92 n, thus is
almost opposite in phase to the other three variations. This
relates to the low SST and AT in the western subarctic region during
E1 Nino as suggested in Fig. 9. ODominance of a 6 year period is
also reported for variation of water temperature in the eastern
channel of the Tsushima Strait (Miita and Tawara, 1984). Besides,
SST in region H is highly coherent with SST in reqion A at the 2.1
and 3.9 periods with a phase Tag of 0.95 = and .88  and with SST
in region {2} at the 1.9 and 3.9 year periods with a phase laa of
1.42 ~ and 0.57 = above the 90% level. Moreover, it is also
ccherent with AT in northern Japan at the 3.6 and 1.8 year periods
with a phase lag of 0.41 v and 0.43 1 above and close to the 80%
significance level, respectively.

Subtropical region {15CN - 350N)

Oceanic and atmospheric variations in the western subtropical region
show no obvious relation with the E1 MNino events: for examole, SST
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Fig. 12 Power spectra of the time series in Fig. 9 (0CZ month}.
The data in the following periods were used; (a) Jan.,
1949 - May 1984, {b) Jan. 1950 - Dec. 1983, {c) Jan.
1950 - May, 1984 and {d) Jan. 1946 - Jul. 1984. The
vertical bars in the right upper portion indicate the
60% and 90% confidence intervals.

in the region (3), (4) and (B) (Fig. 3 shows locations), AT in the
southern area of Japan and wind stress in small arids. However, one
interesting relation is indicated by Saiki (1984b) who -howed the
variation of strength of the QOgasawara High (western vart of the
Pacific High), to correspond to the strength of the Trade Wind {Fig.
13). The Ogasawara High is weak before E1 Nino event and strenqthens
after its occurrence, while the large meander of the Kuroshie occurs
within 1 or 2 years after the rapid increase of strength of the
Ogasawara High in 1950-1951, 1957 and 1974, and disapoears as this
High weakens. The short-time meander in 1969, mentioned above. may
also relate to the rapid increase in 1968.

The spectrum of occurrence of the large meander in the Kuroshio is
shown in Fig. 14. The dominant period is abhout 20 years, and
noticeable but statistically insignificant peaks can be seen at 3.4
and 8.5 vears. The latter vericds are similar to periods of the
Kuroshio transport south of central Japan, indicated by Minami

et al (1978), and the 8.5 year period is also almost the same as a
dominant period in the Kuroshio transport in the East China Sea,
indicated by Saiki (1982). Its coherence with SST in the region (H)
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Fig. 13 12-month running means of 500 db height averaged in the
region of 200 - 300N, 1300 - 170°F, an index of strength
of the Ogasawara High (after Saiki, 1984%).

LY

102 g W Fig. 14
ﬁbﬁﬁ ! Power spectrum of the accurrence
k|1Ji of the large meander in the Kuro-
! el shio (Sept. 1897-Dec. 1982),

g ; normalized by the maximum power.
L w\w —  The vertical bars in the right
10 107 10 1 upper portion indicate the 60%

period {month) and 90% confidence intervals.

is above the 90% significance Tevel at the period of 3.3 - 3.6 years
and above the 80% Tevel at the 8.5 year period. This suagests the
possibility of a connection between E} Nino and the large meander
of the Kuroshic with a period of about 3.5 years,

5. Discussion

Some relations between E1 Nino and water temperature in the surface
layer of the western tropical region and SST and AT in the western
subarctic region are presented in this paper. The relation is less
obvious for oceanic variations in the western subtropical region.
It is noteworthy that the relation with E1 Nino seems to be more
pronounced in the subarctic region than in the subtropical region,
despite the greater distance from the tropical E1 Nino region,

The 3.5 - 3.6 year variation is dominant for SST in the region (H),
reflecting the occurrence of £1 Nino; there are small neaks of this
period in AT in northern Japan and in the occurrence of the large
meander in the Kuroshio, these being highly coherent. Okada (1981)
pointed out that cool summers and bad croos occur in the Tohoky
District in the years near the generation and disappearance of the
iarge meander in the Kuroshio. The cool summers and bad croos must
be connected closely to low AT in the Hokkaido and Tohoku Districts
which occurs mostly at the time of E1 Nino. Thus there may be some
connection between E1 Nino and the large meander of the Kuroshio.
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There are other spectral peaks, such as those at 6.1 and 8.5 years
that while not statistically significant relate to significant
variations in relevant regions and variables. For example, the 6
year variation is dominant for 35T in the western subarctic region
and the 8 year variation is dominant in Kuroshio transport. It s
important to examine the characteristics of these Jong term
variations through further analysis of suitabie long time series
since these variations can be expected to have Pacific or world-wide
dimensions and to play an important role in glabal teleconnections.
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The 1982—83 El Niio Event off
Baja and Alta California
And Its Ocean Climate Context

J. Norton, D. McLain, R. Brainard, and D. Husby
National Marine Fisheries Service

Introduction

The 1982-83 E! Nino brought extremely warm water to the coast of
Alta and Baja California as part of one of the mast intense ocean-atmaosphere
avents of the century. This report describes this event in terms of surface
and subsurface temperature, sea level, and large scale atmaspheric pressure
changes. The 1982-83 event is examined as part of the continuum of events
oceurring over the past 13 years (1971-83), a period containing two other
tropical El Ninos (1972-73, 1976-78) and two Califarnia warming events
seemningly unrelated to tropical warmings (1979-80, 1980-81). The 1976-77,
1977-78, 1979-80, 1980-Bl, and 1982-83 winters have been warmer than
normal. Consequently, the period before 1976 was anomalously cool com-
pared to the 13 year mean. These interannual variations are discussed in
terms of physical charscteristics of the California Current System and
associated coastal upwelling, which are the predominant ocean features
within 1000 km of the coast. The extreme nature of the 1982-83 event is
examined by comparison with other winters of the series. Time-distance
contour plots are used to graphically interpret interannual variations over the
13 yesr period and over the 2123 km distance fram the southern tip of Baja
California to the Alta California northern border.

The oceanographic term "El Nino", historically, has been applied ta
acean surface warming events in the equatarial Pacific off the coasts of Peru
and Ecuador. These events generally begin during the Christmas season.
Hence, the Spanish words El Nino refer to the Christ Child, Since El Mino
lasts through the northern winter, cormmon terminology refers to two or more
calendar years. More recently, El Nino became a generic term describing
anomalgus warm events in eastern boundary current regions of the world's
ocean (Wooster 1960). Current understanding is that El Nino is part of a
global acean-atmosphere perturbation called "El Nino-Southern Oscillation”
{ENSO) (Quinn 1974, Rasmusson and Wallace 1983). The Southern Ogcillation
is a quasi-periodic cycle (2-10 years) observed in the atmospheric pressure
differences between Pacific and Indian Oceans and the Tahiti minus Darwin,
Australia sea level preseure difference is a commonly used Southern Oscil-
lation Index (SOI). Bjerknes (1969) found that El1 Nina events occur as the
trade winds relax and the SOI drops sharply.
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ENSO may include the tropical El Nino {TEN) and a California El Nina
(CEN). Like the TEN, the CEN is characterized by warming in the coastal
ocean's surface layers and both warm events may be synchronous. Other
oceanic warming events alse occur along the greater California coast (see
below). These are mid-latitude warm (MLW) events. CEN events occur in
concert with the TEN events: MLW events do not.

Major (ieographic and Oceanic Features

The coast of Baja and Alta California extends 19.1 degrees of latitude
from Cabo San Lucas at 22.9°N, to the northern California border at 42°N.
Fast to west, the distance from Cabs San Lucas at 109.9%W to Cape
Mendocino at 124.4°W is 14,5° (1363 km). In the following "California™ refers
to Alta California (LUSA).

The California Current transports cool, low salinity subarctic water
southward along the greater Califarnia coast (Sverdrup, et al. 1942, Reid et al.
1958). Warmer, more saline, eastern Narth Pacific Central Water lies west of
the Caiifornia Current creating a positive temperature gradient from east to
west as well as north to south. Consequently, warming along the coast can
result from local heating andfor increased transport from the south andfor
west.

(Off central, southern and Baja California, a countercurrent flows rorth-
ward inshore of the southward flowing California Current where it frequently
becomes the dominant nearshore circulation feature (Wooster and Jones 1970,
Wickham 1975). North of Pt. Conception, the surface countercurrent is
generally most intense in late fall and winter (34.3°N). However, recent
studies by Wickham and Tucker show countercurrent activity throughout the
year during the warm 1978-80 period (Bird et al. 1984). South of Point
Canception, the countercurrent is an important nearshore feature throughout
the year, but it is not necessarily continuous with the surface Counter Current
to the north (Reid 1960). The California Current System is characterized at
depth by a weak poleward countercurrent having maximum speed and persis-
tence over the continental slope. The California Current thickens seaward of
200 km resulting in a deeper countercurrent {Reid 1965, Hickey 1979).

The California Current System's westarn edge is a broad complex
transition zone joining the subarctic transition on the north to the subtropical
transition on the south as shown in Figure 1 (Saur 1980, Bernal and McGowan
1981).

Upwelling, caused by northerly winds and resulting offshore Ekman
transport is a dominant oceanographic process in spring and summer along the
entire California and Baja California coast (Sverdrup et al. 1942). Cooler,
higher salinity subsurface waters are brought to the surface in a relatively
narrow coastal band and then mixed and carried offshore by other advective
processes (Smith 1968, Hickey 1979). The resulting density distribution
enhances southward Califarnia Current flow. Upwelling occurs year-round aff
Baja California under the influence of the North Pacific High pressure system.
Qff central and northern Califarnia, however, the atmospheric high weakens
and moves south in the winter as the Aleutian Low pressure system intensifies.
The winds off central and northern California reverse as these pressure
systemms change. Downwelling occurs in winter under southerly winds asso-
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showing surface winds (open arrows), surface currents {solid arrows), and domlnent
atmospheric pressure aystems: Aleutian Low, North Paclfic High, and North
Arnerican High. Letters *H" and "L" are near centers of action definad by Wallace
and Gutzler (1981), Subsrctic, California Current and Subtr%pical transition zones
are indicated by hatehing. Also shown are locations of 3%3% aress where surface
and subsurface temperature ere summarized.

ciated with intensified Aleutian Low, deepening the mixed layer and facilita-
ting poleward flow along the coast.

Connections Between Tropical and California El Ninos

El Nino years on the California coast coincide with EL Nino years along
the South American coast because of energy transfer from the tropics to mid-
latitudes by both oceanic and atmospheric processes. Each process has
recetved considerable attention in the literature {McCreary 1976, Picaut 1384,
Rasmusson and Wallace 1983, Wallace and Gutzler 1981).

Tropical EL Nino's are associated with slackening of trade winds blowing
from east to west over the tropical Pacific. As the Lrade winds relax, the
Southern Oscillatlon Index (SOI) falls, and even reverses, resulting in a
downwelling disturbance which propagates eastward toward South America
with characteristics of an equatorially trapped Kelvin wave {Halpern et al.
1983, Cane 1983). The energy transfer that occurs along the equator is the
result of the radiation of many Kelvin waves that superimpose to form a beam
of enerqgy that propagates eastward and downward (Picaut 1984}, When the
eastern boundary is reached, poleward and downward-propagating, coastal
Kelvin waves are formed. These Kelvin wave packets bring downwelling
perturbations to the California coast. This wave energy with subsequent
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advective adjustment can produce a remately forced CEN event. This is
consistent with subsurface temperature observations from the California coast
shown below,

The atmospheric connection to mid-latitudes involves a mechanism
originally postulated over fifty years ago by Walker (Rasmusson and Wallace
1983), As the Kelvin wave propagates eastward along the equator, it is
accompanied by anomalously high sea surface temperature (SS5T). Through
evaporation and condensation processes, the warm water transfers increased
2nerqy to the atmosphere. This energy appears to set up A quasi-stationary
tropospheric wave pattern as it propagates northward in great circle arcs
(Wallace and Gutzler 1981, Horel and Wallace 1981), In this way, extensive
tropical SST anomalies can be teleconnected to mid-latitudes through the
atmosphere, altering wind forcing on the eastern subtropical Paeific, thou-
sands of miles to the north (Bjerknes 1969, Quiroz 1983, Pan and Oort 1983).
These teleconnectians appear most significant in winter and their impact at
mid-latitude depends upon ongoing subtropical processes (Wallace and Gutzler
1981, Rasmusson and Wallace 1983, Haney 1984),

The Pacific/North American (PNA) Index was developed to measure
tropical to mid-latitude telecannection (Watlace and Gutzler 1981}). This index
ia derived from a linear combination of 500 millibar atmospheric height
anemalies at "eenters of action" along the great circle standing wave pattern
from the tropics through the MNorth-Pagific High, Aleutian low, North
American Continental High and Flarida Low pressure systems. Each is
intensified by the standing wave, so that higher highs and deeper lows will
contribute positively to the index value. Three of these pressure systems are
indicated schematieally in Figure 1.

Horel and Wallace (1981) have presented important corralations between
the PNA pattern and TEN activity. However, Douglas et al. (1982) point out
that PNA type circulation can occur without TEN as it did in the winters of
1958-59, 1960-61, 1962-63, 1967-68, 1979-80 and 1980-81. Conversely, the
intense TEN of 1972-73 occurred without a fully distinctive PNA pattern. It is
probable that tropical forcing through the PNA pattern has maximum effect
when in phase with pressure patterns brought about by complementary
subtropical processes (Rasmuysson and Wallace 1983), There also seerns to he a
time lag in the atmaosphere’s response to equatorial 5ST forcing (Pan and Oort
1983). The 1982-83 ENSO brought extreme El Nino conditions to the eastern
trapical Pacific and the characteristic PNA pattern was formed over the
North Pacific (Rasmusson and Wallace 1983, Halpern et al. 1983, Taole 1984),

Data Sources and Methods

El Nino is of large space and time scale and thus we based our analyses
on historical data files of weather observations and ocean temperature
profiles, The data were averaged by manth for 37 longitude-latitude areas.

Surface and subsurface temperature and atmospheric pressure data were
abtained from the archives af the U.S. Navy Fleet Numerical Oceanography
Center in Monterey, California (FNOC). Sea surface temperatures (S5T) were
obtained from the file of surface marine weather observations received in
real-time at FNOC. The wind speed and upwelling index data were derived
from the 6-hourly northern hemisphere pressure analyses (Bakun 1973, 1975),
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The SST data were averaged by month in 1° latjtude-longitude areas and
then further aggregated to provide means for the 3° latitude-longitude areas
in transects along the coast and westward from the coast (Figure 1). The total
number of observations in the study srea for the 1971-83 period exceeded
300,000. Over half of the observations were taken within 100km of the coast.
Monthly means for SST may represent several thousand values depending on
location.

Subsurface temperature profiles were taken from the FNOC Master
Oceanographic Observations Data Set, which is an archive of bottle casts,
mechanical and expendable bathythermographs, and CTD casts. Although the
number of subsurface chservations is an order of magnitude less than that of
surface chservations, the improved accuracy of the individual abservations
yields a mare accurate data set.

Sea level data for tide stations along the west coast of the United States
were obtained from Mr. Ray Smith of the National Ocean Survey, Rockville,
Maryland. Sea level data for two Canadian stations were abtained froem Dr. 5.
Tabata, Institute of Ocean Science, Sidney, British Columbia and data from
Basja California were obtained from Ing. Francisco Grivel Pina, Instituto de
Geofisica, Maxico, D.F. Monthly means of sea level were computed fram daily
values.

Time-distance plots of the variables under study were produced to
display large-scale fluctuations in time and space {e.g., Figure 2a). In each
plat, time is on the horizontal axis with years and months indicated. The
vertical axis is distance, either along the coast {as in Figure 2a) or offshore {as
in Figure 4a). The monthly mean values are contoured allowing objective
assessment of major patterns. Each contour line is interpreted as the
excursion of an isopleth through time and space. Areas north of California and
south of Baja California are often included in alongshore plots to allow greater
spatial continuity of features. Anomalies of variables from the long-term
mean were computed and plotted in time-distance form {as in Figure 2b) to
show interannual changes.

Sea Surface Temperature

Figure 2a is a time-distance plot of sea surface temperature along the
coast from south of the tip of Baja California to Vancouver Island. A
pronaunced annual cycle is shown by the large excursions of each contour line
{isotherm). Farthest northward isotherm extension or maximum 55T occurs in
summer and fall. Minimum 55Ts, as shown by farthest southward isotherm
excursions, occur in winter or spring, Isotherms at higher latitude have
larger annual excursigns, eg. the 12°C isotherm crosses 12-18 degrees of
latitude white the 20°C isotherm has about half this latitudinal excursion.
The subtropical transition zone off southern Baja California is shown by the
denser packing of isotherms south of 29°N. Interannual spatial variation in
SST is weak south of 23 N.

The extreme nature of the 1982-83 CEN is reflected in the 16°C
jsotherm which extended as far north as. San Francisco {37.8°N) in October
1983. This extension was unprecedented in the previous 1l years and
represents an anpmaly of 1.2-2.0°C or 2 to 2.2 times the between-year
standard deviation {sdu) for that month and latitude. The minimum 55T
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during the previous spring was much warmer than usual. The maximum SST
during fall 1982 was unusually high, equalied only by the fall seasons of 1979,
1976 and 1972, a MLW and two CEN years, respectively. Water of greater
than 16°C was also present in an unusually large closed cell near 43°N.
Warmer winters since 1976 are indicated by the reduction in areas leas than
8°C near 49°N and by the greater distance bet ween the 16 °C and 20°C
isotherms off Baja and southern California (23° ~}Ez N). The maxima of the
20°C isotherm tend to follow those of the 16°C isatherm, but the 20°C
minima are much more stable, causing the 16".20°C band to widen in winter
{Figure Za).

The extreme nature of the 1982-83 event becames more evident when
the annual cycle is removed by taking anomalies fram monthly mean values
(Figure 2b). Areas representing anomaly greater than 1°C have wider
meridional distributton and persist longer during the 1982-83 event than in
any of the other warm events during 1971-83. The CEN winter of 1976-77
shows a comparable pattern. Figure Zb shows that during 1982-83, anomaly
exceeding 1°c appears as two vertical bands connected at 24N and 16N by
persistent periods lasting from November 1982 through November 1983,
These vertical bands represent almost simultaneous occurrence of the anom-
aly gver the range from 29°N to 49°N. Anomalies greater than 1°C ocour
first in the subtropical transition. The extreme anomaly (2.0°C or 2.0 sdu)
south of 29°N represents a northward shift of the 207C isotherm due to
decreased or displaced input of cooler California Current water. Because of
the steep SST gradient in the subtropical transition, a small geographical
change in isotherm position will create relatively large anomalies. The area
of anomaly persistence near 36 N on the central California coast probably
reflects a relatively large decrease in seasonal upwelling and climatological
tendency toward negative wind stress curl at these latitudes (Nelson 1977}
Increased input of offshore water inta the coastal region north of 46°l\cl’ may
have been responsible for persistence of the anomaly greater than 1°C in
these areas.

CEN warming effects were partially negated in spring and summer 1983
by spring upwelling when anomalies remained positive but less than 1°C.
Maximum 55Ts normally occur in the inshore California Current System in
the fall when both the California Current and the countercurrent are near
minimum intensity and insolation has had maximum effect (Sverdrup et. al.
1942, Reid et al. 1958). The second period of extreme anomaly corresponds
to this period of maximum seasonal S5T. The tropical El Nino of this period
also had two maxima in temperature (Smith 1984).

Generally warmer 55Ts since mid-1976 are indicated by Figure 2b.
Much of the periad after 1976 had positive 55T anomaly and much of the
period before 1976 had negative SST anomaly, Extensive periods with
positive anomaly during the 1979-80 and 1980-8l1 wintars indicate MLW
events, since there was no corresponding TEN activity.

The 55T anamalies were summed for the entire coast for each 6 month
periad during 1971-84 to show large-scale features aof the alongshore anoma-
lies. Scaled values are plotted in Figure 3, A succession of warm events
after the first half of 1976 praduced a positive shift in SS5T involving the
entire California Current System's inshore component. In the winter of 1974-
77, there was a California £1 Nino accompanied by a tropical E1 Nino. In
1977-78, CEN and ENSO conditions reoccurred. Winter and spring of 1978-79
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were rtelatively cool, but temperatures remained above pre~-1976 levels. In
1979-80, a MLW event occurred off California and Baja California. Similar
though less extreme atmospheric and oceanic conditions occurred in 1980-81.
The 1981-82 winter temperatures were near normal for the 13 year period.
More recently, the extreme CEMN and TEN 1982-B3 season elevated coastal
temperature to a 13 year high. In 1983-84 SSTs remained above normal
through fall 1984, Note that during CEN years, the northern and southern
portions of the transect both contribute to the total but during MLW years,
the northern pertion is dominant.

To examine the offshore extent of SST fluctuations, the data were
abstracted to form three transects of nine 32 blocks extending fram the coast
3000 km westward (Figure 1). A time-distance plot for the transect off
Southern Califarnia (Figure 4a) shows warm fingers reaching in from offshore
during summer and fall and cald fingers of California Current water
extending offshore to near 126~ W during the winter months.

Regions of cool water (less than 14°C) are prominent features from
February through May in 1971, 72, '74, 75, '76, but appear in only one yesr
after 1976 and this occurrence in 1979 is minor compared to the previous
years. Cool water is brought into the coastal area from the north by the
California Current. Upwelling is less important at the one month-3° scales.
Lack of water less than 14°C since 1976 suggests a diminished California
Current since 1%76. During the third quarter of 1972, '76, 78, '79, 'B2 and '83
55Ts of greater than 18°C occurred over the entire zonal range (Figure 4a).
In general these events precede MLW and CEN winters, and probably
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represent early surface countercurrent influence, Normally the areas within
the 16°C isotherm are broken into inshore and offshore regions by the cool
California Current maximum which occurs 200 - 400 km offshore. The
absence of persistently strong California Current flow since 1976 has allowed
the area greater than 16°C to become zanally continuous in summer and fall
during five of the last eight years.

In 1980 and 1983 offshore water was cooler than in other years; S5Ts
greater than 22°C were absent at the western end of the Southern California
transect (Figure 4a). Negative 55T anomalies were widespread offshore in
fall (Figure 4b). Both events followed winters of intense PNA-type atmos-
pheric circulation. In both preceding winters, a desp Aleutian Low created
high winds of long fetch blowing mastward across the Pacific. These intense
and persistent winds may have redistributed the warm surface water of the
central gyre and transition zone, decreasing harizontal density gradients in
the upper layers and thereby decreasing the baroclinicity of the California
Current Region. The warm water displaced onshore by southwesterly winds
near the coast would tend to increase poleward countereurrent activity which
would in turn bring more warm water intc the coastal zone fram the south.
Comparison of Figures 4a and 4b shows that the ahsence of 22°C water
offshore in 1980 and 1983 represents extreme negative anomaly (to —1.B°C,
sdu to 2.4). Nearshore, positive S5T anomaly is associated with each event.
During 1983, the shoreward extension of the 20°C isotherm was the most
extreme of the series, as shown by anomalies to 1.2°C (sdu to 2.5) in fall 1983
(Figure 4b).

The SST anomalies along the offshore transect tend to be of opposite
sign in nearshore and offshore arees (Figure 4b), Note similarities among
1971, 1973, 1974 and 1975, which were cool years. Negative anomaly
occurred in nearshore areas from 1971 through 1976, accompanied by positive
anomaly offshore; producing horizontal density structure conducive to an
enhanced California Current. In 1976 and the years following, negative
anomaly cammonly occurred offshore, accompanied by positive anomaly
nearshare; opposing California Current baroclinicity.

Warm winters since 1971 were compared by summarizing the three
offshore transects (Table 1}. Offshore areas were divided into three 1000 km
zones, with the nearshore zone containing most of the California Current
System and the middle zone in the transition region (Figure 1), The outer
zone of the northern transect extends into and sometimes through the
northerly meander in the North Pacific and Subarctic Currents (Kirwan et al.
1978) where temperatures are more characteristic of the Subarctic Region.
The transect off southern California reaches into the central gyte and the
offshore zone of the Baja California transect remains in the subtropical
transition.

In Table 1, the 1982-83 winter is shown to have the warmest 55Ts of the
geries inshore and the coolest offshore. If the full length of each transect is
considered, the 1982-83 CEN must be considered a cool 55T event. In the
inshore zone, the 1976-77 and 1983-84 winters were as warm as in 1982-83,
Winter 1783-84 probably represents residual warming of the 1982-83 CEN.
Nota, the inshore zone remained warm in 1983-84, but offshore the cool
anomaly of the previous year was lost in the southern and Baja California
transects.
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Table 1. Summary table of SST anomaly during warm event winters (Nov.-Feb.)
gince 1971 along the three offshore transects; Northern Californie, Southern California,
and Baje California. S5T anomalies are summarized for 1000 ken zones along each
transect. The aymbols represent 55T anomaly in each zone along a transect; “W"
represents areas having maore than 50% positive SST anomaly and "C" represents areas
having mare than 50% negative anomaly. The numbers under each column are weighted
average 55T anomaly indices in sach zone for each of the three transects; positive
numbers representing positive anomalies and negative numbers repressnting negative
anomalies. The anomaly indices are summed by winter in the sixth eolumn and compared
to event type (see text).

Winter Zone Event Type
{Nov=Mar) Transect Offshore Middle Inshore (Warm Index
2000~ Lo0a- 0- Total)
3000 2000 1000 ko
1972-73 Morth W L C CEN
South c (10} Cc (=-15) W {-4) (-9)
Baija W C W
1976-77 Nerth W W W CEN
South W (12) c {13) W (25) (353)
Baja W W W
1977-78 North C C w CEN
South W (1} W {15} W (19} (3%)
Baja W L W
1979-80 Nerth c w W MLW
South q (10) w (20) W (10) {40)
Baja W W c
1980-81 North c W Li MLW
South W (=4) W (1l9) W o[12) {27)
EBaja W W W
1982-32 North [ C W CEN
South c (-9) c (=19} w {27) {~1}
Baja W c W
1983-84 North c c w CEN
South w(2) w (10) W {26} {38)
Baja W W w

The 1976-77 CEN occurred at the end of a cool onshore - warm offshore
period (McLain 1983). It appears that in this winter the central gyre
remalned warm from the previous period and that the inshore zone warmed
under CEN influence. Overall, the SSTs of the 1376-77 CEN were the
warmest of the series.

Since 1976-77, each warm winter has shown a tendency to negative S5T
anomaly offshore in the northern transect (Table 1). This could be the resuit
of increased mixing by high winds in this area and/or a southward shift of the
subarctic transition under the influence of basin-wide forcing due to per-
sistent PNA circulation.

During the 1979-80 and 1980-81 MLW winters, warming occurred in the
middle zone of all three offshore transects. Since this also occurred under
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PNA pattern influence, the suggestion is that surface water is being trans-
ported from west to east under the influence of the intensified Aleutian Low.
In the case of the MLW winters, warm surface water is moved from offshore
into the middle zone, The Aleutian Low was even stronger in winter 1992-83
{Quiroz 1983), More water maoved to the south and east in the offshore and
middle zones bringing cooler water to the surface in the middle zone and
extreme Ekman cenvergence at the coast. This is indicated by the 1982-83
pattern shown in Table 1. When extreme wind forcing relaxed in 1983-84, a
more stable pattern returned offshore even though the inshore zone remained
warm,

Subsurface Temperature

Mean monthly temperature time-distance plots at 100 and 200m depths
for the same alongshore transect used for SST are shown in Figure 5. The
seasonal cyecle at 100m is influenced by vertical motion of the thermocline,
especially off northern California where turbulent mixing causes mixed layer
depths greater than 80m in winter {Husby and Nelson 1982)., As with 55T,
subsurface isotherms make greater latitudinal excursion in the north (see
Figure 2a). Tsotherms are also maore closely packed in the south, but the
temperature gradient of the subtropical transition is not as large at 100m as
it is at the surface.

In 1982-83, two northward excursions of the 10°C isotherm mark
anomalous warming at 100m associated with the 1982-B3 CEN {(Figure 5).
The first warming occurred in winter 1982-83 and after cooling in spring and
summer, the second major warming occurred in late summer, fall and winter
1983. Resulting pesitive anomalies of up to 1.5°C (3.1 sdu} occurred between
46°N and 49°N in the first warming episode. The extreme excursions of the
107°C isotherm off central California in 1982-83 caused anomalies to 1.5°C
(3.0 sdu) and 1.4°C (2.8 sdu) for the 1982-83 winter and 1983 fall respec-
tively. Farther south between 29°N and 34°N, anomalies were 2.3 to 3.0°C
(2.8 to 3.0 sdu) in winter 1983 and to 1.8°C (3.6 sdu) the following fall, These
were the most extreme positive anomalies encountered in the study. The 8°C
isatherm was depressed below the 100m level for the entire 1982-83 event
{(Figure 5). Relative extent of the two northward isotherm excursions varies
with latitude and depth. The TEN associated first peak is more persistent with
depth and distance south, This persistence is clearly suggestive of aceanic
connection between tropical E]1 Nina and California E1 Nino.

Extreme excursions of the 10°C isotherm at 100m are also seen during
the 1972-73 CEN and the 1979-80 ML W winters. [f northward excursion of this
isotherm is considered algne, the 1979-B0 winter is the most extreme,
producing an anomaly of 1,6°C (2.7 sdu) at 43°N. The extremity of this winter
was also evident at the surface (Figures 2a,b and 4a,b). Thess two events
represent extremes of guite different forcing processes, The 1972-73 CEN
was unaccompanied by a fully developed PNA pattern and the 1979-80 MLW
event was unaccompanied by anomalous equatorial Kelvin wave activity
(Douglas et al. 1982, Cane 1983).

The excursions of the B°C isotherm during the 1972-73 CEMN were as

large at 200m as they were at 100m in the 10°C isotherm (Figure 5). The
1972-73 signal was also strong to the south in the subtropical transition, where
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Table 2. Surmmary table of temperature at 100 m during warm event winters
since 1971 along the thres offshore transect. Symbols and numbers are the same as
in Table 1.

winter Zone Event Type

(Mov-Mar)} Transect QOffshore Middle Inshore {Warm Index)

1972-73 North w w w CEN
South w {3) c (Q) w (19) {27)
Baja ¢ - W

1976=77 North w < < CEN
South W (16) C {~16} c {-7) (-7}
Haja - - C

197778 North W o c CEN
South C (=6) ¢ (-4) c (-12} {-22)
Baja - - c

1979-80 North W L w MLW
South c (1) c (2} c (-14) (-11)
Baja L) W C

1980-81 North c L W MLW
South C {-3) W o(17) C {-9) (5}
Baja W - C

1992-83 North C c L CEN
-South Cc (=2) C (=4) W (20} (14}
Baja 1) - W

1983=-84 North c c w CEN
South c (-1} W {-5) W {16} (10)
Baja L - -

the extent of 16°C water at 100m was as great in this period as at any other
time in the series.

In contrast to the 1972-73 CEN, the 1979-80 MLW event's signal was
halved at 200m and it appears not to have had pronounced influence in the
south. This mid-latitude warming event is an example of locally forced
coastal warming. Its signal is attenuated with depth and distance from areas
of direct energy transfer,

The 100m and 200m alongshore temperature data for the 1972.73 CEN
clearly suggest remote forcing from the south. The persistence of signal with
depth without apparent attenuation indicates poleward and downward propaga-
ting coastal Kelvin waves (McCreary 1976), Although strong MLW events
affect temperature at 200m, attenuation occurs with depth, Anomaly
computations show the signal for the 1972-73, 1976-77 and 1982-83 CEN
events to be stronger in terms of sdu below the thermocline than above. This
trend is also shown in Figure 5 where the 1976-77 CEN appears stronger at
200m in the BPC isotherm than at 100m in the 10°C isotherm. These are the
year&; when a strong Kelvin wave signal would be expected (Cane 1983, Picaut
1984).

Table 2 summarizes the offshore 100m temperature anomaly in the same
form as Table 1. The 1982-83 event produced a temperature anomaly pattern
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at 100m similar to that observed at the surface. The patterns at the surface
and 100m were also similar during the following warm winter, 1983-84.

In contrast ta the 1982-83 CEN, the inshore rone was cool at 100m
during the 1976-77, 1977-78, 1979-80 and 1980-81 warming events. This may
represent a large scale density adjustment with depth. Presumably similar
adjustment occurred below 100m during the 1982-84 period.

Figure 5 shows conspicuous coastal warming at ll](]moduring the 1976-77,
1977-78, 1979-80 and 1980-81 winters in the alongshore 3 blocks. However,
the 3° latitude by 9% longitude areas summarized in Table 2 show that these
winters have predominantly negative anomaly at 100m, Quite possibly, this
points to the distinction between the coasta! countercurrent, which appears
instrumental in increased coastal warming in warm winters, and the diffuse
offshore countercurrent or undercurrent. Kelvin wave influence would be
expected to occur first in the region of the countercurrent. Offshore, it
appears that the undercurrent becomes weaker as the California Current
weakens (Table 1, Figure 4a) during warm events, leading to cool anomalies
at depth in the inshore zone (Table 2).

The persistence of negative winter S3T anomaly offshore on the
northern transect as shown in Table 1 may represent a southward shift of the
subarctic transition. It appears that a similar shift occurs in the 100m index
four years later in winter 1980-81 and persists thraugh winter 1983-84, This
is shown by negative anomaly index in the offshore zones of the two northern
transects. Examination of more detailed data shows that the eooling in this
region began in 1977, This trend to cooler water in the offshore zone may
represent a time-dependent deepening of the mean oceanic circulation
hrought by increased frequency of the PNA atmospheric pattern over the
north Pacific. This climatic shift, which apparently favors warmer coastal
water, undoubtedly contributed to the extremity and persistence of the 1982-
B3 CEN.

Sea Level

To examine the effects of the 1982-83 California EI Nino on sea level,
&-month sums of sea level anomaly for Neah Bay, Washington and for
Crescent City, San Francisco, Monterey, Las Angeles and San Diego, Califor-
nia were added together to gtve & value for the entire west coast of the
United States. These scaled values are plotted with the corresponding scaled
SST anomaly sum in Figure 6. The extremely high sea level anomaly values
that occurred during the 1982-83 CEN event suggest an anomalously warm
water column as the result of atmospheric and oceanic forcing of convergent
ocean currents along the greater California coast.

The 1982-83 CEN resulted in the most extreme sea level anomaly in the
1971-83 record. 1f cool negative anomaly events are excluded, the 1972-73
CEN was next in extremity followed by the 1976-77 (CEN), 1977-78 (CEN)
and 1979-80 (MLW) events. Greatest anormalies were in winter 1982-83 when
anomalies greater than 20 em occurred from San Francisco north to Sitka,
Alaska. Anomalies of this magnitude and duration are unique in the National
Dcean Survey's records for the west coast of the USA, A 90 year dally sea-
leve! height maximum for San Francisco occurred on January 27, 1983. The
26 cm monthly anomalies for February and March 1983 at San Francisco were
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Figure 6. Six-rmonth sums of anamaly of sea level at & tide

stations alang the narthern portion of coast from San Diega, CA. to
Neah Bay, WA. Six-month SS5T anomaly for the northern portion of
coast are also included from Figure 1 for comparison.

without precedent in the 90 year record. High positive anomalies also made
the 1983 yearly mean unique in the 90 year series. In southern California
anomalies were less extreme with the largest monthly anomalies ranging
from 10 to 15 cm,

Chelton and Davis {1982) related the first empirical arthogonal function
of manthly sea level anomaly along the coast of North America to bifurcation
of the North Pacific Current as it approaches the eastern boundary under the
influence of basin-wide atmaspheric forcing. When bifurcation favors north-
erly flow, there is sea level rise along the coast of Aita and Baja California.
This represents the warm oceanic event response characterized by the years
since 1976 (Figure 6). In the opposite extreme, the cool subarctic water
flows south in an anomalously cool California Current and there are lower sea
level heights,

This analysis agrees we!l with the implications of the above tempera-
ture data, Northerly winds in the western Pacific basin bring more cool
subarctic  water into the North Pacitic Current allowing the subarctic
transition to mave south, This brings coal water to the offshore end of the
northern transect {Tables 1, 2). The PNA-associated intensified Aleutian Low
favors an increased nerthward flow of subarctic water. Consequently, the
Califarnia Current System receives less cool water.

Wind Mixing and Upwelling Index

Wind stress on the sea surface mechanically mixes the ocean's surface
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layers and induces surface currents. The mixing effect of the wind is
directionally independent and the rate at which turbulent kinetic energy
becomes available to mix the upper ocean is proportianal to the third power
of the wind speed (Niiler and Kraus 1977).

An index of the turbulent wind events along the California coast was
calculated from the 6-hourly northern hemisphere pressure/wind analyses of
the Fleet Numerical Oceanography Center at six coastal locations from 24
to 399N for the period 1974-84, The daily mean wind speed cubed was
calculated from the mean of the four 6-hourly wind speed cubed values, To
investigate the interannual variability in the atmospheric farcing, these daily
time series of wind speed cubed were examined in ferjns of the number of
daily means greater than a threshold value of 400 m” /s’ and the persistence
of events ahove the threshold. It is emphasized that these wind speed values
are representative of the large-scale wind forcing, characteristic of the
approximate 39%3° grid spacing of the northern hemisphere analysis.

Wind events for the central California coast (36°N} during the winter
quarter {Dec. - Feb.,) from 1974-75 to 1983-B4 are degcry::ed by the product of
the number of daily means greater than the 400 m /s~ threshold times the
mean value of the wind speed cubed for these days (Table 3). This product is
a relative index of the turbulent energy added to the water column during the
various winters. The greatest turbulent mixing appears to have occurred in
the CEN winters of 1977-78 and 1982-83, The third most turbulent winter
was the mid-latitude warming event winter of 1979-80. These three winlers
occurred in winters when the PNA-type atmospheric circulation was strong
(Wallace and Gutzler 1981, Quiraz 1983). This pattern was also observed at
the other cosstal locations, but with smailer magnitudes in the extreme
events.

Equatorward winds blowing parallel to the California coast cause
surface water to be moved offshore and subsurface water to rise in the
upwelling process. Conversely, poleward winds cause surface water to be
pushed toward shore, causing downwelling and northward flow. The upwelling
index (Bakun 1973, 1975) provides a large-scale estimate of the onshore/
offshore Ekrnan transport based on FNOC pressure/wind fields.

A time-distance plot of monthly mean upwelling index (Figure 7} shows
that in the area south of 33°N, winds favoring coastal upwelling occur
throughout most of the year. North of 339N, winter winds favor onshore
transport and resulting downwelling. These areas are seen in Figure 7 as
cusps that extend southward to latitudes from 33° to 39°N. The hatched
areas within the negative regions represent extreme dowgwelling of less than
-200 cubic meters per second per 100m of coastline (m”/s/100m). At 42°N
the upwelling index exceeded this negative value for only two months in the
entire 13 year record. These occurred duriﬂ% the anomalously warm 1982-83
winter. The shaded cells centersd near 33 N represent periods of strong
upwellirtg in spring and summer when the maonthly values are greater than
+200 ¢m~/s/100m), Note the increase in upwelling at 21°N which occur in the
spring and summer after 1976. These may be the result of a southward shift
and/or intensification of the North Pacific High pressure center.

To examine the interannual variability in the upwelling index the
consecutive positive values of the index greater than +200 at 33°N were
summed for summer seasons during the 1951-84 period. The negative
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Table 3. Summary of severe winter (Dec.-Feb.) turbulent wind events off central
Catifornia (36°N) during winters from 1974-75 to 1983-84. Computed from &-hourly
pressure fields fror: Fiset Numerical Oceanography Center. The first colurn giveg
the number of days when the daily mean wind speed cubad was greater than 400 m~ {2

and the second column gives the mean wind speed cubed value far thase days. The
third column gives the product of number of days times the mean wind speed cubed
and indicates the smount of turbulent energy added to the watar column. The last
three columna summarize the turhulant energy ranafer as avents by giving the number
of aventa of wind speed greater than 400 m !s”?, the rmean duration of the eventa, and
the standard deviation of the duration of the mean.

WIND SPEED CUBED » 400m>/s’

(1) (2) {3) (4) {3) (6)
NO. OF MEAN FCR NO. OF DURATION OF EVENT

SEASON DAYS DAYS>400 (1)x{2) EVENTS MEAN 5.D.
1974-75 26 1096 28496 9 2.8 0.7
1975=76 9 760 €840 3 2.3 0.3
1976-77 4 516 2064 2 2.0 0.0
1977-78 27 1462 39474 5 4.6 8.8
1978-79 19 Bie 15884 6 2.2 c.2
1979~-80 24 1388 33312 6 3.3 3.9
1990-81 11 1548 17028 a 2.1 0.3
1981-82 16 854 13664 5 2.4 0.8
1982-83 3 1261 39091 8 3.3 0.8
1983-84 12 1610 19320 3 2.3 0.3

upwelling index values at 42" were also summed for each winter down-
welling season (Table 4). The most extreme downwelling of the last 33 years
occurred during the 1957-58 and 1982-83 fall and winter seasons which were
two and three times the mean, respectively. During the winters of 1979-80
and 1980-81, the PNA-type circulation occurred over the MNarth Pacific.
They also had higher than average downwelling values at 42°N. The 1979~80
and 1980-81 winters were probably important in maintaining the anomalgusly
warm S5T regime since 1976.

Large negative values of the downwelling at 42°N are associated with
the occurrence of PNA atmospheric circulation. Upwelling in the following
spring and summer appear decoupled from winter downwelling. However,
upwelling can also influence the overall impact of warm anomalies. Note
that in the 1982-83 two seasonal influences ralated to upwelling lead to high
Caiifarnia coastal SSTs. First, there appears to have been unprecedented
downwelling which promoted northward coastal flow and warming during
winter 1962-B3, This was followed by indication of below average upwelling
during the following spring and summer. This, in turn, was followed by the
high)est 55Ts and highest SST anamalies {in sdu.) during fall 1983 (see Figures
2a,b).
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Table 4. Summary af monthly upwelling index for winter and summer seasons from
1951-52 to 1983-84, The second column is the sum of negative monthly mean upwelling
index values at 42°N during the winter dawnwelling season. Seasons with downwelling
sums maore negative than -300 units at 42°N are marked with double minus (--). The
thitd eolumn is a similar sum aof positive upwelling index values during the following
spring and summer at 33°N. These are the sum of consecutive monthly mean values
greater than +200 units . Upwelling seasona with suma greater than +1500 units ars
marked with double plus {++). The fourth column indicates the vecurrence of trapical EI
Ning (TEN) and Pacific/North American circulation (PNA).

MONTHLY MEAN UPWELLING INDEX ABSTRACT

1951-1984
4zN 33N 42N 33N

SEASOM MNEG, POS. EVENT SEASON  NEG. POS. EVENT
51-52 {194) 448 72-73 (219 1310 TEN
52-53 (413)-- als TEN 73-76 {198) 1383
53.54 (215) 491 748-75 (121} 1217
54-55 (246) 18134+ 75-76 (54 1055
55-54 (230)  1656++ 76-77 {128) 1266  TEN, PNA
56-57 50y 1439 77-78 (366)-- 798  TEN, PNA
57-58 (544)— 1535++ TEN, PNA 78-79 (99) 1446
58-59 (139) 19554+ PNA 79-80 (369)-- 1629++ PNA
59-40 {101) 349 80-81 (383)-- 1586++ PNA
60-61 (409 BO9 PNA B1-82 {215) 1157
51-62 (64) 792 az-a3 {765)--  9B4 TEN, PNA
£2-63 (208) 1053 PNA 83-34 {278) 1191
63-64 (168)  2281++
64-65 (210) 1141 DOWN 42; MIN. {60}

MEAN  (251)
£5-66 (197 1211 TEN MAX, (765}

--LT. {300}
66-87. (165)  131%
£7-68 (189) 15114+ PNA UP 33: MIN. 349

MEAN 1224
£8-69 (269)  15B4++ MAX 2261

++ MT 1500
69-70 {353)-- 1aDa TEN, PNA

70-71 (131} 1354

71-72 (92} 1209
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Discussion and Conclusions

Our analyses suggest that the severity of the 1982.83 CEN was the
result of several warming factors. Remote forcing occurred bath through the
atmosphere and through the ocean to cause warming in the California
Current System which had already been warmed by remotely forced and local
events of lesser, but similar nature.

Two maxima characterized 1982-83 warming that occurred within
300km of shore (Figures 2a,2b,4a,4b). The first maxima occurred nearly in
phase with the tropical £1 Nino at all depth levels studied. At the surface the
second peak which oceurred in late summer and early fall 1983 was the most
extreme. At the 100 and 200m depths, the first peak, which was mast likely
associated with coastal Kelvin wave activity, was the most extreme. The
gecond maxlma at 100m was reduced in expression south of 329N and with
depth (Figure 5).

Maximum temperature anomalies of 2°c, 19C and 1.2°C occurred at
the surface, 100m and 200m respectively. In terms of sdu, the highest value
was 3.6 off Baja California with values to 3.0 throughout the alongshare
transect at 100m. Anomalies with sdu values ranging to 2.0 and 2.5 at the
surface and 200, respectively, indicate a relatively unattenuated signal
below the thermocline consistent with coastal Kelvin wave theory.

Comparison of the 1982-83 CEN with other warm events of the series
has allowed considerable insight into the causes of its severity and persis-
tence. The 1972-73 CEN occurred without the PNA atmospheric adjustment
which oceurred in 1976-77, 1977-78 and 1982-83, The 1972-73 CEN, which
has a number of similarities to the 1982.83 event (Figure 53) provided an
example of the oceanic tropical to mid-latitude connection. In contrast, the
1979-80 ML W event was accompanied by the distinctive PNA atmospheric

pattern in a period without tropical El Nina activity. This coastal warming
event also had several points of similarity to the 1982-83 CEN (Figures 4a,b).
Overall, the 1977-78 CEN is similar to the 1982-83 event, though less
extreme (Figure 4b, Table 3).

The 1982-83 event brought anomalous cooling in an area reaching from
1000-3000 km offshore. 1f the 3000 km area adjacent to the coast is
considered, the 1982-83 CEN was a cool event rather than a warm one
{Figure 4b, Table 1). This was the result of unprecedented development of
the Aleutian low that occurred in winter 1982-83. As noted above, this low
was probably the result of extra-tropical forces acting in concert with the
tropical atmaspheric connection. Cooling in the area 2000-3000 km offshore
at 40.5N appears characteristic of years when anormalously warm waler
pccurs at the coast (Tables 1, 2}, However, no other offshare cooling event
of the 13 year series was as extensive as the one that occurred during the
1982-83 CEN (Figure 4b, Table 1).

Caoastal subsurface temperature patterns at 100m and 200m during the
1976-77, 1977-78 and 1992-83 CENs suggest downward and paleward propaga-
ting coastal Kelvin wave influences, since the signal at 200m appears
stronger, in terms of sdu, than at the surface (Figure 5). The warming signal
decreased with depth for the 1979-80 warm event, which appeared unrelated
to tropical warming.
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Ceastal winds during 1982-83 winter were extreme (Figure 7, Tables
3,4). In terms of negative upwelling index, indicating a general tendency to
Ekman convergence at the coast, the 1982-B3 CEN winter was the most
extreme of the 33 year series (Table 4). The 1957-5B CEN winter which also
occurred with PNA atmospheric adjustment was second. Although the 1957-
58 event is considered extreme, the accumulated seasonal downwelling index
at 42°N was only 70% of that obtained for the 1982-83 winter. Extreme
downwelling index or negative upwelling index is associated with the PNA
atmospheric pattern, though not absolutely (Table 4),

Atmaspheric and oceanic remote forcing appear to produce California
El Ninos by enhancing normal processes that lead to warming, according to
the following scenario, Coastal Kelvin wave activity depresses the thermo-
cline along the coast. This in turn facilitates northward coastal counter-
current flow, which will bring anomalously warm water into the coastal zone,
as indicated by Fiqures 2a, 2b, 3, 4a and 4b. Basin-wide farcing deflects
subarctic water north away from the Califarnia Current. Consequently, more
warm water reaches the Callfornia coast (Figure ). Atmospheric patterns
associated with mid-latitude adjustment. to tropical influences may also cause
lacal downwelling winds {Table 4) causing Ekman convergence at the coast,
thereby inducing northward surface currents (Figure 6). These three warming
processes contribute to positive temperature anomalies occurring at the
coast during CEN years,

The data presented suggest that a climatie change occurred after the
winter of 1976-77, The period before 1976 was characterized by pasitive 55T
anomaly offshore (Figure 4b), negative anomaly in the California Current
System (Figure 3, 4a, b), negative sea level anomaly (Figure 6) and coastal
winds favoring upwelling (Table 4). Four of the six winters since 1976 are
classified as anomalously warm on the coast. These were accompanied by

positive sea level anomaly and downwelling winds. The 1982-83 CEN
occurred in an already warm period. This alse contributed to its severity.

The 1972-73 CEN appears equal in positive anomaly to the 1982-83 CEN
in subsurface temperature (Figure 5) and sea level (Figure 6). However, its
expression, particularly at the surface (Figure 2b), was attenuated in the
California Current System because it was opposed by loeally forced processes
rather than augmented by them.,

Summary

1. Coastal ocean warming associated with the 1982-83 California El Nino
was the most extreme of 1971-83 period. This warming appears to have
been the result of at least two remote connections tao the tropical £1
Nina, one through the ocean and the other through the atmasphere.
Two major peaks of anomalous subsurface warming occurred. The
earlier peak may primarily reflect oceanic propagation while the latter
peak seems to be the result of the atmospheric tropical to mid-latitude
cannection.

2. Atmospheric patterns associated with the 1982-B3 event brought ex-
treme cooling in an area reaching from 1000 to 3000 km offshore. The
19BZ-83 period was a cool rather than a warm year if the entire 3000
km offshore area is considered. Offshore cooling is characteristic of
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3.

other coastal warming events {eg. 1979-80 and 1980-BI) that can occur
without tropical E1 Nino activity.

Persistence of warm anomaly below 100m during the 1982-83 event
suggests the presence of oceanic propagation from the tropics consis-
tent with coastal Kelvin wave activity. Similar strong persistence at
depth occurred during the 1972-73 California El Nino, which was
unaccampanied by atrmospheric patterns associated with 1976-77, 1977-
78 and 1982-83 California El Ninos. In contrast, the strong surface
warming which occurred during 1979-80 unaccompanied by tropical E!
Nino activity, attenuated rapidly with depth.

In winter 1982-83 monthly anomalies based on 3° latitude-longitude
areas exceeded 2.5°C at 100m with lesser magnitudes at surface and
200m.

Maximum alongshore S5T warming occurred in fall 1983, During winter
1992-83 accurmulated downwelling index at 42°N was three times the
average value indicating a tendency ta extreme Lkman convergence,
This is the largest accumulated downwelling index recorded (33 year
series). Non-directional wind mixing parameter for winter 1977-78 was
as great as for 1982-83, but the downwelling index value was only half
that recorded for 1982-83. The extreme accumulated dawnwelling
value for 1982-83 represents local expression of the PNA pattern
circulation.

Indirect evidence points to weakening of the cool California Current,
anshore transport of offshore water, increased downwelling and
counter current intensification as primary local mechanisms through
which the oceanic and atmaspheric remote forcing bring warming to the
Californla coast. Atmospheric and oceanic forcing of warming pro-
cesses occurred together during the 1982-83 California EI Nino.

The second half of the 1971-83 study period is warm relative to the
first half. The change occurred rather abruptly in winter 1976. Since
five of the next seven winters were characterized by warm coastal
waters and characteristic atmospheric circulation, residual warm
effects have accumulated so that the 1982-83 California £} Nino
occurred in an already warm period with an atmospheric circulation
already favorable to coastal warming. This warm setting also contri-
buted tao the extreme nature of the 1982-83 event.
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The Apparition of El Nifio off Oregon
In 1982-83

Adriana Huyer and Robert L. Smith
Oregon State University

The paper presented at the Meeting on E1 Nifio Effects in the Eastern
Subarctic Pacific in Seattle on 12 September 1984, has subsequently
been expanded and accepted for publication in Journal of Geophysical
Research, C(OCEANS), volume 90 as Paper 5C0086, entitled "The
Signature of E1 Nifio off Oregon, 1982-1983". The abstract of this
paper was published in EOS, Transactions, American Geophysical Union,
66 (10) March 5, 1985 and is reproduced here;

Current and CTD measurements were made ¢ver the Oregon shelf
near 43°N between February 1981 and April 1984 as part of a
large-scale west coast shelf experiment {SuperCODE}. The
data set includes & nearly continuous record of current
velocity and temperature over the continental shelf off Coos
Bay from May 1981 through January 1984, CTD sections off
Coos Bay in January or February of each year from 1981 to
1984, and CTD sections off Newport (44.6°N} in April 1983,
July 1983 and April 1984. The latter are compared with
sections off Newport made during the previcus two decades.
Sea level from the Newport tide gage, daily sea surface
temperature at Charleston (43.3°N), the alongshore compenent
of the wind stress at 45°N and the large scale Horth

Pacific atmospheric pressure pattern provide a c)imatological
perspective. The initial manifestation of E1 Nifio off
Oregon was in October 1982: anomalously high sea level,

high coastal sea surface temperature and increased poleward
flow. These effects occurred within one month of the onset
of E1 Hifio off Peru and preceded any local (Horth Pacific)
atmospheric effect by 2 to 3 months. The anomalous local
meteorological conditions, which became manifest in

December and January, greatly enhanced the initial effects
and inserted their own signal. The first signals of El

Nifio probably arrived by an oceanic path, but there is no
doutt they were subsequently reinforced by anomalous
atmospheric conditions,
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Comparison of El Nino Events
Off the Pacific Northwest

G.A. Cannon, R K. Reed, and P.E. Pulien
Pacific Marine Environmental Laboratory, NOAA

Abstract

Observations show that E} Nific events of 1940-41, 1957-58, and
1982-83 had large coastal effects off Washington and British
Columbia. Subsurface temperature anomalies were comparable during
the three episodes, and average prefiles between the roast and
127°W had anomalies of about 1.5°C at 100 m; individual anomalies
somet imes exceeded 3°C, with the highest values near the coast.
Positive anomalies were observed to extend aver 200 km offshore and
to depths of about 500 m. These scales were similar to those
farther north in the Gulf of Alaska and were about half the
offshore extent off southern California. Monthly average sea level
ancmalies showed that the largest increases occurred almost
simultaneously from California to Alaska. Thus we suggest these
data support the concept that the events are initiated by long
ocean waves but that subsequent development is strongly affected by
anomalous ceastal winds.,

Introduction

During the 1982-83 E1 Nifio event dramatic ocean temperature changes
occurred off the coast of Washington at 47°N {Reed, 1983, 1984} .
Positive thermal anomalies were observed above 500 m and were
greater than 1°C in the upper 200 m. Earlier, Enfield and Allen
(1980) showed that during 1950-74 only the 1957-58 E1 Nifio event
resulted in large sea level and coastal sea surface temperature
changes as far north as 47°N. In fact, some of the larger tropical
events in the tast 100 years have not been observed north of
central California. The E1 Nifio events of 1891, 1925, 1940, 1957,
1972, and 1982 a1l had very large effects in the tropics (Ramage
and Hori, 1981; Quinn et al., 1978; Wooster, 1983). A recent
compilation of sea level revealed little change from the 1891,
1925, or the 1972 events north of California, but large changes are
clearly visible along the coast into southeast Alaska during 1941
and 1958 (Hicks et al., 1983; also see Roden, 1960).
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The events of 1940-41, 1957-58, and 1982-83 thus appear to have
been the chly ones producing major changes in sea level off the
Pacific Northwest. The purpose of this paper is to examine and
document the offshore temperature changes at depth, as well as the
historical record allows, during these sea-level evernts, Reed has
presented some of the 1983 observations with which we will compare
effects during 1941 and 1958. We have restricted the ared of this
study primarily to north of about 45°N because of our interest in
the effects on fisheries in this region.

Sea-level Anomalies

Many of the previous inferences about E1 Nino effects at
mid-latitudes in the eastern North Pacific have been made from sea
level data (e.q., Enfield and Allen, 1980). For this study we have
extended their 19%0-74 period by using monthly mean sed Tevel
values through 1980 from Hicks et al. (1983) and for 1981-83 from
manuscript data of the National Ocean Survey. The sea levels were
corrected for chamges in atmospheric pressure at nearby wedther
stations by first calculating the monthly atmospheric pressure
anomaly from the long-term pressyre mean for each station. This
anomaly then was added to the monthly sea level values, and the
data at pach statiocn were detrended by a straight-1ine least
squares fit. Long-term menthly mean sea levels were computed for
all available data through 1982, and monthly anomalies of sea lavel
were caiculated by subtracting the long-term monthly means from
the corrected sea levels (Figure 1).

E1 Nifio events that have had effects on sea Jevel all along the
west coast are indicated by vertical lines in Figure 1. The events
of 1940-41, 1957-58, and 1982-83 are evident, bhut the 1972 event
did not produce changes everywhere. The average magnitude of the
sea level anomaly in early 1983 is siightly larger than that in
1958, and the 1982-83 event appears to be virtually simyitaneous
from La Jolla to Yakutat. The largest increases in adjusted sea
level for the 1982-83 event (Figure 1) occurred during
October-November 1982 for all three California locations,
September-October 1982 for Neah Bay, December-January 1982-83 for
Sitka, and Movember-December 1982 for Yakutat. The 1941 anomaly is
broader than the others from Neah Bay northward. There also seems
to be the suggestion of a very slow rise in sea level as far north
as Alaska several months after the 1976 event in the tropics (see
also Royer and Xiong, 1984).

In addition to the rise in sea level associated with these events,
there also were large, but spatially incoherent, rises at other,
times. Lower than normal sea level seemed to occur before most of
the major events. This is especially evident during 1955-57 at all
ctations. There was a sharp trough present from La Jotla to Sitka
in 1939-40, but low values were less pronounced before the 1982-83
event. The rise in sea level during 1958 according to our data
also was characterized by an offshore surface geopotent jal anomaly
increase (relative tao 1000 db} of about 15 dyn cm compared to 1957.
Tabata (1984) noted a similar characteristic of the 1982-83 event.
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Temperature Anomalies

Oceanographic observations were made off the coast of the Pacific
Northwest by the University of Washington using the RV CATALYST in
July of 1940 and 1941 and using the 2y BROWM BEAR during 1957-58 as
part of the IGY and are available in Oceanic Observations of the
Pacific, Pre-1949, 1957, and, 1358 [published by Scripps
Tnstitution of Oceanography). Reed (1983) used observations along
47°N by the NOAA ship DISCOVERER in May 1983, and we have
supplemented these with observations along the Ocean Station PAPA
Jine (approximately 48°N) from Tabata (1984).

Reed (1983) calculated the vertical structure of the temperature
anomaiies by taking the temperature differences between stations
along 47°N during the £1 Nifo event (May 1983) and during a
relatively normal time with comprehensive observations {September
1973: see Figure 1). He then averaged all the differences at the
same depths between the coast and 127°W to form an average anomaly
profile which is used here {Figure 2). Since the seasonal
temperature signal is above 100 m {Dodimead et _al., 1963},
anomaiies at this level and below were derived from reference data
from different seasons where necessary. We calculated additienal
average anomaly profiles to supplement Reed's for 1982-83 along
approximately 48°H using individual station data along the Ocean
Station PAPA section presented in Tabata (1984) and referenced to a
1959-81 long-term annual mean (Figure 2, middle). The data used
for 1957-58 are from stations along 46.9°N. Anoma)ies were
calculated for various times using February 1957, one year prior to
the peak of the event, as the reference (Figure 2, top}), The 1940-
4] data consisted of four stations each along 47.6°N in July of
1940 and 1941. Anomalies were calculated from the differences
between the two years (Figure 2, bottom}. Individual cruise data
were used as references for our 1957-58 and 1940-41 data as well as
for Reed's 1983 data because there were insufficient chservations
to form a climatological base at locations south of the PAPA

line.

The average anomalies for February 1958 were calculated using four
station pairs and were greater than 1°C in the upper 400 m and were
0.3°C at 700 m {Figure 2, top}, The surface anomaly of almost 3°C
is included because the reference month is also February {1957).
$tandard deviations from the mean amnomalies at each depth were
generally less than half of the means. Data from November 1957
{referred to February 1957) showed relatively small anomalies which
indicates that the major warming occurred after then. In July
1958, five months following the sea-Tevel anomaly peak, there still
was a temperature anomaly of 0.5°C at 100 m and 0.4°C at 200 m.

The analogous buildup and decay of the 1987-83 event can be shown
using Reed's (1983) average temperature-anomaly profile for May
1983 and average ancmaly profiles we calculated from Tabata's
{1984) individual profiles for November 1982, March 1983, and late
Jure 1983 (Figure 2, middle), referred tc mean annual conditions
during 1959-81. Tabata's data are slightly north of Reed's but
extend about the same distance offshore. The anomalies were
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greatest in March 1983 and were greater than 1°C in the upper

400 m. This was about the same as the February 1958 anomalies, the
peak of that event. Comparison of the late June 1983 and the =arly
July 1958 profiles suggests that the 1958 event may not have Tasted
as long as in 1983. The 1957-58 event, however, started about six
months earlier in the year in the tropics than in 19£2-83 (Quinn
and Zopf, 1984).

Temperature anomalies also were calculated from four pairs of
stations for July 1941 relative to the previous July (Figure 2,
bottom). The anomalies were between 0.3 and 0.6°C in 1941; in 1983
the July ancmalies extended to below 500 m, but those for July 1958
were detectable only to about 200 m. The peak in sea-level ancmaly
at these latitudes, however, occurred earlier in the year {winter)
both in 1940-41 and 1957-58, Thus the temperature effects of the
1940-41 event may have been as large as the 1957-58 and 1982-83
events off the Pacific Northwest. However, data frem other times
could nat be located.

The offshore and vertical extent of the 1957-58 El Nifig event is
shown by the temperature anomalies at individual stations along
47°N (Figure 3). The inset shows the corresponding surface
temperature anomalies. The section is along the southernmost
stations on the chart. The greatest values sxceeded 3°C, and they
were close to the surface near the coast. ({This figure is
unchanged if the 0-100 m interval is shown in more detail; in 1983,
however, the maximum anomalies were at 100 m and decreased at 30 m
according to Tabata, 1984.} The anomalies appeared to extend a
little over 200 km offshore to 127°W. At the next station
westward, anomalies greater than 0.5°C occurred only very near the
surface. This is consistent with our chaice of about 127°W
Jongitude as an offshore limit for calculating the average
temperature anomaty profiles along latitude 47°N in Figure 2.
Anomalies greater than 1°C were associated with water of 8-10°C in
February 1958; in February 1957 temperatures in this section were
8°C or less.

Discussion

The effects at mid latitudes (47-48°N) appear to have been similar
for the 1957-58, 1982-83, and perhaps the 1940-41 E} Nino events,
The sea-surface temperature anomalies in 1958 were larger than in
1983; they occurred during winter, however, and did not persist
through the following summer. ODuring 1983, the surface
temperature-anomaly peak occurred later (April}, and warmer than
normal temperatures extended through the summer.

The offshore extent of the anomalies was about the same in all
three years (shown here for 1958 in Figure 3}. Unusually warm
water extended to about 127°W, more than 200 km offshore, which is
about half the extent off California (Reid, 1960; Lynn, 1983;
Simpson, 1383). However, this emphasizes that the effects are more
than just a coastal phenomench at the higher latitudes, which is
all that can be determined from analysis of sed level data. In
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addition, the vertical extent (-500 m) of the warming indicates a
large volume of water is involved.

Other studies have indicated ET Nifio effects farther north than the
area examined here, Tahata (1961) showed at Ocean Weather Station
P {50°N, 145°W) an increase in temperature between the surface and
1000 m for the first half of 1958 retative to the 1950-57 average
and attributed the warmer water to northward transport into the
region. Dodimead et al.'s (1963) maps of temperature on salinity
surfaces showed about a 1°C increase in temperature from winter
1956-57 to winter 1957-58 in the upper 200 m from the Strait of
Juan de Fuca northward to the head of the Gulf of Alaska. The
offshore extent appeared to be about 200 km. Royer and Xiong
(1984) observed positive thermal anomalies off Alaska in 1983, and
Reed (1984) noted surface warming in the Gulf of Alaska and the
Bering Sea in 1982-83.

Salinity anomalies for the data in Figure 3 during Fehruary 1958
were about -0.5°f.. at 100 m but were less than 0.05°/.. at deeper
depths. In May 1983 the 100-m salinity anomaly was also negative,
but slight positive anomalies were evident at 300-500 m (Reed,
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1984}. Tabata (personal communication}, however, generally found
positive subsurface salinity anomalies in late 1982 - early 1983.
Reed's temperature-salinity analysis showed an increase over the
normal percentage of equatorial water during May 1983, and the
temperature sections examined for this study strongly suggested
northward flow along the continental slope in February 1958. Thus
it appears that the E1 Nifio effacts near the peak of the
temperature anomalies were associated with a northward movement of
water which extended offshore about 200 km. Simpson (1984},
however, argued for onshore transport of Subarctic water off
California instead of poleward transport. Large-scale wind
patterns support more onshore flow off southern California, but
more alongshore (northward) flow off the Pacific Northwest (Quiroz,
1983; M. Wallace, personal communication). Also, the anomalous
wind patterns started later (January 1983) than the onset of the
sea-level anomalies {September-December 1982) for the 1982-83
avent. Furthermore, Smith and Huyer (1983) found ancmalous
northward currents starting in October 1982 off Oregon, Thus the
onset of anomalous conditions occurred rapidly over a vast region
before extreme atmospheric cyclogenisis, which suggests initial
poleward advection by a long wave.

Other E1 Nifio cccurrences have not had major effects at high
latitudes. For example, during the 1972 event the winds along the
coast at the higher latitudes were apposite to the normal pattern
and wera to the south throughout the Gulf of Alaska {shown in
Figure 4c, but not discussed, in Enfield and Allen, 1980}, It
seems possible that southward wind drift may have altered the
normal northward £low expected during an E1 Nifo event. On the
other hand, winds were strongly northward during both the 1957-58
event (Enfield and Allen, 1980) and later stages of the 1982-83
event (Quiroz, 1983), which may have contributed to their
considerahle poleward extent.

Mot all of the warming events which have been ohserved off the
Pacific Northwest, however, are associated with El Nifo episodes.
In 1981 a surface warming, with anomalies as large as 3°C, was
observed to propagate northward along the coast (Freeland and
Giovando, 1982) and inta the Puget Sound estuarine system {Mearns
and Patten, 1982). Our comparison of data during this event with
those at other times, however, indicate that this was only a
surface phenomenon and did not extend to appreciable depth as was
the case follawing the E1 Nific events.

Finally, our use of individual cruise data to calculate temperature
anomalies points out the gap in observations sufficient to form a
climatological data base between the northern end of regularly
sampled CALCOFI statjons {approximately northern California) and
the Ocean Station PAPA section {Vancouver Island). In spite of
thig, we feel our data are sufficient to demonstrate, at least
qualitatively, some offshore effects with depth of E1 Nifo events
at these latitudes.
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El Nifo Effects Along and Off
The Pacific Coast of Canada During 198283

S. Tabata
Institute of Ocean Sciences. Canada

Abstract

The anomalous warming of surface water and the anomalous rise of mean
sed level along the Pacific coast of Canada in early 1983 indicated
the effect of ET Nino along the coast and there have been earlier £
Ninc signals evident in the large changes of temparature in the sub-
surface waters off the coast befare 1983. The 1932-83 episode is
compared with the similar one that occurred during 1957-58.

Iniroduction

The E1 Ninos of 1940-41 and 1957-58 can be considered as the two major
events that resulted in a widespread, anomalous warming along the
Pacific coast of North America. Oceznographic data were scarce for
the earlier event, but the later, 1957-58 event is well-documented
{see for example, Sette and Isaacs, 1960). Along the coast of
British Columbia (B.C.) sea-surface temperatures (SST) were anomal-
ously high during the two periods {Fig. 1), and associated with the
increase in 55T were higher mean sez levels. Off the coast during
1957-58 warming was evident in the sub-surface layers (Tully et al.,
1960) and extended at least as far as Station P (509N, 1450W)
{Tabata, 1967}.

In addition to data available from the regular monitoring of coastal
sea-surface temperatures and salinities, and sea level heights,
oceanographic data taken between Station P and the B.C. coast are
available at a few to several months intervals during 1981-83. The
location of oceanographic stations taken during this period is shown
in Fig. 2. These data form the basis for the present discussion on
the E1 Nino effects along and aff the coast.

Results

There has been an irregular, increasing trend of SST along the coast
since the early 1970s, reaching its maximum in 1983 (Fig. 1). More
detailed monthly anomalies of SST {Fig. 3) showed that an accelerated
rise occurred during the winter of 1982-83, reaching maximum (+20C)
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Figure 1. Anomaly of monthly mean sea-surface lemperatures (oc) for
Pine Island and Race Rocks along the Pacific coast of Canada,
based on 33-year means (1990-82;.

in March-May 1983. Although they dropped during the remainder of
1983, positive anomalies (+10C) persisted along the northern coast
whereas they became “normal” or became negative along the southern
coast. Sea level heights, on the other hand, although exhibiting a
cimilar trend to that of SST, showed an appreciable rise in early
1982, followed by an even greater rise in early 1983, reaching maximum
in February (Fig. 3). Thereafter the anomalies decreased until

another sharp rise and fall occurred in the later part of 1983.

Continuous observations of 55T ajong Line P (line between Station P
and southern coast of B.C.) during November 1982 and March 1983
vevealed that while the earlier data showed a large positive anomaly
only within 30 kilometers (km) of the coast, later data showed a large
anomaly (2-3 times the standard deviation) occupied an area within a
few hundred km of the coast. The intrusion of warm water during this
period is well-depicted in the satellite-derived SST, as shown in

Fig. 4.

Away from the shore a remarkable warming cccurred in the subsurface

layers over the continental shelf and slope before November 1982 and
in offshore waters in early 1983. This event can be examined by com-
paring the sequence of temperature profiles available for this period
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Figure 2. Oceanographic stations occupied during 1981-83 cruises.
Not all the stations indicated were taken during each cruise.

{(Fig. 5). During the period September to November 1982, an appreciable
increase in the subsurface temperatures occurred over the continental
shelf and slope in the upper 800 m depths, being largest at a depth of
200 m (Station P1-P6), in a relatively narrow band (100 km of the
coast). An increase as much as 5°C occurred in the layer between 50
and 100 m over the shelf. No significant warming was noted beyond the
continental slope during this period, but subsequently between November
1982 and March 1983 a spectacular increase in subsurface temperatures
resulted in the offshore waters, particularly between Stations P6 and
P12, a distance of only 100 km. The largest increase occurred in the
layer between the depths of 125 and 175 m and was as large as 36C. 1In
terms of  standard deviation, the increase represents 10 times at a
depth of 150 m. While such a Targe increase occurred in the offshore
waters, in contrast only a limited increase occurred in the inshore
waters, at depths between 50 and 300 m, and a decrease occurred at
greater depths by as much as 10C. By end of June 1983 the large pos-
itive anomaly in the subsurface layers had either been reduced apprec-
iably or in some cases had disappeared. Huowever, along the northern
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Figure 3a. Anomaly of monthly mean sea-surface temperature {oc} for
exposed coastal stations for periods 1982-83 and 1957-58, based
on 33-year means (1950-82).
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Figure 3b. Anomaly of monthly mean sea level heights (cm) for
representative coastal tidal stations for periods 1982-83 and
1957-58, based on 33-year means {(1950-82).

as



MARCH 12,1983
MO~
OREIT 29

Figure 4. Sateilite-derived sea-surface temperatures (°C) off the
Pacific coast of Canada and State of Washington (Time: 22:01 GMT,
18 March 1983; NOAA-7, Orbit No. 8343). These temperatures were
obtained through field-calibration, based on 74 55Ts taken by a
research ship during 16-18 March 1983. The temperatures are
estimated to have an accuracy of 0.30C.
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1959-1981.
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Figure 6. Distribution of temperature (9C) along isopycnal, ot = 26.0:

{a) 17-30 September 1982

{b) 24 November - 5 December 1982
{c) 16-30 March 1983

(d) 17-26 August 1983

line, warming continued during March-August 1983 in a narrow band
{~ 100 km) between Stations R10 and RT3.

The areal extent of subsurface warming off the coast during the sum-
mers of 1982 and 1983 can be examined by comparing the temperatures
along isopycnals such as on oy = 26.0 (Fig. 6) and 26.8 (Fig. 7) for
successive periods. The depth of ot = 26.0 is about 190 m and of
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Figure 7. Distribution of temperature (oc} along isopycnal, oy = 26.8:

{a) 17-30 September 1982

(b} 24 November - 5 December 1982
(¢) 16-30 March 1983

{d} 17-26 August 1983

ot = 26.8, 300-400 m (Fig. 8). As is evident from Fig. 6 warming
between September and November 1982 is only conspicuous near the
coast but between November 1982 and March 1983 a widespread warming
occurred within approximately 200 km of the coast. By August 1983
the warm water off southern B.C. had retreated southward. The 99C-
water present in March 1983 now occupies a small area along Line P.
It is uncertain where the warm water lying off the Queen Chariotte
Islands to the north in March 1983 had gone by August 1983. It is
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speculated that it might have propagated westward as a conseguence of
baroclinic Rossby waves. Other data are being examined to see if this
speculation has substance. In the deeper layer where ot = 26.8 the
warming between November 1982 and March 1983 and the cooling between
March and August 1983 are both present (Fig. 7). There is, however,
still evidence of a presence of relatively warm water lying northwest
of Vancouver Island in August.

The deepening of the isopycnal surfaces along the Pacific coast of
North America is also considered an effect of E1 Nino (Fig. 8). The
three isopycnals {ot = 26.0, 26.4 and 26.8) all show deepening be-
tween November 1982 and March 1983. However, there is some difference
in the behavior of these isopycnals from one period to another and
frem cne lTocation to another. For example, at the two inshore stations
{P4 and P6) the isopycnal, o = 26.0 remained deep until August where-
as at the offshore stations PPS and P12} it had returned to "normal"
depths by late June. A somewhat analogous trend is noted for the
isopycnal, oy = 26.4; however, at Station P4 the deepening was evident
earlier, between September and November 1982. The relatively deep

at = 26.8 isopycnal exhibited changes that were occasionally different
from those of the other twe. Here, while the Targe increase in the
depths occurred between November 1982 and March 1983, as for the other
isopycnals (g = 26.0, 26.4}, it was already deep compared to the cor-
responding long-term means in early 1982, particulariy at the inshore
stations (P4 and PE) and continued to remain deep until August 1983.
It is to be noted that the deepening of the isopycnal at the offshore
station (P12} is much less than at other stations inshore of it.

Comparison Between the Effects of 1962-83 and 195758

The 1982-83 and the 1957-58 warm episodes were similar in that during
both periods the SST increased and the mean sea leve] rose aleng the
coast (Fig. 3). However, some differences also occurred. For in-
stance, the recent event is featured by & sudden rise of 58T during
the winter, reaching a maximum that persisted for a few months. and
decreased gradually. The eariier cne is characterized by a slow,
gradual increase during 1557-58, reaching maximum in summer, then
followed by a sharp drop. For the sea level heights the recent event
had a sharp rise in early 1982, foliowed by a rapid decrease, and a
rebound from whence it increased siowly until winter when a sudden
increase occurred, with maximum in February. The peak in late 1983 is,
at the moment, unexplained. The sea-level anomalies during the earli-
er event also increased earlier in the year (1957}, followed by
another increase in winter. During this event the maximum which
occurred in February, as in the later one, lasted for only one month;
then both events stowly decreased during the remainder of the second
year. Both in terms of the anomalies of SST and sea level heights,
the magnitudes for the recent event are larger than the correspond-
ing values for the earijer events.

The recent warming in the subsurface layers is much larger than during
the previous 1957-58 event. During the 1950s the poleward advance

of the 80 isotherm on the isopycnal surface of at = 26.0 started from
the vicinity of California and Oregon coast in 1955-56 and reached

the Washington coast in 1958, (Tully et al., 1960). Only later, in
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the winter of 1959, was such an isotherm located off the B.C. coast.
During the recent event such an isctherm was present off the B.C.
coast by March and large temperatures greater than 99C were encount-
ered. In the deeper waters on the isopycnal surface of ot = 26.8,
however, the isotherm 5.60C appears to have extended farther north-
ward during the earlier event than for the recent one. While the
anomalous warming of the recent event is more intense than the
earlier one, its area extent is smaller, being restricted to a few
hundred kilometers of the coast. The earlier cne, though not as
intense in magnitude, had a much greater influence over a larger
area of the northeast Pacific.
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On the Interannual Variability of Eddies
In the Northeast Pacific Ocean

Lawrence A. Mysak
The University of British Columbia

Introduction

Schumacher and Reed {1983) recently discussed some aspects of the
interannual variability of the circulation, sea surface temperature,
sea level and atmospheric conditions in the Gulf of Alaska. How-
ever, in their review, 1ittle attention was given to describing the
year-to-year changes in the eddy field in this region. During the
past few years a number of studies have sheown that in the Northeast
Pacific and its inshore waters, there is significant mesoscale
activity whose occurrence and strength in any one location change
interannually. Perhaps the best known example of this is the large,
clockwise-rotating Sitka eddy, recently described in some detail by
Tabata (1982). The main purpose of this note is to present obser-
vational and theoretical evidence which strongly suggests that the
intermittent appearance of this eddy (at around 57°N, 140°W--see
Figure 1) may ultimately be due to interannual changes in the

North Pacific winter atmospheric circulation,

However, before giving this evidence we shall mention a few other
cases of observed interannual variability of eddy energy in the
Northeast Pacific, It is conceivable that some of the arguments
presented in connection with the Sitka eddy phenomenon may also
apply to these examples,

In their study of the Yow-frequency (periods of a few days) current
fluctuations in Shelikof Strait, Alaska, Mysak et al {1981) noted
that the amplitude tevel and time scale of this eddy energy changes
from season to season and, for a given season, from year to year.
The fluctuations were shown to be due to baroclinic instability of
the along-channel mean flow, and since this and the mean stratifi-
cation have a strong annual signal, the seasonal changes in the eddy
field are understandable. However, the mean flow during fall 1976
was much stronger than in fall 1978, indicating the presence of
significant interannual variability. Along with the reduction in
mean flow, the peak eddy energy in Shelikof Strait dropped by
several factors and shifted toward longer time scales, Some evi-
dence of interannual changes in the subsurface eddy energy {periods
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of 10-25 days} and seasonal mean flow conditions in the central part
of the Strait of Georgia has recently been reported by Yao et al
(1984). However, the mechanism for producing the current fluctua-
tions and the reason for the year-to-year changes in the mean flow
are unknown and remain as & challenge to the theoretician.
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Fig. 1 Geopotential anomaly at the sea surface relative to the 1000 db

surface {(JK ¢~1) in the northeast Pacific during March-April
1958 {from Tabata, 1982). The anticyclonic (clockwise-
rotating) Sitka eddy is centered at approximately 57°N, 140°W.

In connection with the recent 1982-83 ENS0 episode, Tabata (1984)
noted the presence of a relatively large, warm-core subsurface eddy
off Queen Charlotte Sound, British Columbia during spring 1583, the
peak period of the local warming. Although the data is sparse for
earlier years, it appears that like the Sitka eddy, this may be an
intermittent phenomenon. Hewever, its generation mechanism is not
xnown. Further offshore, Emery et al (1984}, in their study of
satellite-tracked drogued buoys in the Gulf of Alaska, presented
some evidence of the interannual variability in the near-surface
eddy field during August 1981-March 1983. During winter 198z, when
the atmospheric circulation was anomalously weak, the drogue tracks
contained a considerable number of meanders. However, during the
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next winter, when the Aleutian low expanded and intensified, rela-
tively straight tracks (and strong currents) were observed,
especially along segments of the California-Alaska coast.

The seasonal variability of the eddy field off Vancouver Island has
now been reascnably well established (lkeda et al, 1984). However,
since the formation and growth of the meanders (which Tater develop
into the eddies) is due to baroclinic and {to a lesser degree) baro-
tropic instability of the California Current system and the latter
has significant interannual changes (Chelton et al, 1982; Simpson,
1983, 1984), it is conceivable that for a given season the eddy
field off Vancouver Island should contain an interannual signal.

The search for this signal would make an interesting topic for
future research.

The Sitka Eddy and Its Generation

From an analysis of historical hydrographic data and satellite-
tracked buoys (Kirwan et al, 1978) in the Gulf of Alaska, Tabata
(1982) noted the occurrence, in a number of years, of a baroclinic,
clockwise-rotating eddy a few hundred kilometers to the west of
Sitka, Alaska (located at 57°N, 135°W). The eddy (hereafter called
the "Sitka" or "Tabata" eddy) is typically 200-300 km in diameter,
extends to a depth of about 1,000 km, and has a maximum (axial)
speed on the order of 40 cm s~ (relative to the 1,000 db surface),
An example of a well developed Sitka eddy is shown in Figure 1,

In any year of occurrence the Sitka eddy generally first appears
during the spring-summer period and then persists for up to one
year, often moving slowly westward (at ~ 1-2 km d"1) during this
time. Since the eddy is not observed every year, interannual
effects appear to be impertant for its generation. In this spirit,
Willmott and Mysak (1980) suggested that a generation mechanism for
this and other Northeast Pacific eddies is atmospherically-forced
interannual (period ~ 5-6 years) baroclinic Rossby waves that
undergo multiple reflections at the coastlines of British Columbia
and Alaska. However, it was recognized {WilTmott and Mysak, 1980;
Tabata, 1982} that topographic irregularities off the Alaskan pan-
handle could also contribute to the production of the Sitka eddy.
Recently, Swaters and Mysak (1985) have proposed a theory for the
generation of the Tabata eddy by the interaction of a steady coastal
current with a variable bottom topography.

The idealizad bottom topography (Figure 2) used in the theory of
Swaters and Mysak contains two bathymetric features found in the
vicinity of the Tabata eddy: the collectian of high seamounts
centred around Pratt seamount (56°N, 143°W) and the broad seaward
protrusion at the base of the continental slope off Baranof Island
{on which Sitka is located). Starting from the conservation of
potential vorticity on the f-plane, Swaters and Mysak (1985)
showed that a northward-flowing baroclinic, latterally-sheared
current representative of the Alaska current (see Figure 2)
encountering this topographic configuration generates a large anti-
cyclonic (cTockwise-rotating) baroclinic eddy which possesses many
of the characteristics of the Sitka eddy {e.g., horizontal and
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vertical structure, diameter and transport). An example of the sur-
face flow pattern obtained by Swaters and Mysak is shown in Figure
3. For a moderate incident upstream currvent, two stratified Taylor
columns get trapped over each topographic feature, but encircling
both of these small anticyclonic eddies is a large anticyclonic eddy
(diameter ~ 400 km). It is this circulation which probably
approximates best the observed Tabata eddy.

INCDENT
COASTAL
CURRENT

Fig. 2 Three-dimensional plot of topographic modet used to generate
the Sitka eddy by the interaction ofan incident coastal cur-
rent (shown at Tower right) (from Swaters and Mysak, 1985).
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Fig. 3 Horizontal contour plot of surface stream function computed
by Swaters and Mysak {1985} for an upstream current of
5.9 Sverdrups. The x axis points to the northwest and the
topographic features are centered at {0, 0.25) {the slope
protrusion) and (0.6, 0.75) (the "Pratt Seamount"). A unit
distance on the axes corresponds to 400 km.
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From a parameter sensitivity study, Swaters and Mysak found that for
the eddy field to have closed streamlines (at the surface), the up-
stream surface current must be less than about 20 cm s—1. Maximum
axfal current speeds occur, however, for an upstream current of
about 5-7 cm s-1. For upstream surface speeds less than this, the
surface signature of the eddy is very weak. Thus the intermittent
appearance of the eddy could te due to interannual changes in the
strength of the upstream surface flow, which in turn could be caused
by changes in the atmospheric forcing.

Interannual Variability of Upstream Conditions
And Atmospheric Circulation

Figure 4 shows the baroclinic transports across Line P for the
perigd 1959-1981, Since Line P cuts across the path of the
northward-flowing Alaska Current (modelled by the coastal shear flow
shown in Figure 2), the interannual variability of the transpart
across this line can be used as a measure of the year-to-year
changes in the upstream current. Also indicated in Figure 4 are the
times when eddy has been observed (arrow) and has not been observed
(dashed line}. The large number of years during which there are no
Tines or arrows arise because no data were available during these
times. Although the evidence is 1imited, the data suggest that the
Sitka eddy tends to form {(in spring-summer)} during or shortly after
a slight relaxation of a strong upstream flow (an upstream transport
of €-7 x106m3 s-1, i,e,, 6-7 Sverdrups). Such a condition will
arise just after the occurrence of an expanded and intensified (or
deepened) Aleutian low, a phenomenon which often happens during
winter of the second year of a major E1 Nifio episode, but also
during non-ET Nifo years (e.g., 1977 - see Figure 5). When such a
low occurs, the wind-driven upstream flow across Line P is very
strong, and according to Swaters and Mysak, precludes the trapping
of an eddy by the topography. However, when such a low weakens {in
spring - see Hamilton, 1984), the transport across Line P will tend
to decrease slightly (ocean spin-down effect) and hence produce a
favorable (i.e., a moderate) coastal current for eddy production by
mean flow-topographic interaction., According to Swaters and Mysak,
this occurs when the upstream transport is about 6 Sverdrups. (The
theoretical upstream transport associated with Figure 3 is 5.9
Sverdrups.} On the other hand, when the upstream transport is weak
{e.g., winter 1962), the transport across Line P is relatively
small (~ 3-5 Sverdrups) and consequently no surface eddy is formed
because of a very weak mean flow-topographic interaction.

These results relating the Tabata eddy occurrence to the upstream
transpert and atmospheric circulation are summarized in Table 1,
which alse includes data for the 1982-83 E1 Nifio event. In view of
the pattern found in Table 1, Swaters and Mysak (1985) predicted
that a Sitka eddy would be formed in spring 1983, following the
occurrence of the expanded and intensified Aleutian Tow during
winter 1983 {Simpson, 1983). Only a few weeks before this con-
ference, this prediction was canfirmed by Andrew Thomas who produced
an infrared satell{te image of the Sitka eddy from data collected
and archived at U.B.C.'s Department of Oceanography remote sensing
facility (see Figure 6). It is interesting to note the substantial
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Fig. 4 Baroclinic transports {106m3s-1) across Line P (from 48°N,
126° 40'W to 50°N, 145°W) for the period 1959-1981 (from
Tabata, 1983), Numeralsdenote the number ofstations usedto
estimate transports. The arrows {dashed 1ines}at top indicate
when theSitka eddy has been (has not been) observed.
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entrainment of offshore cold water (Tight shade) aleng the north
side of the eddy, a phenomenon consistent with a clockwise-rotating
motion.

Summary

We have presented evidence which suggests that the intermittent
occurrence of the Tabata eddy is due to the interannual variability
of the upstream flow, which in turn is Jikely caused by changes in
the sea level atmospheric circulation. In particular, we have shown

Table 1

Dates of eddy occurrence and corresponding Line P transport and
sea level atmospheric circulation in the North Pacific. A strong
winter circulation corresponds to an intensification of the clima-
tological Aleutian Tow, whereas a weak circulation corresponds
roughly to a weakened Aleutian low shifted westward and a weak high
pressure intrusion from the southeast.

Date of %gggg;gplc Winter (DJF)

Oceanographic Eddy present near (]05m3 5-1) gémg:c:‘:;?c
Sitka : : P a

Datal across Line P2 circulation

1954, Aug-Sept Probably (data for Moderate to
region incomplete) ? strong

1956, May-June No ? Weak

1957, July-Aug No ? Weak

1958,% Mar-Apr Yes 8(7) Strong

{Fig. 1}

June-Aug  Yes (but eddy
observed further

offshore
1859, Jan-Feb No, but 1958 eddy 7 Moderate to
observed still weak
farther offshore)
Aug-Sept No 6
1960, Jan-Feb Starting to form 4.5 Moderate to
strong
July-Sept Yes 7
1961, May-June Yes 7 Strong
1962, May-June No 3 Weak
1967, February No 5.5{(?) Weak to
moderate
1977, Mar-May Yes 7 Yery strong
1983,% March Yes ? Very strong®
(Fig. 6)

1Tabata (1982); 2Fig. 4 {from Tabata, 1983); 3Emery and Hamilton (1385);
“Second year of intense tropical ENSO espisode; SSimpson (1983)
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that following the expansion and intensification of the Aleutian Tow
during winter {e.g., in 1958, 1961, 1977 and 1983), the eddy was
generated next spring-summer. Conversely, when the winter circula-
tion was weak (e.g., in 1956, 1957, 1962 and 1967}, no evidence of
the eddy was found in the data examined by Tabata {1982). On the
basis of this pattern and the recent study of the winter circulation
in the North Pacific by Emery and Hamilton (1985), it appears
reasonable to make the following predictions regarding the past
appearance of the Tabata eddy in most of those years for which no
published data are available. Emery and Hamilton {1985, Table 1)
reported the existence of a strong North Pacific atmospheric circu-
lation during the winters of 1953, 1963, 1964, 1970, 1978 and 1981
{(in addition to the years given in our Table 1), Further, Figure 4
shows transports across Line P which are on the order of 6-7
Syerdrups during those years (except for 1953 - no data). Hence
according to the pattern established in Table 1, the Sitka eddy
should have been generated during those years. Conversely, during
winters of 1947, 1949, 1950, 1965, 1968, 1969, 1971, 1972, 1980 and
1982, Emery and Hamilton classified the atmospheric circulation as
weak {and also weak in the years noted in our Table 1). Also for
the years in which data were available, Figure &4 shows Line P
transports on the order of 4-5 Sverdrups (except for the years

(2(433;

Fig., 6 Thermal infrared satellite image of the Sitka eddy, 6 March,
1983. Dark shades correspond to warm water and light shades
to cold water. The maximum temperature change from the
warmest to the coldest parts of the eddy is about 1°C.
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1969 and 1980). Thus we infer that during the weak circulation
years (but possibly excepting 1969 and 1980}, no Tabata eddy was
generated.

In practice, it may be difficult to separate the twe generating
mechanisms proposed for the Sitka eddy: topographic generation
(Swaters and Mysak, 1985) and the superposition of forced Rossby
waves (Willmott and Mysak, 1980). However, on the short-time
scale (< 1 year), the initial formation of the eddy west of Sitka
eddy could be due to mean flow-topographic interaction. But once
the eddy is formed, long-time scale (several years) dynamics
associated with interannual baroclinic Rossby waves becomes
important and produces the slow, westward drift of the eddy, which
has been observed by Tabata {1982). Also, during this time the eddy
could decay due te friction and/or entrainment.

Fisheries Implications

According to P.A. Larkin (personal communication, 1984) the timing
and return migration route of the mature Skeena River sockeye have
been known to change from year to year, especially around the
occurrence of a major E1 Nifiv espisode which affects the mid-
latitudes. Since the return migration route of these sockeye passes
near the Tabata eddy, it is conceivable that its occurrence or not
could ultimately influence the distribution of the annual fish
catch. {If the returning fish encounter anomalous currents due to
the eddy, they may choose a different return route, away from the
waiting fishing fleet which is anticipating the “"normal® route.} The
strength and nature of this physical-biclogical interaction is not
known, but clearly, because of the economic implications, deserves
further study.
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Coastal Temperature and Salinity Anomalies
In the Northern Gulf of Alaska, 1970-84

Thomas C. Royer
University of Alaska

Introduction

Coastal temperature and salinity measurements were collected on the
continental shelf in the northern Gulf of Alaska from 1970 through
I984. These data have large seasonal signals with eccasional
warming associated with E1 Nifo-Southern Oscillation events (ENSD)
and a Tinear trend which results in an average increase of tempera-
ture throughout the water column of 1.5°¢C. This 14 year trend in
temperature is accompanied by a slight decrease in the salinity at
all depths to 250 m. The seasonal changes can be explained by the
local influences of heating, coastal fresh water discharge and wind
stress. The ENSO warming is apparently driven by large scale
atmospheric changes over the Northeast Pacific rather than as a
Planetary wave in the ocean. The cause of the temperature elevation
of 0.11°C/year is unknown.

The warming and freshening of the coastal waters of the Northeast
Pacific could increase the dynamic height at the coast, possibly
altering its cross-shelf gradient and hence increasing the flow of
the Alaska Coastal Current. Advection of warmer water from the
south will increase, enchancing this effect. The atmosphere should
also be warmed, which might increase glacial ablation in the region
which might also increase the intensity of the coastal current.
However, the increased sea surface temperature will cause increased
evaporation and possibly increased cloudiness. The decreased
insolation could cause a growth of the glaciers in the region.

The Aleutian Low could be affected by the warming, increasing its
strength and altering its position, though global atmospheric circu-
lation effects might be more important than this regional heating.

There are several reasons for the 1982-3 ENSO warming event in the
Gulf of Alaska to have large effects on the biota. It has a
relatively Tong duration (more than a year) and temperature ampli-
tudes of greater than 2°C. It also occurs at a time when the local
water temperature has experienced a long term increase over the past
14 years, allowing the temperature effects to be cumulative.
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Figure 1. Onshore-offshore Ekman transpert (upwelling jndices) for
two locations in the northern Gulf of Alaska (from Royer, 1983).

Seasonal Temperature Cycle

The northern Gulf of Alaska undergoes extreme seasonal variations
in atmospheric conditions with intense downwelling in winter and
very weak upwelling in summer {Fig. 1). In winter, low pressure
atmospheric systems, usually designated as the Aleutian Low, often
form in the central Pacific and propagate northeastward into the
Gulf of Alaska. Their onshore movements are blocked by coastat
mountzin ranges and these storms usually stagnate in the Gulf of
Alaska, though occasionally they continue southeastward along the
North American coast. As the coastal waters are downwelled by the
winds associated with the low pressure system, the central waters of
the qulf are upwelled. In summer, the North Pacific High advances
northward, pushing the Aleutian Low into the Bretic., Summer winds
are very light and eastward in the northern Gulf of Alaska. Small
coastal upwelling and slight central gulf downwelling often occur
in summer.

The solar input in this high latitude region has a very large
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seascnal variation, toc. In winter sun angles are low and the
possible number of hours of sunlight are much less than in summer
when solar heating is much more significant.

The seasonal fluctuations of the atmospheric circulation cause
changes in the coastal precipitation rate and the rate of fresh
water discharge along the coast {Royer, 1982). The maximum coastal
fresh water influx occurs in fall, nearly concurrent with the maxi-
mum precipitation. There is a slight offset since in November, the
air temperatures drop below 0°C which ties up the precipitation as
snow, to be released at some later, undetermined time. In spring,
precipitation rates are low but there is a slight increase in the
fresh water influx from spring melting. This usually occurs in May.
Cepending on insolation, local air temperatures and albedoes, there
can be a net annual storage or depletion of snow in the glacial
fields that comprise about 20% of the coastal reqgion.

The seasonal progression of water temperature and salinity throughout
the water column at & station called GAKL at the coast (59° 50.8' N,
1499 28" W) near Seward, Alaska is illustrated in Figure 2 {Xiong
and Royer, 1984). The months assigned to the seasons are March, April
and May for spring; June, July and August for summer; September,
October arnd November for fall; December, January and February for
winter. The hydrographic data used in this seasonal discussion was
gathered at irregular intervals between December 1970 and July 1982.
It 15 best to discuss the salinity and temperature structure
together as they are dependent upon each other. In summer there is
a halocline in the upper 20 m with a more uniform layer beneath.
Within the halocline the salinity increase is about 0.17 ppt/m. At
the bottom of the halocline the salinity increases from 30.9 ppt to
32.9 ppt at a depth of about 200 m and to about 33.0 ppt at the

shelf bottom. The surface salinity is about 27.5 ppt. In winter,
mixing causes the halocline in the upper 20 m to disappear with a
salinity of about 31 ppt in this mixed layer.

A well developed thermocline exists simultaneously with the halo-
¢line in summer but the bottom of the thermocline is much degper
{75m} than the halocline (20 m). This suggests that there are
different mechanisms causing the formation and decay of these two
features. The temperature profile can be altered by vertical
displacement of warmer water from either above or below (See Fig. 2)
whereas the salinity changes monotonically with gdepth. At the
surface, the average summer temperature is about 11°C. Below the
thermocline, the temperature decreases gradually to a minimum of
about 4.7°C at 150 m and then increases to to about 4.9°C near the
bottom at 264 m. In winter, there is a temperature inversion
between 15 and 200 m. This inversion begins much deeper (75 m) in
spring.  Spring fs also the time of extreme values at the surface in
both temperature (4°C} and salinity (31.4 ppt). The seasonal
progression in temperature shows that the range at the surface is
greatest, but also that the range of temperature at the -bottom s
greater than at mid-depth, such as at 150 m. Salinity has its
Targest range at the surface but its range decreases with depth
throughout the water column. The minimum salinity in the upper 30 m
occurs in August while at depths of 50 m and greater, the minimum
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Figure 2. Seasonal cycles of temperature (upper panel} and salinity
(tower panel} at GAK] near Seward, Alaska {from Xiong and
Royer, 1984).

takes place in November. This delay in the salinity minimum is a
result of the upper layers being controlled by the fresh water
discharge at the coast while at greater depths, it is the winds
causing upwelling and downwelling which alter the phasing of the
salinity cycle. This results in the salinity being a maximum in the
lower layers in autumn not quite coincident with upwelling wind
conditions. The salinity response is delayed by about a month,
which could represent the time required for the higher salinity
water to be advected across the shelf from the shelfbreak. The
absence of strong downwelling conditions here will allow deep,
nutrient-rich waters to be advected onto the shelf in the northern
Gulf of Alaska. High production could be due to an imactive wind
system, in contrast to productive shelves elsewhere that reguire an
active, upwelling wind system.

Interannual Variability, 1970-1984

Using the seasonal temperature and salinity cycles as described

in the previous section, the interannual variability of these
parameters is determined by subtracting the seasonal signais from
the original data set. The temperature anomalies are greatest at
the surface (Fig. 3, upper panel) with a range of about 4°C. The
temperature anomaly amplitudes are fairly uniform with depth beneath
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Figure 3. Time series of the anomalies of temperature, salinity,
and upwelling index at GAK1 for 7970-1984.

the surface. In the early 1970's, the temperatures throughout the
water column were less than normal with the largest negative
anomalies occurring in 1971 and mid-1972. A "major” increase in
temperature occurred briefly in 1976, followed by a sustained
warming throughout most of 1977. This warming is best seen in the
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Figure 4, Temperature (left panel) and salinity anomalies at GAK]
from July 1982 through August 1984.

temperatures at 150 and 200 m. At the surface, the next warming
took place in late 1979 but this event was not followed by
temperature increases heneath the surface.

In early 1983 after Tess than normal temperatures in the fall of
1982, a sustained elevation in temperature began throughout the
water column (Fig. 4). Higher than normal temperatures occurred at
all depths, with the greatest anomalies found at depth. Ma x imum
anomalies exceeded 2°C in summer 1983. By June 1984 the subsurface
anomalies were less than 1°C though the temperature anomaly at the
surface was greater than 2°C. A conclusion is that temperature
anomalies are not the result of local effects since they do not
propagate downward from the surface. Horizontal advection is a
Tikely mechanism for the creation of these anomalies. The exact
cause of these temperature anomalies is unknown, but their timing
of 6-9 months after an ENSO event suggests a connection between
them. Since 1970 there have been three E1 Nino Southern Oscillation
events. With the exception of the 1972 event, all of the events
during this time period have produced temperature anomalies at
seward. Enfield and Allen (1980) indicate that the 1972 event did
not propagate to high latitudes, so it is reasgnable that it did not
appear in this record.

For the 1983-4 temperature elevation in the narthern Gulf of Alaska,
the salinity throughout the water column was below normal (Fig. 4).
Thece conditions are in contrast to the temperature anomaly in
1976-7, when the 0 and 50 m salinities were below normal and the 150
and 200 m were above normal.

The salinity anomalies for the period of 1970-1984 show much less
dramatic changes those of temperature (Fig. 3). There are very
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large salinity anomalies at the surface from 1970 through 1975.
From 1976 to 1981, the salinity followed the expected seasonal
cycle. If the surface salinity influenced by local runoff, one can
assume that unusual runoff conditions occurred in the early 1970's.

The Tocal wind conditions are estimated from the upwelling index
(Fig. 3, lower panel) as determined by Bakun using the Fleet
Numerical Oceznographic Central (FNOC} 3x3 degree sea level
atmospheric pressure. There is Tittle apparent relationship between
the fluctuations of upwelling index anomaly and either the temper-
ature or salinity anomalies, suggesting that the anomalies are not
caused by local winds.

Interdecade Temperature Fluctuations

Though no other routine hydrographic data exist for the northern
Gulf of Alaska, some extrapolations are justified based on the
knowledge gained through the existing 14 year record. Xieng and
Royer (1984) established that the air temperature at Seward and the
sea surface water temperature anomalies for the time series are well
correlated {r = 0.43; significant at 75% confidence interval).
Because the air temperature data for Seward extends back to 1916, it
is possible to construct a “proxy" record of sea surface temperature.
For example, the air temperature over the southeastern and southern
coasts of Alaska and the precipitation for these areas has been used
to construct a hydrology model that predicts the coastal fresh water
infiux along this coast since 1931 (Fig. 5).

Figure 5. Annual mean air temp-
erature (top) for Socutheast
Alaska (SE) and Southcoast
Alaska {SC). precipitation
{middle) and fresh water
discharge {(bottom) {from
Royer, 1982).
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A set of sea surface temperature observations for the entire North
Pacific since 1947 has been compiled by Namias (Chelton, 1984}. A
comparison of those data for the Northeast Pacific with the hydro-
graphic data for Seward reveal some similar trends. Looking again at
Figure 3, a linear regression curve fit seems in order of the
temperature and salinity anomalies. Those calculations reveal very
high confidence levels to those fits, exceeding 99.9%% for all
depths. The best fit is for the 250 m temperature and the largest
slope is for the temperature at 150 m where it is 0.126°C/year. The
average temperature increase for the water column was about 1.5°¢
over the 14 years. Clearly this cannct continue indefinitely. By
comparing the hydrographic data with the longer, Namias series for
the Northeast Pacific (Chelton, 1984) and the air temperature data
for the coast {Fig. 5), it can be seen that the temperature has been
steadily increasing in each series since about 1970. This is a trend
that will probably end in the near future. [The linear regression
analysis on the salinity shows a decrease in the salinity over this
same time period but the confidence interval is not as high as it is
for temperature.] The close match of the sea surface temperature for
the Northeast Pacific and the temperatures at depth near Seward is
not surprising if one looks at the density surfaces for the twc
locations. The density surfaces slope upward as one progresses
offshore in the Gulf of Alaska and they intersect the surface some-
where between the shelfbreak in winter and the central gulf in
summer. Thus the surface temperature in the area from the central
gulf to the shelfbreak are on approximately the same density surface
as is the deep water (150-250 m) at the coast. This allows the
possibility of reconstructing the deep water iemperatures over the
shelf in the Gulf of Alaska using the sea surface temperature.
Unfortunately, the temperature features that have been associated
with E1 Nino-Southern Oscillation events are not readily apparent in
this "proxy" record, but the longer period interannual temperature
fluctuations and their impact on the biota can be addressed.

Climatic Implications

Warming of the Northeast Pacific over the past 14 years should have
some climatic influences. The most obvious is an increase in the
Tocal air temperature, which can be seen in Figure 5, The increase
in water temperature will also increase the evaporation which should
increase the cloud cover and the precipitation. This trend can best
be seen in Figure 5 where from 1940 to about 1970 there was a
decrease in the air temperature (sea surface temperature} accompanied
by a general decrease in the precipitation. These trends have been
reversed since 1970. The influence of the warming in 1956-8 can be
seen in both the air temperature and the precipitation.

The increase in precipitation might resuit in an increase in the
transport of the Alaska Coastal Current which is dependent on fresh
water as a driving mechanism. However, the increased cloudiness
might cause more water to tied up in the glacial fields, reducing the
amount available to drive the coastal flow.
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It is probable that that the increased water temperature will have
some influence or the overlying atmospheric pressure systems. The
intensity of the Aleutian Low ard its position might be affected
which would, in turn affect the position and intensity of weather
systems elsewhere such as over Korth America.

The influence of the 1982-3 ENSO event on the biota in the northern
Gulf of Alaska is probably enhanced because of the long term trend
of increasing water temperatures over the past 14 years. Thus, the
ENSO heating 15 combined with this other effect to produce
temperatures of nearly 3°C above normal and more than a year of
temperatures greater than one degree above normal.
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Southern Oscillation/El Nino Effects
In the Eastern Bering Sea

H.J. Niebauer
University of Alaska

Abstract

Five relatively long time series (18 to 30 years) of
deviations from monthly mean atmospheric {surface winds and North
Pacific Oscillation (NPQ) and oceanic (sea surface temperatures
{SST) and ice cover from the eastern Bering Sea) parameters are
compared with a 30 year time series of a Southern Oscillation
Index {SO01) (Trenberth, 1984). The $SO1 (Figure 1) is the
daviations from the mean normalized Tahiti minus normalized
parwin, Australia surface air pressure, the SST (Figure 1) are
from a 300 km square around the Pribilof Islands, the winds
(Figure 1) are the north-south component of the surface winds from
the Pribilof Island airport, the ice cover is the per cent ice
cover for the eastern Bering Sea and the NPO is the Pribilof
Island minus Edmunton, Alberta surface air temperatures., The data
were all smocthed by a 9-month running mean and sampled every 4
months {J,A,J,0). The four Bering Sea data sets were then
cross-correlated and lagged against the S01 (eg. Figure 2). The
confidence levels were calculated using the Student’s t
distribution usfng an effective number of degrees of freedom
{Neff} after Davis (1976) and Trenberth (1984} as shown in Figure
2.

The results for wind and SST vs SOI (Figure 2) show
significant correlation peaking with SST and wind fagging SOI by 9
and 15 months respectively. Similar results were found for the
other data sets with lags ranging 6 months to a year (Niebauer,
1984). Overall, this suggests that the ocean and the atmosphere
in the region of the Bering Sea respond significantly to
E1-Nino-Southern Oscillation (ENSO) events with "warming” in the
Bering Sea following an ENSO event. The physical mechanism is
undoubtedly the deepening of the Aleutian Low and its movement
south and east of its mean position over the Kamchatka Peninsula.
This resuits in southerly flow from the North Pacific northward
over the Bering Sea, Thus ENSO events tend to result in
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Figure 1. Southern Oscillation Index and sea surface temperature
and north-south component of the surface winds from the eastern
Bering Sea. Thin Tines are the deviations from monthly mean, thick
1ines are 9-month running mean. Arrows are major £]1 Nino events.

"warming" of the Bering Sea as shown by the sign of the
correlation coefficients in Figure 2, that is, a decline in the
SOI correlates with a rise in S5T and a reduction in northerly
winds.
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Figure 2. Lagged cross-correlation coefficients between the Southern
Oscillation Index and Bering Sea winds and sea surface temperatures
as shown in Fig 1. Significance levels are also indicated.
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A Case History of an Anti-El Nino to

El Nino Transition on Plankton and Nekton
Distribution and Abundances

Paul E. Smith
National Marine Fisheries Service

Introduction

The management of coastal pelagic schooling fishes 1s complicated
by vast changes 1n recruitment and ava{lability. While an E1 Nifio
event can be a tragic economic event in the history of a fishery,
1t can also be a natural experiment for biclogical oceanographic
monitoring to gather important dynamic information. The
motivation and funding to monitor an event 11ke "E1 NiMo" usually
arrives after the onset 1s well in place (McGowan, 1984). To find
2 time when, by chance, the onset of an E1 Nifo was well
monitored, we must return to the 1955-9 event.

While there seems 11ttle doubt of the magnitude of the 19&3-84 E)
Nifio event, tha anchovy population continhued to spawn eggs at the
same rate in 1983-4 as tn 1980-2 (Fledler, et al., MS) (Table 1).

. Although the process of spawning 1s energy intensive (Hunter and
Leong, 1981), spawning continued as the apparent production of the
anchovy habitat decTined (McGowan, 1984; Ffedier, 1984). Local
catches were also reduced for the coastal pelagic and continental
shelf fishes and increased for tropical and temperate tunas as
expected for these oceanic conditfons (Table 2). The comparable
Increase of tropical fish catch 1n 1957 compared to the average of
the previous five years was barracuda 2.4 x, yellowtail 4.6 x,
bonito 5.6 x» yellowfin tuna 18.8 x skipjack tuna 82.3 x, and
dolphinfish 876.6 x, for only the first nine months of the year,
Young sardine were noted in the 1fve anchovy bait catch along the
entire coast from San Diego to Montersy Bay for the first tims fn
years., f{Anon, 1958},

Reexamination of a Case History

The 1957-9 E1 Nifio was discussed in the ™ancho Santa Fe
Symposium". The report of that meeting. and particularly the
personal contacts between guantitative and thecretical
metaorologists and oceanographers, launched the discipline of
"afr-seal fnteraction (Sette and Isaacs, 1960). A biological
study of great magnitude (3,461 plankton observations on 20
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Table 1. MNorthern anchovy {Engraulis mordax) central population
reproduction parameters.

PART A Spawning area Spawning biomass Mortality rate
Cruise (Sg. mi,) '000 t g/m2 z ®/d
Mar. 1980 19000 870 13 .453 36
Feb. 1981 23000 635 8 138 13
Apr. 1981 17000 372 6 nil nil
Feb. 1982 24000 415 5 .158 15
Feb, 1983 28000% 652 7 .184 17
Mar. 1984 18000 309 5 170 16
PRT B Femate weight Specific fecundity Mean interval
Crulse g m-gggs/d/t days
Mar. 1980 17 30 7
Feb, 1981 13 33 9
Apr, 1981 16 34 8
Feb, 1982 19 33 8
Feb, 1983 11 24 11
Mar. 1984 12 42 6

*About half the area of the state of Washington.

cruises quarterly for five years separated fnto 18 taxonomic
groups) was begun as a result of that climatic change (Cal1COF!
atlases by Isaacs, Fleminger and Miller, 1969; Isaacs, Fleminger
and M{1ler, 1971; and Fleminger, Isaacs and Wyllie, 1974} and a
principle components analysis was reported by Colebrook (19777),

I have divided the fishes of the CalCOFI regfon into those which
occupy an area larger than the CalCOFI survey; those which inhabit
the coastal currents of the eastern boundary; and those which are
mostly confined to the continental shelf. Most of the fish we
have studied are planktivorous so I have included a brief section
on plankton. 1In the "High Seas" category, I have fncluded the
tunas, the jack mackerel, the saury, and the mesopelaglc fishes.
In the fishes of the coastal currents, 1 have inciuded anchovy,
sardine, and Pac{fic mackerel. The flatfishes and rockfishes are
considered under the heading "continental shelf™ fishes. Hake are
included as continental shelf fishas for the purpose of this paper
because that s where most of the feeding takes place {Balley, et
al., 1982). The primary reason for dlviding the fishes into these
categeries s to more precisely Interpret the of fects of E1 Nifie.
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Table 2. Commercial landings from Callfornia waters.

1082 19483 Weight
Species Rank Woight Value Rank Weight Yalue ratio
Coastal Pelagics 117.8 18.8 59.1 12.8 0.50
Mackere) 1 54,9 10.1 1 48.8 9,1 0.89
Market squfd 4 16.3 3.6 14 1.4 0.6 0.09
Northern anchovy 2 4z.1 1.9 10 4.1 0.4 ¢.10
Pac1fic bonito 15 2.1 1.0 12 3,2 1.3 1.52
Pacific hake 21 1.0 0.2 17 1.0 0.2 1.00
Thresher shark 20 1.1 2.0 20 0.6 1,2 0.55
Shelf & Slope 76.8 67.1 54.5 43.8 0.71
Chinook salmon 11 3.3 18.8 25 c,.d 1.8 0.12
Dover sole [ 10.0 c.1 5 B.4 4.1 0.84
Dungeness crab 12 i.¢ 7.2 18 0.9 3.1 0.30
English sole 18 1.4 1.0 15 1.2 0.8 0.86
Lingcod i% 1.4 0.7 19 0.8 0.5 0.57
Pacific herring & 10.3 8.7 2] 8.0 12.5 .78
Petrale sole 22 0.8 L.0 23 0.6 0.8 .75
Rex sole 25 0.7 c.5 21 0.5 0.5 0.86
Rock crab unrank - - 22 0.6 1.1
Rockfish 3 21.8 10.6 4 14,0 8.6 0.64
Rockfish (h=c#*) 14 2.3 1.0 11 3.5 1.8 1.52
Rockfish (1%} 16 2.0 1.0 13 1.7 0.8 6.85
Sablefish ? 9.5 5.2 B 6.1 3.2 0.64
Sea urchin 8 8.3 3.1 ? 7.2 3.3 0.87
Shrimp (po®) 17 2.0 2.2 24 0.5 0.9 ¢.25
Temperate Tuna 3.4 4.7 4.5 5.7 1.67
Albacore tuna 13 2.7 3.9 9 4.5 5.7 L.67
Bluefin tuna 24 0.7 0.8 vnrank - - -
Tropical tuna 9.7 14.8 37.7 39.9 3.89
Skipjack tuna 10 3.9 3.7 2 18.8 15.3 4.82
Swordfish 23 a.8 5.1 16 1.0 5.7 1.25
Yellowfin tuna 9 5.0 6.0 3 17.9 18.9 3.58

Welght is {n thousands of metric tons.

Yalue is fn mi114ons of dollars to the fishermen.
Mackerel {s Pacific mackere) and jack mackerel combfned.
b=c bocaccio and chilipepper rockfish.

po Factfic Ocean shrimp.

t thornyhead rockfish,

Nekton
High seas
.« Yamanaka (1984) noted an inverse carrelation

Bluefin tuna
between the catch rate of young btueffn tuna (Thunpus thynpus) off
Japan and the United States. In particular there appeared to be a
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Table 3. Crude composition of zooplankton {n the upper 140 m of the Califernia Current

Functional o leee 1958 Weight

qroup Rank Welight Rank Welght Ratic Change %
Copepoda 2 7.9 1 14.2 0.51 ~13.7 12
Chastognatha 4 6.3 2 4.4 0.70 -1.9 4
Siphonophara 5 6.1 3 3.6 0.59 -2.5 2
Thaliacea 1 91.4 4 3.3 0.04 -88.1 74
fuphausiacea 3 1.1 5 3.2 0.45 -3.9 3
Medusae 6 3.1 ] 1.2 0.39 -1.9 2
Decapoda 10 1.2 7 0.6 0.50 -0.6
Ptercpoda 14 0.3 B 0.6 2.00 0.3
Radiolaria 9 1.4 g C.4 0.29 -1.0
Crustacean larvae 12 0.8 10 0.3 0.38 =0.5
Amphipoda 7 1.8 11 0.2 0.11 =1.5 1
Larvacea 11 0.9 12 0.2 0.22 -0.7
Ostracoda 13 0.4 13 0.2 0,50 =0.2
Ctenophora 8 1.5 14 0.2 0.13 -1.3 1
Cladocera 17 0.02 15 0.2 10.00 0.18
Heteropoda 15 0.1 16 0.1 1.00 =
MysTdacea 16 0.03 17 0.0l 0.33 -0.02
TOTAL 150.35 32.91 0.22 -117.44 100

Weight is in grams per 1000 cubic meters to 140 maters depth.
Change is the difference in grams between 1956 and 1958.
% is the category change as a percent of sum of categor fes change.

low rate of return of juveniles to Japan during the E1 Nific
periods. He postulated that during the E1 Nifio more Juvenile
bluafin migrated tc the Pacific coast of America than usual and
then those fish migrated to the southern hemfsphere off Chile. He
also pointed out that the Japanese sardine migrated out to the
albacore tuna fishing grounds during the recent E1 Nifio.

Alpacore tuna. Like the biuefin tuna, some albacore are trans-
Pacific migrants in the temperate zone. The 1957-8 £1 Nifio was
associated with Tnverse trends in the Caltfornia sport boat and
Canadfan jigboat catches; between 1955 and 1959 the annual
catches of the sport boats was 577, 482, 304, 48, and nil tons,
the Canadian jigboats nil, 17, 8, 74, and 212 tons (Laurs 1983).
It is now thought that local water clarity may play a large role
in determining the feeding migration patterns (Fiedler, Laurs and
Montgomery, MS) of albacore and the catch by different method,
Changes in prey distributfon, vertical and geographic, and lacal
temperature gradients must also have an effect on fishing success
on albacore and the distribution of all the oceanic properties is
altered by El Nifio.

. Major predators from the tropics inhabit
Caltfornia Current waters warmar than 20°C, This includes

skipjack, bigeye, and yellowfin tunas and the bi11fish {Katsuwonus
polamis, Thunnus obesus. Thunnus alpacares, Makaira Indica, and
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Xiphias ). The northerly extent of these species appears
te be 1imfted by surface temperature, Blackburn (1965 found that
the existence of a suitable temperature was not always accompanied
by the presence of tropical predators, Schaeffer (1960)
considered the chief cause of the occurrence of tropfcal tunas off
California to be active migration during warm conditions because
the warming at that time was due to heat exchange rather than
advection of warm water.

Jack mackerse]. The abundance of larvae of jack mackerel declined
from an area averaged 2 per square meter in 1950-1957 to fewer
than 0.3 per square meter between 1958 and 196C (MacCall and
Stauffer, 19883). The relative recruitment strength of the stock
in 1958 was Z times that in 1959 and 1960. It s obvious that the
abundance of larvae of this species fs not effective as an Tndex
of spawning bliomass but fs 1nstead responsive to several
environmental {influences., Since the outer and nerthern range of
spawning is not normally encompassaed by the larval surveys, the
variation may signal changes in the degree of overlap of the
survey area and the spawning area, The change of temperature,
alone, is probably fncapable of exerting more than a two=-fold
influence on development rate, thus the 5-7 fold change is
probably fndicative of a change in fecundity rather than a change
Tn spawnfng bifomass. During the radical change between 1957 and
1958, the primary difference appeared to be the number of samples
with large numbars of larvae, suggesting a change in reproductive
per capita output (Ahlstrom, 1969). Cursory examination of the
larval mortalfty rate between 3 and 11 mm does not reveal an
obvious change between 1957 and 1959 but this constancy could be
confounded with an abnormal growth rate.

It 1s not clear whether jack mackerel changes 1ts distribution in
relation to temperature directly to {ts temperature-related food.
The food of another jack mackere) species in a similar current
system off the Pacific coast of South America, (Konchina, 1983)
consists of primarily Euphausiids (S4%), fish (20%), decapods
(12%}), copepods (7%), and cephalopods (5%). Of the fish 40% were
engraulids, 25% were gonostomatids, and 2(% were normanfchthyids.
Almost al) oft he euphausiid shrimps were Nyctiphanes simplex.
The seasonal maxfmum of fish Tn jack mackerel was in August
{Southern hemisphere winter) at 35% owing to the addition of
lucetia. He described the feeding finteraction
between hake and jack mackerel overlapping mainly in the feeding
on engraulids and occasionally ¥inciguerria lycetia. Thus, to
understand the effect of El Nific on Jack mackerel one would have
to observe changes 1n suphausiids, and at least 3 groups of fish.

Saury. Saury spawning below 20° north latitude virtually ceased
batween 1957 and 1960, Either the adult fish were not there
or they were unable gain sufficient surplus energy to spawn. This
spectes exhibits a trans-Pacific distribution and {s thought to be
a zooplankton feedar (Smith and Ahlstrom, 1973). There was also a
small decline 1n the abundance of eggs off southern and central
California, This could be explained by more rapid hatching time
in the warmer water. Another explanation would be that the
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zooplankton abundance was lowered which changed the per capita
rate of spawning. Also, the northward migration of tropical

predatory birds, fish and mammals could be a contributing cause of
the decreased abundance of eggs by predation on the spawning
adults or consumption of egg masses, Off Japan saury may be
replaced by incursfons of Scomber Japonicus (S5chaeffer, 1980);
although this occurred in 1958 of f Japan it was determined whather
some oceanic boundary of the saury habitat shifted or the Pacific
mackerel population expanded its range into the saury habftat.

Mesopelagic fishes. Even though the main effects of the E1 Nifio
may be above the habftat of the adult mesopelagic fishes, the
larvae of somo mesopelagic fishes inhabft the upper mixed layer,
An examination of an atlas of the most common mesopelagic fishes
(Ahlstrom, 1972) reveals several different respenhses to the onset
of the 1957-59 E1 Nific.

Three of the mesopelagic species have epipelagic (100 m or less)
larvae, One of the most massive distributional changes occurred
with ¥inciguerria Jlucetia. Its major concentrations were
restricted to south of 30°N in the anti-Nific perfod 1955=56 and 1t
spread to the oceanic areas off San Francisco to 35 north latitude
by 1960. Primarily because of {ts increased "overlap" with the
CalCOFI survey area, the abundance of ¥. lucetia Increased an
order of magnitude between 1956 and 1959. In a similar but less
extonsive change of geographic distribution larvae of Triphoturus
mexicanuss, tripled 1n apparent abundance through a 240 nautical
mile northward shift., Larvas of a third species, Stenobrachius
lsucopsaurus, did not appear to raspond in any way to efther the
anti-NiKo or Nifio; the southern 1imit of distribution remained off
San Diego through the entire period.

Two of the mesopelagic species alsc have mesopelagic larvae, The
number of larval Leuroglossus skilbius declined by 6-fold between
1957 and 1958; this appeared to be caused by the deciine in
spawning in a southern center off Punta Eugenfa, Baja California
as the northern 1imits did not appear to shift. pDatbhvlagus
wesothi larvae doubled in apparent abundance during the nifio
period, apparently by slight 1ncreases fn abundance in spawning
centers and by drawing closer to the coast. The larvae of

ochotensis, a subarctic species, decreased s11ghtly
during the warming apparently due to a withdrawal from the coast
and to the north. The depth distribution of this species 1s not
woll known,

. The onset of E1 Nifios in 1957-9 (Fig. 1} and 1982-3
(Table 1) had remarkably 1ittle effect on the apparent production
of eggs and Yarvae, In fact the Manti-E1 Nifio" with 1ts colder
waters and invasion of subarctic fauna appears to have a negative
offect on the abundance of these planktivorous fishes. In 1957-8
increase with the onset of E1 Niffio. There were large increases in
the abundance of larvae off central California and moderate
increases off the southern California coast more than 300 km. In
the egg production time series from 1980 to 19884 there continued
.to be productfon rates of more than 200 eggs per square meter per
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day throughout the Los Angeles Bight. In additfon, during EI Niffo
in 1983, there were more than 100 eggs produced per square meter

per day from 200 km to 250 km offshora, $imilar rates were
sustained 1n 1984 out to 200 km. Therefore, the prediction of
diminished northern anchovy fecundfty caused the apparent low
zooplankton volume and chlorophyll (McGowan, 1983; 1984) has not
been substantiated. Similarly, 1n 1957-9, the diminished primary
production and zooplankton volume was met with equal or greater
spawning of northern anchovy (Smith and Eppley, 1982) in the Los
Angeles Bight area.

Jardinops. As with the anchovy, the sardine Sardinops caerulea,
appears to be adversely affected by the coid "anti-E1 Nifo" and
favored by E1 Nifio (F1g, 2}, Murphy (1960) used temperature as a
“convenient {ndex" for other oceanic properties n his discussion
of the sardine. He stated that "...cooler temperatures along the
Calffornia Current are associated with accelerated southward
transport, and more vigorous upwelling with its attendant of fshore
movement of water. Plankton densfties are {ncreased.” He noted
that the warm years of the Jate 30's and early 40's appeared to
have been favorable for sardine recruitment and the cooler years
1943-1956 were accompanied by a precipitous and sustained declins
in the specifes. The species reached a spawntng biomass of 2
mi1lion tons during the E1 Nifio of 1941. However, in the E1 Nifio
of 1962-3 off Chile., the large Sardinops population fafled to
recover 1ts normal fat content in the summer and 1n the next
spawning season the fat content of the population was agafin
reduced by a factor of 2 (¥idal, Chile Pesquero, December 1983 p.
13),

Scomber. A high rate of parent per capita recruftment occurred in
the years 1958-60 (Parr{ish and MacCall, 1978; Schaeffer, 1980).
While the catch records of Pacific and jack mackerel are
frequently combined for statistical purpases, the species are
radically different. The 11fe span of the jack mackerel is
several times that of the Pacific mackerel and the adult phase of
the Jack mackerel 1s found in transitional waters betwoan the
Central Water Mass of the North Pacific and the West Wind Drift
and California Current. Juvenile jack mackerel school with
Pacific mackerel in the coastal currents off California but at the
age of 3 or 4 they resume the high seas distributicn
characteristic of their parents. There they 1ive for about 25
years (MacCall and Stauffer, 1981). Pacific mackersl live fn the
coastal current reglion of the subtropical and temperate zone of
the Gulf of California, Baja California and southern Calffornia.
The maxtmum age of Pacific mackerel ts 11 years (Schaeffer, 1980)
and they probably remaln in the coastal currents region,

Despite the increased recruitment of Pacific mackeral {n the 1957-
9 N1Ao the sport catch off California was 1/2 normal in this
period, The Mexfcan catch of Pacific mackerel declined by a
factor of 5 in 1957 and decliinad yet another factor of 5 1n 1958,
These conflicting facts are probably explained by a more northerly
distribution of this species at this time so that they are
unavailable to the fishery from the traditional ports,
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Figure 1. The increase of anchovy spawning between 1954 and 1960 tn the southern
California fnshore region. The circles are at the natural log of the monthly average egg
abundance for all statfons In the region. The triangles are at the natural leg of the
monthly average larvae abundance for all stations fn the region. The 1ine f= a resistant
nan-parametr ic smoother for thess paints {¥Yalleman, 1980},
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Figure 2. The increase of sardine spawning between 1954 and 1960 in the scuthern
California inshere region. The circles are at the naturat 1og of the monthly average <yg
abundance for all stations in the reglon. The triangles are at the natural log of
monthly average larvae abundance for all statioms in the region, The 1ine is a resistant
non-parametric smoother for these points.
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Detatled studfes of growth have not been conducted on the Pacific
mackerel so changes 1n length at age which are observed for this
species (smaller during E1 Nifio) may be due to greater survival of
the smaller members of the cohort, or smaller members of the
population transported 1n from the southern, more subtropical
sectors of the distribution (K1ingbefl, pers. comm.) or larger
fish migrating to the north.

Pleuroncodes, The red crab, Pleuroncodes planipes, is a benthic
animal of the Gulf of Californfa and the south Baja California
continental shelf (Longhurst, 1968), During most years the
Juventle pelagic phase drifts back and forth in the coastal
currents over the adult habitat but important numbers of of fspring
are entratned in the California Current extension and carried into
the tropics. Curing E1 Nifio, similarly important numbers are
carried north as far as southern Californfa in a band 16¢ km wide
and 1n a narrow coastal strip into waters off central Californfa.
New data from trawling for anchovy adults shows a similar
northerly transport (Fig. 3) of red crab juveniles offshore.
Although sightings of red crab are at the surfaces 1t is not known
at what depth the organisms are transported. Since the adults
live In depths as great as 300 meters it 1s conceivable that some
transport 1s in the California Undercurrent. The pelagic phase of
red crab 1s about 2 years in duratfon but mature individuals have
not been collected off Alta California thus the origin of all the
young is consfdered to be at 25°N latitude or 1000 km south of
where many young are transported (Boyd, 1967).

Shelf Fauna

The fishes and {nvertebrates of the continontal borderland are
11kely to exhibit some diversity of respanse to E1 Nfifo.
Planktivorous specfes or older organisms may be in part be
fsolated from the immedfate effects of a brief E1 Niffo. In
general hake are mesopelagic spawners which feed on the
continental shelf, the rockfish as a group are pelagic ovar
canyons and around islands and the flatfish are demersal over the
gentler slopes of the continental margfn. The time series of
larval catches of these species may permit identification of some
changes assocfated with E1 Niho.

Merluccius. The Pacffic hake does not continuously occupy the
zone of coastal currents (Baitley et al., 1982). During the spring
and summer, the adult population migrates 1000 km northward to
feed on the continental shelf of the north temperate eastern north
Pacific. Depending on the age structure and the temperature at
depth ($mith, 1975), the hake migrate to various distances to the
scuth in the fall and spawning is conducted tn winter. S5ince the
onset of the E1 Nifio was fn Apri} 1957, the first year of effect
on hake larvae was fn 1958, An index of larvao from winter
abundance 4n 1954-1960 was 5, 8, 14, 21, 8, 2, 3. That portfon of
the larval fndex in the region seaward of abouyt 300 km for the
same years 1s 2, 4, 11, 15, 3» L1, and ,9. The survival of the
1957-9 spawn to fishable age was low relative to 1960 and 1951,
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S$ince the tarval tndex was high in 1957, the per capita survival
of spawn must have been extremely low for that year.

Rogckfish. The first effects of the 1957-9 E1 Nifio on the
preduction of rockfish larvae were noted in 1958, Since the onset
of E1 Nifio condftion was 1n April of 1957 after the most rockfish
births (rockfish bear 11ve young) had occurred for the year. At
42°N there was an apparent increase in the number of rockfish
larvae 1n 1958, At 37°N there were moderate decreases in 1958 and
1959. At 32°N the number of rockfish larvae per statfons
decreased by more than half in 1958 and again by a factor of three
1n 1959. The decline of tarvae was similar at 2Z7°N. There were
no obvious effects of E1 Nifio on the commercial fishery. The
decline in larval abundance may have been caused by the decline of
the productivity of the waters adjacent to the conti{nental shelf.
The E1 Nifio may have had a profound effect on the reproductive
rate of this group of spectes, A description of these time series
1s found {n Ahlstrom. Moser and Sandknop (1978), This arctic to
tomperate genus has 69 species in the esastern North Paci{fic and
about 40 species are taken in commercial and sports fisheri{es 1in
Calffornia.

Elatfishes. Of eight kinds of flatfishes that Ahlstrom and Moser
(1975) analyzed only four showed major declines in abundance
during E1 Nific of 1957-9. The species which declined less than 2-
fold (possible temperature/development rate affect) were tha
California halibut, Paralichthys californicus, English sole,
Pargpbrys yetylus, Rex sole, Glyptocephalus zachirus, and the
Oover sole, Microstomus pacificus. The species which appeared to
change more drastically were the speckled sanddab,

gligmaeus, other sanddabs, Qitharichthys spp., slender sole,
Lyopsetta exilis and the turbots, Bleuronichthys spp. It would be
fnteresting to know the feeding habits of these two groups and
what mechanism differentiates their response to E1 Nifo.

Plankton

The plankton sampling program of CalCOFI was designed to
quantitatively capture the eggs and early larval stages of fishes
which occupy the euphotic zone. Thus, observations of organisms
which occur in and deeper than the 140-m depth of the CalCOFI
oblique tows must be interpreted cautiously, For example, the
adults of many euphausifds substantially evaded the bridled ring-
net, even at night, and most euphausiids range throughout the
upper 600 meters {Brinton and Townsend, 1981). Important amounts
of copepod biomass were not retained by the 505 mm mesh apertures
of the CalCOFI standard net. Important fractiens of the
zoopTankton are totally destroyed by contact with the filtering
surface under tow and others are extruded from the mesh during
vigorous washing. Thatfaceans shrink greatly before the
displacement volume 1s taken 1n many samples the large thalfaceans
were discarded before fixation owing to the Tack of adequate
containers and fixative (Thrailkill, pers., comm.). Planning and
sample design, 11ke that conducted for the eggs and larvae of
sardine, would be a prerequisite for a quantitative analysis of
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any of the 500 or so populations now captured in the fish egg and
larva surveys. Stfl1 the regularity of the sample techniques has
permitted advanced analysis and important conclusions about
widespread biological oceanographic phenomena and much of the
interpretation is based on the strength of the non-seasonal
changes durfng the 1957-9 Nifio and the cooler period which
preceded 1t (Bernal, 1981).

As pointed out by Smith (1971) most of the change Tn zooplankton
volume during the E1 Nifo of L957-59 was caused by a radical
diminution In the volume of thallaceans {salps, pyrosomes and
dolfolids) and larvaceans. This category comprised 75% of the
zooplankton in October of 18956 and by April of 1958 this category
was only 7%, The crustaceans had during the same period risen
from 17% to 60%. These relative changes in plankton group
composition cannot be Interpreted in terms of productivity since
changes in standing crop merely represent changes in the relative
rates of natalfty, growth and mortality. One would need to Kknow
much more about the demographics of the planktonic populations and
the vulnerability of the 11fe stages to sampling to make useful
inferences about zooplankton production.

Thalfaceans domfnated plankton collections in the California
Current region in 1956 being more than triple the quantity of
copepods and 13 times the volume of euphausiids. The rank order
was thalfaceans, copepods, and euphausiids, By 1958 the copepods
had decreased to 50%. the suphaus{ids had decreased to 45%, and
the Thalfaceans had decreased to 4% of their volumes. Table 3
11sts these functfonal groups with the other 14 for comparison.
Following the climatic shift, copepods became the most abundant
group in the biomass and the thaliaceans and euphausiids were
nearly equal at fourth and fifth rank abundance. The chaetognaths
had risen from fourth to second rank and the siphonophores had
risen from fifth to third rank.

Thaliaceans. Thallaceans were most abundant seaward of 150 km in
the main branch of the California Current (Figure 4 The annual
average reached a maximum of 200 grams per 1000 m3 in 1956 and
decreased to less than 10 grams per 1000 m> by 1958 and tn 1959,
The annual average temperature shifted from 14 to 16.5* degrees in
this outer regfon over the same period_ (Fig. 5). Alongshore
thaliaceans changed from 140 ¢c per 1000 m> in 1956 to nil in 1958
and remained there tn 1959 in the Y¥izcaino Bay region (Fig. 6).
There were parallel temperature rises along the entire coast (Fig.
.

During the actual onset of E1 Nifo 1n April of 1957, the
thaliacean displacement volume declined 20-fold between April
and July. In a similar period in 1956 the thaliaceans increased
5-fold in the southern California section,

Copepods and Euphausiids. Across the coastal currents and main
branch of the California Current the annual average abﬁpdance of
copepods decreased from about 50 and 10 grams per 1000 m° in 1955-
57 to about 20 and 6 grams per LOO0 m” {in 1958-9 (Fig. 8.
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Figure 4. The decrease of thallacean displacement v¢lume between 1955 and 1959. The
first bar 1s the volume calculated from the average of all stations in the southern
Caltfornia fnshore region for the entire year. The second bar {s the same valus for the
southarn Catifornia offshere reglon, The third bar 1s the same value for the southern
California seaward reglon,
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Ffgure 5. Tha increase of 10 meter temperatures between 1954 and 1960. The first bar is
the 10 m temperature calculated from the average of all statlons in the southern
California inshore region for the entfre year. The second bar 1s the same value for the
southern California offshore regfon. The third bar is the same value for the southern
California seaward region.
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Figure 8. The decrease of copepod displacement volume between 1955 and 1959, The first
bar 15 the volume calcvlated from the average of a)) statfons fn the southern Californla
inshore regfon for the entire year. Tha second bar 1s the sama value for the southern
Californfa offshore region. The third bar 1s the same value ‘or the southern California
seaward region,
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Figure 9. The decrease of copepod displacement volume between 1955 and 1959. The fiest
bar 1s the volume calculated from the average of all statfons in the southern Callfornia
inshore region for the entire year. The second bar 1s the same value for the Baja
Calffornia inshore reglon. The third bar {5 the same value for the Sebastian Y1zcaing bay
regfon, Tha fourth bar 15 the same value for the scutha Baja inshore region.
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Southward along the coast in the coastal currents zone the
decrease in the southerly reglons_was more dramatic for the
copepods, from 140 grams per 1000 m” to 20 (Fig. 9. Euphausiids
decreased by a factor of three (F1g. 10 and 11).

During the onset of E1 Niffic in Apr11 1957, the tnshore copepods
decreased by a factor of 4 and the ouphausiids decreased by a
factor of 3 by July. In the same period in 1956 the volumes were
aqual over the 3 month span in the southern California inshore
area,

Presumed Secondary Production

While secondary productfon is difffcult to infer from zeoplankton
displacement volume, it may be interesting to note that the slope
of the seasonal increass of zooplankton is sfmilar in the southern
California inshore area in the years 1955 through 1959 (Fig. 12
and 13}, One can infer from this that the reproductive capacity
less the predation rate favored increases in zooplankton volume
both when the system was dominated by thaliaceans and when
dominated by copepods. The second figure s a display of the
adjacent month differences displayed as raties. In this area one
can expect sustained increases from 10 to 60% per month in the
winter and spring months whether the system fis dominated by
thaliaceans or copepods and at elther the 14" temperature of the
1955-56 period or the 16.5* temperature of the Nifio period. Since
the currents are sluggish 1n this area cne would expect local
growth to dominate over transport as a factor in this rate of
increase, transport in the gyre 1s largely from the south and west
with only minor entrainment of the Catifornia Current as indicated
from the offshore position (270 km at Tine 90) of salinity Tess
than 33,4% (Bernal, 1981},

Primary Production

Unfortunately, there were no primary productfon estimates at the
time of the 1957-9 E1 Nifio. There are no spatially and
temporally coherent time serfes of an area the size of the
California Current region. A coastal time serfes reported by
Smith and Eppley (1982) did capture one extremely high
phytoplankton production rate of 1.41 g C per nZ per day in June
of 1975 and a relatively 1low value of 0.1 g C per m2 per day in
October of 1976 and February 1977. Assuming the Scripps Pler
Temperature Anomaly was related to primary production in the same
way 1in the years 1955-591 the annual average production declined
from 0.4 to 0.2 g C per m* per day and December minima of 0.1 were
obtained in 1957 and 1958, There appeared to be moderate
agreement in the change in values of zooplankton volume over the
same period Table 4.

Summary and Recommendation for Future Study
Re-examination of the more thoroughly sampled transition from

anti- to E1 MNific conditions in 1955-9 suggests answers to the
question "Why was the effect on anchovy spawning sc moderate in
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Figure 10. Tha decreass aof euphausifd displacement volume between 1955 and 1959, The
first bar 1s the volume calculated from the average of all statifons in the sauthern
California fnshore region for the entire year. The second bar {s the same value for the
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Figure 11. The decrease of euphausi{d displacemsnt volume batwaan 1955 and 1959, The
first bar {s the volume caleulated from the averaga of all stations in tha southern
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Figure 12. The time serles of small zooplankton volume betwesn 1554 and 1960 in the
couthern Calffornia fnshore regfon. The jagged 11ne Is the natural log of the average of
all stations on a monthly Tnterval with missing values (about 10% mostly August or
$eptember) {nterpolated linearly. The smooth 1ine {s a rasistant non-parametric smoother
for these points. The similarity of seasonal slopes Tm anti-Nifio (1954~60) and Nifio
{1958-59) years is an indication that the growth rate per unit fnftial zooplankton volume
is sim1lar for both conditions.
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Figure 13, The time series of monthly differences of small zooplankton volume axpressed as

a ratioc between the displacement volume of a given month and that of the previous month 1in

the southern Callfornfa fnshore regfon from 1954 to 1960. Raw, interpolated and smoothed
data in Figure 12.
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Table 4. Comparison of estimated primary production and zooplankton
standing stock durfng the 1955-9 transition from antf-
Nifio to Nifo,

Zooplankton
Primary standing
production stock Change
g C/m*/day g/m g/m</qtr
1955 March 0.5 11 -
June 0.7 25 14
September 0.3 13 =12
December 0.3 13 1]
195 March 0.5 17 4
June 0.7 42 25
September 0.4 z -19
December 0.2 23
1957 March 0.3 17 -6
June 0.5
September 0.3 6 -8
Deceambar 0.1 5 -1
1958 March 0.2 7 Z
June 0.6 11 4
September 0.3 2 -9
December 0.1 2 0
1959 March 0.2 5 3
June 0.3 9 4
September 0.2 7 -2

1983-47" The energy required for anchovy spawning could have been
"gleaned" from local {sland and coastal enriched areas which would
be 1nadequately represented in wide-scale oceanic surveys.
Anchovy, Pacific mackerel, and sardines may draw substantially on
stored reserve energy from preceding seasons ($mith and Eppley,
1982) and may delay growth (Table 1b,) Another possibility 1s
that diminished populations of salps, dalialids and pyrosomes
(thaliaceans} allowed greater production of other herbivores, 1ike
crustaceans which are fn the anchovy food chain,

Given these elemants of resilience in the anchovy, Pacifie¢
mackeral, and sardine populatfons, one can speculate on why the
spawn production of Jack mackerel and saury was so low following
the 1957 onset of E1 Niffe. The jack mackere) spawning adults
occupy the same habitat as the thalfaceans. This area 1s so broad
and homogeneous that the twenty-fold decline in thal{aceans
signaled a similar seven-fold decline in larval production by jack
mackerel. This could have been mediated by the production of
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crustacea on which jack mackerel depend in part, or by the
withdrawal of key mesopelagic fishes toward the north without
equivatent replacement from the south. I would favor the
mesopelagic fish explanation because the zooplankton predator,
saurys d1d not change 1ts spawn productfon rate markedly, Thus
the mobflity of the jack mackerel was not adequate to compensate
for the scale of E1 Nifio event in the main and outer branches of
the California Current.

The responses of the hake, rockfish and flatfish to the onset of
the E1 Nifo appear similar. The hake feeds along the continental
shelf of the British Columbia, Washington, Oregon and northern
california coastlines. In the 1955-59 anti-and E1 Nifio transition
the main branch of the California Current impinged on these
continental borderlands and the rockfish and flatfish are
permanent members of that continental border. Thus the similarity
of response was probably mediated by the interruption of the usual
high rate of primary and secondary productivity usually ascribed
to these coastal areas. Since these fishes and the jack mackerel
all prey on the sardines and anchovies, one must assume that the
predation withdrawn to the north roughly counterbalanced the added
predation from the tropical and temperate tunas during the Nifio,
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El Nino and the Early Life History
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In Temperate Marine Waters
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Introduction

El Nino events can have drastic ecological and economic conseguences
for fisheries. This has been most widely recognized from fluctu-
ations in the fishery for the Peruvian anchovetta (Cushing 1982),
but abundances of other species are affected as well. & tropical El
Nino is characterized by anomalous environmental conditions often
detectable along the west coast of North America as increases in
surface and near-surface water temperature, a rise in coastal sea
level, an increase in depth of the thermocline, and anomalous coastal
currents (Enfield and Allen 1980, Huyer 1983, Lynn 1983, Smith and
Huyer 13983, Reed 1984, Tabata 1984, Cannon and Reed, this volume).
Changes in the planktonic community also occur (McGowan 1984}.

These physical and biolegical changes may alter the distribotion and
extent of spawning effort and the transport and survival of eggs and
larvae. To the extent that some of these conditions are extreme
compared to the range of conditions encountered by fish stocks,
particularly successful or unsuccessful year ¢lasses may result,

Unfortunately, little is known about the effects of El Wino on
subarctic (cold temperate water) fishes. Most documentation on
subarctic effects involves records of subtropical species oceurring
in subarctic regions such as reported by Squire (1983} and Schoener
(this volume). Our discussion of other possible effects therefore
must remain quite speculative. First, we present an overview of how
an El ¥ino event potentially influences spawning and egg and larval
stages of temperate marine fishes. Thege potential effects include
changes in: 1) distribution of highly migratory species during
spawning: 2) fecundity of spawning fish; (3) physiological condition
of eqggs and larvae; (4) transport of eggs and larvae; and 5) the
predator-prey community to which egygs and larval stages are exposed.
Examples are given where data are available. Since there are faw
data on El Nino effects on subarctic fishes we draw heavily from
what is known about subtropical {warm temperate} fishes, including
those from the southern hemisphere. Second, we examine historicat
data on recruitment of fish stocks from the eastern and northeastern
Pacific Ocean to consider possible impacts of past El Ninc events,
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and we suggest general patterns which seem to apply to these data.
Even for the better documented subtropical stocks, cause and
effect relationships appear equivocal. The patterns we describe
based on the limited but available data therefore must be viewed as
preliminary.

Potential Effects of El Nifio on Reproduction and Early Life History

Meteorological and oceanographic conditions during an El Nino event
are detailed in other papers in this volume, There is now adequate
evidence to suggest that most E1l Nino events are associated with
anomalously warm sea surface temperatures (SST) north of the sub-
arctic boundary (see Cannon and Reed, this volume; Tabata 1984) .

The precise combination of factors responsible for positive temper-
ature anomalies along the west coast of North America are not well
quantified and probably vary with latitude and between events. Warm
anomalies begin during autumn or winter and probably are initiated
by a coastally trapped wave with concomitant increases in poleward
flow of water [(Enfield and Allen 1980; Smith and Huyer 1983), After
this, several factors may be egually important in maintaining or
increasing the positive 5ST anomalies. These include the following:
{1} poleward flow of water may continue due to unusually persistent
southerly winds; {2) coastal upwelling may become established later
than usual, may be weaker than usual, or may not develop; {3) even
if upwelling becomes established, the thermocline may be deep encugh
that upwelled water is warmer than usual, Finally, at some latitudes,
there may be shoreward movement of oceanic water. Salinity may
provide a clue to the source of surface water along the coast, but
interannual changes are generally small and may be masked by local
modifications due to climate. The source of apparent warming and
attendant rates and direction of transport are important in consid-
ering the interactions of early life stages with their environment.

The El Mino of 1983 is summarized as an example of the physical
anomalies along the west coast of North America. Off California,
SST was elevated up to 4° C (McLain 1984) and salinity increased by
0.1-0.2 ppt above normal (Lynn 1983). Sea surface temperature was
2° C above normal off Oregon, where salinity possibly was lower than
average (Huyer 1983). Shelf waters off Canada were up to 5° C
warmer than usual, and positive temperature anomalies were observed
down to 150 m (Tabata 1984). Royer and Xiong (1984} report positive
temperature anomalies of 2° C in the northern Gulf of Alaska during
summer 1983. Extremely strong northward currents were obserxrved
along the California and Oregon coasts during summer 1983 (Smith and
Huyer 1983).

The potential mechanisms of impact of El Nino conditions on recruit-
ment success of fishes can be considered first by grouping species
according to migratory behavior, For sedentary or "homing™ species
{Table 1}, which remain in, or return to, the same area regardless

of E1l Wino, there can be a direct physiological impact of temperature
on spawning effort involving effects on fecundity, timing of spawning
and condition of spawned eggs. There will be direct physiological
impacts on eggs and larvae involving rates of development, metabolism,
etc, Changes in abundance, species composition and/or temporal
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dynamicsof the prey community can be expected, due either to the
intrusion of a different water mass or to the effect of increased
temperature on local species assemblages. This could affect spawn-
ing effort of fish, depending on the nature of the adults' diet and
patterns of energy storage and mobilization for reproduction.

After spawning and hatching of eggs, the quantity and type of prey
would atfect larval feeding conditions. Planktonic predators alseo
may change because of a new water mass or because of local warming,
and these changes have the potential to affect egg and larval stages.
Also, it is well documented that migratory vertebrate predators
(fish, birds) change in response to ocean warming (e.g., they travel
further north than customary}; thus a new cast of vertebrate pred-
ators may be present as a result of El1 Nino.

Table 1. Summary of potential effects of El Nino conditions on
aedentary or "homing™ species.

1. Impact of elevated temperatures on spawning effort
~fecundity
-~timing of spawning
~condition of eggs

2. Effect of changes in food abundance on spawning effort
(depends on nature of prey and spatial and temporal pattern of
energy storage and mobilization for spawning)

3. Elevated temperature effects on eggs and larvae
-physiological tolerance
-development time
-metabolism

4. Indirect effects of elevated temperatures on eggs and larvae:
predater and prey communities
—abundance
-gpecies composition
~timing

5. Effects of new water mass on eggs and larvae
~game as above

€. Effects of migratory vertebrate predators that follow ocean
warming, and which may feed on eqgs and larvae
=timing
-new species

For highly migratory species of fish (Table 2), physiclogical impacts
of temperature can be minimized or avoided by migrating with appro-

priate conditions, but spawning then would take place in a different
water mass and/or at different latitudesg than nsual. The planktonic
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and nektonic communities encountered by the spawned eggs and larvae
of these species may or may not be unusual depending on whether the
migration occurred within a water mass or followed temperature pat~
terns which propagated faster than the advective rate of poleward-
moving water. The latter condition would result in an overlap of
communities which ordinarily remain more distinct, and both
conditions would result in a temporary, northward expansion of
range for spawning. The new territery thus encountered provides
oppeortunity for colonization (successful recrulitment) but could
alsc prove hostile to the eqgqg, larval or post—larval stages.

In contrast to the species considered above, adult fishes inhabiting
desper slope waters may be isolated from El Wino conditions in the
upper water column. Nonetheless, shallow pelagic eggs and larvae of
such species still would be exposed to anomalcus conditions of
temperature, predators and prey. At present, neither the extent of
biological change nor its likely consequences are adequately
understood.

Table 2. Summary of potential effects of El Nino conditions on
highly migratory (nomadic} or mobile species.

These species may minimize adverse physiological impacts of
slevated temperatures on adults, but there are costs, including:

1. Extra energetic expenditure on migration which may affect
spawning effort
-fecundity
=timing of spawning
-condition of eggs

2. Spawning may take place in a different water mass than usual
-predator and prey communities may be different (abundance
and speclies composition)
-lccal dynamics (timing) may be different

3. Spawning may take place further poleward
-opportunity for "colonization" or “expansion" may be
successful or unsuccessful
-new interspecific interactions
—colonized area may be physically inhospitable after El Nino
conditions subside

Finally, for all species, anomalous transport of planktonic stages
is likely to be a factor in recruitment success. Transport processes
are considered important in recruitment of several subarctic and
subtropical stocks (Hayman and Tyler 1980; Parrish, =t al. 1987;
Methot 1984).
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Effects of El Nifo Conditions on Reproduction
And Early Life History: Examples

Reproductive physiology.

The influence of El Nino events on egg production by adult sub-
tropical fishes is fairly well documented. Most of the examples we
pregsent are for anchovetta or sardine, but many similar effects can
be expected for subarctic stocks when the event extends its influ-
ence into their range. The most immediate effect on reproduction
appears to be a decline in reproductive output. This may happen as
a result of fewer fish in the population maturing their gonads
{Tsukayama and Alvarez 1980}, a shortened spawning season [Tsukayama
and Alvarez 1980) or a failure to utilize fat reserves for the
production of gonads (Santander 1980)., A recent example for a North
American species is from the 1983 E1 Nino, when blue rockfish
(Sebastes mystinsus} in Monterey Bay lost weight and had low gonadal
output (D. VenTresca, Calif. Dept. Fish and Game, Monterey, CA,
pers. comm.}.

Several examples of altered spawning times exist. During an El Nino
anchovies and sardines appear to spawn earlier than during other
years (Ahlstrom 1967; Santander 1980). However, English sole

{Kruge and Tyler 1983) and Pacific hake {Bailey, unpublished data)
appear to experience delayed spawning. The effect of unusually
early or late spawning on survival is unknown, but either presumably
influences the match or mismatch of larval food availabilty to
feeding readiness, a condition conceivably critical to larval
survival and to recruitment success of many species (Cushing 1975).

Distributional changes.

Changes in spawning distribution of adults during El Nino are well
documented. Several species shift spawning locations poleward
during such events, including hake (Railey and Francis, in press),
anchovetta (Santander 1980; Walsh et al. 1980; Fiedler 1984} and
sardine (Rhlastrom 1967; MacCall 1979; Anon. 1984). For stocks
which spawn in localized habitats or that are homing and spawn in
specific locaticns, such as salmon, possibly herring {Blaxter and
Hunter 1982) and some rockfishes (D. Ventresca, Calif. Pept. Fish
and Game, Monterey, CA, pers. comm.), El Nino conditions might
brevent return of spawning fish to their home habitat during a
period or in physiological condition which favors success for their
Progeny.

Changes in the geographical distribution of eggs and larvae during
El Nino conditions result either from displacement of spawning adults
out of their normal spawning region or from advection of eggs and
larvae by anomaloug current patterns. There is ample documentation
for changes in spawning range of adults (e.g., Fiedler, 1984), but
little documented evidence of changes in ichthyoplankton distribution
due to advection. One pogsible exception involves the observed

higk abundance of larval anchovy, normally found offshore, at
sampling stations near the Oregon coast during 1983, which Brodeur

et al.(1984) speculate was due to anomalous onshore transport.
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Changes in community structure and production.

2 major effect of E1 Nino events is altered production of food for
planktivorous life stages of fish-. This is best documented for the
California Current system, where E1 Nino results in reduced plank-
tonic production. During the 1983 El1 Nino off California, nutrient
concentrations were low, primary production was reduced and the
chlorcophyll maximum layer deeper than normal. In the normal area
of peak zooplankton abundance, approximately 150 km offshore,
zooplankton biomass was about 5% of normal [McGowan 1984). Most
fish larvae eat copepod nauplii early in their feeding history.
Since naupliar production depends largely on the abundance of adult
copepods and the phytoplankton standing crop, it appears a safe
conclusion that naupliar abundance was extremely low off California
during 1983 compared with most other years. The decrease in zoo-
plankton production was translated into little or no growth for
adult fishes such as anchovy and rockfish (Parrish, cited in McLain
1984; Mais 19B3a,b; D. VenTresca, Calif. Dept. Fish and Game,
Monterey CA, pers. comm.). McLain (1984} hypothegized that even
though El Nino caused a decrease in production off California,
production in subarctic waters may have been enhanced due to
warming, increased stability and reduced offshore transport. This
hypothesis is supported in part by a 23 year time series of zoo-
plankton biomass at Ocean Station P in the Gulf of Alaska, showing
that 1958-60 had anomalously high biomass, with 1958 showing the
maximum biomass in the time series (Frost !983). By contrast,
1958-59 were years of extremely low zooplankton biomass off the
California coast {Bernal and McGowan 1981). However, Frost (1983}
points out that while the subarctic Pacific and California Current
systems appear from existing data to be out of phase with respect
to zooplankton biomass, this contrariety is not necessarily linked
to a common cause.

Community species composition differs between cffshore and nearshore
areas in the subarctic Pacific {Lebrasseur 1265), Bering Sea (Cocney
and Coyle 1982, Smith and Vidal 1984) and off Peru (Walsh et al.
1980; Santander 1981). Latitudinal changes also cccur, such as
between subtropical waters off California and subarctic waters
Farther north. Santander (1981) reported striking changes in the
species composition of copepods during the 1976 E1 Nino in Peru.
Changes in the prey community due to enhanced poleward flow and/or
onshore transport during an E1 Nino event could be important to
fishes. For example, Cushing (1982} attributed changes in growth,
maturity and recruitment of herring in the North Sea to a shift in
the dominant copepod species from small calanoids to larger speclies.
Such shifts would be important to larval fishes that depend on
certain species or sizes of microzooplankton for foed {e.g., Lasker
1975; Checkley 1982). However, El Nino may not always be bad for
larval feeding conditions. Barber and Chavez (1983) reported a
bloom of Gymnodinium splendens off Peru during the 1976 El Nina,

and this dinoflagellate appears to be suitable food for larval
anchovy (Lasker 1975).

Changes in predator comuupities also have been documented. Onshore
transport during El Wino can result in increases of several species
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of predators, such as siphonophores and euphausiids, in the larval
nursery (Santander 1981). Some siphonophores (Purcell 1981) angd
euphausiids (Theilacker and Lasker 1974) are important predators on
fish larvae. During the 1972 El1 Nine, blooming populations of
medusae and voracious pelagic crabs (Euphilax dovii), probably
originating from the north and west, occurred in the anchovetta
nursery grounds off Peru (Valdivia 1978). In addition to planktonic
predators, which are transported, many larger pelagic predators
may invade subarctic or coastal waters during El Nino. Examples are
squid, which prey on young anchovy, and rockfishes, such as Canary
rockfish and boccacio (Henry, cited in McLain 1984), which eat
small fishes (T. Echevarria, Southwest Fisheries Center, Tiburon,
ChA, pers. comm.}. Another consideration is that if zooplankton are
less abundant, pelagic predators may switch from their normal prey
to feed on greater numbers of fish larvae. Finally, E1 Nino some-
times results in a collapse of some important predater populations,
such as birds and pinnipeds (Barber and Chavez 1983), the former
being important predators on early life stages of some fishes.

Physiclogy of eggs and larvae.

Egge and larvae of subarctic fishes that are spawned or entrained
in waters with subtropical or oceanic characteristics are subject
to new conditions that can influence physiological processes.
These conditions include increased temperature and salinity, and
posslbly decreased oxygen concentrations. Little is known about
the ambient oxygen concentrations required for normal deve lopment
of eggs and larvae of most temperate Pacific fishes. Alderdice
and Forrester (1971a) give 2-3 ppm oxygen as a lower limit for
development of cod eggs and larvae, which seems low relative to
ambient concentrations of 4-5 ml 02/1 (6-7 ppm) in subtropical
waters off Peru reported by Walsh et al. {1980} However, Santander
{1981) reports concentrations of 1 ml 02/l {about 1.5 ppm) during
an El Nino. 8ince oxygen demand increases with higher temperature
and oxygen concentrations decrease with warming, Santander {1980)
noted that oxygen concentratien during an El Nino could influence
survival of anchovy larvae. Brett (1970) commented that even at
100% saturation, oxygen may limit performance of salmon fry when
temperature and activity are high.

The hatching success of fish eggs with changes in temperature and
salinity varies by species. Many species, such as herring, are
euryhaline and eurythermal (Fig 1a, from Alderdice and Velsen
1971)., By contrast, Petrale sole is stenothermal and stenchaline
{Fig. tb, from Alderdice and Forrester 1971b) and Pacific cod is
stenothermal and euryhaline {Rlderdice and Forrester 1971a}.
Consequently, larvae of sensitive species such as Petrale sole that
are spawned or entrained in warm and saline water should have
reduced survival in habitats that are impacted by El Nino.

Increases in temperature (below lethal limits) result in shortened
egg hatching time, higher metabolic rates and faster utilization of
yolk reserves by recently hatched larvae. Herring eggs, fer example,
developing under warmer conditions hateh larger larvae, but at the
expense of their yolk reserves. Larger larvae have larger mouths,
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Fig. 1. A comparison of calculated iscpleths of percenmt total hatch and
percent viable hatch in relation to salinity and temperature of
incubation for eggs of herring and petrale sole (from Alderdice
and Forrester 1971, and Alderdice and Velsen 1971)., A. Isopleths
of percent total hatch of herring, B. isopleths of percent viable
hatch of herring, C. isopleths of percent total hatch of petrale
sole, D. isopleths of percent viable hatch of petrale sole.

which increases the size spectrum of prey which can be ingested:
they swim faster and have more advanced visual ability, which
increases food searching and capture potential compared with smaller
larvae {Blaxter and Hempel 1963; Blaxter and Hunter 1982). Conse-
guently, the feeding abilities of larger larvae should be improved
over small larvae. Studying larval turbot, Rosenberg and Haugen
{1982) found that smaller larvae do appear to be more vulnerable to
starvation compared with larger larvae reared under the same con-—
ditiona. Larval growth rates are temperature dependent (Laurence
1978; Hunter and Kimbrell 1980) with faster growth and higher RNR/
DNA ratios (Buckley 1982) at higher temperatures. However, growth
rates alsc depend on food availability and decline when metabolism
congsumes too much of the daily ration (Brett et al. 1969}. Ryland
and Nichols {(1967) ghowed a temperature dependent optimum in growth
of larval plaice. At low temperature, metabolic rates were low,
but enzymes required for digestion were not efficient. At high
temperature, most energy was used in respiration. Finally, given

150



CALIFORNIA

10 Sardine
08
06F
04
0.2

1.0
08
08
0.4
0.2

Pacific mackerel

Refative year-class strength

1955 60 €5 1955 60 65

Fig. 2. Relative indices of year class strengths From cohort analyses and
other analyses of fishery data of California fish stocks, 1955-65.

WASHINGTON—OREGON

1.0 Pacific ocaan perch

£L
§ 08
8 0.6
= 0.4
“w
3 0.2
= | I T N S T T S T
3
S
£ 1o Dover sole
a o8
& 06

04

0.2

1955 60 65

Year class Year class

Fig. 3. Relative indices of year class strengths of Washington-Oregon fish
stocks, 1955-65.

181



1.0
08

1.0
08
e 06
o 04
€ 02
@ &
"
L}
©
®
L
-
o
>
=
L]
@«
Fig. 4.

GULF OF ALASKA AND CANADA
Non-herring stocks

Halibut -
Gulf of Alaska -

Pacific ocean - Pacific ocean
parch L perch
Gult of Alaska | Cueen
Charlotte
1 [ R S N K I N A |
1.0~ Cad
(g Twa Peaks
0.6 -
0.4+
0.2
| I N W N VRN S NN N )
1.0 ~ Cod
08} Hecate Strait
06}
04}
0.2

Petrale sole
Hecate Strait

W Strait
L
| S |

Rock Sole

1945.54 mean—— — ==

| S I SN S Y S| L I N O IO N |

60 65 1955 60 65
Year class Y ear class

Relative Indices of year class strenpths

Canada fish stocks, 1955-65.

152

of Gulf of Alaska and



CANADA
Herring stocks

1.0
0.8
0.6
0.4
0.2

Upper west

10
0.8
0.6
0.4
0.2

Lowar west

strength

Ralative year-ciasa

Upper central

60

Year class

Relative indicea of

Fig. 5.
stocks, 1955465,

Upper east

Middle east

T

TN I I T N T NS S )
Queen Charlotte
1955 80 B5
Year class

year class strengths of Canadian herring

153



ample food and faster growth rates in higher temperatures, the time
to metamorphosis is decreased {(Laurence 1978). Other things being
egqual, this should reduce losses to predation.

Effects of the 1958-59 El Nifio on Recruitment of Subarctic Stocks

Data on recruitment of 38 fish stocks along the west coast of North
America have been compiled by Hollowed, Bailey and Wooster (unpub-
lished manuscript). Relative values of recruitment from 1955-85 are
available for 23 stocks (Fige. 2-5). These estimates of recruitment
strength are derived frocm cohort analyses or from age frequency
analyses, and reflect relative year class strength when entering
the fishery. The data originate from published and unpublished
literature, and from numerous personal compunications. The various
pitfalls and assumptions involved in using these data, as well aa
the complete time series for each stock and sources of data, are
given in the above manuscript. In the present analysis, the 23
stocks have been divided into three geographical regions: the
California coast, the Oregon-Washingten coast, and the Canada to
Gulf of Alaska coast. Very little informatiom is available from
the Bering Sea during this time period.

Off California, information is available for four pelagic stocks.
The 1958-5¢ El Nino resulted in relatively strong recruitment of

the 1958 year class to stocks of Pacific gsardine and Jack mackerel.
In fact, these were the strongest year classes recorded for the 11
year period. For Pacific mackerel, 1958 was a stronger thamn average
year class, markedly stronger than either 1956 or 1957, but also
not as strong as the 1960 year class. For the anchovy, 1958 was a
weak year class, whereas 1959 was a strong one.

Off the Oregon-Washington coast there is recruitment information
for three stocks. For all three coastal stocks: Pacific Ocean
Perch, Dover sole and English sole, the 1958 and 1959 year classes
were below average in strength.

More historical data on stock dynamics is available from Canada due
to the early pioneering efforts of Ketchen, Forrester- Alderdice
and Stevenson. Petrale sole, for which only a few years of data
are available, was the only demersal stock showing an increase in
recruitment during the 1958-59 E1 Wino.- The 1958 and 1959 year
classes of halibut, POP, cod and rock sole were poor in this region.

Further to the north in the Gulf of Alaska, the 1958 year class was
strony for both halibut and POP, whereas 1959 resulted in moderate
to weak year classes.

The largest collection of data on year class strengths for any
species exists for Pacific herring off Canada. Herring spawn in
the near coastal zone. Of 9 stocks, 5 had strong year classes in
1959 and one had a strong 1958 year class. Of the three remaining
stocks, 1958 and 1959 were modarate year claeses, except for 1958
in the middle east stock, which was weak.

It is interesting to note that 1961 stands out in the above statis-
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tics for many stocks. For the 12 stocks not demonstrating strong
year classes from the 1958-59 E1 Nino event, 10 showed exceptionally
strong year classes in 1961. MAccording to McLain and Thomas {1983)
this was a year of a deepened mixed layer and onshore and northward
transport that was apparently unrelated to disturbances in the
tropics.

Some discernable patterns exist in these data. For example, stocks
showing streng 1958 and/or 1959 year classes are those towardes the
northern end of their gecgraphical ranges. These stocks include
Petrale sole off Canada, and anchovy, sardine and Jack mackerel off
California. This pattern also is seen with POP and halibut in the
Gulf of Alaska, which had relatively strong 1958 and 1959 year
classes compared with stocks of these species further south off
Canada. Stocks at the southern end of their geographical range
tended to have relatively poor recruitment of the 1958 and 1959
year classes; these include halibut, Dover sole, POP, English
sole, rock scle and cod from Oregon to Canada. Either adults from
these stocks spawned north of their normal range, or eqq and larval
survival was poor in their normal resident habitats., Most of the
above stocks, possibly excluding Dover sole, have fairly narrow
temperature and salinity tolerance for survival of egge and larvae.

Data for herring tend to conform to the above pattern. Most herring
stocks off Canada exhibited unusually strong year classes in 1958

or 1959, and strong 1958 and 1959 year classes of herring also
appeared in the Gulf of Alaska. Favorite and McLain (1973) related
these strong year classes in the Gulf to warm water conditions. The
1958 year class of herring in the eastern Bering Sea alsoc was the
strongest in & 21 year time series (Wespestad 1982}. At the southern
end of the range of herring, off centrai Califeornia, catches declined
markedly during the early 1960's (Spratt 1981) indicating that
recruitment failures probably resulted from the 1958-59 El Nino and
later warming which occurred through 1961. Preliminary evidence

(J. Spratt, calif. Dept. Fish and Game, Monterey, CA, pers. comm.)
indicates that the 1983 year class of herring in central California
appears to be of moderate to weak strength, and 1984 may be a weak
year class. Whereas the other species considered above may be
relatively nomadic, spawning within water of certain characteristics,
herring may exhibit some location-specific homing behavior (Blaxter
and Hunter 1982). Since herring eggs and larvae are eurythermal,
direct temperature impact on these stages may not have been the
critical facter.

Some preliminary data from research surveys for juvenile fishes of
several stocks are available to examine the effects of the 1982-83
El Nino. These data indicate that the 1983 and 1984 year classces of
sardine and Jack mackerel are strong but the 1983 and 1984 year
clagsses of Pacific mackerel and 1983 year class of anchovy are
moderate to poor (Mais 1983a, 1983L). Data from these same surveys
indicate that the 1983 El Mino resulted in a year class failure for
hake. Hayes (Northwest and Alaska Fisheries Center, Seattle, WA,
pers. comm.) reported an unusually high abundance of juveniles of
the 1983 year class of Pacifi¢ cod around Kodiak Island, Alaska.

It still is tee early to determine strengths of the 1983 year
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classes of groundfish stocks off Canada {(A. Tyler, racific Biological
Station, Banaimo, B.C., pers. comm.).

Discussion

E1 Nino-like warming events appear to have significant effects on
production of some fish stocks via effects on early life stages.
Conditions that eggs and larvae encounter depend partly on the
responge of spawning adults to warming and other environmental
changes. These responses range from adults being nomadic, either
migrating with the advancing subtropical water mass oI away from

it, to adults being sedentary, releasing eggs or larvae into ambient
conditiomns. Other variations on adult responses include homing
adults, deep living adults that may not detect pelagic conditions
that their larvae will encounter, and slowly migrating stocks.

The most important inluences of El Nino on early life stages are
warming, altered food production and changes in transport regimes.
We expect that the most significantly affected stocks are sedentary,
homing or slowly migrating ones; nomadic stocks are able to search
for better conditions {Sharp 1980). Some stocks, such as herring,
seem able to overcome large natural changes in lecal conditions by
their tolerance of changes in salinity and temperature, adaptations
to living in an environmentally variable coastal zone. We speculate
that populations of Dover sole and sablefish, reflecting their
ubiquitous distributions, are also tolerant of changes in environ-
mental conditiens. However, like herring, they may be sensitive to
altered food preoduction.

El Nino events appear to have disastrous effects on recruitment of
some stocks in some areas, especially those living near the southern
end of their geographical range, such as cod off the Canadian ceast.
Cod eggs are stenothermal, and temperature increases of up to 4° C
could be lethal. Cod eggs spawned in these waters may die, or
alternatively, adult cod migrate northward into cooler water to
spawn. Consequently, recruitment in southern areas would be low,
but recruitment could be higher in newly colonized areas. As we
noted earlier, the 1983 year class cof cod around Kodiak Island
appears to be strong. There alsc is some avidence for stronger year
classes from El Nino years in northern stocks of halibut and Pacific
Qcean perch.

Strong year classes of herring from several stocks off the Canadian
coast, in the Gulf of alaska, and in the Bering Sea resulted from
the 1958-59 El Nino, whereas herring off the California ccast seem
to have experienced year class failures. Several alternative
rationales exist. First, the 1358-59 El Nino off california resulted
in drastically reduced zooplankton abundance there {Bernal and
McGowan 1981}, In contrast, northern areas, such as the Gulf of
Alaska had high levels of zooplankton biomass in 1958-59 (Frost
1983). Thus, warm water combined with increased production in
northern areas may have been beneficial tc feeding and growth of
larvae in the northern part of their range. Second, herring might
have migrated northward to colonize more favorable nursery areas.
Third, the normal migratory patterns of birds, some of which are
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important predators on herring egys (Palsson 1984), may have been
disrupted, resulting in lower predation pressure.

El Nino sometimes appears tc be good for some subtropical stocks
spawning at the northern end of their range, such as sardine and
Jack mackerel off California during both 1958-59 and 1983 El Ninos.
On the other hand, El Nino often, although not always, causes poor
year classes in anchovy. This same pattern is sometimes observed in
other areas of the world, for example, the 1972 El Nino resulted in
recruitment failure of Peruvian anchovetta, but that year was highly
successful for sardines (Ceirke 1980). During that year sardine
spawning expanded from the usual small area on the northern Peruvian
coast to include the entire coast (Santander 1980). MacCall (1979)
reported that the strong 1958 year class of sardine off California
resuited from higher than average spawning by stocks normally

living to the south. However, it appears that the 1983 £l Nino
resulted in recruitment failures for both anchovy and sardine off
Peru (Anon. 1984). In contrast, there are preliminary indications
that the 1983 year class of sardine off South Africa may be strong;
however, warm events do not always result in strong year classes of
sardines in the region (Shannon et al. 1984). Santander (1984)
hypothesizes that El Nino is favorable for larvae of warm water and
offshore species such as mackerels, and is less favorable for
coastal speciee like anchovy.

Differences in recruitment strength of anchovy and sardine in the
same year may result from subtle differences in the spawning response
of adults to El Ninc conditions or possibly from physielogical
requirements of larvae. For example, Smith (1981) states that the
Northern anchovy can withstand colder temperatures than the Pacific
sardine. MacCall (1983} commented that the anchovy/sardine species
replacement off California probably was due to large scale environ-
mental influences. This is somewhat consistent with long—term
recruitment patterns for sardines in northern Japan. XKonde (1980)
notes that the warm water year 1972 was a year of anomalously good
recruitment for the Japanese sardine and also the mackerel. Off
Japan, sardine spawn in a region of the warm Xuroshio current
bordering the coastal water mass. Kondo hypothesized that in 1972,
larval sardines were able to coleonize favorable inshore nursery
areas because the Kureshio meandered northward and close to the
coast of Honshu. Conversely, he says that the collapse of the
sardine occurred in the 1940's probably was because the Kuroshio
was far offshore, and the colder Oyvashio intruded into the coastal
areas. In these years sardine spawned offshore and larvae starved
under poor feeding conditions.

Representative of stock responses to environmental anomalies are
examples from the eastern North Atlantie, similar to the responses
we have noted off our own coast. These examples are from Cushing
(1975, 1982), and include observations that, in the North Sea,
recruitment of gadids, herring, and plaice, all at the southern end
of their range, increased during cooling periods and declined
during warming periods. However, in the colder waters off Iceland,
strong vear classes of cod (at the northern end of its range}
appeared during warm years, as did strong yvear classes of cod and
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herring in Norway. Pilchards (sardines), at the northern end of
their range in the Worth Sea, increased during warming years around
Britain, and mackerels declined during cooling years.

Environmental changes associated with El Nino have important conse=
quences for regional stocks; while for geientists EL Nino provides

a rare opportunity to observe response to an extremity in the range
of environmental conditions experienced hy marine fishes. Many
authors have recently proposed conceptual models linking variability
in recruitment to environmental conditions, including such conditions
that occur during an El Nino event. TFor example, Cushing (1975,
1982) attributes recruitment variations to large-scale changes in
the timing and magnitude of the production cycle. This is somewhat
similar to Lasker's (1975) hypothesis that food abundance and
quality, as influenced by environmental factors are critical to
larval survival. 8kud (1982) peointed out that stock abundance
responds to changes in the physical environment, but interspecific
interactions alsc need to be considered. The preceeding examples
deal more with temporal interactions of environmental events and
larval survival. Several other authors consider interactions on
gpatial scales. For example, Walsh {1978) proposed that changes in
fish abundance during El Nino events and cther transient climatic
events are a result of spatial shifts in geographic patterns, or
latitudinal ecotones, and that marine communities engaged in these
shifts are responding to global oscillations in climate. On a
smaller scale, Iles and Sinclair (1982) hypothesized that larval
habitat size can restrict the size of stocks via survival of early
stages. Parrish, et al. {1981} state that in the California Current,
appropriate spawning habitat is limiting, and that the apparent
dependence of spawning strategies upon regicnal transport character-
istics suggest that variations in recruitment of many species in

the California Current region result from surface drift anomalies.

In an insightful review, Sharp {1980) combines many of the above
ideas in a conceptual model that includes spatial and temporal
considerations. He hypothesizes that successful cclonization (or
recruitment} depends on availability of suitable larval habitat.
Species restricted to reproducing in small home ranges are sericusly
affected if the larval habitat area ceases to be appropriate,
whereas nomadic species have the advantage of colonizing areas
quickly. When suitable larval habitat boundaries shift due to
environmental conditions, either an increase or decrease in local
population size subsequently occurs. Therefore, larval distribution
as influenced by the oceanographic environment is the initial
condition and is mediated by adult migrations or by planktonic
transport of early life stages; successful larval colonization
occurs as a result of temperature and properties of community
structure and production within the habitat.

Sharp's (1980) model is consistent with observations of recruitment
resulting from the 1958-59 El Kino, as noted in the preceeding
discussion. In a warming event, areas can be opened up for colon-
ization by nomadic subtropical stocks through an extensicon of their
spawning range. This assumes that suitable larval habitat exists
poleward of their normal range {cf. Walsh et al. 1980), Subarctic
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Table 3. Partial list of fish and shellfish stocks currently
monitored for populaton abundance by region.

California

Sardine

Anchovy

Jack mackerel
Pacific mackerel
Herring

Ling cod
Chilipepper
Boccacio
Dungeness crab
Shrimp

Gulf of Alaaska

Pacific cod

Halibut

Pacific Ocean perch
Flounder

Sablefish

Pollock

Atka mackerel
Herring

King crab

Shrimp

Washington-Oregon

Hake

Dover sole

English sole
Petrale sole
Halibut

Sableficsh

Herring

Pacific Ocean perch
Ling cod

Yellowtail rockfish
Canary rockfish
Widow rockfish
Dungeness crab
Shrimp

Bering Sea

Pacific cod

Pollock

Pacific Ocean perch
Halibut

Herring

Yellowfin sole
Xing crab

Tanner crab

Shrimp

Canada

Herring

Pacific cod

Rock sole

English sole

Dover sole

Petrale sole
Halibut

Pacific Ocean perch
Ling cod

Sablefish

Oceanics

Albacore
Bluefir tuna
Bonito
Yellowtail tuna
Skipjack tuna

stocks at the northern end of their range also benefit from warm
conditions because of an increase in physiolegically suitable
larval habitat, which may include increased planktonic production.
Stocks at the gouthern end of their range have reduced recruitment

in those areas during warming.

A tegt of this conceptual model of

El Ninc effects on fish recruitment will be possible as information
on the 1983 year classes of fish stocks accumulate., For pelagic
stocks the effects of the recent El Nino will be known within a few
years; however, for most of the demersal species, indices of recruit-
ment may not be available for 3-8 years,
information should be available than ever before, with good infor-
mation on recruitment now accruing for 58 stocks in the northeastern

Pacific (Table 3).

Nevertheless much more

Throughout all of the above discussion we have stressed events and
conditions affecting adult spawning migrations and reproductive
physiology as well as transport and survival of early life stages.
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we emphasize these as initial conditions important in determining

the potential for particularly large or small year classes., Sub-
sequent processes, notably predatory and other losses of juveniles,
can be expected to play occasionally important roles as interannually
varying modifiers of year c¢lass strength.
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El Nifio 1983 in the Southern
California Bight

John A. McGowan
Scripps Institution of Oceanography

Introduction and Background

The population sizes of pelagic organisms vary greatly in both time
and space on a broad spectrum of scales. Hany oceanographers and
fishery biologists wish te understand the causes of these varia-
tions. It cap be argued that much of the population variability is
primarity of biological origin. Experimental and theoretical
studies show that competitive contests can first faver one species,
then another, with only small changes in environmental or model
parameters, Predator-prey populations can be made to ''cycle'' in
both experiments and models, disease epidemics can cause popula-
tion crashes, and nutrient recycling within systems can be reallo-
cated in a variety of ways, including stochastically. Finally
man's activities such as overfishing can be evoked as a disturbance
which affects the entire ecosystem,

On the other hand there is alsc general agreement that variations
or heterogeneity in the physical environment can strongly influence
carrying capacities. Everything from small-scale physical turbu-
lence to global climatic shifts have been implicated in the
regulation of populations.

I recognize the dangers of attempting to characterize a phencmenon
so complex as natural population variability in simplistic ways,
for such variations are, no doubt, due to multiple causes, some of
which may be independent. But it is possible, by comparing popu-
lation and physical time series, to ask, 'To what degree are
population trends and physical trends related in time and space?!
and thereby, through statistical inference, get some appreciation
for the role of physics in natural population biology. Of course
lack of correlation could mean that the wrong physical parameters
have been measured, or the wrong scales are being compared, or it
could also mean that the state of the populations in question Is
chiefly influenced by biological rather than physical processes,.
Since this is the issue to be resolved, it is important that
seriocus attention be paid to the choice of properties to be mea-
sured and the time-space scales on which to measure them. There
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are additional reasons for wishing toc know the degree to which
physical changes affect populaticns or communities. Such changes
may perturb the organization of the biclogical system in such a way
that diversity may be enhanced or even induce a new set of domi-
nance retationships between populations (Holling, 1973).

Populations of marine organisms generally have spatially extensive
ranges, but within these there are large varijations in abundance
in localized areas or patches {Haury et al., 1978). Locally there
may be rapid growth, declines or even extinctions. While what
happens at these individual tocales may be interesting, it is not
necessarily indicative of what is happening to the entire popula-
tion on the larger scale. One can therefore be misled in attempt-
ing to compare the results of a local {and often short-term) set
of measurements to a larger-scale phenomenon such as El Nifio.
Therefore even to describe population variability on something
near the '"correct' scales, one should have a large, space-averaged,
time series of measurements to account for the problem introduced
by patchiness where such patches may be out of phase with one
another, Such a series is essential if the amplitude of the popu-
lation event is to be measured. This is generally expressed as a
departure from, or an "ancmaly" of, the long-term mean. Further
the frequency of the anomalies should be estimated if we wish to
compare them to environrmental or climatic events which themselves
have characteristic frequencies and amplitudes. Both of these
cbjectives require temporally extensive sets of measurements.

Biologists seldom have such measurement programs or data available.
The large-scale population estimates from commercial fisheries
catches can be and have been used in this way (Cushing, 1982), but
the results are always equivocal because the response of fish
poputations to disturbances or perturbations is slow due to their
long generation times and because man's interference, i.e. the
catch itself, is frequently a large, added source of mortality
that may obscure natural processes, Of the few appropriate time
series programs, the California Cooperative Fisharijes lnvestiga-
tions in the California Current has provided a data set whichk can
be used for the study of the effects of the 1983 El Nifio on the
plankton of the Pacific coast of North America.

This time series of zeoplankton, temperature, salinity and oxygen
began in 1949 and covered a large spatial domain at monthly inter-
vals until 1961, at which time the sampling frequency was reduced
to gquarterly intervals. |In 1969 the plan reverted to one of semi-
monthly coverage, but enly every third year (fig. 1). |In spite of
the changes in sampling frequency {due mainly to financial con-
straints), the program has provided a time series for the study of
low-frequency biological events, as indicated by macrozooplankton,
and physical events as indicated by temperature, salinity and the
parameters that can be derived from them.

The data have been analyzed in this way (Bernal, 1979; Chelton,

1981; Bernai and McGowan, 1981; Chelton et al., 1982), and it is
evident that there are large-scale, low-frequency biclogical and
physical variations which are spatially coherent over the entire

167



e CALCOF |
. POOLED AREAS
1949 - 1969
fi-AVE [ tows/month )

é * \
= EZARAN 1
= Jim ) 1) -

i
1955 1860 1965 -G70 1975 1980 1985 -+

[ T
= i

Figure 1. The California Cooperative Fisheries Investigations'
sampling scheme showing the most frequently sampled stations in
the four major subdivisions of the area. The Southern California
bight is within Area |1 and the circled station positions on line
90 are those used in this study. The inset shows the number of
months in a year that measurements were made at these stations
from 1951 to 1984,

current system. These biological and physical ancmalies from the
tong-term mean are highly intercorrelated in the low-frequency

part of the spectrum. Further, the spectrum appears to be very

red, that is, the low-frequency variability {and variance) is large
{Bernal, 1979). One of the outstanding features of this time series
is the very large anomalies in all properties from mid-1957 through
1959: the "years of warming" which coincided with a major equa-
torial EV Nifo {(fig. 2).

The salient features of that event in Califarnia were: a signifi-
cant rise in sea level, anomalously high SST over large areas, a
depression of the thermocline, a vast reduction in macrozooplankton
abundance and, nearshore, the widespread occurrence of some nekton,
normally found well to the south, off central Mexica {viz., Red
Crabs, Pleuroncodes planipus) (Sette and isaacs, 1960).
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Figure 2. Low-freguency, nonseascnal departures from the long-term
(1950-1980) mean of temperature, salinity, zooplankton biomass
and southward transport, over areas |, li, ill, and IV, from
Chelton, Bernal and McGowan (1982). The dashed line is zooptank-
ton biomass (a) repeated. The graphs show that anomalously warm,
high-salinity water was present during the 19581959 E1 Nifo.
There was also greatly decreased southward transport and
during this time there was much smaller zooplankton bicmass.

In the autumn of 1982 it was evident that monthly mean sea level at
$an Diego had increased significantly above the long-term mean
(Fig. 3), that there were '"blobs' of water offshore where $5T was
well above the long-term mean (fig. 4) and there was a very large
El Nifio developing along the equator. Ia the next few months,

sea level continued to increase, the blobs began coalescing into
larger blobs (fig. 5), the equatorial E! Nifio intensified and
pelagic ''red crabs," tuna, marlin and other warm-water fish,
normally found far to the south, began appearing nearshore off
southern California. In spite of all of these early warnings
which so resembled the 1957-59 California E} Nifio, it wasn't until
March of 1983 that we managed to schedule a ship, cbtain funds and
recruit belp to study the rapidly developing event.
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Qur tactics were to make a2 series of measurements on a line of
stations which had been very frequently cccupied during the previ-
ous 30 years {line 90, station 90.28 to 90.65, fig. 1). We mea-
sured the same properties (T, $, 0;, macrozooplankton}, in the same
way as in the time series but added a suite of nutrients {NOa, NO,,
POy, Si03}, chlerophyll a, and 'phaeophytin'' to the routine.,

Other additional measurements such as net phytoplankton were also
done on some stations.

However, the question arises as to the degree to which measurements
taken at these nine locales are representative of the larger system.
The mean zooplankton volume (all months, n=140) from stations 90.28
through 90.65 (n=9) is 191.2 m1/1000 m?, while that of Area |1
(fig. 1} is 205.9 (n=140, mean stations per month, n=47}. The
carrelation coefficient, 0.86, is highly significant {“:g. &),
Thus, in this case, the mean zooplankton abundance on line 90
(stas. 90,28 through 90.65) and the month-to-manth variations in
that mean are good indices of zooplankton variability throughout
the Southern California "Bight'' (Area I1). No such comparisons
have been done for the other properties, but there are good reasons
to assume that variables such as T, 5, and nutricline depth are
much more spatially coherent {i.e. less patchy} than zooplankton
and therefore that our line 90 data are representative of a larger
area. Ten-meter temperature anomalies from the mean on line S0
stations seem very similar in amplitude and frequency (by visualb
inspection) to those of the bight (Area L1} in general (CalCOFI
Atlas No. 1, 1963; Chelton et al., 1382).

There have been 16 patterned CalfOF! cruises on which water column

chlorophyll and nutrients have been measured as a matter of routine
on line 30, These are too few to ''establish' a long-term mean from
which creditable anomalies may be derived analyzed and compared to
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Figure 4.

S5ea surface temperaz-
ture anomalies {in °F) for 16
to 31 Oct, 1982 showing
patches or blobs of anoma-
lously warm (by 2°F) surface

water, both nearshore and
offshore.

Figure 5, Sea surface tempera-
ture anomalies for the second
half of Jan. 1983, three
menths after Fig. 4. Much of
the Califernia Current sur-
face water is now anomalously
warm by 2°F, and nearshore in
the south and north +4° or
even +6° anomalies were
present,

those of other properties.

However, since these are the only back-

ground, non~-El Nifio data available, they will serve as the "histor-
ical'" basis for chlorophyl! and nutrient averages to which our El

Nifio data is compared.

We do not, of course, know, nor can we now

determine the degree to which variations in integrated water column
chlorophyl1 concentration or nutrient patterns, as measured on line

90, are indicative of the rest of the bight.

There are strong

reasons to believe, from remcte-sensing studies, that in normal
years part of this area has generally lower ''surface' chlorophyll
concentrations than more aoffshore areas, but the entire southern
California sector of the California Curreant is quite heterogeneous
and on a broad spectrum of scales (Pelfez-Hudlet, 1984},

The following is a summary description of events in the California
Current during the spring, fall and early winter of 1983 as deter-

mined by data collected at anine stations on CalCOFI

Tine 90, It is

rot the full story of the present El Nifo because at the time of
writing the bio-physical system has not yet returned to its "nmormal’
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Figure 6. The mean monthly biomass from statiens 90.28 through
90.65 (n=9) from the years 1950 through 1983 as a function of the
mean manthly biomass of Area 1| (as shown in Fig. 1). The regres-
sion tine departs significantly from a slope af zero. Units on
axes are natural logarithms of the biomass in ml/1000 md.

state. A more complete description including a retaxation phase is
necessary before an analysis of this great natural ecological exper-
iment can yield substantial insight into how a perturbation of this
kind affects the state of the biological system and how, and if the
system returns to its former state,

Findings

By early March of 1983 sea surface temperature (85T) in the South-
ern California bight was systematically well above the long-term
saasonal mean, especially nearshore (fig. 7}. But this warming was
even more spectacular in the subsurface waters where anomalies of
4°C occurred at depths of 50 m or more (fig. 7). The normal ther-
mocl ine was depressed, and the nearshore {but not offshore) T-§
curves departed very much from normal (fig. 8). By late March the
thermoc) ine was depressed along the entire section from the ceast
seaward 300 km (and no doubt farther) with 4°C anonalies at 7om
offshore, a core of water 8 to 10 standard deviations above the
mean at depths of more than 100 m (fig. 9). By now the T-§ curves
departed from normal almost everywhere, and it seemed evident that
the area was flooded with & large intrusion of anomalousty warm but
anomalously fresh water, i,e., there were significant negative
salinity anomalies both offshore and nearshore (fig. 10}. Simpson
{1984) has attributed these changes in structure to a displacement
shoreward of low-salinity water masses more typically found 600 km
or so offshore. While this does explain the deepened thermocline
and negative salinity anomaly, this offshore water is thought to
originate from the Subarctic or Transition Zone (Sverdrup et al.,
1942; Dodimead et al., 1963; Reid et al., 1958). |f so, then those
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Figure 7. Feb.-Mar. 1983 temperature section and anomalies from
the 30~-yr mean for the season, The thermocline, especially near-
shore, is much deeper than normal,
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Figure 8. Nearshore (90.37} and offshore (90.60} T-S diagrams from
Feb.-Mar. data as compared to the historical (30-yr) mean.

areas must have been anomalously warm as well. This strongly im—
plies that Ef Nifio '83~ is very different from £l Nific '57-'59,
because during that event both temperatures and salinities were
anomalously high (fig. 2).

Although these physical changes were very clear and large, the bio-
logical response, at this time, was quite modest. The departures
from the historical norms in the shape and depth of the nutricline,
chlerophyll and phaesphytin maxima were not great and prabably not
significant. The spring nutricline normaltly {s at depths of about
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50 m in the offshore sector and tilts upward to depths of less than
20 m very nearshore. But in March-April 1983 it had deepened con-
siderably (>80 m) offshore while still retaining an onshore upward
stope (fig. 11)., In spite of this structural change, plant abun-
dance was not greatly altered.

spring chlorophyll in the upper layers (<30 m} is normally high
very near the coast and there is a strong secondary affshore maxi-
mum (fig. 12 and Peldez-Hudlet, 1984). In March-April of 1983 the
nearshore pattern was normal, but offshore (>90 km) the offshore
maximum had all but disappeared.

The long-term {1949-1984) series of macrozocplankton data from 1ine
90 shows that a clear seasonal increase does not begin until April
but is quite strong by May {fig. 13). Presumably such a "bloom'* of
macrozooplankton {>500 um) would depend on the primary productivity
of the previous few months. Zooplankton biomass for 1983 was well
below the long-term monthly means for the area and significantly
less than the long-term monthly medians (fig. 13). While the non-
seasonal anomalies were negative, they were not the lowest values
recorded for the spring months.

Thus although the spring physical signals were strongly indicative
of rather large changes which appeared to be due to intrusions of
structurally different water masses, the biological response, while
evident, was not great. This, however, changed dramatically by
late summer.

By August 1983 there was a very strong biological signal. The
nutricline was quite deep everywhere and sloped downward from a
depth of 75 m nearshore in a very unusual pattern as compared to
that of previous vears {(fig. 14}. The spatial patterns and charac-
teristic large-scale features of plant biomass were very different
from those of the more normal years, The expected summer pattern,
based on about 20 spatially extensive sampling grids (CalCOFI
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cruises) and an extensive satellite, remote-sensing study (Peldez-
Hudlet, 1984; Guan et al., 1985}, is the presence of a narrow band
very nearshore, high in surface chlorophyll, typically about 1 to

2 mg/m?® and 10 to 15 km in width, a second zone about 100 km wide
with low surface values of about 0.25 to 0.5 mg/m? and then a broad
offshore maximum about 100 km wide with surface values similar to
those of the parrow, coastal strip. Beneath this coastal, surface
feature is a wider, subsurface maximum. The broad offshore surface
feature has a subsurface secondary maximum. Both the surface and
subsurface maxima are spatially separated by an oligotrophic zone
(fig. 15), During the summer of 1983 this picture was greatly
altered. Surface values of chlorophyll were very low everywhere
(<0.16 mg/m®) on line 90, but the subsurface maximun persisted.
This maximum, however, was deeper than normal and coincided with
the top of the nutricline. Judging from our monthly series cf mea-
surements, this transition from the early spring {March) situation
to that of midsummer {August} was not gradual but happened rather
suddenty sometime in July. Thus the broad offshore band that occu-
pies most of the photic zone and is so evident in both maps and
satellite pictures from normal years disappeared in the summer of
1983 and was replaced by a deep, subsurface maximum that extended
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over most of the section, This situation persisted until (at
least) December 1983 (fig. 16). This biolobical "response' lagged
far behind the original physical signals but developed rapidly once
some critical point was reached.

By midsummer the macrozooplankton biomass was greatly reduced.
There was a depression of the normal summer bloom (fig. 13} and the
affshore maximum (Bernal and McGowan, 1982), that coincides so well
with the offshare chlorophyl! high, was totally missing (fig. 17).

By late summer the pycnocline and nutricline depth, gradient and
slope became "'stuck'' {n the August position, and the chlorophyll
and zooplankton patterns followed suit. There were very few
changes in any of these properties for the next four months, a
season when we normally expect a shift to winter conditions.

Discussion

This is & brief account of the anset of E1 Niflo in the Seuthern
Lalifornia bight as observed from a single, rather short, line of
stations. Although we have evidence that variations in properties
measured at these stations are representative of a much larger
area, the lack of greater spatial coverage is clearly a disadvan-
tage. We do not, of course, have much evidence for the coherence
of our line 90 data with the California Current north of Pt.
Conception ar south of Pta. Pescanso, Baja California. But it is
clear from a large number of sources that this E1 Nific was wide-
spread along the entire Pacific coast of North America, that it
had a very large spatial component.

Beginning In January of 198L seven spatially extensive CalCOF|

cruises (SI10 Refs, B4-1B, B8L-23, 84-25, 84-30, 19B4; SI0 Ref. B5-1,
1985) were done, and in 1985 a new quarterly time series on lines
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gure 13. The long-term (1950-1984) seasonal abundance of macro-
zooplankton averaged over line 90 (90.25 to 90.65) in m1/1000 m?.
Each point represents the mean of five to nine stations on line
90 in a particular year, The solid line connects the monthly
medians (open circles). The dashed line connects the monthly
means (open triangles). Arrows point to the overall median (132)
and mean (186). The 1983 and 1984 data are marked by squares.
Vertical bars show the 95% confidence limits of the median.

77, 80, 83, 87, 90, and 93 was begun. These cruises should provide

th
a

to
se

e data necessary to describe the relaxation phase of El Niffo and
return to normal conditions in the California Current. Taken
gether with the 1983 results, described here, we should have a
t of data and samples which will allow an analysis of the effects
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of a major perturbation on a large, complex but well known {or at
least well measured) pelagic ecosystem. Episodic ''perturbations"
are thought to be one of the main organizing forces for ecasystems
(Holiing, 1973; May, 1976; Paine and Levin, 1981), but there is
very little observational information on this subject or even spec-
ulation on the magnitude and direction of perturbation necessary to
cause a reorganization or reorientation of the system, The 1984
and 1985 data have not as yet been analyzed to the degree necessary
for use in such a study but should be helpful in testing these
theoretical expectations.

The main attributes of E1 Nifo 1983 were a pronounced deepening of
the thermocline, the timing of which differed inshore and offshore,
accompanied by {or preceded by) a significant warming of the mixed
tayer. While it is tempting to attribute this to an intensifica-
tion of water transport from the scuth, the presence of water of
anomalously low salinity throughout our section, and presumably the
entire bight, argues against this, Simpson (1984) has suggested
that this relatively fresh water nearshore indicates an onshore
intrusion of the offshore California Current low-salinity "core."
One might have expected to see the larger nutrient loads and plant
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and animal biomass normally associated with such water {Bernal and
McGowan, 1981; Chelton et al., 1982). However, this did not occur;
instead, all nutrient concentrations were extremely low in the
euphotic zone, the plant biomass was spatially redistributed and
zooplankton biomass reached record lows for the 30-year history of
measurement. !f intrusions, tramsport and/or advection of waters
normally found well to the south or west was responsible for these
changes, then their flora and fauna, especially their plankton,
should give us some hint of this, since southern water and western
water do differ in species list and relative abundances. |If, on
the other hand, the west coast £l Nifio was primarily an in situ
phenomencn (i.e. local heat exchange problem), then we should
expect little or no change in the planktenic biota. The local
indigenous species may have decreased, increased, changed domi-
nance structure or undergone other in situ changes due entirely to
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because of the great mobility and relatively sophisticated
behavior of these and other nekton.

Since Sector Il of the California Current normally has a mixed
fauna with northern, southern and western species present, the
determination of an intrusion by use of indicator species will
depend on our ability to detect a significant change in proper-
tions. Although this may be difficult, it is an important point.
The issues are twofold: whether or not there was an intrusion,
and whether the disturbance or perturbation forced a change in
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local biological 'state variables' (Holling, 1973) or merely repre-
sents a shift in biogeographical species boundaries that might
accompany an intrusicn.
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Response of the Zooplankton and
Ichthyoplankton Off Oregon to the
El Nino Event of 1983

Charles B. Miller, Harold P. Batchelder,
Richard D. Brodeur, and William G. Pearcy
Oregon State University

Well before our first observations in April 1983, a thick
lens of warmer than usual water lay over the Oregon shelf and
slope out more than 100 nautical miles. This was a northern
manifestation of the El Nino of 1982-1983, as reported in this
volume generally. In response to the cvent we undertook some
zooplankton sampling from a 35 foot boat at a traditional set of
stations: 1, 3, 5, and 10 nautical miles from shore at Newport. We
did CTD lowerings, 5-depth chlarophyl! casts, and twe net tows.
Tows were oblique from near the bottom to the surface at each
station with 1) 2 l/4 m square net of 207 um mesh, and 2 a 70 cn
ring net of 333 um mesh.

While there were some upwelling-favorable wiunds during 1983,
they did not dig through the lens of warm water, except for a
single event in mid-August. Typical summer sea surface
temperatures in this most inshore zone of f Oregon are 7 to 110C,
and {sotherms usually tilt sharply upward. In 1933 temperatures
were consistently above 12°C, and they went to almost 18°C in
July. Isotherms lay almost flat across the inner shelf throughout
the season, except in the brief August upwelling.

When theve is strong upwelling over the Oregon shelf, the
peak of chlorophyll concentration is located at the surface and is
displaced offshore of 10 km, the usual location of the "upwelling
front™. When it is not upwelling, there is usually a subsurface
chlorophyll maximum 2t 10 to 25 m depth extending right to shore.
In 1983 the non-upwelling pattern of chlorophyll distribution was
found throughout the summer, except for the few days in August
when some upwelling did cccur. On that occasion there was a
remarkably rapid shift of the plant pigment distribution to the
upwelling pattern.

Zooplankton of the Oregon shelf shift in a regular way with
the changing seascns. Californian forms appear in fall, carried
north by the Davidson Current, and they persist as the dominants
through the winter. They are repilaced by morthern species after
the spring transition to north winds and southward flow. Copepods
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dominate the assemblages of a1l seasons. The southern
representatives in usual order of importance are Ctenocalanus
vanus, Paracalanus parvus, several species of Clausocatanus, and a
long Jist of others. Northern species are Pseudocalanus sp.,
Acartia clausi, Acartia longitemis, and Centropages abdominalis.
Typically the winter species disappear altogether during the
summer.

During 1983 the overall demsity of zooplankton over the shelf
in spring and summer was low, about 30% of that in non-El Nino
years., Usual _water column averages for abundance of all copepods
are 107 to 10 per cubic meter. In 1983 they stayed close to the
lower figure. In April of 1983 at both inshore (l n.mi.} and
offshore stations (10 n.mi.} the fauna was dominated by southern
species. This is typical of all Aprils. By May we expect some
transition to northern species, but in May 1983 it did not happen
to any significant degree. In June there was a partial transition
to the usual summer fauna, but the winter species, particularly
Paracalanus parvus were still abundantly present, and they were
numerically dominant inshore. This scuthern species remained the
dominant form through July, but it shared prowlnence with another
southern form, Acartia tonsa. Acartia tonsa is carried into the
Oregon area in occcaslonal winters, and in some summers, Including
1983, it develops a large local stock. It had alse dome so in
1969, which was not a particularly warm year and had about average
upwelling intensity. Population density of Acartia tonsa was a
record high in 1983.

A more typical summer zooplankton dowinated by Pseudocalanus
sp. developed during August 1983 at the offshore end of the
transect. However, southern species continued to do very well at
the inshore stations with dominance by P. parvus and A. tonsa. In
addition there was an unusually great density of Noctiluca sp.
during August. This large, predatory dinoflagellate appears in
September and October of most years in small numbers, although
they can be an important faunal component in the coastal
estuaries. Our sampling ended in mid-September, when there were
huge numbers of Noctiluca sp. inshore, and the usual summer and
usual winter copepods shared dominance both inshore and offshore.
The prolonged persistence and recurring dominance of the
zooplankton by winter species through the whole summer and into
£all has not been seen before the El Nino yeat of 1983.

Qur coarse mesh samples were examined for euphausiids and
larval fish. There were many occurrences of Nyctiphanes simplex,
previously recorded no farther north than central California. Late
larval, juvenile, and adult stages all were present. The relative
abundance of Thysanoessa spinifera, the usual dominant, neritic
euphausiid off Oregon, was lower than in most years.

Richardson and Pearcy(1977, Fishery Bulletin 753: 125-145)
have shown that there are inshore (inside 15 to 20 nm) and
offshore (beyond 15 nm) groups among the fish larvae commonly
found over the Oregon shelf. In 1983 the larvae found inshore
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belonged predominantly to the usual offshore group. In
particular, there was very early and very heavy spawning of the
Northern Anchovy, Engraulis mordax. Its eggs and small larvae were
present in high numbers in April off Newpor:. Anchovy usually
spawn in mid-August, and the bulk of them spawn offshore in the
Columbia River plume. Almost certainly the warm conditions of
1983 triggered a much earlier spawning than is usual. Most
Inshore larval fish in most years ate species of the family
Osmeridae. Larvae of those species were virtually absent from
stations along our transect.
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Effects of the 1983 El Nifio on Coastal Nekton
Off Oregon and Washington

W. Pearcy, J. Fisher, R. Brodeur, and S. Johnson
Oregon State University

Introduction

The 1982-83 E} Nino event in the northeastern Pacific has been
assaciated with significant changes in sea temperatures, vertical
thermal structure, coastal currents and upwelling (this volume).
Such physical changes may affect the species composition, abundance
or availability of fishes and other nektomic animals in a variety
of ways: e.0.,

1) passive advection of water and animals and active migration
of nekton, resulting in changes in species composition;

2) changes in the vertical distribution of species in respense
to warm surface waters that result in low availability near
the surface, movement offshore into deeper water, or modi-
fied migration patterns;

3) decreased productivity or availability of prey, and concom-
ittant adverse effects on growth, reproduction or survival;
and

4} changes in inshore-offshore environmental gradients and
frontal structure that concentrate fishes in narrow Hands
where predation or competition may be intensified.

Such responses of nekton have been described off Peru during the
1982-83 £1 Nino event (Barber and Chavez, 1983). Similar effects
either occurred or were anticipated along the west coast of North
Bmerica. This paper evaluates passible effects of the recent El
Nine on distributions and abundances of fishes and cther nekton
along the coast of Oregon and Washington. OQur observations are
based on collections of unusual animals, systematic purse seining
and commercial Tandings.

Methods

Dur observations came from several sources. In early 1983, we
initiated "Fish Watch '83" to alert fishermen and residents along
the coast to the possible cccurrence of unusual animals in the
coastal ocean and to encourage the collection, preservation and
return of animals to university or state personnel. Publicity
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stimulated by this program, by the subsequent discoveries of rare
animals, and by the ET Nino event in general resulted in more re-
ports than in previeus years. The degrea that this public aware-
ness increased the number of reports, and hence biased our results,
is unknown. However the news media publicity on E1 Nino subsided
months after waning of the major physical effects, making 1984 4
better "control" year than 1981 or 1982.

Our purse seining for juvenile salmonids during the summer months
of 1979-1984 provided samples of nektonic animals in surface waters
of f Oregon and Washington. The purse seines were large (475-495
Tong} and fished to a depth of 30 to 55 m. Al} seines had 32-mm
{stretch} mesh. A summary of the number and location of the 843
round haui sets along inshore-offshore transects, from the 37-m
contour to 46 km offshore, is given in Table 1. Only June cruises
were completed off Oregon in 1979 and 1980, In subSequent years,
three or four cruises were made in different months (see Pearcy,
1984). Cruises extended from Cape Flattery off northern Washington
south to Yachats or Coos Bay, Oregon in 1982, 1983 and 1984. Al]
nekton were identified and samples were preserved for species veri-
fication and laboratory analyses.

Data on the comnercial landings were provided to the Oregon Depart-
ment of Fish and Wildlife and the Pacific Fishery Management Coun-
cil.

Table 1. Summary of sampling by cruise from 1979 to 1984. Number
of sets includes only quantitative, round hauls taken
within 56 km of the coast.

Latitudinal (°N)

Year Dates of Cruise Range Sampied Number of Sets
1979 June 18-29 46°20'-43°18" 49
1980 June 20-28 46°20'-44°30" 33
1981 May 16-25 46°35'-44°30" 63
June 9-19 46°35'-43°11" 67
July 9-19 46°35' -44°25" 71
August 8§-19 46°35'-43°11" 66
1982 May 19-dune 2 48°20'-44°00" 62
Jupe 7-22 47°20'-44°20" 56
Sept. 4-14 47°20'-44°20" 40
1983 May 16-27 43°20° -44°20" 57
June 9-27 48°20' -43°00" 58
Sept. 15-24 48°20'-43°28" 52
1984 June 6-20 48°20"'-43°23" 66
July 19-30 48°00'-44°00"' 40
Sept. 1-15 48°20'-44°00" 63

189



Results

Range extensions and rare species

Northern range extensions were reported by Fish Watch '83 for four
species of fishes (Table 2). None of these species was previously
known to occur nortn of California (Eschmeyer et al., 1983). The
finescale triggerfish and California lizardfish were reported even
farther to the north, to Willapa Bay and Puget Sound respectively,
after thay were collected in Oregon (Schroener and Fluharty, this
voiume}. MNot included in Table 2 are northern records of the
mollusk the sea hare (Aplysia californica) taken off the Yaquina
Bay jetty on Octogber 14 and 19, 1983.

Four other species are listed in Table 2 as "rare occurrences" off
Oregon. Although they have been reported in waters off or to the
north of Qregon in previous years, these fishes are usually un-
common north of California (Eschmeyer et al., 1983}.

some of these occurrences (i.e., larval and juvenile California
tonguefish, small California lizardfish and sea hare) were probably
advected to the north by the intensified California Countercurrent
{McLain, 1984; Huyer and Smith, in press) as pelagic eggs or lar-
vae. With the exception of the yeliowtail, none of these species
listed in Table 2 is noted for long, swift migrations, and most are
associated with the sea floor.

During 1983-84 about half of the animals reported to us were known
from the ocean off Oregon, though sometimes uncommon near the coast
(e.g., the brown cat shark Apristurus brunneus, smalleye squaretail
Tetragonurus cuvieri, white croaker Genycnemus lineatus). With the
exception of a pilotfish (Naucrates ductor) caught off Oregon dur-
ing the surmmer of 1984 (C. E. Bond, pers. comm.), there were no
reperts of rare fishes later than January 1984 despite the continu-
ing wide publicity that £1 Nino received in this year,

Purse seine catches

The rank order of abundances (ROA) of the 10 most common species in
the purse seine catches for June 1979-1984 (Table 3) shows some
interesting trends. Pacific mackerel (Scomber japonicus), followed
by jack mackerel {Trachurus symmetricus), were the two most abun-
dant species in 1983 and 1984. With the exception of 1982, when
jack mackerel ranked Sth, neither species ranked in the top ten
species caught during June of other years. Jack mackerel occurred
in low numbers during August 1981, June and September 1982, and May
and September 1983. Only two Pacific mackerel were captured, both
in June 1982, on the nine cruises before 1983, Pacific mackerel
were also common in May of 1983 when they ranked second in overall
abundance, and a few were caught in September 1983.

Other species showed marked changes in ROA, 1979-84. The rank of
spiny dogfish {Squalus acanthias) increased from ninth and tenth in
1979 and 1980 to third in 1983 and 1984. Loligo ogpalescens, the
market squid, on the other hand, ranked first in abundance in purse
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Table 3. Rank order of abundance of nekton in purse seine catches
during June cruises, 1979-1984.

1979 1980 1981 1982 1983 1984
LOLIGOD 1.OLIGO LOLIGOD LOLIGD PAC. MACK. PAC. MACK.
COHO SEBASTES SEBASTES COHO JACK MACK. JACK MACK.
SEBASTES HERRING COMO HAKE DOGF ISH DOGF ISH
HERRING COHO SABLEFISH DOGFISH 0] COHO
CHINQOK ANCHOVY DOGFISH HERRING ANCHOVY LOLIGO
WOLFEEL CHINOOK ANCHOYY CHINOOK LOL1IGOD CHINOOK
STEELHEAD SAURY CHINOOK CHUM HERRING HERRING
CHUM OSMERIDS KELP GREENLING JACK MACK. CHINOOK HAKE
DOGFISH STEELHEAD CHUM SEBASTES OSMERIDS ANCHOVY
QSMERIDS  DOGFISH STEELHEAD SOCKEYE SEBASTES SEBASTES

seine catches in 1979, 1980, 1981 and 1982, but dropped to sixth
and fifth in 1983 and 1984, respectively. Juvenile rockfishes
(Sebastes spp.) also decreased in ROA during this period. They
ranked second or third in 1979-81 and ninth or tenth in 1982-84.

The total numbers of several species caught in quantitative purse
seine sets from all cruises 1981-1984 are shown in Table 4. ({Note
that the total number of collections is not equal, and catch per
set was not estimated.) Pacific mackerel, the most common species
in 1983 and 1984, were caught in larger numbers in 1984 than 1983.
Jack mackerel were also more common in 1984 than 1983. The large
catches of these two species of mackerel in 1984 after return to
near-normal conditions are evidence for a shift in distribution of
some species that persisted after the 1983 EV Nino. Whether these
nektonic fishes returned to Oregon-Washingten waiers after retreat-
ing to the south in the winter of 1983-84 or whether they stayed 1n
waters off the Pacific Northwest is unknown. Squid fishermen off
Oregon reported many schools of fishes on echosounders in the
spring of 1983 that they believed were mackerel, suggesting that
mackerel may have resided here through the winter.

Pacific butterfish (Peprilus simillimus}, though not abundant, also
appeared to be more common in 1983-84 than 1981-82. The Pacific
sardine (Sardinops sagax) was caught twice, both in 1984. It was
once abundant off COreqon, but in recent ywars the sardine has only
been common from California southward.
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Tabie 4. (A} Total numbers of some species of fishes in purse
seine catches and (B) landings of some fishes in Oregon;

1981-1984.

1981 1882 1983 1984
A. Total Caught (No. Sets) (267) (158) {167) (169)
Pacific mackerel 0 i 11,037 18,427
Jack mackere!l 8 110 1,764 3,818
Pacific butterfish 4] 1 7 12
Pacific sardine 0 0 4] 5
Blue shark 14 4 9 9
Thresher shark 0 2 0 2
Ocean sunfish 3 5 7 13
Pacific saury 130 2 1194 240
Pacific whiting 155 1268 41 748

Juvenile Salmonids -

June only
Frequency of Occurrence (%) 69 75 48 75
Cohg - Catch per set 8.8 15.7 3.9 3.2
B. Oregon Landings (pounds)

Pacific bonito 0 0 1,462 0
Pacific and Jack mackere] 26 83 18,253 6,761
Skipjack tuna6 0 290 18 0
Albacore (x107) 7.2 1.9 3.4 l.6

We received reports that species normally found in warm, offshore
waters in the summer, such as the ocean sunfish (Mola mola), were
common in inshore waters during the summer of 1983 (Schoener and
Fluharty, this volume). We therefore expected these offshore spa-
cies to be more numerous in cur catches in the summer of 1983 in
absence of cool, upwelled waters along the coast. With the excep-
tion of Pacific saury (Cololabis saira) which was taken in large
numbers in 1983, such a trend was not apparent from our 1imited
purse seine catches of other species. (cean sunfish, thresher
shark (Alopias vulpinus) and blue shark {Prionace glauca) showed no
obvious increase in our catches in 1983,

Pacific whiting {Merluccius productus) were less common and oc-
curred less frequently in purse seine catches in 1983 than other
years. This species is commonly associated with waters at the edge
of the continental shelf but intrudes into shallower, nearshore
waters. It also migrates toward the surface at night. Warm sur-
face waters may have restricted its shallow-water incursions and
made them less available to our purse seining in the upper 50 m tn
1983 than other years.
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Purse seine catches of gelatinous zooplankton were moted in 1962
and 1983, Table 5 shows that the scyphomedusa Aureiia surita, the
salp Thetys vagina and the heteropod Caranaria japonica ocCcurred
more freguently in 1983 than 1982. Medusae such as Chrysaora
fuscesens and Aequorea victoria, on the other hand, occurred more
often in 1982 than 1983, Literally tons of these medusae were
caught in purse seine sets before 1983 when dense concentrations
occurred close to shore (Shenker, 1984).

Table 5, Comparison of purse seine catches of gelatinous macro-
zooplankton from 1982 and 1983. All data expressed as
percent frequency of cccurrence {J. Shenker, unpublished

data).
Species 1982 1983
{161 sets) {168 sets)
SCYPHOMEDUSAE
Aurelia aurita 6.2 22.6
Chrysacra fuscesens hi.4 30.3
Cyanea capillata/
Phacellophora camtschatica* 50.9 36.9
HYDROMEDUSAE
Aeguorea victoria 59.0 z26.1
Other (mostly Eutonina indicans
and Vellela vellela} 14.9 1.2
CTENOPHORA
Berove spp. and Pleurobrachia spp. 6.8 1.8
SALPIDAE
Salpa fusiformis 7.4 -
Thetys vagina --- 30.9
HETERQPODA
Caraparia japonica --- 8.9

*No distinction was mace between these two species in the field.

Commercial Yandings

Data from commercicl landings in Oregon also indicate distinct
changes in the relative abundance or availability of some species
(Table 4). No Pacific bonito {Sarda chiliensis) were reported in
the landings of 1981 and 1982, but 663 ky (1,482 pounds) were
landed in 1983. Mackerel, including both Pacific and jack mack-
erel, were much more numerous in 1983 than 1981 or 1982 landings.
Mackerel were &isg common in 1984 landings. Albacore [Thunnus
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alalunga) were not landed in large numbers in Uregon in 1983 de-
spite the warm water temperatures close to shore. High catches of
albacore are known to occur along the offshore boundaries of ther-
mal and color fronts or "edges” produced by coastal upwelling
{Laurs et &l., 1984). Because of the absence of cold upwelled
water, such fronts were thought to be poorly developed in 1983. A
few skipjack tuna (Euthymnus pelamis} were caught off Oregon in
1983. The larger landings in 1982 were presumably caught in wam
waters far south of Oregen (L. Hreha, pers. comm.).

(ne species of rockfish, Sebastes rufus, appeared to increase in
bottom trawl catches in 1983 compared to other years, This species
comprised 2.3% of the weight of rockfish caught in bottom trawls
from Cape Perpetua to Cape Blanco from April-December 1983 but was
not reported in the catches in either 1981 and 1982. During April-
July 1984 it comprised 0.1% of the catch compared to 3.0% for the
same period in 1983, suggesting that it was most common in the 1983
El Nino year.

Salmon

Juvenile salmon. Juvenile salmon were less cOommon in nearshore
waters off Oregon and Washington during the summer of 1983 then
previous summers. The frequency of occurrence ¢f juvenile salmon-
ids in purse seine catches was lower in June and September 1983
than any of the previous ten cruises, and the average catch per set
of juvenile coho salmon, the most abundant species in our catches,
was Tower during June 1983 than during June 1981 or 1982 from
Willapa Bay to Alsea Bay, but it was sligitly higher than the aver-
age catch per set in June 1984 {Table 4; Pearcy, 1984). The aver-
age catch per set in September 1983 was the lowest found for any
prior cruise, 1979-1982 (Table 5 in Pearcy, 1984).

Chung {1985) found higher purse seine catches of juvenile cohe
salmon farther inshore and to the north in June 1983, when upwell-
ing was weak and sea surface temperatures were elevated, than in
June 1982, when upwelling and of fshore Ekman transport were more
pronounced, Major differences in sea surface temperatures and
surface chlorophyll concentrations are illustrated for June 1982
and 1983 in Figure 1. North-south distributions of juvenile coho
in September 1982 resembled those of June 1983, 1In September 1983,
Catches were very low along the coasts of Oregon and Washington,
except for the northern-most stations off Cape Flattery, Washington
where large catches were made. Juvenile coho salmon occupied
waters that were several deyrees wamer in May and June of 1983
than 1982. The relationship between catch per set and temperature
was similar, however, in September 1982 and 1983 (Chung, 1985).

The lower catches of juvenile coho in 19583 than in 1979-82 could
reflect differences in numbers of smolts migrating to sea, or their
mortality or availability. Numbers of yearling coho smolts re-
leased by hatcheries in the Columbia River and along the Oregon
coast have remained fairly constant since 1979. Total smolts re-
leased in these regions (yearling plus age O) were about 15% lower
in 1983 than 1982 {Oregon Department of Fish and Wildlife, 1985),
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not nearly enough to explain the four-fold decrease 1n Juvenile
coho caught in 1983. The fact that 1983 catches of juvenile coho
were fiighest off southern Washington in June and northern Washing-
ton in September may be an indication of northward movement out of
our sampling area. Northward migrations of juvenile coho sdlmon
along the Oregon-Washington coast have been reporied based on re-
covery of tagged juvenile coho (Pearcy, 1984}. However, the number
of sexually precocious male coho salmon {jacks) returning to Lhe
Columbia River and coastal index streams during the fall of 1983
was the lowest on record since 1969. These trends indicate that
envirommental conditions associdted with the 1983 E1 Nino apparent-
iy caused poor survival of coho smolts in the ocean.
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Table 6. Growth rate estimates for marked jacks returning to the
Anadromous facility at Coos Say based on mean weights and
days at liberty.

Weight at Weight at

reledse recapture days at Growth
Year No. Jacks (9] {g) liberty 1g/day)
1980 126 33.1 6l0 152 3.7
1981 1335 36.6 730 132 5.3
1932 173 3l1.5 530 120 4.2
1983 157 44.1 350 106 2.9

How were ygrowth rates and body condition of juvenile salmon affect-
ed by the E1 Nino? We examined growth rates of juvenile coho by
three methods: o} average changes in lenglhs of age [ coho between
June and August or September {age-C was not used since ihey have a
more prolonyed periocd of release), b) differences between lengths
at time of capture and lengths ot pcean entrance (back-calculated
from scales) of marked fish collected 60 days or more after re-
lease, and ¢} increase in Jength between release and recovery of
Z-year old coho jacks returning to the private hatchery, Anadrom-
ous Inc. at Coos Bay. The first two methods did not reveal a dras-
tic difference in yrowth between 1983 and 1981-82. The average
yrowth rates for 1981, 1982 and 1983 were 1.2, 1.4 and 1.2 mm/day,
respeclively, from the average changes in lengths of age I coho,
and 0.9, 1.4 and 1.2 mu/d from marked fish. The averaye size and
growth rate of jacks returning to the Anadromous facility, however,
were appreciably lower ip 1983 than in 1980-1982 Table 6). Thus
1983 appeared to be a year of below average yrowth for these coho
Jacks.

Length-weight relationships calculated for juvenile coho salmon
were not significantly different in either slope (P»0.1) or the
intercept {P>0.5) between 1982 and 1983. The condition of survi-
vors caught off the ceoast did rot reflect adverse effects of El
Nino. Therefore, although survival of cohe smolts off Uregon ap-
parently was poor, the body condition and perhaps growth rates of
smoits surviving to be caught in cur purse seines were not abngr-
maily low.

Fullness of stomachs of juvenile coho salmon also indicated little
difference between 1983 and 1982 (Fig. 2, K-S test, P>0.05). The
composition of food of juvenile coho salmon was different between
these years however {Table 7). Larval northern anchovy were the
most common prey of coho smoits in 1983 but were not even a major
prey category in 1982. This agrees with thc observation that lar-
vae Of northern anchovy were much more numerous in inshore plankton
samples in 1983 than earlier years {(Brodeur et al., in press). The
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Figure 2. The weight of stomach contents expressed as a percentage
of body weight of juvenile coho salmon collected during June 1982
and June 1983.

euphausiid Nyctiphanes simplex, a southern species previousiy found
off central California only during warm years such as 1957-59 and
1977-78 (Brinton, 1981), was the most ccmmon euphausiid prey of
juvenile coho in 1983. Dungeness crab {Cancer magister) larvae and
megalopae were a major prey in 1982 but not in 1983.

Adult Saimon. The 1982-83 E1 Nino was associated with a disastrous
fishing season for salmon off Oregon, California and Washington.
The anomolous ocean conditions are believed to be responsibie for
increased ccean mortality of many salmen stocks and a marked de-
crease in the average size of adult salmen in 1983 (Pacific Fishery
Management Council, 1984).
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Table 7.

in 1982 and 1983,
1982

FISHES {LARVAE AND JUVENILES MOSTLY)
Ammodytes hexapterus {sand lance)
Hemilepidotus spinosus (red [rish jord)

Psettichthys melanostictus [sand sole)

Dsimeridae

Microgadus proximus | tomood)

Llupea harengus Facific herring)
Sebastes spp. \rockfishes)
Hexagramwigae |yreenlings and 1ing cod)

Isopsetta isolepis ybulter sole}

EUPHAUS1 [ DS

Thysanoessa spinifers

Euphausia pacifica

AMPHIPODS

Hyperoche medusarum
¥itrlia spp.

Parathemisto pacifica
Primng macropa

Atylus tridens \gammarid;

DECAPOD LARYAE

Cancer wagister (Dunyeness crab)
Pandalys jorgam (pink shrimp)

Pinnotheridae {pea crabs;

Rank order of abundance of major prey of juvenile salmon

1983

Engraylis mordax {nerthern anchovy)

Sebastes spp. (rockfishes)

-]

melanostictys

>

hexapterus

1. dsolepis

Paraphrys jordgan1 (Englisn sole)
Ronguilus jordani (northera ronguil)
H. spinoses

Lyopsietta exil1s {slender sole)

Nyctiphanes simplex
E. pacifica

Hyperoche medisarum
Hyperia medusarum
Phronima sedentaria

¥abilid spp.

Cancer oregonensis {rock crab)
Porcellanidae (porcellanid crabs)

Finnciheridae

Pugettia spp. {(kelp crabs)
Lrangon spy. {sand shrimp)

The average weights of coho salmon landed in 1983 in the Oregon
commercial troll and Columbia River gillnet fisheries were the
lowest on record since statistics are available in 1952 (Fig. 3).
The average weight of chinock caught in Oregonr by the commercial
troll fishery was also the lowest since 1952, Adult coho salmon
caught by Columbia River gillnets averaged only 3.0 kg, more than
1.0 kg below the 1957-82 average. For California and Oregon the
average size of the troll-caught coho was 28-46% below the 1971-75
average and the average chinook was 5 to 33% below the 1971-75
average (Pacific Fishery Management Council, 1984).

Coho and chinook salmon also exhibit poorer condition factors in
1983 than non-E1 Nino years. For example, the dressed weight of a
60 cm coho averaged 1.9 kg in 1983 and 2.4 kg in previous years,
Chinook salmen collected near the mouth of the Rogue River in 1983
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Figure 3. The average round weight of coha salmon landed in Oregon
by the commercial troll fishery {July-August) and Columbia River
gilinet fishery (Sept-Oct) from 1951-83. Average weight of
Columbia River fishery in 1951-56 includes some fish caught in
August.

weighed about 0.9 kg less than chinook of equal length sampled in
1974-76 (Johnson, 1984).

Because of large variations in the gonad weights of ccho salmon of
the same length categories, differences were not apparent between
size-specific gonad weights measured 1in 1983 and earlier years.
However, the average number of eggs per female cono salmon return-
ing to public hatcheries in (regon was 24-27% lower in 1983 than in
1978-82, largely because of the smaller size of returning females.
The average egg size of coho was also smaller at some hatcheries
than in past years {Johnson, 1984).

B predgictive index of the stock size of coho salmon in the ocean
south of Willapa Bay, Washington has been developed based on the
number of precocious 2-year o}d males {jacks) returning in the
previous year. As seen in Figure 4 this relationship has been a
fairly accurate prediction of the abundance of 3-year old coho
returning the following year. Mortality rates of year classes are
usually similar between the time of jack return, after the first
six months in the ocean, and the time of return of 3-year old
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returning to the Columbia River and streams of Oregon and Califgr-
nia and the catch and escapement of 3-year-old coho (Oregon
Production Index) 1977-83.

adults; hence adults return in a similar proportion to jacks in the
prior year. [In 1983, the prediction of the expected stock size was
1,553,600 (excluding private hatchery coho) based on return of
Jacks 1n 1982. The actual stock size was only 657,900 fish, 42% of
the estimate based on the jack predictor (Pacific Fishery Manage-
ment Council, 1984}. The 1983 E1 Nino presumably was responsible
for the unexpectedly high mortality of adult coho salmon during
their fipal year in the ocean. The 1983 harvest of coho salmon was
the lowest since 1961, and stream counts of coho on spawning
grounds in {regon were the lowest since surveys began in 1949
(Johnson, 1984).

The E1 Nino also affected the returns of many Oregon and California
chinook stocks {(Pacific Fishery Management Council, 1984). The
abundance of chinook stocks from southern Oregon streams and some
Columbia River stocks were far below predicted levels (Table 8).
The numbers of chinook salmon returning as 2-year old jacks were at
record lows in the Columbia River and Rogue River, predicting low
returns of 3-year old chinook in 1984. Stacks that migrate to the
north, such as coastal stocks north of E1k River and upriver fall
chinook in the Columbia, usually had lower adult mortality than
stocks having Jocalized or southern distributions and were appar-
ently less impacted by the El Nino conditions off Oregon and Wash-
ington (Pacific Fishery Management Council, 1984).

Conclusions

The 1982-83 E1 Ninc wes a major oceanographic event that had cbvi-
ous biglogical consequences. Off 0regon and Washington it was
correlated with a) occurrences of rare and unusual fishes from
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Table 8. Comparison of the abundance of adult chinook in 1983 with
the 1978-82 average for various Columbia River and Oregon
coastal stocks.

1978-82
Stock Abundance Index mean 1983 % Change

Rogue Spring Dam Count 29,841 7,688 -74%

Rogue Fall Seining CPUE 1.58 0.57 -64%

Umpqua Spring Dam Count 5,841 4,021 -37%

Elk River Hatchery and Wild 5,652 10,150 +30%

River Escapement
Columbia River QOcean catch and 849,000 479,000 -44%
Tule Fall escapement
Columbia River River catch and 78,100 83,200 +7%
Upriver Fall dam counts
Lower River River catch, dam 96,100 099,600 +4%,

Spring

counts « hatchery
returns

southern waters, b) changes in the relative abundances of animals
in purse seine collections, c) changes in the catches of some com-
mercial species, d) poor growth and survival of coho salmon during
their final summer in the ocean and €] low numbers and northerly

distributions of juvenile coho salimon.

The warm ocean conditions and reduced upwelling of nutriemt-rich,
cool water apparently had severe effects on the production or

availability of food, and hence growth of salmen that
coastal waters off Oregon, California and Washington.

gsided in

Interestingly, the catches of Pacific and jack mackerel in purse
seine sets off Oregon and Washington were higher in 1984 than 1983.
Catches of juvenile coho salmon were low in both 1983 and 1984 in

this reqion.

Positive temperature and sea-level anomalies persist-

ed from late 1982 into early 1984 off California (Nerton et al.,

this volume) and off Oregon (Huyer and Smith, in press).

By April

and May 1984, thermal and sea level properties seemed normal in
coastal waters (Huyer and Smith, loc. cit.).
tures during our purse seining cruises off Oregon were several
degrees cooler in June 1984 than June 1983.

Sea-surface tempera-

This trend for the distributions and abundances of large pelagic
animals to be affected beyond the subsidence of the physical mani-
festations of E1 Nino was also obvious for pelagic red crabs
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(Pleuroncodes planipes) off California. Pelagic red crabs were
found farthest to the north in the California Current in early
1960, following the 1957-58 E1 Nino, when massive strandings were
observed in Monterey Bay (Glynn, 1961; Longhurst, 1967). Pelagic
red crabs also moved north during the 1982-83 event, and again were
reported farthest north (Fort Bragg} in early 1985 (D. McLain,
pers. comm.). Such prolonged biolegical changes off California, as
well as the ones we observed off Oregon and Washington, may be
related to Tong-term changes in sea level and thermal structure in
coastal waters along the west coast of North America (McLain, 1984;
Norton et al., this volume), as well as to the transient E1 Nino
event itself,

Acknowledgments

Many persons contributed observations for this paper. We thank
them all, especially Larry Hreha and Jerry Lukas for data on Tand-
ings of mackerel, tuna and bonite; Jim Golden, Neil Richmond and
Betsy Hunt for data on rockfish landings; Ron Gowan for providing
data on the sizes of coho jacks returning to Anadromous facility in
Coos Bay; Bruce Mundy and Al Mirati for collection and reporting of
fishes; Bruce Mundy and Car] Bond for identification of fishes; and
to alt the fishermen who saved specimens of unusual animals.

References

Barber, R, T. and F. P. Chavez. 1983. Biological consequences of
El Nino. Science 222:1203-1210.

Brinton, E. 1981. Euphausiid distributions in the California
Current during the warm winter-spring of 1977-78, in the con-
text of a 1949-1966 time series. Cal. Coop. Oceanic Fish.
Inv. Rep. 22:135-154.

Brodeur, R, D., D. M. Gadomski, W. G. Pearcy, H. P. Batchelder and
C. B. Miller. in press. Abundance and distribution of ich-
thyoplankton in the upwelling zone off Oregon during anomalous
E1 Ninc conditions. Estuarine, Coastal and Shelf Science.

Chung, A. 1985. Relationships between oceanographic factors and
the distribution of juvenile coho salmon (Oncorhynchus
kisutch) off Oregon and Washington, 1982-83. M.S5. thesis,
Oregon State University, 116 p.

Eschmeyer, W. N., E. S. Herald and H. Hanmann., 1983. A Field
Guide to the Pacific Coast Fishes of North America from the
Gulf of Alaska to Baja California. Houghton Mifflin Co.,
Bouston, 336 p.

Glynn, P. W. 1961. The first recorded mass standing of pelagic
red crabs, Pleuroncodes planipes, at Monterey Bay, California,
since 1859, with notes on their biology. Calif. Fish and Game
47(1):97-101.

Huyer, A. and R. L. Smith. 1In press. The signature of E1 Nino off
Oregon, 1982-1983, J. Geophys. Res.

Johnson, S. L. 1984. The effects of the 1983 E1 Nino on Oregon's
coho and chinook saimon. Oregon Dept. Fish and Wildl. Infor-
mational Rep. 84-8, 40 p.

Laurs, R. M., P. . Fiedler and D. R. Muntgomery. 1984, Albacore
tuna catch distributions relative to envirommental features

203



observed from satellites. Deep-Sea Res, 31:1085-1099.

Longhurst, A. R. 1967. The pelagic phase of Pleuroncodes planipes
Stimpson (Crustacea, Galatheidae) in the California Current.
calif. Coop. Oceanic Fish. Inv. Rep. 11:142-154.

McLain, D. R. 1984, Coastal ocean warming in the Northeast Pacif-
ic, 1976-83. pp. 61-86, In W. Pearcy {ed.] The lnfluence of
Ocean Conditions on the Production of Salmenids in the North
Pacific. OQregon State University Sea Grant College Proyram
ORESU-W-B3-001.

Norton, J., D. McLain, D. Husby and R. Brainard. The 1982-83 EI
Nino event off Baja and Alta, California. (This volume).

Oregon Department of Fish and Wildlife. 1985, Ccha saimon plan
status report. 21 p.

Pacific Fishery Manayement Council. 1984. A review of the 1983
ocean salmon fisheries and status of stocks and management
yoals for the 1984 saimen season off the coasts of California,
Oregon, and Washington. Pac. Fish. Manag. Council.

Pearcy, W. G. 1984. Where do all the coho go?  The biology of
juvenile coho salmon off the coasts of Jregon and Washington,
pp. 50-60. In W. Pearcy {ed.) The Infiluence of Ocean Condi-
tions on the Production of Salmonids in the North Pacific,
Oregon State University Sea Grant Program ORESU-W-83-001.

Schoener, A. D. and D. Fluharty, Inter-Nino comparisons in the
marine ecosystem off Washington State, USA. (This volume).

Shenker, J. J. 1984. Scyphomedusae 1n surtace waters near the
Oregon coast, May-August, 1981, Esi. Coast Shelf Sci. 19:619-
632.

204



Effects of the 1982—-83 EI Nifno on
Reproduction of Six Species of
Seabirds in Oregon

Michael R. Graybill and Janet Hodder
University of Oregon

Anomalous oceancegraphic conditions developed off the coast of Oregon
during 1983 (Huyer, 1983; Reed, 1983; Fielder, 1984). Concurrently
the 1983 breeding season was an exceptionally poor one for at least
three of Oregon's nesting seabird species.

Nest abandenment by cormorants was widespread during the 1983 breed-
ing season. By 12 July 1983 a total nest abandonment had occurred

at two Brandt's Cormorant colonies at Cequille Point Rocks (43° 06' N},
where on 11 July 1979, 196 nests had been occupied (Pitman et al. in

press). At a calony north of Sea Lion Caves {449 07' N) by 17 July
1983 49% of the Brandt's Cormorant nests that were occupied on 24
June 1983 had been abandoned. Brandt's Cormorants do not fledge un-
ti1 around the second week of Rugust in Oregon (Scott, 1973), thus
our 0.58 chicks present/nest built (Table 1} for 17 July may over
represent actual fledging success, nevertheless this possible over
estimate is considerably Tower than Scott's (1973) figure of 1.56
chicks fledged/nest built, and indicates that on colanies where
birds did not abandon their nests completely, chick production by
Brandt's Cormorants was Tow in 1983.

Pelagic Cormorants were also not as successful in 1983 as in preyi-

ous years. At a colony south of Coos Bay (43° 19 N) the number
of nests constructed in 1983 was not significantly different from
previous years, but the percentage of successful nests was consid-
erably Tower {Table 1). Fledging success was also Tower in 1983.
Similar results were seen in 1984, although the number of nests in
which at Teast one chick fledged was not different from the 8 year
mean (Table 1}, but the number of chicks fledged/nest in 1984 was
considerably lower than the 8 year mean (Table 1).

Both reproductive success and adult survival of Common Murres were
reduced in 1983. Common Murre cclonies in the south of the state
had many fewer individuals present in 1983 than in 1979 (Table 2).
Colonies in the north of the state did not show this decrease.
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Table 2. Number of Common Murres on six colonies in Oregon
determined by aerial censuses, conducted by U.5. Fish
and Wildlife Service, Finley Wildlife Refuge, Corvallis,

Oregon.
Colony Tocation Number of Common Murres

1979° (date) 1973 (date)
45° 54' N 3750 (7/16) 4500 {7/3)
4% 451y 3200 {7/16) 2000 (7/3)
44° 40" N 3000 (7/16) 2769 (7/3)
43° 06" N 3500 (5/21) 800 (7/3)
429 40' N 6600 (7/11) 133 (7/3)
52° 03' N 1850 (7/11) 0 (7/3)

ddata from Pitman et al. {in press)

Mortality of Common Murre adults during the breeding season was sig-
nificantly higher than in the previous five years (Table 3). Chick
production was low; less than 1 chick/km was seen off Coos day on 12
July and 4 August 1983. 1In 1982 3.6 chicks/km were seen on 13 July
and 6.9 chicks/km on & August.

The reproductive success of Pigeon Guillemots and Western Gulls was
not significantly different in 1983 than in previous years (Table 1).

In the Coos estuary (43° 22° N} the clutch size of Pigeon Guillemots
was significantly Tower in 1983 than in 1982 but fledging success was
not significantly different (Table 1). We checked 30 Leach's Storm-

Petrel burrows at Hunters Island (42% 18' N) in mid August 1982 and
1983; 67% of the burrows were occupied in 1982 and 63% in 1983, sug-
gesting the anomalous ocean temperatures present during 1983 did not
adversely influence nesting.

In the northeastern Pacific reproduction in marine birds is strongly
tied to the oceanographic conditions that generate the plentiful food
resource prior to and during the breeding season. E1 Nifio episodes

in the eastern tropical Pacific result in decreased primary productivity
(Cowles et al., 1977; Barber and Chavez, 1983) and subsequent disrup-
tion of coastal food webs. Such a disruption during the unusual ccean-
ographic conditions off Oregon in 1983 could explain the iowered repro-
ductive success of Common Murres and Brandt's and Pelagic cormorants.
Common Murres and Brandt's Cormorants in Oregon feed primarily on fish
{Scatt, 1973; Ainley et al,, 1973 and Matthews, 1983}. Many of these
fish species are planktivores and as such are likely to be rapidly
affected by a decrease in primary productivity.
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Curing the breeding season Pigeon Guillemots feed on epibenthic fish
{Ainley and Sanger, 1979; Hodder and Graybill, unpub. data}, many of
which are detritivore feeders (Hart, 1973) and thus may not have been
so rapidly affected by a decrease in primary productivity.

The diverse feeding habits of Western Gulls {Hunt et al., 1979) allows
them to switch to alternative sources should one become unavailable

and this may account for their success in 1983. Two factors may have
contributed to the abiTity of Leach's Storm-Petrels to nest success-
fully in 1983; first they feed offshore in areas that are not ip-
fluenced by coastal upwelling (Ainley et al., 1974; Harris, 1974);

and secondly their embryos are able to tolerate considerable incubation
neglect (Wilbur, 1969).
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Biological Anomalies off
Washington in 1982-83
And other Major Nifio Periods

Amy Schoener
National Marine Fisheries Service

David L. Fluharty
University of Washington

Nino years off Washington are characterized by amomalously warm
waters extending to depths of several hundred meters and by high
stands of sea level. Such events can be expected to alter pro-
ductivity of the marine ecosystem and to influence the distributions
of marine organisms. It might be expected that all Nino occurrences
would have similar ecological effects, but lack of adequate time
series of data make it difficult to compare the consequences of
different events. We present here some observations from the three
most comspicuous Ninos of recent decades, those of 1982-83, 1957-58,
and 1940-41.

Our study is confined to the marine waters of Washington State,
While this region is not a distinct biogeographic entity, it sh081d
provide an adequate sample of conditions for the zone 45%°-50°%.
Data for the earlier Ninos are derived from published records. For
the 1982-83 event, observations came primarily from the fishing,
recreation, and scientific communities, Identifications of unusual
species were accepted only Jf confirmed by qualified scientists.
Details of observations are available (Fluharty, 1984),

While changes in oceanic conditions accompanying E1 Nino might
be expected to have a variety of biclogical consequences, the most
obvious are likely to be changes in distributions and abundances.
Such observations during the 1982-83 event will first be summarized,
after which comparable information from the earlier Ninos will be
discussed.

Distributional Changes Observed in 1982-83

Three kinds of distributional changes were seen, (1) range
extensions in which species were recorded for the first time, (2)
range zanomalies where organisms were found significantly beyond
their usual ranges, and (3} habitat anomalies where organisms were
faund shaliower (deeper) or closer inshore (offshore) than normal.
The observations discussed below are summarized in Fig. 1.
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Figure 1 Inter-Nino Comparison of Observations

Range extension

Range anomaly

Habitat anomaly

Change in abundance {(+ or -}

Om e

Specles 1940-41 1957-58 1982-83

INVERTEBRATES
Crasscstrea gigas
Facific oyster Ct

Emerita analoga
sand/mole crab E A A

Loligo opalescens
Pacific squid c+ C+ C+

Siliqua patula
Pacifie razor clam ct

Velella velella
by-the-wind-sailor C+ G+

FISH
Allogmerus elongatus
whitebait smelt H

Alopias vulpinus
thresher shark A

Balistes polylepis
finescale triggerfish E

Chilara taylorl
spotted cusk-eel E

Cololabis saira
Pacifiec saury C+

Coryphaena hippurus
common dolphinfish E

Cynoscion ngbilis
white seabass A A

Engraulls mordax
anchovy Cc-

Icostenus aenigmaticus
fantail ragfish H

Medialuna californiensis
hal fmoen E

ez



Speciles

Mola mola
ocean sunfish

Psychrolutes phrictus
blabk sculpin

Sarda chiliensis
Pacific bonito

Scomber japonicus
Pacific/chub mackeral

Seriola dorsalls
vellowtail

Sphyraena argentea
barracuda

Symphurus atricauda
California tonguefish

Synodus lucioceps
California lizardfish

Thunnus thynnus
bluefin tuna

REPTILES

1940-41 1557-58

c+

C+

Dermochelys ccrilacea/schlegelii

leatherback turtle

BIRDS
Fregata magnificens

magnificent frigatebird

Pelecos occldentalis
brown pelican

Thalasseus elegans
elegant tern

1982-83

C+

c+

Cc+

C+

Scurce: Based on review of literature by A. Schoener and observations
reported to the El Nino Task Force - Fluharty, 1584,
Commercial species (salmon, albacore) are discussed in text.
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@gqgg_extgﬂgicns
Fishes

a) Balistes polylepis. Fine-scale triggerfish were collected
from WiTTapa Bay, oOn wWashington's outer coast. The triggerfish
range is from lower California to Scuth America (Barnhart, 1936;
Miller and Lea, 1972), Isolated records occasionally place it at
San Clemente, California (Fitch, 1947) and San Pedro, California
{Walford, 1931}. We are not aware of any records north of the
California region until the present.

b) Chilara taylori. The spotted cusk-eel, generally found from
Baja California north to northern Oregon (Eschmeyer, et al. 1983),
was collected from Willapa Bay, Washington during 1983.

¢) Symphurus atricauda. The most northerly record of the Cali-
fornia tonguefish was Yaguina Bay, Oregon until 1983 when six were
captured near Grays Harbor, Washington. Another specimen was caught
in Samish Bay {(North Puget Sound) in 1984 (Dinnel, pers. comm.)

Birds

a) Thalasseus elegans. Elegant terns are considered regular
autumn visitors along the southern California coast, making
northward excursions from their breeding grounds in Mexico (Robbins,
et al. 1966}, They were observed in 1983 along the MWashington

‘coast.
Range anomalies
Invertebrates

a) Emerita analoga. Permanent colonies of the sand, or mole,
crab occar from Oreqon to Mexico and in Peru, Chile and Argentina
(Hart, 1982). This species was collected on the Washington coast
during the summer of 1983, and has been noted even farther north on
a few occasions during and following Nino years (Banner and
McKernan, 1943; Butler, 1959 and Hart, 1982).

Fishes

a) Synodus lucioceps. The California lizardfish is found fram
californTa to Mex3ico at moderate depths and is uncommon {Barnhart,
1936; Miller and Lea, 1972). In 1983, it was caught off Dash Point,
Puget Sound, Washington. Another specimen was caught near Seattle
in 1975 (Miller, pers., comm.).

b) Cynoscion nobilis. A white seabass was caught at Westport,
Washington in 1983, although it is uncommon north of Sanfrancisce,
california (Hart, 1973). 1t was noted at Willapa Harbor, Washington,
in 1958 (Washington State Department of Fisheries, 1958) . Two
specimens were caught in S.W. Washington waters in 1957 (Radovitch,
1961). Clemens and Wilby (1961) note its capture in British
Columbia, Canada, in the years 1892 and 1906.
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¢} Alopia volpinus, The thresher shark, a pelagic species of
warm temperafure” and subtropical seas, has occasicnally been
reported from more northerly latitudes {Hart, 1973). Among these
reports are Coos Bay, Oregon {Hubbs and Schultz, 1929) in 1926 and
British Columbia in 1937 (Clemens and Wilby, 1961). Two specimens
were caught off Westport, Washington in 1983.

d} Medialuna californiensis. The halfmoon was taken in Grays
Harbor in 1983 {Pearcy et al_, "this volume).

Birds

a) fregata magnificens. The magnificent frigatebird breeds on
islands aTeng the west coast of Mexico and ranges along the west
coast to northern California (Gabrielson and Jewett, 1970). It has
been noted as a rare straggler in Oregon  (Ibid.) in 1935. It was
observed at Westport, Washington during the summer of 1983.

Habitat anomalies
Fishes

a) Psychrolutes phrictus., The blcb sculpin is a rare species
generally found in very {B40-2800m} deep waters from the Bering Sea
to southern California (Eschmeyer et al., 1983). It was caught on
sport salmon troll gear in shallow water during the summer of 1983
off Westport, Washington. The specimen is archived at the College

of Ocean and Fishery Sciences, University of Washington,

b) Icostenus aenigmaticus. Generally considersd an oceanic
species, this fantail ragfish was caught in Hood Canal, a part of
Puget Sound, Washiagton during 1983. It is normally found in the
north and mid-Pacific (Eschmeyer et al. 1983),

¢) Allosmerus elongatus. The whitebait smelt is a coastal
specfes seldom caught 7n Puget Sound. 1t is found from Vancouver
Island, British Columbia, Canada, to Central California (Eschmeyer
et al. 1983). It was caught in Puget Sound during 1983.

Abundance Changes Observed in 1982-83

Unless a species is subject to pericdic sampling (e.g., in a
commercial fishery), fts variations in abundance are difficult to
verify gquantitatively. In the material that follows, some reports
are based on the subjective impressions of knowledgeable observers
while others came from annual censuses. Information available from
commercial fisheries will be discussed in a later section.

Invertebrates

a) Velella velella. velella, a siphonophore, occurred in 1arge
numbers 1n 1983 "and 1584, Washing up on beaches in the Strait of
Juan de Fuca, and northern Puget Sound, particularly near Port
Townsend, Historically, there have been many years in which this
species has beached in unusual numbers. Hubbs and Schultz (1929)
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report Jarge numbers of Velella from Oregon to British Columbia in
1929, LeBrasseur (1965)7 TTsts sighting at least a few Velella in
all but one year during the 1956-1964 period at Station P In the
northeast Pacific, Specimens in the University of Washington School
of Oceanography museum were obtained in 1934, 1956, 1957 and 1959
(D. Henry, pers. comm.), Favorite (1973) reports mass strandings in
1977, 1965 and 1970, The 1981 abundance on the Washington coast was
also unusually high (T. Schaeffer, pers. comm. ). wood (1975)
reports that the winter arrival of velella is received by
beachcombers as common and as indicative of beaching glass floats
and other debris.

b) Si]i%ua patula. The Pacific razor clam, underwent an appar-
ent massIve decrease on the Washington coast in 1983 {Simans, pers.
comm. ).

Fishes

a) Mola mola. The ocean sunfish was reported numerous times in
1983, MiTier and Lea (1972} consider this a species found in both
warm and temperate seas and mention records in British Columbia,
Canada. Hart {1973} includes the British Columbian and Alaskan
reports and adds that ocean sunfish are guite frequently observed
along the coast and in the outside inlets off British Columbia.
Hart also mentions two specimens caught from Puget Sound,
Washington. Ocean sunfish were reported in Puget Sound in 1919,
1959 and 1962 (Miller and Barton, 1980).

b} Scomber japonicus. The narthern kemisphere range of Pacific
chub mackerel is from Mexico te the Gulf of Alaska. It is sometimes
fairly abundant off the west coast of Vancouver Island (Hart, 1973;
Milier and Lea, 1973). Catches in 1983 indicate increased abundance
off the Washington coast and in Puget Sound., It was caught in Puget
Sound in 1919 and 1963 (Miller and Borton, 1989).

¢) Sarda chiliensis. The Pacific bonito appeared more abuncant
than uswal off Washington during 1983. In anomalously warm
waters, bonito may be numerous as far north as northern California
(Radovich, 1961), and occur northward to coastal Alaska. Pacific
bonito cccurs rarely in Puget Scund, Washington: One record reports
two caught near Seattle, Washington in 1962 and 1963 (Patten et al.
1955% and another notes catches in 1919 and 1972 (Miller and Borton,
1980) .

d) Cololabis saira. The Pacific saury is widely distributed in
the offshore waters of the Pacific, from the Southern Pacific
through the Gulf of Alaska, Commercia: fishermen reported Pacific
saury to be far more prevalent in stomach contents of salmon in 1983
than the normal pelagic food species like herring,

Reptiles

considere e the most widely distributed of all reptiles
(Pritchard, 1980). While leatherbacks nest in tropical areas, they

a) Dermochelys coriacea/schlegelii. The leatherback turtle is
to
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migrate to areas well outside the tropics and even to Alaska {Hudgg,
1979). Active turtles have been found in waters as cold as 11.7°C
in the Queen Charlotte IsTands {McAskie and Forrester, 1962).
Several sightings of this species were reportec in the summer of
18983 from the outer Washington coast. Leatherback turtles were ob-
served in Barkeley Sound, B.C., in 1958 (Radovich, 1961).

Birds

8) Pelecos occidentalis, The brown pelican s cometimes
ohserved along Washington's buter coast following the spring/summer
breeding season and makes rare appearances in the Strait of Juan de
Fuca {Angell and Balcomb, 1982). Brown pelicans were observed to
linger at various places in western Washington during the late fall
of 1982 (Kunn and Mattocks, 1983). 1In 1983, the brown pelican was
observed aleng coastal Washington from August through mid-November -
at times in numbers of up to 1,000. A total of 36 separate sight-
ings were verified for Washington State during 1983. 1In contrast,
during 1982, 20 separate sightings of pelicans were made, Sightings
for 1981 and 1980 were only four each year, with 20 to 50 birds
maximum per sighting. In 1979, five reported sightings of pelicans
involved only 30 birds {Mattocks, pers. comm.).

Comparison with Other Nifig Fvents

Using the criteria of anomalously high sea, surface temperature
and sea level, only the events of 1940-41, 1957-58, and 1982-83
affected coastal waters north of Oregon (R. Reed, pers. comm,) since
suitable data were availabie. Both physical and biclogical data are
more abundant for the later events. Enough exist for a crude com-
parison of biological changes in these three periods.

The principal ecosystem alterations that might he expected as a
result of E1 Nino are decreases im primary and secondary produc-
tivity, changes in distributions, and changes in abundances, repro-
duction, survival and growth rates. Unfortunately, there are no
systematic measurements of productivity off the Washington coast
that could be used for interannual comparisons.

Changes in distributions

Information on distributional changes is summarized in Fig. 1.
One of the mest consistent changes is the appearance of Emerita
analoga at subarctic Tatitudes (Hart, 1982). These have been col-
Tected on Washington beaches in 1941 and 1942 (Banner and McKernan,
1943) and on Vancouver Island in 1959 (Butler, 1953). Hart {1982)
cansiders these records to be a temporary result of northward drift
of the planktonic larvae. The adults persisted for several years
thereafter, Incursions have only been recorded for Washington
during the Nino periods under consideration.

In 1983, more than 10 species of fish mormally occurring off
California were observed off Washington. Some of the same species
were observed 1in both 1957-58 and 1982-83 (e.g., white seabass,
ocean sunfish). However, many of these seen in 1983 differed from
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those reported in previous Nino periods, It is noteworthy that
there were no reports of unusual sightings from the Washington coast
in 1940-41. Perhaps the Nino of those years had less impact there,
or reporting may have been less adeguate in these early war years,

Only for the 1982-83 Nino are reasonably adequate ornithologi-
cal reports available, so inter-Nino comparison fis not possible,
However, Radovich (1961} does refer to changes in migratory bird
species off California and on weather station P in the central Gulf
of Alaska in 1957-58, and it seems reasonable to suppose that sea
bird distributions will din the future be goed indicators of Nino
effects,

Leatherback turtles were reported off southwestern Washington
in 1983. Salman trollers who have operated there for many years
consider the presence of leatherbacks as very unusual although that
area is included in their range. Radovich {1961) reports
unconfirmed sightings of Chelonia mydas, green sea turtles, in 1957-
58 as far north as Nootka Sound. ~Without positive identification,
they may also have been leatherbacks.

Changes in_abundance

As noted earlier, information from commercial fisheries is of
some value for interannual comparisons of abundance. However, while
commercial fisheries sample target stocks periodically so that time
series of catches can be developed, the magnitude cof catch in any
year is affected by many factors in addition to abundance. Catch
per unit of effort is a better, although often misleading, estimator
of abundance; however, such data were not used in this study. Since
time did not permit an elaborate analysis of the fishery statistics,
we restricted our treatment to a simple examination of trends for
evidence of any obvious relation to E1 Nino.

Washington 1landing data were examined for the following
fisheries: squid, albacore, and five species of salmon (coho,
chinook, chum, pink, sockeye) (Figs. 2 and 3). Evidence for Nino
effects was as follows:

Squid: Catches are large during or shortly follewing Ninos,
while in other years the fishery is smal} or non-existent.

Alpacore: A slight increase in landings appears to follow the
1957-58 event, and values for 1983 were double these in 1982, but
the major feature in the record, the large increases in the 1970s,
are unrelated to the Nino events being compared.

Coho: While landings were low after each of the three events,
variability is large, and major declines occur in other periods.

Chinook: The pattern resembles that of coho except for 1940-41
where there was no apparent effect,

Chum: No relation to Ninc events is apparent.
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Fig. 2 Commercial Harvests of Squid and Albacore off Washington

Source: Squid
Sara Maupin, personal communication.

Source: Albacore
Data from 1937-1957 reported from Pacific Marine Fisheries
Commission files by Northwest Pulp and Paper Asscciation,
A Summary of Figheries Statistics of the Pacific Coast,
Toledo, Oregon, December 1959. 1958-1983 data are from
PMFC, Annual Report 1983, Portland 1984. (Compiled by
Brian Culver),

Pink: The major catches, in odd years, decline during the Nino
periods, but in each case the declines began in earlier years,

Sockeye: While maximum landings appear to be related to Ninag
pericds, the maxima are no greater than in other years,
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Fig., 3 Salmon Harvests Off Washington

Scurce: 1620-1976, International North Pacific Fisheries Commission,
Historical Catch Statistics for Salmon cf the North Pacific
Ocean, Bull,39, Vancouver, B.C. 1979. 1977-1%83: Pacific
Fishery Management Council, A Review of the 1983 Ocean Salmon
Fisheries and Status of Stock and Management Goals for the
1984 Salmon Season of the Coasts of California, Cregon and
Washington, March 1984.
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Condition Index for Oysters
Willapa Bay 1955-19884
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Fig. 4 Conditicn Index for Oysters Willapa Bay 1955-1984

Source: D. Tufts, perscnal communication.

Qther changes

One othar measure from Washington fisheries contributes to
interannual comparison of MNino effects. The condition index of
oysters at Stony Point and Nahcotta in Willapa Bay has been
monitored since the mid-1950s except for a brief interruption in
1978-82 (Fig. 4). The index value for oysters in both locations was
very low during and following the 1957-58 event. [n 1983, all-time
lows were recorded, The data for years preceding the most recent
Nino are lacking, but sources familiar with the oyster industry in
the region confirm that no decline in oyster conditions was noticed
prior to 1983,

While the case for ascribing a Nino-related cause to variation
in oyster condition index is at least plausible, the situation is
less clear for razor clams, Razor clam populations aleng the
Washington coast in June 1983 were estimated by the Washington
Department of Fisheries to total 20.2 million clams. 8y August, the
population had dropped to 6.4 million clams {Simons, pers. comm.).
Because of the drastic decline, fall 1983 and 1984 sport clamming
seasons were cancelled. In 1958, on the other hand, clam digying
was the best in a decade (Washington Department of Fisheries, 1958).

222



Discussion

Observations of anomalous occurrences, distributions, and abun-
dances of organisms off Washington in 1982-83 which occupy the bulk
of this paper, while interesting, are insufficient to answer man y
questions about Nino effects at mid and higher latitudes, Compari-
sons with other major events would help but are difficult to make
because time series of comparable data do net exist.

It is particularly unfortunate that productivity measurements
are so infreguent and occasional, because important harmful effects
of El Nino are oftem ascribed to reduction in the supply of
nutrients to the surface layer and a consequent redyction in
productivity. Reductions 1in growth and decreases in abundance
farther along in the food chain are them said to result. But the
productivity date do not exist to prove the point,

The most obvious effects of these grand environmental perturba-
tions are changes in distributions which can be detected without
quantitative data. For plankton and other drifting organisms,
transport by altered currents presumably brings about the observed
redistribution of southern fauna into more northern Tatitudes, and
of oceanic fauna into more coastal regions. Animals capable of
directed motion probably migrate in pursuit of favorable physical
conditions or preferred food.

Abundance effects are more obscure. Abundance is usuaily poor-
ly measured, even in commercial fisheries which have at least the
virtue of repeated sampling cver many years, But only in the case
of squid, a species presumably redistributed during Nino years, was
any clear Nino relationship apparent. For other commercial species,
the data and simple analysis used were insufficient to demonstrate
any such relationship. For species that are not harvested,
observations of abundance are Targely uncontrolled and anecdotal,
and nothing definitive can really be said about Nino effects off
Washington,
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Salmon Management in Response
To the 198283 El Nifno Event

Murray L. Hayes and Kenneth A. Henry
National Marine Fisheries Service

[ntroduction

Chincok salmon (Oncorhynchus tshawytscha) and coho salmon (O.kisutch}
are the target species in the ocean salmon fisheries of Washington,
Oregon, and California. Both species spawn in freshwater rivers

and streams, juveniles live and grow in freshwater habitats from a
few months to years, smolts then descend to the ocean where they
migrate widely and grow rapidly, and finally, adults return to their
stream of origin to epawn and begin a new cycile.

Ocean survival is quite variable and fisheries oceanographers have
not vet developed successful predictive models. This situation
results, in part, from our rudimentary understanding of the complex
time-area stock migratory patterns of Pacific salmon. Each separate
group of fish "runs different gauntlet" of envirommental conditions.
Yet salmon biologists are convinced that ocean environmental
conditions are the determinants of such variabie returns and seek
methods to factor environmental variables into their predictive
tools-

In 1983, salmon abundance and inshore escapements from the ocean
fisheries of Washington, Oregon, and California were below preseason
projections. In addition, returning salmon were smaller than
expected, showed unusual migratory patterns and were in poor condi=~
tion on the spawning grounds. These results have been interpreted
as manifestations of poor ocean survival and growth caused by an
adverse ocean environment resulting from the 1982-83 Nino event.
Using information on 1983 performance, the Salmon Pian Deveiopment
Team (SPDT)} adjusted abundance projections for 1984 to anticipate
Ninc effects. This paper describes the 1981 experience, adjustment
procedure for 1984, and provides some preliminary observations

on the success of the adjustment procedure.

Salmon Management

Sailmon management is a very complex process. The ocean salmon
fishery is managed by the Pacific Fishery Management Council with
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technical input from its Salmon Flan Development Team (SPDT).1/
While each species and freshwater habitat unit consitutes a s;barate
reproductive stock, the mixture of salmon in the ocean requires
practical stock units for management. Such management units are
defined to reflect the dominant species and freshwater habitat
units present in each specific fishing area during harvest. These
major ocean management units have been defined by careful analysis
of the many stock units that contribute to the harvest. 3 continu-
ing program of coded-wire tagging enables scientists to identify
the stock composition contributing to each fishery. Feor the ocean
salmon fishery areas off Washington, COregon, and California, these
units are shown in Figure 1:

Chinook Fisheries

South of Cape Viscaino — managed for California Central Valley fall
chinocok.

Cape Viecaino to Cape Blance = managed for California Kiamath River
fall chinock and some southern Oregon local stocks.

Cape Blanco to Cape Falcon - managed for Oregon coastal wild and hatchery
stocks.

North of Cape Falcon (numercus stock groups} - managed primarily for
Columbia River fal: chinock.

Coho Fisheries

North of Cape Falcon - managed for Washington coastal stocks

Oregon Production Index Area (OPI) - Columhia River area (Ledbetrer
Point to Cape Falcon} - managed for historical proportion of
0PI stock.

Scuth of Cape Falcon including California — managed for historical
proportion of OPI stocks

While the details of salmon management are very complex, the overall
concept is quite simple. Salmon stocks are managed to alliow escape-—
ment that will produce the optimum return to the fisgshery over the
long run. To accomplish this purpose, salmon managers analyze data
on catch and escapement from each vear's fishery to compare perform-
ance with plan and to produce estimates of the abundance of fish to
be expected in the following year. Once these projections are
developed, management opticns tec produce the escapement targets and
to allovate the aliowable cateh among user groups are develaoped.
Management options are selected that will meet or rebulld escape-
ments and that will allocate catch among user groups according to
patterns adopted by the Council. Following this annual rale making
process, the fishery proceeds and is monitored so that regqulations
can be adjusted to meet the plan.

1/ Salmon are managed under provisions of "Fishery Management Plan
for Commercial and Recreational Salmon Figsheries off the coasts of
Washington, Oregon, and California, commencing in 1978" together
with annual "Ocean Saimon Fisheries Reviews" and Plan Amendments.
This series of documents (or the latest iterations) is available
from the Pacfic Fishery Management Council, 526 5.W. Mill Street,
Portland, Oregon, 97201.
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The 1983 Salmon Fishery

In this section we shall discuss the 1983 ocean salmon fishery in the
context of performance versus plan during the 1982-83 El Nino event.
All data are taken from the reviews of the 1983 and 1984 ocean salmon
figheries by the Council's Salmon Plan Develcpment Team.
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Chinook Fisheries

South of Cape Viscaino = The stocks in this area are managed for
Central Valley fall chinook salmon. For management purposes, AN
abundance index for Central Valley chincok is computed as the total
of ocean landings south of Point Arena together with the combined
Central Valley adult chinock spawning escapements. The preseason
forecast for Central Valliey chinooks was projected to equal the
1982 abundance index of 756,000 fish. The 1983 abundance index was
350,000 fish or about 46% of the preseason estimate. The SPDT
concluded "that the amount of error in the 1983 abundance forecast
was due in large meamure to the unquantified impact of the 1983 El
Nino event on ocean natural mortality".

Cape Viscaino to Cape Bianco - The stocks in this fishery area are
managed primarily for Kiamath River fall chinook but include smalier
coastal stocks of the northern California=-scuthern Oregon coast,.
Ocean catches in this area come from mixed stocks and are not
considered good indicators of Klamath River chinook abundance.
Consequently the best indicator of stock condition is the in-river
ran s5ize which includes an Indian net harvest, recreational harvest,
and escapement to hatcheries and natural spawning areas. The
preseason abundance forecast was for an in-river run size of 70,100
compared to the 19283 ocean escapement of 57,200 fish. For this
fishery area the SPDT concluded "these declines are the apparent
result of E1 WNino conditions prevailing along the west coast in
1983".

Cape Biance to Cape Falcon - The stocks of chinook salmon in this
fishing area consist of a mixture of local fall and spring runs to
both hatchery and wild stocks. Most of the natural stocks from
this area are north migrating stocks and alsc centribute to ocean
fisheries off Washington, PBritish Ceolumbia, and Alaska so catch
data must be interpreted carefully. The preseason forecast for
chinook returns to area streams were projected to be similar to
recent years. Ocean troli and recreational catches in the fishing
area from Cape Blanco to Cape Falcon totaled 57,800 chinook or €3%
of the 1971-75 average-—-and this smaller harvest resulted with
increased fishing effort in 1983, ZEscapement counts to index
streams were lower than the 1980-82 experience but high water
conditicons in 1983 may have reduced the effectiveness of the surveys.
The SPDT concluded that "lcocal salmon stocks were depressed in
19283...El1 Ninoc conditions were probably responsible for these
decreased catches.”

North of Cape Falcon - Chinook harvests north of Cape Falcon are
composed of numerous stock groups but lower Columkia River fall
chinock predominate in this area. & chinook harvest guota of

114,000 fish was established for the 1983 troll season. Total season
landings for this ocean fishery area were 54,700 fish, or 48% of the
quota. For the recreationai fishery, a gquota of 88,000 chinook was
estabiished but harvests totaled only 51,700 fish, or 59% of the
queota. Abundance of the in-river run for lower Columbia River chinook
was 135,500 fish as compared te the preseason estimate of 283, 100
fish, or 48% of the preseason projection.
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Coho Fisheries

oregon Producticn Index area - This is the primary unit in

management of the ocean salmon fisheries off Oregon and north of the
Columbia River to Ledbetter Point (Willapa Bay). The OPI is simply
the combined number of adult ccho that can be accounted for within

the area south of Ledbetter Point, Washington. It includes 1) the
ccean sport and troll catches in the Columbia River area off Qregon
and Caljifornia, 2) Oregon coastal hatchery returns, 3} Columbia River
in-river gillnet catch, Bonneville Dam and Willamette counts, hatchery
returns to the Columbia River below Bonneviile Dam, and 4) California
hatchery returns. The OPI is judged to account for 90 to 25% of the
actual stock size. A preseason abundance predictor for the OPI Index
has been developed based on the number of two year old jack coho
(precocious males) returning to selected hatcheries the year preceding.
Based on the relationship using the 1977-82 database and the adjusted
jack count of 90,200 fish returning in 1982, the totai number of

three year oid adult cohe to be expected to return in the OPFI area in
1983 was predicted to be 1,553,600 fish. The actual or obhserved

stock size in 1983 was 663,000 fish or 43% of the preseascn prediction.
The SPDT concluded "This large-scale difference is primarily the
result of the extremely unfavorable ocean conditions brought on by

the El Nino off the west coast in 1983".

North of Cape Falcon - Coho stocks in this area are a complex mixture
of OPI area stocks, Washington coastal stocks, and stocks aoriginating
in the Strait of Juan de Fuca and Puget Sound. There are significant
fisheries inshore of the ocean fishery and management must allow
escapement from the ocean fisheries to provide for spawning egcapements,
Indian treaty obligations and inside fisheries. Preseason abundance
estimates for coho were made for each major area or river system. In
terms of percentage achievement of the preseason estimates postseason
estimates of returns were 40% in Willapa Bay, 55% in Grays Harbor,
29% to 150% for natural runs in certain Washington coastal riwvers,
and 80% in the Strait of Juan de Fuca and Puget Sound.

Management in 1984

Review of results of the 1983 ocean salmon fisheries and escapements
to the inside fisheries, hatcheries and spawning streams demonstrated
that, coastwide, salmon were smaller than average and abundance was
much less than preseason estimates. The SPDT concluded that oceanc-
graphic conditions associated with the El Nino were responsible for
these severe impacts on ocean salmon production. The SPDT did not
attempt to define the exact mechanism through which El Nino events
affect salmon production nor did they attempt to predict oceanographic
conditions for the upcoming season. Rather, the team considered the
results of the 1983 fishery to be an estimate of the El Nino impacts
and used that estimate to adjust their preseason estimates of stock
abundance for 1984, It is important to remember here that ali of

the adult salmon to return in 1984 were in the ocean in 1983 and
subjeect to the environmental conditions that affected the 1983
returns.
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Management in 1984

The run size forecasts employed by the SPOT are based on
observed relationships betwen adult production and resource indica-
tors specific to each managemment unit. For example, the OPT
estimates the abundance of adult coho from jack returns to defined
index areas the year before; Columbia River chinook abundance
forecasts are based upon relationships among in=river returns of
fizsh at different ages within a cohort; other predictors are based
Oon average return per spawner and a few incilude environmental
affects such a stream flow conditions. Basic to the adjustment
procedure is the aspumption that the predictive relationships used
are unbiagsed estimates derived from data collected under "normal®
environmental conditions. Consequently, they will overestimate run
sizes when ocean mortality exceeds the "average" such as that
observed during the 1983 El Wino.

The procedure employed by the SPDT to adjust the preseason expec-
tations for 1984 was to estimate the additional monthly stock
mortality due to El Nino (from 1983 experience) and apply this for
the period of time that El Ninc conditions continued after the time
at which stock predictors were measured. To determine this time,
SPDT used elevated sea surface temperature as the best availiable
indicator of El Wino affects. The team reviewed the available SsT
data and selected the period from May 1983 thru January 1984 as the
time during which El Rino would have had an adverse impact on salmon
stocks in the ocean.

A number of other assumptions were necessary to this analysis:

1. Run size estimates employed for regulaticn of the 1983 ocean
fisheries are unbiased and represent accurate expectations of
abundance under normal environmental conditions.

2. Deviations for predicted run sizes in 1983 are largely the result
of E1 Nino and reflect differential stock impacts.

3. Impacts are not age specific within a cohort subjected to El Wine
conditions.

4. El Nino increased the instantaneous rate of natural mortality by
a constant amount regardleas of time of the year.

5. The median times of river returns of coho and chinook jacks are
September 15 and September 1, respactively; the median times of
ocean entry of coho and chinook smolts are May 1 and June 1,
respectively.

Figure 2 shows the estimated extent of the impact of the 1982-83 E£]
Nino on different perioda of life history by brood year and species.
The procedure followed was to calculate an increased monthly mortal-
ity estimate based on the difference hetween predicted and actual
1983 run sizes. This monthly mortality figure (see {1) below) was
then applied to estimated 1984 run sizes for the number of months
{see {2) below) included in Figure 2 and presented in Table 1. The
specific adjustment procedure was:
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Adjustment Procedure

{1) E = in(postseason abundance estimate/preseason expectation)
t

where: E = instantaneous rate of increased monthly mortality
attributed to E1 ¥ino impacts

t = time in months that adults returning to rivers In
1983 were subjected to increased water temperature
after the time associated with parameters employed

in the 1983 preseason run size forecasts.

COHO FALL CHINOQK
Brood Year Brood Year
1880 1981 1980 1981 1982

Feb

R

Apr
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o~

un
Amf
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Feb NIND
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Oet

Y

Anticipated
resumption
' of normal
' acean
Adults Adults Jacks conditions
4-year 3-year
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1984
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Adults

FTTTEETTA
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TOTAL MONTHS
Brood subjected 165
to EL NINO ) 9 21 20 8

Figure 2.--Timing of elevated water temperatures associated with
the 1983 El Nino event relative to life history of
19B0-82 brocds of chinook and coho salmon.
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{2} Adjusted preseason = (expl{E x v)) x (unadjusted preseason
expectation) run size expection
where: v = time in months after the 19B4 preseason run size
forecasts were made during which adults returning
in 1984 are expected to be subject to increased
ocean water temperature.

Values for t and v used in the adjustment procedure are provided
below:

Ferecast type t v
Coho

OPI 10.7 4.5
Jack to terminal run 12.0 4.5
Average return/gpawner 16.5 9.0
Average return/release 16.5 9.0
Escapement/streamf Low 16.5 9.0
Fall chinock tz2.0 5.0

There has been considerable discussion and criticism of some of the
team's assumptions. Data has been presented indicating that temper-
atures may have returned to "normal" conditions before February 1984.
Also, the assumption that impacts are not age specific has raised
some concerns. Finally, even the team concedes that the impacts may
vary considerably from stock to stock.

Preliminary 1984 Data

We can now look at some of the preliminary data for the 1984 saimon
season to see how they fit in with the preseason expectations.

Size of salmon was a significant factor in the 1983 runs with fish
being exceptionally small. As seen in Table 2, it is apparent that
the coho salmon in 1984 are much larger than they were in 1983,

even larger than average, indicating good growing conditiens.
Chinock salmon in 1984 were somewhat below average size. This
condition, at least in part, was probably due to poor growth in 1983
and the consequent small size from last year carrying over into the
start of 1984. They still were larger than they were in 1983.

There also were other indicatijons that salmen abundance might be
greater in 1984 than expected. Early returns from thoge salmon

stocks with more northerly ocean migration patterns produced

relatively better returns than those with more southerly ocean
migrations. In the Celumbia River, improved runs of steelhead,

sockeye salmon and upriver chinooks soccourred whereas the runs of

lower river tule chinook again were poor in 1984. For ccho, early
indicators were that preseason run-size predictions would be reasonably
close to actual performance.

The May chinook fisheries off Washington reached their gquotas in
oniy a few days: a seven-day fishery for the trellers and only a
three-day fishery for recreational fishermen. California reported
a large number of coho shakers in their chinook only fishery and
requested that a coho fishery be permitted. California also
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Table. 2--Average weight {pounds dressed} of troll caught salmon
in 1984 compared with 1983 and 1971=75 average for

California.
Months 1971-75 Average 1983 1984
Chinook
May 2.2 6.7 7.6
June 10.7 7.2 8.8
July 10.4 7.6 B.4
August 11.3 8.2 8.6
Coho
May 4.5 - -
June 5.7 4.1 6.7
July 7.3 4.5 7.8
August B.8 4.8 6.7

presented correlation data that suggested that coho abundance would
be well above levels predicted for 1984, Also, the recreational
fishery south of Cape Palcon, Oregon, which began on July 9 off
Oregon, exceeded the coho quota of 106,000 by August 7. Finaily,
the July-August recreational fishery north of Cape Palcon reached
its coho quota of 43,000 in only 12 days, while the troll fishery
coho quota of 24,800 was exceeded by about 50% in only three days.
These high harvests caused coneiderable concern that the Ei Nino
adjustments had been unnecessary.

Tt was only after a complete compilation of catch and egcapement. data
that a more accurate assessment of the lingering impact of El Wino
on the 1984 saimon runs could be properily evaluated. Tabie 1 liats
the actual returns for 1984 comparison with the adjusted estimates.

The conclusions of the SPDT were that for Chinook stocks, lingering
effects of E1l Nino in 1981 seemed to have an inconsistent impact.
Some stocks returned at levels above expected run sizes, while
other stocks such as the Klamath River fall Chinook returned at
lower than anticipated abundance.

For coho salmon, the SPDT noted that El Nino appeared to effect
these stocks in a number of ways:

{1} Terminal run timing was highly unusual, (2) the size of coho in
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the catch moderated potential stock differential impacts=-Coho
of f California were almost twice as large in 1984 as in 1983
while coho off the entrance to the Strait of Juan de Fuca and
jate-run Columbia River stocks were unusually small, and (3}
abundance of resident components of Puget Sound production were
far lower than expected.

For OPI coho, the 1984 unadjusted, forecasted run size was 806,600.
The forecast, after an adjustment for Ei Nino, was 556,600.
Preliminary data indicates that the actuai size of the 1984 OPI
will be about 659,000 coho, at 18% below the unadjusted estimate
but alse 18% above the adjusted estimate.

The SPDT indicates there is lLittle data in which to guantify any
adjustments for negative El Nino impacts in Chinoock run returning
in 1985, but it is anticipated that El Nino will have little or
no effect on ccho runs returning in 1985.
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Interannual Shifting of the Subarctic
Boundary and Some of the Biotic Effects

On Juvenile Salmonids

John D. Fulton and R.]. LeBrasseur
Pacific Biological Station
Department of Fisheries and Oceans Canada

Introduction

Zoogeographic boundaries of regionally distinct species assemblages
have been described for the Oceanic Pacific by McGowan (1971,
1972). These unique regional pelagic fauna groupings are maintained
and preserved by physical mechanisms such as semi-enclosed gyres
which tend to conserve water mass characteristics, [n addition to
these established assemblages there are species or species groups
found "down-stream" from centers of stable populations which must
respond to more transient environmental states to maintain
themselves at their range boundaries. These groupings, in contrast
to those maintained within distinct water types, experience dynamic
and seemingly unpredictable fluctuations.

Extensive field programs in the 50s and 60s led to the definition of
smaller oceanographic subdivisions or "domains" within the Pacific
Subarctic water mass (Fig. 1) based on analysis of temperature,
salinity and oxygen measurements {Dodimead et a}. 1963; Favorite et
al. 1976). The Subarctic current system {Fig. 2) divides as it
crosses the North Pacific; one portion proceeds in an cyclonic
direction to form the Alaskan gyre; the other portion flows in a
anticyclonic direction to form the California current. Chelton
(1984) postulated that much of the observed interannual variability
of ocean climate in the Northeastern Pacific is related to the
relative proportions of northward and southward flowing water.
Wickett (1967) correlated the interannual variability of zooplankton
volumes in the California Current system from 1951 to 1960 with the
ineut of nutrients via the southerly component of Ekman transpert at
50°N, 140°W, 1200 miles "upstream”" in the previous year, He
estimated that fifty to sixty percent of the observed variance of
the annual concentration of zoaptankton of f California was due to
advection of nutrients,

Within the Pacific Subarctic water mass each domain can be
tharacterized by general biological features, In the Central
Subarctic domain for example, phytoplankton standing crops are
relatively Tow and phytoplankton production is believed to be
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Figure 2. Schematic diagram of surface currents in the Subart ic
Pacific region (from Favorite et al.1976).

controlled by zooplankton grazing (McAllister et al. 1960; Frost

1983); two relatively large herbivorous copepods (Neocalanus
Tumehrus and N. cristatus) make up 70-80% of the coarse mesh

E.ESB mm) zooplankton (LeBrasseur 1965 Miller et al. 1984) and

finally, the endemic commercially important carnivores in the system
are anadromous fishes (salmon) which enter the ocean at a relatively
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large size and change from plankivores to piscivores as they grow
(LeBrasseur 1972}, In contrast, in the California Current system
which is made up of varying proportions of water from the
transitional, Central Subarctic and Coastal domains, the
phytoplankton standing crop may be high and s not Timited by
grazing; many spectes of small copepods {e.q. Calanus spp.,
Mesocalanus spp., Paracalanus spp., Clausocalanus spp., Acartia
spp.) make up a relatively smaller portion of the zooplankton
biomass which is generally lower than in the Subarctic (Fleminger,
Issacs ang Wyllie 1974); and the commercially important fish endemic
to the system, the Pacific sardine {Sardinops sagax) and the
northern anchovy (Engraulis mordax), are planktivorous (herbivorous
and omnivorous).

This report illustrates some of the effects that variations in
intensity of ocean circulation may have on some faunal
distributions. Extreme northward shifting of the Subarctic boundary
occurs during EL NINO years such as 1957-58. A number of Central
Subarctic species are carried scuthward by the California current
system during "normal® years; some exhibit relatively stable
populations which may have become genetically or physiologically
distinct from the parent population (eg. Calanus pacificus var.
californiensis); some may form breeding populations which expand and
retreat n unison with the strength of the southward transport (eq.
Euphausia pacifica) (Brinton 1962); and still others rely on annual
recruitment frem the Central Subarctic water domain (eg. Neocalanus
cristatus and N. plumchrus) (Bowman and Johnson 1973). This pattern
of responses within the system is also supported by biomass data
from large scale plankton surveys made between 1956 and 3963
(LeBrasseur 1965a). We postulate that planktivorous fish living in
the open ocean adjacent to the west coast of North America) are
affected by interannual fluctuations in southward transport of
zooplankton biomass. We hypothesize major shifts in the particle
size spectrum {see Parsons 1969) of the zooplankton community has a
greater impact on planktivorous fish than do changes in biomass
alone.

Methods

Approximately 5,000 zooplankton samples were collected during
oceanographic and exploratory fishing surveys from 1956 to 1964,
Vertical plankton hauls were made from 150 m to surface with a

standard NORPAC net with a mouth opening of 0,16 m2 and a mesh of
.330-.350 m white nitex (Fulton 1983). Samples were preserved in 4%
formaldehyde,

In the Yaboratory major taxa were identified and weights estimated
as a percentage of the total sample weight. Organisms Yarger than 4
cm, including fish and squid, were weighted separately. The
remaining sample was weighed to the nearest 0.1 g after draining and
biotting on paper towelling. The estimated weight of phytoplankton,
coelenterates, thaliacea and detritus was subtracted from the sampie
wet weight to arrive at zooplankton wet weight, For plotting
zooplankton biomass distributions data were pooled into time
intervals covering the spring bloom (April through June).
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We define the boundary between the Central Subarctic and the
transitional domains (Dodimead et al. 1963} as a line which

separates biomass estimates greater or lesser than 80 mg!m3 during
the time period encompassed by the spring hloom of zocptankton as

observed at Ocean Station P (50°N, 145°W). The value of 80 mg/m3
represents the minimum annual biomass peak observed at Station P
over a 26 year period (Fulton 1983). We assumed that Station P was
always within the Central Subarctic Domain {(Fig. 1). Biomass
estimates for the California current region were taken from
Fleminger et al. (1974) but adjusted by subtracting the thaliacea
biomass in order to be comparable with the present sampling
protocol.

As a measure of the relative strength of southward transport of
Central Subarctic water (Table 1) we have chosen the annual mean
meridional Ekman transport at 50°N, 130°W (Ballantyne and Wickett
1978).

Table 1. Zooplankton biomass in the Northeastern Pacific during the
period April through June, compared with April biomass in the
CalCOF1 region. Ekman transport is shown to indicate the relative
volume of the southwards flow. Figures in brackets indicate the
number of observations: N/S indicates no samples taken; ? indicates
no distinct boundary conditions.

Annual

Aprii Mean Ekman

Subarctic Transition £alCOF] transport

biomass biomass biomass* @ 10 metric
Year mg/m3 mg/m3 mg/m3 T/sec/km
1956 183(36) 14(6) 102(172) -15.3
1957 155(168 51(5) 69(205) -10.0
1958 131(81) 45(6) 32(264) -0.7
1959 218(65) 31(30) 34(247) -18.4
1960 43(32)7 N/S -12.0
1961 64(46)7 ? -12.8
1962 154(330) 38(50) -13.9
1963 _211{177) _N/S . _ -5.3
%=147({854) X=35{97) %=72(888) ¥=-11.1

*CalCOFI biomass is estimated from Fleminger et al. 1974 (Fig.
4) omitting THALIACEA biomass for comparison with sampling methods
used in LeBrasseur (1965a}.

@Annual mean Ekman transport at 50°N, 130°W is from Ballantyne
and Wickett (1978). Negative values indicate southwards flow.

Results
For the spring bloom period between 1956 and 1963 (LeBrasseur 1965a)
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we examined eight zooplankton biomass charts. The boundary between
the Central Subartic and the Transitional domains could be
fdentified by the above criterion in six cases. The mean biomass
within the area defined as the Central Subarctic was 147 mg/m3, for
the Transiction domain 35 mg/m3, and for the California Current
System 72 mg/m¢ (Table 1). Biomass in 1960 and 1961 {the two years
when no boundary could be defined) for all positions sampled in the
Central Subarctic domain was generally as low as the average
Transition biomass {35 mg/m3). Biomass which we consider to be of
Subarctic origin {>80 mg/m3) extended southward to the coasts of
Washington and Oregon in 1957 (Fig. 3) and again in 1963 (Fig, 5).
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Figure 3. Distribution of zooplankton biomass - 1957.

In 1963 the Subarctic origin of this biomass was clearly identified
by the presence of large numbers of Neocalanus cristatus and

N. plumchrus which made up more than B0E of the wet weight; in
1956-61 zooplankton species were not identified, In 1958 during the
pericd 22 May-10 June, biomass characteristic of Transitional water
occupied a band about 500 km wide, extending northwards from about
45°N to the Queen Charlotte Islands (52°N) %Fig. 4), This northern
extension of the Transitional domain was independently confirmed by
physical measurements (Dodimead et al. 1963).
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Figure 4, Distribution of zooplankton biomass - 1458.

Discussion

Greater than average southward transport of Central Subarctic water
has been shown to affect secondary producticn in the California
current system {Reid 1962; Wickett 1967; Colebrook 1977; Cheiton et
al. 1982). Suggested mechanisms have emphasized advection of
nutrients from the Central Subarctic and entrairment of subsurface
nutrients in proportion to the strength of the current, Nutrient
transport appears to be accompanied by transport of Central
Subarctic fauna and biomass. For example, Neocalanus plumchrus and
N. cristatus both are present, somet imes in high numbers, south of
Cape Mendocino {Fleminger 1964; Bowman and Johnson 1973). Our data
chow interannual variability of zooplankton biomass and, in the two
years for which we have data which include species counts as well as
biomass estimates (1962 and 1963), a corresponding shift in the
species {size spectrum) of zooplankton along the coast of North
?merica from at least the Queen Charlotte Islands to Cape Mendacino
Fig. 6).
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Figure 5, Distribution of zooplankton biomass - 1963.

Salmonids feed opportunistically in marine environments (see, for
instance Healey 1980). In general, prey size is limited on the
upper end by the gape of the mouth and on the lower end by the
ability to detect and capture prey, It has been shown
experimentally that juvenile pink salmon ({ncorhynchus gorbuscha)
can meet their feeding requirements most efficiently on targe food
particles (Parsons and LeBrasseur 1970}, Juvenile pink salmon fed
rations of N. plumchrus {ca. 2.5 mg} obtained theoretical food
requirements at prey concentrations of approximately 4,000

copepods/m3 (10,000 mg/m3) while those fed vations of Pseudocalanus
minutus (ca. 0.1 mg) could not meet theoretica) food reguirements at

prey concentrations of >670,000 copepods/m3 (>67,000 mg/m3).
Although basic requirements of predator/prey models are violated by
the restricted space in small aquaria (i.e. the predator should
search an "infinite" optical field), these results indicate that

N. plumchrus is closer to the optimal prey size for juvenile
salmonids (ca. 5-10 g) than is P. minutus or other small copepods
We speculate that a decrease in biomass further exaggerated by a
reduction in zooplankton particle size would cause reduced growth
and, possibly, reduced survival of juvenile salmonids.
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Figure 6. Schematic diagram of the area affected by shifting of
Subarctic boundary.

Extreme northward shifting of the Subarctic beundary occurs during
Fl Nino years such as 1957-58. We have attempted to show that one
of the effects of such a shift is to alter the zooplankton community
off the coast of North America for approximately 800 km from 40°N to
52°N by replacement of Targe copepods with small copepods. We have
used hypothetical changes in feeding efficiency during the early sea
Jife of juvenile salmonids as an example of one kind of effect that
variations in ocean transport could have on a commercial fish

stock. Effects of this type of envirommental perturbation should
increase from north to south, and should be mediated by the
buffering action of nursery environments such as large bays,
estuaries, and protected coastal waters, 1t will also vary between
species and phenotypes.

The problem of 1inking a decline in commercial fish stocks to
changes in ocean climate is difficult to resolve. Llong term
fluctuations in abundance of fish populations in the California
Current system have been estimated from the examination of fish
scales in the undisturbed sediments of the anoxic Santa Barbara
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Basin (Soutar and Issacs 1974). Since these records extend back in
time prior to commercial exploitation, they implicate changes in
ocean climate as 2 cause of persistant instability. The existing
data base is insufficient to provide any more conclusive analysis
and we suggest a useful hypothesis relating ccean transport, prey
size spectrum and biomass, and feeding success that could be field
tested, considering the time and space scales identified here.
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Summary of Unusual Sightings of Marine

Appendix
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Records and Sightings of Fish and
Invertebrates in the Eastern Gulf of Alaska
And Oceanic Phenomena Related to the
1983 El Nino Event

John F. Karinen, Bruce L. Wing, and Richard R. Straty
National Marine Fisheries Service, NOAA

This report presents recerds of sightings and captures of
unusual marine species from the eastern Gulf of Alaska during the
1982-83 E1 Nine event and, where possible, relates the occurrence
of the species to anomalous oceanographic conditions. Surface
water temperatures of the Tocations were not reported at the time
of observation or capture; therefore, specific oceanographic
conditions synoptic with the biological data are ynavailable.

General information on surface water temperatures may
indicate the relationship between the mass of anomalously warm
water and the occurrence of unusual marine species in the eastern
Gulf of Alaska. Anomalously warm surface water began developing
in southeastern Alaska and Prince William Sound by October 1982
(Fluharty, 1984). By March 1983, all of the eastern Gulf of
Alaska and the Bering Sea were unusually warm (>+0,5°C), with the
warmest (+1.5°C) off southeastern Alaska. The warm water anomaly
continued in the eastern Gulf of Alaska and southeastern Alaska
inside waters until August {Fluharty, Fig. 2 and Table 1, 1984).
By August, the warmest cell of surface water in the Gulf of Alaska
had moved westward to southeast of Kodiak (56°N, 148°W). A
vooling of southeastern Alaska inside waters and the far eastern
Gulf of Alaska followed in September and October. The warm water
anomaly reestablished in the eastern Gulf of Alaska by March 1984,

Northwest shifts of warm water marine species have been
reported in previous years {Radovich, 1961), Most reperts have
been linked to the occurrence of strong te very strong tropical
El Niro events; 1941, 1957-58, 1977, 1982-83. Northward
displacement of marine species has been envisaged as coincident
with the northward displacement of usual sea surface temperatures
(Hamiiton and Mysak, in press) and northward shifts of major
oceanographic features (French et al., 1971). General warming of
northern surface waters and major shifts of oceanographic features
are undoubtedly causative factors involved in biological
displacements, but interannual variable development of eddies in
the northeast Pacific Ocean (Mysak, 1985) may be an important
factor in moving southerly species well north of the uwsual ocean
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boundary features.

The Sitka Eddy {Mysak, 1985; Hamilton and Mysak, in press) is
an anticyclonic (clockwise) eddy that develops intermittently at
57°N, 140°W in the eastern Gulf of Alaska. A satellite thermal
fmage of the sea surface shows the clockwise motion of the eddy
(Mysak, Fig. 6, 1985) and the mixing of cold and warm water on the
eddy perimeter. This figure and others (Ron Scheidt, personal
communication, 1984) show that masses of warmer water frequently
break off from the eddy and are carried northeasterly by the
prevailing current until they join the northwesterly flow of the
Alaska current. These large warm water masses are probably
carried with the Alaska current, to the vicinity of Prince William
Sound and then west to Kediak Island, and may even be incorporated
into other eddies which develop in these regions (e.g., Shelikof
Eddy; Mysak, 1985). Marm water fish within these warm water

-messes may thus be carried far north of the prominent ocean
temperature boundaries.

As the Sitka Eddy develaps, it has been noted to move in a
northwesterly direction acress the Gulf of Alaska (Mysak, 1985).
This motion and the spawning of smaller warm water masses as it
rotates clockwise may also move warm water species further
northward.

Warm water species {i.e., bluefin tuna, blue shark, and
albacore) are frequently reported from Prince William Sound and
Shelikof Strait {Radovich, 1961, and this report). It is germaine
to the hypothesis of eddy involvement in the movement of fish
northward to poirt out the apparent correlation between sightinas
of California bluefin tuna in Shelikof Strait near Kodiak
{Radovich, 1961) and the presence or absence of the Sitka Eddy
(Mysak, 1985). Radovich reported northward movements of warm
water species in 1957, 1958, and 1959. California bluefin tuna

(Thunnus thynnus) was reported to occur in Shelikof Strait in 1958
but not in 1957 or 1959. Coincidentally, the Sitka Eddy was well
developed in 1958 but not in 1967 or 1959 {Mysak, Table 1, 1985).
This eddy development was associated with a very strong E1 Nino
with an intense warming trend beginning the summer of 1957 and
ending in summer 1958 (Hamilton and Mysak, in press). These eddy
and fish observations may be simply coincidental or correlated;
hopefully, data provided in this report will help resolve the
gquestion. Currents within the Sitka Eddy are known to extend to
as deep as 1,000 m {Mysak, 1985) and therefore could affect
pycnacline depth within the eddy and in nearby areas as the warm
waters mix with cold waters. Changes in pycnocline depth may thus
influence bioltogical productivity of the area.

The Sitka Eddy was present in 19%4, 1958, 1960, 1961, 1977,
and 1983 (Mysak, 1985) and shows signs of developing in 1985
(satellite image 8 February 1985). In addition to explaining
movement of warm water fish species fo the northern part of the
Gulf of Alaska, the Sitka Eddy may also assist in moving offshore
species toward Cross 5Sound and inside waters of southeastern
Alaska.
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Methods

Records of unusual sightings or captures of marine species
were collected from research vessels, fishermen, commercial fish
processors, and State and Federal fisheries scientists, These
groups were asked to report any unusual sightings during the
1982-83 E1 Nino event; therefore, the reporting may be somewhat
biased over non-E1 Nino years. WNevertheless, we expected reports
of very unusual species during all years. Rare or more common
sightings may, however, go unreported during non-E1 Nino years.
Data collected under a continuing oceanographic surveillance were
summarized for this study. Daily surface water temperatures at
Sitka and Auke Bay for the years 1975-1983 were summarized monthly
by personnel of the Auke Bay Laboratory. Unusual oceanographic
phenomena were noted during submarine diving operations off
southeastern Alaska in 1983.

Responses of fish to temperature changes are reviewed and
discussed in relation to temperature anomalies and pelagic fish
distribution in the eastern Gulf of Alaska. Identity of fish were
confirmed using Eschmeyer et al. {1983),

Results

Oceanographic phengmena. Anomalously warm surface temperatures
were recorded in both the outer coastal and inside passage waters
of southeastern Alaska during 1983 (Table 1). For the outer
coastal waters, greatest differences from the mean surface
temperatures were in June and July and followed general trends
reported for the eastern Gulf of Alaska (Fluharty, 1984). Inside
waters warmed rapidly in April and had higher temperatures and
anomaties from the mean {May-July) than outside waters. The
maximum anomaly in Auke Bay was +2.1°C. The inside waters began
cooling rapidly in August, then slower by November--again showing
a positive anomaly by the end of the year,

Anomalous warming of subsurface waters also occurred off
southeastern Alaska in 1983 (Mysak, 1985). An observation of an
anomalous subsurface Jjayer of phytoplankton off southeastern
Alaska supports the idea that changes in the pycnocline depth may
influence biological productivity.

On 13 August 1983, at 35.2 km west of Klckachef Island, which
is off the coast of the Khaz Peninsula on Chichagof Island, an
unusually dense layer of phytoplankton was observed from a manned
submersible at 9-27-m in water of 128 m depth. The presence of a
phytoplankton layer deeper than 2-10 m signifies a change from
usual conditions (Straty, personal observation). We did not
observe this phenomena at over 40 locations off the coast of
southeastern Alaska surveyed by submersible during late dJuly and
early August 1978 and 1980, Off the coast of southeastern Alaska
(to 35.2 km offshore}, the water generally appeared more turbid in
1983 than during the same monthly periods in 1978 and 1980.
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Occurrence of Unusual Species. As in 1941 and 1958, the 1983 E1
Nino event apparently caused the presence of southern or tropical
species of fish and invertebrates far north of their normal range.
Anomajous occurrence of five species of sharks and rays, seven
species of bony fish, four invertebrates, and one reptile in
Alaska waters were reported during 1982-83 (Table 2). Several of
the reports for sharks and rays were unconfirmed. Specimens of
most bony fish and the invertebrates were taken. The significance
of southern or tropical species in Alaska waters varies with the
species and can only be based on subjective opinion, because
systematic sampling has not been conducted in normal versus F1
Nino years.

Sharks and rays, in subjective order of significance, are
Pacific manta, tiger shark, white shark, blue shark, and spiny
dogfish. White shark, blue shark, and spiny dogfish have been
previously reported in Alaskan waters. Pacific manta and tiger
shark are apparently new sighting records.

Bony fish reported, in order of significance, are black
durgon (a triggerfish), Pacific bonito, California barracuda,
ocean sunfish, albacore, Pacific pomfret, and American shad. All
these species except the black durgon have previously been
reported in eastern Gulf of Alaska. Black durgon captured in
Alaska is a2 range extension; it has not been previgusly reported
north of San Diego, California.

The significance of the occurrence of invertebrates is even
less well known than that of fish. ColTection of flying squid,
market squid, a pteropod (Clio pyrimidata) and an arrow worm
{Sagitta scrippsae) in Alaska are reported. The significance of
these occurrences is unknown because we know little about normal
distributions, A1l four species are associated with waters that
are warmer than those usually encountered near the Alaska coast.
The Tleatherback turtle has been previously reported in Alaska
during warm-water years (data on file at Auke Bay Laboratory).

Temperature Cnhanges and Species Distribution. Fish respond to
temperature changes by behavioral and physiological adjustments
(Crawshaw, 1977). ‘“Temperatures selected by fishes very likely
represent temperatures at which they have evoived to carry out
physiological functions with maximum efficiency” (Crawshaw, 1977).
Fishes can internally adjust {acclimate) to different thermal
environments. However, once a fish is acclimated to a particular
temperature for a period of time, even small changes (<1.0°C} lead
to major shifts in metabolism, fluid electrolyte balance, and
acid-base relationships, Temperature preference  behavior,
therefore, has a survival value based on physiclogical parameters.

Fish  respond behaviorally to a range of preferred
temperatures, have upper and Tlower avoidance temperatures and a
final preferred temperature dependent upon both internal and
external variables; e.g., food availability, spawning condition,
physiological status, disease, etc. (Reynolds, 1977). The range
of temperature between upper and lower avoidance varies <2°->10°C
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with species (Coutant, 1977). Whole-body temperature sensitiv-
ities of fishes reported are 0.1-0.03°C (Murray, 1971, in
Crawshaw, 1977). Fish naturally acclimated to either very Tow or
very high temperatures appear to respond more readily to smaller
temperature changes than do fish from temperate environments
(Coutant, 1977; Crawshaw, 1977).

Fish in general apparently can respond to small temperature
differences. Marine and freshwater fish probably respond similarly
to temperature changes. Although most of the temperature
preference data compiled by Coutant (1977) are for fresh water,
the ranges of preferred temperature for the marine species tested
appear to be similar to those for freshwater species.

It is unclear how temperature changes and anomalies affect
fish distribution during an E1 Nino year or, for that matter,
during normal years. Several factors other than active selection
of preferred temperatures may influence ultimate species
distribution; e.g., feeding behavior, availability of prey,
movement along water mass boundaries, and isolation within warm
water masses of various sizes followed by movement of these water
masses. During the 1982-83 E1 Nino, observed changes in fish
distribution were generally a northward extension of warm water
species. These changes generally correlated with those in the
physical oceanography of the region. In some cases, however, the
fish appeared in areas well north of the area of major warming.
Warm water masses appeared to be very discontinugus and scattered
over the northern Guif of Alaska in 1983, but larger masses of
warm water were also present (Mysak, 1985),

Attributing changes in the distribution of warm water species
to temperature changes alore may be an oversimplification,
Temperature anomalies in the Gulf of Alaska in 1982-83 were
generally about +1.5°C and, in many areas, no more than +0.5°C.
Although fish may respond to these small temperature changes,
the other factors may be involved simultaneously. Pelagic fish
sometimes concentrate along water mass boundaries because of
increased prey abundance and primary production in these areas.
Once encountered, such boundaries or discentinuities, if basically
permanent, may eliminate random wandering and congregate species
along either the cold or warm side of the discentinuity--whichever
is their preference. As these boundaries shift position during
warm or cold years, fish species associated with them may be moved
accordingly.

Responses of fish to small temperature changes, coupled with
passive movement of isolated warm water cells, may be an important
mechanism for distributing warm water fish beyond their norma)
distribution. Once fish are isolated in cells, they may be
reluctant to enter surrounding cooler water and, thus, are carried
with the warm water until it dissipates or coalesces with other
warm water masses.

tvidence for relatively small changes in temperature
correlated with changes in distribution of warm water fish species
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Table 3.--Major changes in species composition of fish caught at various
temperaturés. Catches are from surface drift gil] nets fished
at several stations at longitude 155°00'W during the third R/V
shore Maru cruise in the North Pacific in 1984, Temperature
sed- 55 more southerly stations were ogcupied from Seward
Alaska, .to Honolulu, Hawaii. Changes 1n ' temperature and
compgsition of,catcheé are indicated for selected consecutive
stations occupied.. {atches are from the second of paired
stations and code? indicates changes (From DahTberg, 1984).
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numbers  Latitude Date temp. °C  AT°C +Species? Code?
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1 See Table 4 for scientific names.
z Code for appearance E

first aﬁpearance in catches .
%aught ere and at statioms north of this
ocation . . .
not cau$ht at this station; caught at stations
north of this location.

3 A1l salmon species and salmon shark were absent from catches south of
this station.
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Tabie 4.,--Range of surface temperatures oc
ﬁ1f1sh species

she
Maru

cruise
Jume 11-July 30,

cupi
in the MNorth Paci
data Dahlberg, 1984
1984,

fd b{f

various fish and
rom third Oshoro
Time of survey,

Cold water species

Scientific name

Temperature °C

Sockeye salmon Oncorhynchus nerka 10.4-12.7
Chinook salmon 0. tschawytscha 10.4-12.7
Chum salmon 0. keta 18,9-13.0
Pink salmon 0. gorbuscha 8.9-12.7
Coho salmon isutc 8.9-12.7
Steelhead trout §E1mo galrdneri 8.9-13.0
Salmon shark Lamna ditropis 11.1-13,0
Spiny dogfish Squalus acanthias 10.5-12.7
Skiifish Erilepis zonifer 10.4-11.9
Intermediate species

Pacific pomfret Brama japonica 8.9-20.0
Squid Onychoteuthis borealijaponica 8.9-22.7
Flying squid Ommastrephes bartrami 11.1-22.7
Eight-armed squid Gonatopsis borealis 8.9-13.0
Lanternfish Family Myctophidae 13.0
Pelagic armorhead Pentaceros richardsoni 13.0
Warm water species

Blue shark Prignace gla*ca 13.0-16.7
Felagic stingray Dasyatis violacea 18.0-20.0
Saury Cololabis saira 8.9-20.0
Albacore Thunnus alalunga 13.9-20.0
Smalleye squaretail Tetragonurus cuvieri 11.1-20.0
Ocean sunfish Mola mola 16.7-20.0
Yellowtail Seriola lalandei 16.7-20.0
Skipjack tuna Euthynnus pelamis 18.,0-22.7
Bigeye tuna Thunnus obesus 20.0-22.7
Striped marlin Tetrapturus audax 20.0-22.7
Gray marlinsucker Remora osteochir 20,0-22.7
Flying fish Family Exocoetidae 20.0-22.7
Frigate mackere} Auxis thazard 20.0
Pilotfish Naucrates ductor 20.0
Shortbilled spearfish Tetrapturus angustirostris 20.0
Common dolphin Coryphaena hippurus 22.7
Butterfish Peprilus 51m11jjgy§ 22,7
Ocean puffer CagocephaTus lagocephalus 22.7
Squid Eucleoteuthis Tuminosa 20,0

1 8.9 value is from station #8403, June 13, at latitude 42°00', longitude

180°00'.

155°00'W from Seward, Alaska, to Honolulu, Hawaii.
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in the Bulf of Alaska is apparent in catches reported by the
Japanese research vessel 0Oshoro Maru in 1984 (Dahlberg, 1984).
Considerable differences ~1m composition of gill-net catches
occurred at a series of stations fished from Seward, Alaska, to
Hawaii, along longitude 155°00'W (Table 3). Temperature changes
were small (1-2°C) between stations. However, as more southerly
stations were fished and as temperatures increased, more warm
water species occurred in catches. The ranges of temperatures
occupied by various species varied considerabiy (Table 4), Of the
warm water species, blue shark, saury, smalleye squaretail,
albacore, and, to a lesser extent ocean sunfish, skipjack tuna,
and yellowtail were sometimes found in relatively cool water (13
toe 17°C). Pacific pomfret, lanternfish, various squid, and
pelagic armorhead may be considered as intermediate species
between warm and cold because of their occurrence over a wide
range of temperatures and at temperatures just at the maximum for
cold water species.

It appears that temperature response of fish and distribution
of several physical characteristics of the pelagic ocean
environment determine the distribution of pelagic species. A well
developed Sitka Eddy in 1983 cowbined with the unusually large
numbers of warm water species reportad in Alaska (Xodiak, Prince
William Sound, and Southeast) supports the hypothesis that
strength of the Sitka Eddy development and movement of fish from
offshore to onshore are comnected. The Oshore Maru data shows
distribution of warm water species during a year when the Sitka
Eddy was not well developed. In 1983, blue shark were reported
near Kediak, but in 1984, the Oshoro Maru data indicated the most
northerly location for blue shark capfure was at 45°30'N, 155°W,
More detziled information on the distribution of pelagic fish,
invertebrates, and physical parameters during normal, cold, and
warm years 1is needed before we can fully understand the
cause-and-effect relationship of temperature changes, eddy
formation, and fish distribution in the eastern Gulf of Alaska.
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The Dependence of Phytoplankton Nutrient

Utilization on Physical Processes in
The Eastern Bering Sea Area
Mechanisms for Yearly Variation

R.N. Sambrotto
University of Alaska

Introduction

Oceanographic sampling in the eastern Bering Sea has not been as
extensive and consistent as it has been in lower latitude, north-
pastern Pacific waters. This generalization is most apparent in the
biological oceanography of the eastern Bering Sea area. Since the
typical production regime in this area is not clearly defined, the
identification of anomalous conditions is very difficult. My
approach to the subject of interannual variability therefore, will
be prospective rather than retrospective in nature. In this induc-
tive approach, I will make a preliminary evaluation of how varia-
tions in physical forcing can alter the patterns and intensity of
phytoplankton production in this area. Three cases will be consider-
ed in the study area; lower Shelikof Strait and the southern shelf
of the Alaskan peninsula; the southeast Bering Sea; and the Bering
Straight area (Figure 1).

The spatial variability or "patchiness” of chlorophy.1 distribution
frequently coincides with physical hydrographic features in the
coastal environment (e.g., Seeliger, ¢ aZ., 1981). In the Bering
Sea this is also true in places whare frontal systems may act as
conduits of nutrients to the surface and are areas of active phyto-
plankton growth throughout the summer {Iverson et al., 1979).
Specific examples of physical factors in the environment that cause
variation in upper trophic levels by their influence on primary pro-
duction are not numerous, but have been discussed {e.g., the rela-
tionship between mixed layer depth and zooplankton growth sugcested
by Parsons and LeBrasseur, 1968).

A direct association between physical envircnmental processes and
fish abundance was found in the very productive ceoastal area off
Peru. Plankton productivity there decreases sharply during periods
of warm equatorial water intrusion. This change js believed to be
climatically induced, and results in a significant decrease in the
commerical catch of anchovy (Cushing, 1981). Interannual variabil-
ity in plankton production has also been documented in the upwelling
area off the Oregon coast {Peterson and Miller, 1975). Although
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Figure 1. Map of area under discussion. ACC is the Alaskan Coastal
Current, part of which is shown continuing on the north side of the
Alaskan peninsula {adapted from Schumacher and Reed, 1983).

weather patterns are recognized as important in such low frequency
biolcgical variability, the specific mechanisms by which meteoralo-
gical variability affects higher trophic levels are not well

unders tood.

A recent review of phytoplankton production on several shelf areas
indicated that differences among yearly production were related to
the strength and consistency of the physical mechanisms supplying
nutrients during the growing season {Sambrotto, Goering, and McRoy,
1984}. This trend was illustrated by computing the nutrient supply
rate (NSR) for each area:

PNO3 - winter NOS store
NSR = e (1)
growing season x {NO3)

bottom water
In the numerator oNOy is the yearly amount of nitrate utilization

(mg-at m=2} and the winter store of nitrate is the amount present
in the upper water at the end of winter. The difference must be

supplied during the growirg season. This supply s normalized to
the length of the growing season (days) and the nitrate concentra-

tion of the source water (mg-at m-3), to yield a supply rate

(m d-1). The normalization to the growing season allows the NSR
from different latitudes to be compared directly,

In Figure 2, the NSR and the annual production estimated from l4C
measurements in several areas are compared. Onr this basis, it is
clear that the physical oceanagraphy controlling deep water supply
alsc controls yearly production. In Figure 2, a cuvilinear rela-
tionship was drawn to accommodate the yearly production estimate

for coastal Peru. However, excluding the Peru value, the other four
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Figure 2. Relationship between yearly production from ttg
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Strait, D - Georges Bank, E - Peru. Data sources given in
Sambrotto et ai., 1984.

points can be fit with a straight line, suggesting the Peru value is
an overestimate. [f nutrient supply mechanisms are influenced by
mateorological conditions, a direct link between climate variasbility
and yearly phytoplankton production is formed. Importantly however,
the NSR gives no indication of the specific mechanisms responsible
for nutrient supply. Such mechanisms will be considered in more
detail in three cases from the eastern Bering Sea area.

Case 1; Coastal Flow and Vertical Shear

On the continental shelf and slope of the northwest Gulf of Alaska
from the Kenai Peninsula to the Shumagin Islands {Figure 1), coastal
currents exist that may influence both the horizontal and vertical
patterns of phytoplankton growth. Two distinct currents dominate
the local flow characteristics. The Alaska Current flows counter-
clockwise alon? the shelf break in the Gulf of Alaska at velocities
up to 1.5 m s-1 {Niebauer, Roberts, and Royer, 1981), Wind and
baroclinic forcing allow some of this water to enter Shelikof
Strait through its northern end {Schumacher and Reed, 1980).
Additionally, the Alaska Coastal Current is a prominent feature of
the entire Gulf within ca. 35 km, of the coast, reaching a velocity

of 0.5 m s-1 and transport in excess of 1 x 108 m-3 sec-! (Royer,
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1981) The Alaska Coastal current is called the Kenai Current in
the sea where it enters Shelijkef Straijt.

East of Kodiak Island, onshore winds cause convergence of offshore
water into the Alaska Coastal Current. On the shelf between Kodiak
and Unimak Pass however, wind stress usually promotes upwelling
during summer (Ingraham, Bakun, and Favorite, 1976). The inter-
action of the Kenai Current and the horizontal distribution of
phytoplankton was evident in a coastal zone color scanner {CICS)
image of the Shelikof Strait area. This image indicated that the
down stream flow of the Kenai Current was associated with cyclonic
eddy structures in both the temperature and chloroshyll distribu-
tions. This structure in the horizontal phytoplankton distribution
was probably related to the baroclinic instability recognized in the
flow through SheTikof Strait (Mysak, Muench, and Schumacher, 1981).

Remote sensing is spatially synoptic and can yield striking examples
of the interaction between physical forcing and the spatial patterns
of phytoplankton growth. The images however, do not contain any
information on the vertical structure of primary production in the
water column. For example, the vertical biological structure on the
north Aleutian shelf is shown in Figure 3. The doming of the
nitrate isopleths in Figure 3 &, coincided with a pronounced sub-
surface chlorophyll maximum (Figure 3 b}. This subsurface chloro-
phy1l layer also bordered the shallow near shore layer of low
salinity water that forms the coastal current {Royer, 1981). The
movement of this coastal, low salinity water over this area may be
responsible for the shallowing of the nutrient rich water and the
formation of the chlorophyll layer that persisted well {nto the
summer,

Figure 4 is a schematic of the nutrient sources for phytoplankton
growth in an area influenced by a coastal current such as the north
Aleutian shelf, It depicts a hypothetical long shelf section at the
edge of the coastal current. The Alaska Coastal Current (ACC) in
Figure 4 is indicated entering the area from the right with some
presently unknown amount of nutrients (NCC). Additionally, deeper

outer shelf or siope water may enter the region which could contain
a large amount of nutrients {NS). Importantly for the growth of

phytopiankton in such an area, vertical mixing controls the poten-
tial supply of deep water nitrate across the pycnocline into the
trophogenic zone and this exchange may be substantially aided by the
vertical velocity shear created by the Alaska Coastal Current (Nv}.

Such a mechanism for the enhancement of vertical diffusivity in
coastal areas has been suggested by Winant and Olsen (1976).

This cross pycnocline flux fuels new (nitrate) preductivity in
subsurface chlorophyil layers associated with the shear zone and
significantly influences the vertical patterns of primary production.
The water stratum just above such chlorophyll layers is commonly
associated with relative maxima in zooplankton abundance (Herman,
1983). Also, it has been suggested that these layers serve as impor-
tant feeding environments for larval Pollock {Nishiama, Hirano, and
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Figure 4. Schematic of nutrient supply for hypothetical long shelf
section at edge of coastal jet.

Haryu, 1982). This sequence of relationships provides a mechanism
by which biological processes in the coastal area could respond to
variations in the transport and/or speed of the coastal current.

Case 2: Cross Shelf Diffusion and Wind Mixing

On most of the broad, high latitude southeast Bering Sea shelf, |
nhysical processes such as coastal upwelling or sharp gradients in
horizontal advection are not available to supply surface nutrients
for plankton growth. Long term mean currents on the shelf are small
{ca. 1-2 cm/sec drift to the Northwest, Figure 1}. Subtidal Flow is

weak (1 to 5 cm sec-!) and parallel to the fronts in the vicinity
of the shelf break and inmer fronts, while flow in the middle domain
is insignificant {Coachman, 1382). The distributions of properties
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are governed largely by a diffusion defined to include the tidal
scales {Coachman and Charnell, 1979). Due to the lack of other
mixing forces besides the predictable influence of tides over large
areas of the shelf, wind mixing periodically contributes most of the
water column mixing energy (Schumacher and Kinder, 1983).

Deep water nutrients therefore, are Jargely dependent on vertical
mixing due to local wind activity to reach surface waters (Coachman
and Waish, 1981). Sambrotto, Niebauer, Goering, and Iverson (in
press), show that wind induced mixing of the upper water column
controls phytoplankton growth by influesncing both nutrient avail-
ability end 1ight conditions acress much of this shelf. Also,
yearly variations in meteorologically controlied wind mixing were
associated with significant interannual variability in the total
amount of production (+ 650%). Perhaps of more importance to pelagic
food chains in the southeast Bering Sea however, the vertical
pattern of production also varied with spring atmospheric
conditions.

An analysis of the observed variations in phytoplankton and
zooplankton during several years of sampling in the eastern Bering
Sea has been presented by Sambrotto and Goering {1983). The growth
rates of large outer shelf grazers such as Neoealanus plumehrus
varied with total areal spring production, which was less in 1981
than in 1980. The small middle shelf zooplankton such as Psoudo-
calanus spp. however, were much more abundant in the calm, relatively
Tow production spring of 1981. Although the total spring production
was less in 1981 than 1980, a more extensive subsurface chlorophyl]
layer was present cross shelf in late May and June of 1981. The
physical mechanism responsible for the interannual difference in the
vertical production regime was the amount of wind mixing occurring
in May. Extensive wind mixing during May, 7980 supported intense
phytoplankton growth but consumed nutrients deep into the water
column as compared with the following May (Figure 5). Since the
June, 1981 nitrate nutricline was higher in the euphotic zone,
conditions favorable for persistent chlerophyli layers resulted.

The frequency and intensity of storms over the area in Spring was
largely dependent on the position and intensity of atmospheric
patterns such as the Aleutian Tow {Sambrotto e: al., in press}. In
the case of the southeast Bering Sea therefore, as for the coastal
current regime, it appears that identifiable and variable physical
forces directly affect the production conditions. It should be noted
however, that other factors which could influence the production
regime of the southeast Bering also exhibited notable variation. For
exampie, further data analysis indicated that the chemical character-
istics of the outer shelf water (which is the source for the on shore
?;giusive flux of nutrients) varied significantly between 1980 and

Case 3: Bathymetric Upwelling

In addition to its large area, the eastern Bering sea is unusual
among continental shelves due to a cross-shelf advection into the
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Figure 5. Comparison of cross shelf nitrate nutricline depth in the
southeast Bering Sea in early June of 1980 and 1981. Section runs
from Cape Newenham to the shelf break.

Arctic Ocean through Bering Strait {Figure 1). Current measurements
suggest that the average flow through Bering Strait is approximately

0.8 x 10 m? sec-! (Coachman and Aagaard, 1987}. This flow is
seasonal, being greater in summer due to the higher fregquency of
flow reversals in winter. Much of the flow appears to be a continu-
ation of the shelf break current which turns north near Cape Navarin
and will be referred to as Bering Shelf/Anadyr water (Figure 7). To
a lesser extent, in the east, warmer coastal water dominated by Yukon
river discharge flows out of Norton Sound. The Bering shelf/Anadyr
water in the west, and the Alaskan Coastal/Yukom River in the east
maintain their identity during transit through the strait.

An important characteristic of the Bering Shelf/Anadyr water is its
high nutrient content (Figure 6). As this water enters the shallow
Bering Strait, it continuously supplies nutrients for phytoplankton
growth. This mechanism of nutrient supply is distinct from that of
local upwelling since in the western Bering Strait plume a geographic
separation of approximately 500 km exists between the water's source
and its biological utilization. Based on measured flow rates and
summer nitrate distributions, phytoplankton production in western

Bering Strait was estimated at 324 g C m=Z yr-! over 2,12 x 10% km?
{Sambrotto et al., 1984). An i¢e reduced growing season makes this
large amount of primary production unexpected, but it is consistent
with}the area's large upper trophic level stocks (Johnson and Nelson,
1984).

On the scale of the northern hemisphere, the northward movement of

water through Bering Strait maintains the salt balance between the
Pacific and Atlantic Oceans (Stigebrandt, 1984). On more local
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Figure 6. Average water column nitrate distribution in the Bering
Strait area (labeled isopleths). OQverlain is water column
chloraphy1l content. The chlorophyll data did not have the same
coverage as the nitrate data {from Sambrotte e+ 27., 1984).

spatial scales however, atmospheric pressure patterns also influence
the flow of water through the Bering Strait causing episodic flow
reversals (Coachman and Aagaard, 1981). Extremely different water
masses were present in a St. Lawrence Island to Alaska mainland
section sampled in the surmers of 1983 and 1984 (Figure 7). 1In 1983
Tow salinity Alaskan Coastal water filled most of this area {Figure
7a), while in 1984 higher salinity Gulf of Anadyr/Bering Slope water
was found there (Figure 7b}. The water in this area was also much
colder in 1984 than in 1983 (Figures 7d and e). This suggests the
coid shelf water south of St. Lawrence Island influenced this area
more strongly in 1984.

These sections represent a short period of time however, and do not

necessarily indicate average summer conditions. Average summer
salinity in the Bering Strait area for a 25-year period was obtained
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from published data (Federova, 1968; Figure 8}. In all but the two
weak events, summer salinity was above the mean value of 32.10 °/..
during E1 Nifo periods. A Chi square test therefore, indicated that
there was a 649 probability that the summer salinity during E1 Nifio
years was non-randomly distributed. Although the statistical sig-
nificance is not great, these data suggest that the flow of reia-
tively high salinity Gu1f of Anadyr/Slope water through the Strait
may be greater during E1 Nino years.

This western Bering Strait flow is also cooler at the surface and
more productive than the Alaska Coastal water. [nterannual changes
in flow characteristics therefore, may influence higher trophic
levels. As an example from the pelagic food web, the reproductive
success of kittiwakes varies with temperature in the Bering Strait
area {Springer et al., 1984). Field studies in 1984 indicated that
the populations of these seabirds at the nesting colonies were in
extremely poor condition (E. Murphy, pers. comm.}. However, it is
possible that the poor breeding success reflects environmental
conditions at the winter locations of these migratory birds rather
than summer Bering Strait conditions. Also, it 7s not c¢lear that
the 1984 Bering Strait conditions are a direct conseguence of the
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1982-83 E1 Nifio event. A le-month lag time however, was observed in
the response of the winds at the Pribilof Islands to the latest E1
Nifto event (Niebauer, this volume).

Conclusions

Temporal variations in coastal currents, wind mixing, and flow
through Bering Straft can influence the spatial distributions and
intensity of phytoplankton growth in coastal Alaska waters, the
southeastern Bering Sea, and the western Bering Strait respectively.
Much of the variation in ohysical forcing, in turn, may be associat-
ed with hemispheric variability in metecrological conditions.
Approaching higher trophic level production from this aspect offers
a means of elucidating the underiying mechanisms responsible for the
observed correlation of climatic factors and variations in commer-
cially important marine resources. Greater familiarity with the
annual variations in the biological cceanography of the sub-arctic
north Pacific is needed to test hypotheses regarding the temporal
correspondence between annual biological variability and climatic
oscillations such as EY Nifo.
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The Possible Relationship of El Nifio/Southern
Oscillation Events to Interannual Variation

In Gonyaulax Populations as Shown by
Records of Shellfish Toxicity

Gerald Erickson and Louisa Nishitani
University of Washington

Ecological studies of toxin-producing species of Gonyaulax, the
dinoflagellates responsible for paralytic shellfish poisons (PSP)
in shellfish, have indicated that water temperature and vertical
stability of the water column are among the major factors
governing development of dense populations of these species in
both oceanic and enbayment environments {C.M. Yentsch, pers.
comm., 1982; Nishitani and Chew, 1984 and unpublished data). The
relationship between high PSP levels in shellfish (indicating
unusually dense Gonyaulax sp.} and weather conditions was pointed
out by kaldichuck (1958}, whe attributed an occurrence of
unusually high toxin levels to a prolonged period of higher than
usual air temperatures, much reduced wind, and sunny weather
following a period of abnormally high rainfall.

During tropical E1 Mino/Scuthern Oscillation (ENSO) events of a
range of intensities (i.e., both strong events when an  apparent
northward intrusion of warm water occcurs along the western
coastline of North America and weaker events when such intrusion
does not occur}, a ridge of high atmospheric pressure develops
over western Canada {Rasmysson and Wallace, 1983). The resultant
effects on hydrographic conditions and weather, e.g., sea surface
temperature (SST), sunshine and winds, hence, vertical stability
of the water column, might be expected to enhance growth and
accumulation of toxic Gonyaulax species(l}. Very limited data are
available on the extent and duration of blooms of Gonyaulax spp.
in the Northeast Pacific. However, there are quite extensive
records of PSP in shellfish, particularlty along the coasts of
Washington and British Columbia, and of human illness due to PSP,
which provide an indirect measure of abundance of toxic Gonyaulax
spp.

1
( )Three closely related species of Gonyaulax are responsible

for paralytic shellfish poisoning outbreaks along the
northeast Pacific rim: G. catenella, G. acatenella, and 6.
tamarensis (Taylor, 1984),
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We sought to determine whether occurrences of PSP in shellfish are
correlated with ENSO events and, thus, whether atmospheric and
oceanographic anomalies induced by ENSG events would be useful in
broad-scale prediction of PSP outbreaks along the coastline of
British Columbia and Washington.

Findings

As a first approach we examined the degree of coincidence between
ENSO events and excepticnal episcdes of PSP in Washington and
British Columbia {(Fig. 1). For this investigation, PSP episodes
constdered exceptional include outbreaks in geographical areas
seldom or not previously affected by PSP, outbreaks with unusually

BRITISH COLUMBIA

Strait of Georgia

San Juan

Juan de Fuca

Strait
PACIFIC OCEAN

WASHINGTON

Figure 1. Coastline of British Columbia and Washington.
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high PSP values for a given shellfish species (other than
butter clams), and outbreaks {7 in Washington and 9 in Rritish
Columbia} in which the yearly highest level of PSP in butter clams
within each jurisdiction was unusvally high compared with adjacent
years, (PSP data for butter clams are usad because they are more
complete than data for any other species.} The ENSO index,
developed by Quinn, et al. (1978) to indicate intensity of events
in the tropics, and occurrences of exceptional PSP episodes in
Washington and British Columbia for 1942 and 1957-1984  are
presented in Table 1. (Data for 194321956 are incomplete.)

The rationale for using exceptional PSP episodes 15 based on  the
fact that, because growth rates of Gonysulax spp. are relatively
slow, the development of a very derse population (hence, unusually
high PSP in shellfish) requires that each of the many physical,
chemical and biological factors governing its growth remains
favorable for a prolonged period, often many weeks, Thus,
occcurrence of an exceptiecnal PSP episcde in a given year indicates
that at one site, at least, the duration of favorahle conditions
was unusually prolonged.

Discussion

Exceptional PSP episodes occurred during all 9 of the ENSO events
during the period of this study, i.e., 1in 13 of the 15 calendar
years of those events. (Three of those 9 events had no second
year,) Both the geographic distribution and the seasonal<iy of
occurrences of exceptional P3P during ENSO events suggest a
correlation between the two kinds of events.

Exceptional PSP episodes were reported in both MWashington and
British Columbia 1in 7 of 9 ENSO events, often several bundred
miles and several months apart, suggesting that conditions for
growth of Gonyaulax may have been favorably affected by a wide-
spread, Tong=-term event. One such PSP outbreak caused deaths of
humans, seabirds and perhaps fish in Washingten and British
Columbia in 1942 (see Table 1}. A second example is the
occurrvence of high toxicity in butter clams, oysters and mussels
in the Strait of Georgia during October, 1957 {the first such
occurrence 1in that area), in oysters in a bay on the ocear coast
of Washington in November and in razor clams on the acjacent
ocean beaches the following June {the latter two episodes uncommon
for that area, only 2 others having occurred in the following 26
years}. When excepticnal PSP occurred in years without ENSO
events, it occurred in either Washinaton or British Columbia, not
in both.

During ENSO events episodes of exceptional PSP in mussels,
cockies, 1ittle neck and butter clams occurred during abnormal
seasons, i.e,, October-November in 4 of the 8 events with first
year (ENl} data and May in 3 of 6 events with second years (EN?).
{The normal growing season in inland waters in Washington is June-
September.) These shifts in seasonality suggest continued growth
in fall and earlier inttiation of growth in spring, The latter
would fit with the fact that the strongest connection between ENSO
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Table 1. ENSO events and episodes of exceptional PSP levels in shellfish,

Year ENSO ENSO Date State/ Highest P3P in Unusually high P5P in other

Index  Year Prov. butter clams species or in unusual area

{pg/100g meat}

194] 5 Enl

No PSP data avalable

1947 {ENZ) Mar.-ppr. BC Massive herring k111, 5.E. Vancouver Is.,
possibly due to PSP
May 2 8C Sea mussels--whuman deaths, W. Vancouver Is.
May 2 Wi Mussels, clams--yhuman deaths, Juan de Fuca Str.
Early May WA Razor clams--ppet deaths, ocean coast (uncommon]
Unusual number of dead seabirds, ocean coast.
1957 S EM Oct. 24 BC 3174 Oysters, clams, mussels--3 human illness
1st PSP reported in Strait of Georgfa
hov. & Wh Oysters, bays on ocean coast {uncommon)
1958 5 ENZ Feb. 5 BC 71706
June 5 WA Razor clams, ocean coast {uncommon}
1961 - - Aug. 3 WA B67
1963 ¥ EN Nov. 18 BC 1760
1564 - - Aug. 26 BC 2720
1965 s EN1 May 31 BC Cackles-<» human death, Thaodosia Inlet
June 5 ac 8640
Sept. 22 WA 945
1965 [ £sl Aug. 11 WA 1090
197G {EN2} Fay 4 ac 4200
June 24 WA Razor clams, open coast {uncomman)
1971 - -— Juty 7 BC 4200
1972 3 Enl Sept. 5 Wa 1090
Kow. 21 8C Littleneck clams - 4000ug, aysters - 1900uqg,
W. Yancouver Ls,
1973 S £NZ
1975 YW ENI June 25 BC Mussels - 1200pg, Work Channel
1976 M END Oct. 13 WA, 2220
1677 ¥ ENZ May 31 BC 5100
1978 - -—— Sept. 24 WA Mussels - 30,000ug: Ist occurrence in Puget Sd.
1980 - -— Hay 17 BL 8600
July 1 WA 2503
1981 - - July 21 WA Dysters - 2340pg, cockles - 1860ug,San Juan Is,
1982 5 ENL June 1 BC Mussels - 30,000ug, Work Chznrel
1983 S ENZ
1984 {EN3) June 18 WA Oysters - bays aon open coast {uncommon)
June 27 WA Razor clams - open coast {uncommon)
2. % = strong; M = moderate; W = weak; VW = very weak (Quinn et al., 1378:

[T N W ]

Rasmuss.n and Waltace, 1983},

ENLl = first year of ENSD event; ENZ = second year of event.

Parentheses jndicate that EN2 or ENJ year is not listed in references in 2 above.
Fisheries and Oceans Department, Canada, 1942-1984.

Washington State Public Mealth Laboratory, 1957-1984.

Quayle, 1969,

Herring kil) (Tester, 1942) very similar to herring kills caused by Gonyaulax tamarensis
toxin in New Brunswick (White, 1980).
McKernan and Scheffer, 1942,
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events and anomalous weather, including positive air temperature
anomalies, in western Canada and the northwestern United States
occurs during November (ENI) to March (ENZ2) {Horel and wallace,
1981).

A further suggestion that a relationship between episodes of
exceptional PSF  and ENSO events stems from the recurrence of
relatively high levels of PSP in oysters and/or razor clams along
the ocean coast of Washington during strong ENSO events in 1942,
1957, 1958 and 1984, and in only one other year, 1970, the EN2
year of a weak ENSC event. 7Two of these 5 coastal PSP events fit
the pattern of seasonal anomalies, i.e., during Ncvember (EN1) and
May (EN2). The 1984 episode occurred in Jure. (Along the
Washington coast the positive SST anomalies associated with the
1982-83 ENSO event continued through May, 1984 [National Weather
Service, 19847).

Exceptional PSP events also occurred in 6 of the 14 years without
ENSO  events. During 4 of these 6 (1961, 1978, 1980 and 1981)
SST's were abnormally warm throughout the region (Hollister, 1964;
Mearns, 1in preparation; Thomson, et al., 1984). Thus, at Teast
one factor governing growth of Gonyaulax, SST, was similar during
the exceptional PSP episodes in both ENSO and non-ENSO  years,
although the causes of the elevated 53T's differed, An additional
factor in 1978 was an exceptionally deep top layer of favorable
temperatures resulting from abnormally heavy river runoff in the
Whidbey Basin, the area first affected by extraordinary levels of
PSP in that year {(Water Resources Division, 1969.1978),
Conditions contributing to the exceptional PSP episodes in 1964
and 1971 are not yet known. Five of the episodes of excepticnal
PSP during years without ENSO events occurred in  July=Sapltember,
the sixth in May, 1980. (A very weak ENSO event in 1979-80 was
reported in the western Pacific [Donguy, et al,, 1982]}.

The Tack of episodes of exceptional PSP during 2 of the 17 ENSO
years (1973 and 1983) does not necessarily weaken the suggestion
that the two kinds of events are related. It s not to be
expected that PSP events as exceptional as those discussed in this
study would occur in each year of each ENSO event. The associated
oceanographic  and atmospheric anomalies vary in degree and
duyration with different ENSO events. Further, during a year in
which those anomaiies permit a prelonged period of hydrographic
and weather conditions favorable for Gonyaulax sp. in a given
area, the period of continued growth might be cut short by a
localized event such as strong tidal mixing or the occurrence of a
dense predator population. The lack of exceptional PSP episodes
during one of the ENSO years, 1973, may be attributable, in part,
to the fact that weak negative SST anomalies occurred during that
year {Thomson, et al,, 1884)., Conditions contributing to the lack
in 1983 are not known,

Conclusions

The shellfish toxicity data thus strongly support the hypothesis
that ENSO events of varying intensities may promote marked
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increases in population densities of toxic Gonyaulax species in
open coastal and inland waters along parts of the northeast
Pacific Rim., Further study of S5T's, and weather <conditiaons
{including atmospheric pressure, temperature, precipitation,
insclation, wihd direction and velocity) is being conducted to
determine the strength of the correlation between anomalies in
these variables, induced by ENSO events or by other factors, a&nd
high PSP levels in the shellfish,

If a strong correlation can be shown, weather cond tions and 35T's
might be useful in broad-scale prediction of periods of dense
Gonyaulax populations and high risk of hazardous PSP levels in
shei fish. Two additional biological responses to ENSO events and
other warm periods might be expected. The introduction of
increased quantities of PSP into the food web, via a variety of
filter feeders, would increase the potential for higher mortality
in a great diversity of animal species, including finfish,
seabirds and marine mammals. In addition, more widespread shifts
from diatom to dinoflagellate dominance than indicated by PSP
records could occur during ENSO events since many species of
dinoflagellates grow and accumulate under physical conditions
similar to those promoting blooms of Gonyaulax sp. To the extent
that this shift occurs, particularly at unseasornable periocs, it
may be one of many factors contributing to anomalies in population
densities or geographic distribution of species at all trophic
levels, The extent of these two broad types of effects, whether
in small bays or over a larger segment of the coastal waters,
would depend on the magnitude of the oceanic and atmospheric
anomalies caused by the ENSQ event,
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Seawater Temperature, Sea Level, and
Ekman Transport along the Coast of British
Columbia During the 1982--83 El Nino

A.]. Dodimead
Department of Fisheries and Oceans Canada

Intreduction

The effects of the 1982-83 E1 Nino aon the waters along the coast of
British Columbia were manifested by the large positive anomalies in
sea surface temperature, sea level and Ekman transport. These data
are presented for 1982-83 and compared to those for the E1 Nino
years of 1941 and 1958 for selected locations along the coast of
British Columbia (Fig, 1), BRottom-water temperatures on the
continental shelf are presented for May 1977-83.

Annual Sea Surface Temperature Anomalies

In 1983, large positive annual sea surface temperature anomalies
{annual mean wminus long-term annual mean) were observed at
Amphitrite Point and Kains Island (Fig. 2)}. The anomalies were
simitar to those observed in 1941, but larger than observed in 1958
at these locations,

Monthiy Sea Surface Temperature Anormalies

Monthly sea surface temperature anomaties (menthly mean minus
long-term monthly mean) at British Columbia shore stations were
generally small and variable throughout most of 1982 (Fig, 3), By
Necember, slightly above-average sea surface temperatures prevailed;
a marked increase in the anomalies occurred in January. They
continued to increase and, in most cases, peaked in March-April to
values as great as 2.5°C. A decrease in the maonthly anomalies
occurred from May to June at the stations presented except in the
north at lLangara [sland, At those stations showing a decrease,.
there was a lower-than-average increase in the monthly means from
May to June, This is attributed mainly to below-average local
heating in June, An increase in anomalies gererally occurred from
June to July, except at Cape St. James and Entrance Island, The
notable exception was at Entrance Istand in the Strait of Georgia
where a negative anomaly was observed, After July, the anomalies
decreased. During the latter part of the year, near-average
temperature conditions are indicated.
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Figure 2. Annual sea surface temperature anomalies (°C) at
Amphitrite Point and Kains Istand, Yancouver Island, 1935-83,
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Figure 3. Monthly sea surface temperature anomalies (°C) at several
British Columbia 1ightstations, 1982-83,

The monthly sea surface temperature anomaly patterns for 1941 and
1983 were somewhat similar in that the largest anomalies generally
prevailed in late winter and spring (Fig. 4). However, in 1958, the
anomalies were generally largest in spring and summer. During the
Tast 4 months of the year, anomalies were generally larger in 1941
than in 1058, 1In 1958, the anomaly appeared to be earlier
progressing northward, The reverse would be expected if advection
was the dominant process,
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Figure 4, Monthly sea surface temperature anomalies {°C) at
selected British Columbia 1ightstations, 1941, 1958 and 1983.

Monthly Sea Level Anomalies

Monthly mean sea level anomalies were relatively large during the
latter part of 1982 at Tofino and Prince Rupert (Fig. 5). A marked
increase in the sea level anomalies occurred in January, and they
remained relatively large through March. The anomaly decreased
markedly in April, Thereafter, the anomalies generally increased to
a maximum in July, and then decreased, Anomalies at Prince Rupert
were larger than those at Tofine during the spring-early autumn
period.
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Figure 5. Monthly sea level anomalies {aom) at Tofino, B.C. and
Prince Rupert, B.C. and monthly mean Ekman transport (open bars) and
anomalies (solid bars) normal to the coast (cu cm/sec/100 m of
coastline), 1941, 1958 and 1982-83, Sea-level anomalies were
derived from unadjusted values of sea level. Transport values are
from National Marine Fisheries Service, Monterey CA but the signs
have been reversed; onshore transport is positive and offshore
transport is negative.

Ekman Transport

Dnshore-pffshore transports norma)l to the coast indicate the
relative persistence and strengths of the convergent-divergent
processes, At these latitudes, the convergent condition is the
strongest and more persistent of the two processes.

During October-December 1982, monthly mean anomalies indicate

295

EKMAN TRANSPORT (cu m/sec/I00m of coastline}



Tahle 1, Mean bottom-water temperatures (°C) by depth interval {m)
of the continental shelf waters between Amphitrite Point and Estevan
Paint, Vancouver Island, May 1977-8B3.

Rance Masn
Depth lateral  (°CH ("C) AT
tm) 1983 1983 1982 1581 1980 1979 978 07 MIn/Max
48-1 10,5-10,7 106(% A7 - - - - -
T2=90 9.5-10,4  i0.0(a) - - - - - -

91-108 8.6-8.7 B.6(2Y  B,0{2) B0(6) B.2(3) LT THEY 3B 0.4/1.3
1060126 8,2-9.1 8,606y 7,706} 7.5(8) 7.844) 7N 5014y 70010y 0,841,5
121-145 7.8-8.4 B,10I) TLB(TY A5 7.5(9) 7,4(9) T 12N 7.0 0,6/1.1
1456-163 1.7-8.0 TR010) 6,900 7,212y 713 LAHA 6HMT 6704 0.6/1,1
164-181 - 7,8(3) - 5,2y - T2y - - 0.8/0.9
182-200 T.B-7.9 7901 7MY - - - - -

Numbers in brackets indicate mumber of observations
¥4 = Minimum and maximum differences between 1983 and 1977-82 values

relatively small to average onshore transport, but anomalously large
onshore transport in January-March 1983 (Fig, 5), During the latter
period, a strong convergent condition is indicated. {nder this
condition, a strong northerly flow and high sea-surface to bottom
temperature over the continental shelf are indicated, In May 1983,
offshore transport was relatively large at the southern grid part
for this period, reflecting a relatively strong divergent condition
for, at least the southern coast. In June-August, offshore
transport was relatively small {Jume-July} to average (August),
indicating a relaxation to a weak divergent condition, In contrast,
offshore transport was anomalously large in July-August 1958,
particularly in July, MNo data are available for 1941 for
comparison,

Mean Bottom-water Temperatures
In May 1983, mean bottom-water temperatures on the continental shelf
off central Vancouver Island were high compared to those of the six

previous years (1977-82) (Table 1), Positive anomalies of between
0.4-1,5°C were obhserved,
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APPENDIX A  Program
A Meeting on Nino Effects in the
Eastern Subarctic Pacific

12-13 September 1984, 0830-1630, Pacific Marine Environmental Labora-
tory, Sand Point, Seattle. Sponscred by International Recruitment
Investigations in the Subarctic, TRIS, and supported by Northwest

and Alaska FPisheries Center of NMFS.

THE PHYSICAL ENVIRONMENT. 12 September 1984,
Introduction. W.8. Wooster, UW,
{Ocean response during El Nino events. B, Taft, PMEL.

Atmospheric response to equatrorial sea-surface temperature
anomalies, J.M. Wallace, UW,

Atmospheric foreing of interannual variability in the northeast
Pacific. K, Hamilton, UBC,

The 1982-B3 E1 Nino in the eastern treopical Pacific. D. Halpern,
PMEL, *

Nino effects 1n Kuroshio and western north Pacific. M. Kawabe,
U. Tokyo.

The 19282-83 El1 Nino event off Baja and Alra California. J. Norton,
D. McLain, D. Husby and R. Brainard, PEG.

The apparition of El Nino off Oregon: 1982-83., A, Huyer and
R.L. Smith, 0OSU.

Comparison of El1 Nino effects off the Pacific Northwest. G. Cannon,
R. Reed and P, Pullen, PMEL.

El Nino effects off the Pacific coast of Canada, 1982-83.
5. Tabata, IOS,

Comments on interannual variability of northeast Pacific eddies.
L. Mysak, UBC.

* manuscript net avallable at time of publication.

308



THE

Coastal temperature and salinity ancmalies in the northern Gulf
of Alaska, 1970-1984. T. Royer, CAk.

Observations in the Bering Sea. .J. Niebauer, UAk.

BIOLOGICAL RESPONSE. 13 September 1984
El Nino and plankten productivity, R. Barber, Duke, *

Case history of a transition from anti-E1l Nino to E1 Nino:
effects on plankton and nekton distributions and abundance.
P. Smith, SWFC.

The effects of El Nino events on the early 1ife history and
recrultment of subarctic marine fish and shellfish. K. Bailey
and L, Incze, NWAFC.

Structural changes in the California Current ecosystem during
1983. J. McGowan, SI0.

Changes in Oregon plankton and larval fishes during the northern
El Nino of 1983. €. Miller, H. Batchelder, R. Brodeur, and
W. Pearcy, 0SU.

Effects of the 1983 El Ninc on coastal Elshes off Oregon and
Washington: W. Pearcy, J. Fisher, R, Brodeur, 0OSU,

Effects of the 1982-83 E1 Nino on reproduction of six species
of seabirds in Oregom. M.R. Graybill, J. Hodder, UOr.

Inter-Nino comparisons in the marine ecosystems off Washington.
A. Schoener, NWAFC and D. Fluharty, UW.

Salmon managgement in respomse to the 1982-83 Niro event. M, Havyes,
and K. Henry, NWAFC,

(1) Summary of biological, physical and chemical cbservaticns in
British Columbia waters during the 1982-83 El Nimo; (Z) Inter—
annual shifting of the Pacific subarctie boundary on the west

coast of North America from 1956 to 1964 as indicated by zooplankton
biomass. J. Fulton, R.J. LeBrasseur, FPBS,

Patterns of phytoplankton nutrient utilization and their dependence
on physical precesses in the Bering Sea, R.N. Sambrotto, Uk,

* manuscript not available at time of publication.
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