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Prologue
L T e

Apong the oceanic pucnomena affecting man, the rise of deeper water to the
surface along the western cousts of Africa and the Americas has an especially
direct impuct on the social and economic fabric of his life. English speaking
oceanographers refer to the phenomenon as coastal "upwelling"; the Spanish refer to
it as "afloramienteo,” which appropriately sounds like it means "flowering" but
simply means outcropping. |

Figure 1 shows the major coastal upwellings regions. The figure is based on
one from a National Science Board publication (1971) on which is superimposed the
atmosplieric high-pressure systems (anticyclones) that dominate the climtology of
the regions (Thompson, 1977). Hearly 50 percent of the global camercial harvest
of fish wus estimted to came from coastal upwelling regions, which caprise less
than one percent of the total area of the world ocean (Ryther, 1969). This heavy
harvest is the result of a cagplex set of physié:a.l and biologicul processes that
mke up the coustul upwelling ccosysten. During the International Decade of Ocean
Exploration (the 1970s) these processes were the object of concentrated study by
Huropean and Averican oceanographers in experiments off the west coast of Horth
Africa, the Peruvian coast, and the west coast of North America. In this paper we
will focus on the physicul processes associated with coastal upwelling.

¥hen one thinks of movement of water in the ocean, one tends to think only of
horizontal motion: the rapid flow of the Gulf Stream and its eddies, weaker
current systams that clearly affect both navigation and elimate, and horizontal
flow on a4 amaller scale that carries an oil spill, or a drifting raft, toward or
away from beaches. The effects, indeed the existence, of vertical motion in the
ocean is not nearly so apparent. This is not surprising since sustained vertical
flow in the ocean is only 102 w0 107 e sect (1 e to 10 meters per day at
most), while typical horizontal flow is 10 to more than 100 cm sect (10 km to more
than 100 ka per day). ‘This ratio of 1000 or more to 1 in favor of horizontal
velocities is partly because the ocean is 1000 times as wide as it is deep, and
partly becausc it is stratified, i.e., it has increasing density with depth
resulting fran decreasing temperature with depih. Density stratification tends to
decreuse vertical motion since enerygy must be used to displace water in a vertical
direction—-i.e., work must be done against gravity.

The conseguences of amll vertical camponents of velocity cannot be neglected
because there exist large vertical gradients in the concentration of dissolved
nutrients and gases as well as temperature and salinity. Bven a small vertical
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Figure 1. The mujor coastal upwelling regions and the sumner positions of
atmosplieric high-pressure systems, i.e., anticyclones. Heference: NMational Science
Board 1971 and Thampson, 1977.

conponent brings water with different churacteristics from one level to another.
Without this verticul motion the sea would bxe virtually lifeless. At the rute ot
prioury production present in the ocean, depletion of nutrients fram the surface
(eaphotic) layer would lead to a4 virtually lifeless sea in less than a year
(Turckiun, 1968). Therein lies the importance of vertical motion in the ocean.
Upwelling is, in genceral, the result of horizontal divergence in the flow of
the surface layer and my occur anywhere. Although deep vertical mixing also
oceurs anywhere as g result of trunsient storas and leads to a replenistiacnt of
uutrients to the surfuce layer, the upwelling process in the coustal regions
indlcated in Figure 1 provides 4 more persistent supply of nutrients, which enables

high biological productivity to persist.



Some Basic Physics
IV R

Major coastal upwelling regions are located along the eastern boundaries of
the oceans, i.e¢,, the west coasts of the continents. Albng eastern boundaries the
pool of nutrients does not lie very deep below the surface: for example, 100 km
off Oregon (or Mauritania, in northwest Africa, or Peru) the concentration of
nitrute (N03)lnignt be only 0.03 mi%ligran& per liter of water in the upper 10 n,
but is wore than 50 times greater (1.5 milligram/liter) at 100 m depth,
Predominant winds along these coasts ure purt of the circulation around the
yuasi-—stationary, mid-ocean, ataospheric high pressure systeus (e.g., the North
Pacific High and the Azores High in the eastern North Atlantic). The predaminant
wind is toward the bByuator and nearly parallel to the coast in coastal upwelling
regions.

The net efrect of alongshore winds is to move the surface water away from tho
coust becuuse of the effect of the earth's rotation. The earth's rotation gives
rise to an apparent force, the Corlolis force, named after the French engineer and
rathematician G.-G. de Coriolis who formalized the concept. To an observer on the
rotating earth, any moving object is subjected to a "Coriolis acceleration”
directed exactly at a right angle to its mwotion. The magnitude of the Coriolis
force on 4 unit iAass (acceleration) is proportional to the speed of the object (v)
and the latitude (or more precisely, the Coriolis paraneter f where f = 20 sin ¢
and 0 1s the carth's angular velocity and ¢ the latitude). The (oriolis force per
umt muss is fr. When wind blows over the ocean it exerts a force on the sea
surface in the direction it is blowing, i.e., its mamentun is transferred to the
ocean, tending to drag the surface water with it. As soon as the water begins to
move, it experiences both the Coriolis foree and the force of the wind.

the resultant etfect on ocean currents of the Coriolis force carbined with
wind fources was not adequately understood until the beginning of this century, and
a brief historical and theoretical excursion is in order. During the drift of the
arciic rescurcih ship FHAM across the polar sea in 1893-9G, Norweyian
explorer—occanographer Fridtjof Nansen observed that the ice drift was at 20° to
40° to the right of the wind. UYe attributed this to the effect of the (oriolis
force, and inferred that the water below, dragged along by the ice or water above,
must be deflected cven further to the right. Swedish theoretical physicist V. W.
EBian (1905), motivated by these observations, produced the theoretical explanation
in & now classic paper. He assumed a balance existed between the (oriolis force

and the frictional forces (frictional drug) resulting from turbulent transport of
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moientun from the wind into the surface layer of the sea. Using a coustant eddy
viscosity and vertical shear of the horizontal flow to parameterize the turbulence
process, the cyguations of notion for the assumoed balance becomes (with u, v the
eastward, northward currents): '

0=fv+A£2
oz
2
o= —fu + A-Q*%
az

A simple, elegant solution is obtained by reguiring that wind stress, T,
(force per area) matches shear stress in the fluid at the surface. The surface
boundary condition becoues (with T T

components) ;

y the ecastward, northward wind stress

= o %%|z=0 ; Ty - oA %%1z=
wliere pis tike water density and A the cddy viscosity. Typical values for A are of
the order of 1 to 100 o secml. Volocities and velocity gradients wre assumed to
vanish at great depth,

The resulting surface velocity is 45° to the rigiht (left) of the wind
direction in the lortiern Hemisphere (Southern Hemisphere) and decreases
cxponeutially with depth with the direction rotating to the right (left) with
increusing depth. This logarithmic spiral is called the Ewnan spiral. The surface

— Y bl ‘)
12 \0d hus decreased by et at 2 = — (2a/£)%. The deptn

speed is '[(I'Apz)
(GA/ f)1/ 2 is called the M depth or depth of frictional influence, and the layer
fron the boundary to that depth is called the Ekman layer. The Elman layer is sune
tens of neters thick, depending on stratification and wind intensity.  An Bkraan
layer will occur along any boundary that exerts a frictional drag (e.g., wind
stress or bottan friction) on the fiuid.

A very iuportant result, whicn is independent of eddy viscosity, can be
obtuined by integrating the above equations of motion with depth to obtain the net

uss transport due to the wind:

T
M =/  pudz = ¥
X - D f
T.
M o=/ pudz = - =
Y =D £

The lower limits of integration are formmlly indicated as -D, where D is saae
deptn sufficiently great that the stresses (velocity gradients) vanish. D can be
tukern as approximately the Fkman depth, since the velocities decay exponentially.,
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Thus, net movement of water in the layer affected by wind, i.e., the Ekman
layer, is at right angles to the wind (900 to the right in the Northern Hemisphere,
90° to the left in the Southern Hemisphere). The amount of water so moved by the
wind is called the Ekman transport.

Quantitatively, the Ekman transport (the mass of water moved, in unit time, at
right angles to the wind through a strip of unit width extending fram the surface
to below the Ekman depth) is equal to the wind stress (force per unit area exerted
by the wind on the sea surface) divided by the Coriolis parameter f. Wind stress
has the same direction as the wind, but is proportional to the square of the wind
speed. The wind stress vector has the direction of the wind; its magnitude is
approximately equal to the product of the air density, p,, 8 dimensionless drag
coefficient, C, = 1.5 x 10"3, and the square of the wind speed:

T =0, Bl Vgina! Ywing

tlence the Bkmn trausport increases strongly with increasing wind.
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A Simple Conceptual Model

When wind blows parallel to a coastline, an Ekman transport perpendicular to
the coast (toward or away from the coust) is established. If the coastline is to
the left, looking in the direction the wind is blowing, in the Horthern Hemisphere
(or to the right in the Southern Hemisphere), the Emn transport is directed
offshore (Figure 2). Near the coast, water can be supplied to feed
offshore-directed Bkman transport ouly by drawing it up from below. As the surface
watel 1s swept offshore, an equal volune of deeper, and colder, water wells up to
replace it near the coast. Thus the magnitude of the Ekman trunsport directed
offshore, couputed froan the alongshore component of wind stress divided by the
Curiolis parwacter, is an index of the magnitude of coustal upwelling. This is
exactly what Bakun (1973) computes as the Upwelling Index, which is disseminated by
the National Marine Fisheries Service (NMFS) of NOAA.

If we look at sea surface teoiperature maps of the ocean we find confirmation
of this effoct, e.g., we can cunpare the difference between coastal sea surface
temperatures and rid-ocean surface temperatures. Are coastal temperatures cooler
where and when alongshore wind is such that the Ekman transport at the coast is
directed offsho_rc? Figure 3, based on research by Wooster et al. (19706), shows
lhese cagparisons 1or the castern Horth Atlantic. The anamlously cold coastal
tenperatures at the coast (comparced with mid-ocean surface tenperatures at the saoe
latitude) are caused by upwelling of deeper (and colder) water unear the coast ws
wind transports surface water out to sea. MNote the cold water off Portugal during
suaer, assoclated with increased offshore Ekman transport.

A very similar picture emerges on the west coast of the United States during
suaer (Figure 4). A vertical section of tanperature, perpendicular to the coast,
is instructive: the tewperature and nitrate distributions in a vertical section
extending off the Oregon coast in July 19068 are shown in Figure 5. Winds ure
gonerally favorable (blowing fram the norti) for upwelling from April through

E'Fm?\r;pori Hemisphere is shown with wind blowi.ng
from the north. OQOffshore transpert in
the surface Ekman layer results from wind
parallel to the coast; water moving
offshore in the surface layer omust be
replacad by upwelling from deeper water.

\N'\“d 69 —m—n Figure 2. A conceptual diagran of the
/*_(—-(LZ\ 5\*3 coastal upwelling process. The west
/\(+ coast of a continent in the Northern

Upwelling
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Septenber along the Northern California, Oregon, and Washington coasts. For two
weeks prior to the 1968 observations the wind was strongly favorable for upwelling
and the effects of coastal upwelling were seen in the rise of deeper water toward
the coast. It was apparent that the direct effect of upwelling, and presumably the
vertical transport of deep, colder, and nutrient-rich water was occurring within 30
km of the coast.

The conditions shown in Figure 5 are consistent with the theory (Charney,
19565; Yoshida, 1955) of respouse of stiratified rotating fluids to forcing near a
boundary. Theory suggests that upwelling, or replacement of water moved offshore
as the Eigun transport, would occur within 4 coastal zone with an offshore scale

given by the "baroclinic radius of deformation,” which is estimated by the cquation
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Figure 3. 2) The west coast of the Iberian peninsula and northwest Africa, where
the wind blows with a compooent from the north during much of the year. b) Ekman
transport near the coust capputed from the aloogshore component of wind stress.
The data is plotted against latitude (vertical axis) and month (borizontal axis).
Positive nuabers, mean surface flow directed offshore, and shaded areas repressnt 1
relative maxime in the offshore Ekmen transport. The units of transport are o° s
per meter of coastline. ¢) The difference between mid-ocean and coastal sea
surface terperatures in C, plotted in the same manoer as the Egmn transport in
b). Positive values indicate coastal taq:eram.msocolder than mid-ocean. Shaded
arcas represent coastal terperatures colder by 3.5°C or more than mid-ocean surface
tecperutures. Source: Wooster et al., 197C.
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Figure 4. Sea surface tesperature °c)
during the coastal upwelling season off

the U.8. west coast (Oregon). Measurements
made with rediation thermometer on a NASA
aircraft, 12 August 1969,
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R = ill/f. The relevant paraneters for giving the width of a coastal boundary
process are thus the average vertical density gradient (N2 = % —gg where g is
yravitational acceleration and pthe water deusity), the water depth if, and the
Coriolis paraeter (i.e., latitude). For Oregon, R is on the order of 15 kn, and
we see that the nutrients fraa below 100 m are reaching the surface within 156 ka of
the coast. The source water ror coastal upwelling is seldan greater than a couple
of nundred neters, and is usually less. Off Oregon and northwest Africa, the
upwelling water ncar the coast coaes from an offshore depth of 100 to 200 1n; but
off Peru, the source Jdepth is usually 50 to 75 m (Figure G).
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Figure 5. Tamperature aud nitrate distributions in 4 cross section extending off
the Oregos coast during coastal upwelling. The concentration of nitrate is given
in micro-molar units (uM). A concentration of 1 UM is equivalent tc 62 micrograms

of pitrate per liter of sea water.

The deep upwelled water is very rich in sitrate

by ocean standards (1.5 willigraas per liter), although not by the standards of

terrestirial farmers.

The rise of denser water toward the coast changes the internal density

distribution, anhd hence the internal pressure field.

Since cold upwelling water is

mch denser than the surface water it displaces, it must be actively lifted by sone

mechanicul force. This force is supplied by a pressure drop at the coast, which
Since water cannot flow through the
coustline, the sea surface level is lowered ut the coast, causing & shoreward

arises as the offshore BExnan drift begins.

pressure gradient to form in the entire water column below.

Neur the surface, this pressurce gradient inhibits the veering of the

wind-uaccelerated surface waters, and the acceleration proceeds until an alongshiore

current develops where the Coriolis force balances the coastward pressure drop,
i.e., 4 geostrophic balance is attained (see Stormel, 1960, pp. 16-21, for an
excellent brief discussion of the geostrophic bulance). Figure 7, shows the

alongshore flow that developed off Oregon after several weeks of upwolling
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Figure 6. Cross-shelf density 2‘% gty 0
profiles from Oregon, northwest 25 e G
Africa, and Peru during upwell-
ing-favorable winds. [ rir
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Tavorable winds (Mooers, Collins, and Smith, 197G). An alongshore coustal jot
developed in the direction of the wind where the horizontal ‘density gradient-—hence
pressure gradient-—was greatest. Once this alongshore flow pattern was
establisned, the balance did not depend crucially on the surface wind. Therefore,
1f the wind suddenly stopped, the coastal current would continue its strong
alongshore tlow and the strong temperature gradient between the cold coastal water
and warmer offshore water would be maintained. It usually takes a wind reversal to
break this down by destroying the coastal jet and by setting up an onshore BEkman
drift of wana water. Otherwise, only lateral mixing, perhups by strong offshore
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0 - Figure 7. The flow parallel to the coast
Y
/ i
- ] 1

(i.e., the alongshcre velocity) off
Oregon during coastal upwolling. The
. 7 wind is from the north, i.e., blowing
50 /j Pl southward. Solid lines and pegative
r25.5 i 5 : numbers indicate southward flow in tbe
/. : water—the coastal th bas speeds in
; : excess of 10 cm sec”; dashed lines and
: positive numbers indicsate northward
flow—a poleward flowing undercurrent.

Heavy solid lines represent isopycnals
(equal dens;_&y surfaces) of 1.0255 and
1.0200 g ca ™, roaghly equiga.lent to
temperatures of 9°C and 7.5°C
respectively. Flow perpendicular to the
coast is as indicated in Figure 2.
Offshare flow (in the Ekrmn layer) is
limited to about 25 m, the onshore flow
that feeds the coastal upwelling
process is present immediately beneath
the surface Eikman layer. Source:
Moogers, Collins, and Smith, 1976.
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eddies, or the heat of the sun can act to eliminate the cold coastal condition

after tiue upwelling favorable wimds subside.

Note in Figure 7 another ubiquitous, but subsurface, feature of major coastal
upwelling regions: a poleward flowing undercurrent, flowing opposite to the wind
and the near surface flow. This undercurrent hugs the continental slope off the
upwelling coasts of the Americas and Africa, sanetimes cextending onto the
continental shclf, as is seen off Washington (in Figure 8; lMickey, 1979), northwest
Africa (in Figurce 9; Mittelstaedt et al., 1975), and Peru (in Figurc 10; Brockasnn
et al., 1980). Although theories have been advanced to explain this phencmenon,
there is no cagpletely satisfactory physical explanation for it. Its importance to
the ecoloyy is more apparent. Consider that high primary productivity occurs near
the surface in waters that move downwind (eguatorward) and offshore. The detritus
fram high productivity, and fram the higher trophic levels that it supports, sink
oul of the cuphotic zone to deeper water, where inorganic nutrients gradually are
regenerated by bacterial action. The undercurrent lying below the region of
highest productivity transports the detrital products and nutrients back upstrean.
Thus 4 natural feedback process is established: the nutrients may be returned to
the cupliotic zone by onshore flow (compensating for the offshore Bkman transport
above) and upwelled, to repeat the cycle. One can imagine that the biota itself
may take wadvantage of this conveyoer belt, thus reasining in rogions of high

productivity.
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Figure 8., Alongshore currents
off southern Washington, 21
July to 28 August 1972. Equa-
torward flow is shaded,

{right hand mmber) are cm 8 ;
correlation (left hand mamber)
with midshelf 68 m current re-
cord is shown; temperature
field is :lndic&ted ( numbers
left edge) in C. Source:
Hickey, 1979.

Figure 10. Alongshore cwrrents
at two latitudes off Peru,

2 April-10 May 1977. Pole-
ward flow has negative sign and
i5 shaded, speeds are am s~1.
Equatorwerd flow has not been
contoured, Source: Brockmann
et al., 18980,
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Ficara 9. Mean onshore (U) and alongshare (V) currents off northwest Africa

(21740'1%), February-jpril 1974.

Offshore and poleward flow, faspactively. are
Source:

shaded. Equatorward flow has negative sign, speeds are cm 8™ .

Mittelstacdt et al. 1975.
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Exceptions that Prove the Rule

Two regions of upwelling and high productivity that are not located along the
eastern boundaries of the oceans (i.e., off the west coasts of the continents) are
the northwestern Indian Ocean and the equatorial regions. Vigorous upwelling
occurs off tiw east coust of Somalia and Saudi Arabia. During May to September the
southwest monsoon blows from the southwest (the condition implied in Figure 1),
nearly parallicl to the coastline, causing a large transport of surface water (Ekman
trunsport) away fran the coast. Just off Saudi Arabia, the seu surface temperature
way drop to 180(3 wiile taperatures 1000 kn to the east are nearly :SOOC._ Off
Samlia, only nine degrees of latitude from the equutor, where the Somali current
(the Indian Oceawn analog to the Gulf Stream) separates fram the coast in a process
that enhances upwelling near the coast, the sea surface tepperature may be less
thu 15°C. During the winter the winds blow in the opposite direction, and neither
upwellingg nor the Somali current is present.

Anotier region which conspicuously exlhiibits the eftfects of upwelling is the
aeustoern cquatorial Pacific. Like the coastal upwelling regions, the cquatorial
regliows are cluracterized by preen wuter and an abundance of fish, which is a4 sharp
contrast to the desert-like regions to the north and south of the mid-ocean
aguatorial regiou. The grecu water is the rosult of an_ubundance of phytoplankton:
equatorial waters have a high productivity exceeded only in coastal upwelling
regions.

Seu surfuce tuperatures in the eastern eguatorial Pacific, west of the
Galapagos, are lower than temperatures found within 2000 km north or south of the
equator, and in July and August sea surface tenperatures dip below 20°C at the
GCalapazos Islands. Upwelling at the equator results from a wind-inducced divergence
of the surface layer--sinilar to that in coastal upwelling. The trade winds in
equatorial regions blow with a conponent from the east. Surface water is
transported away from the equator immediately north and south of it, the Bamn
transport is to the right of the wind in the Northern Hemisphere and to the left of
the wind in the Southern Hemisphere. This wind-induced divergence in the surface
luyer results in upwelling near the equator, with the concomitant cool tepperatures
and nutrient-rich water,
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A Comparison of the Simple Model with
Observations

The conceptual model of coustal upwelling presented in the previous sections
actually stems fram McEwen's (1912) application of Ekman's results to explain ocean
temperatures along the west coast of North America. The model continues to be tho
basis for wost contenporary models of coastal upwelling (e.g. O'Brien et al.,
1977). Briefly restated, the offshore-directed Elkmn transport (Tyf_l) in the
surfuce luyer at the seaward edge of the coastal zone drives coastul upwelling by
requiring water inshore to upwell into the surface layer to satisfy continuity.
Horizontal flow Leneath the surface layer must be convergent to balance the
divergence in it caused by the Ekman transport of water away fram the coast. This
can be done simply, but not necessarily, by cross-shelf flow beneath the surface
layer cqual and opposite to the Ekman transport in it. Observations from moored
arrays of current meters and anemometers can provide a test of the conceptual
nodel .

During tiw Coastal Upwelling Ecosystems Analysis program (CUEA) three
dificrent coastal upwelling regions were intensively studied: Oregon, the CUE-2
experinent, July-august 1973; northwest Africa, the JOINT-1 experiment, March-April
1974; and Peru, the JOINT-2 experiment, March-May 1977. The regions differed in
latitude, strutification, and strength and variability of the wind driving the
upwelling (Table 1), as well as bathymetry of the shelf and slope (Figure 11). For
several wecks during each experinent, moored, fixed-level, current meters recorded
horizontal flow in the water colun at a midstelf site near the seaward edge of the
upwalling zone, and nearby meteorological buoys measured wind. Descriptions and

Table 1. Comparison of three upwelling regions (see Figure
12). 1'y: Mean + standard deviation of the alongsho

(equatorward) component of the wind stress (dynes cm-“) and
texitaun/minimun values during the experiments; Ap: Dbensity

difference (sigma-t) from surface to botton at midshelf; R:
estimted baroclinic radius of deformation (km).

T

b Lo R

Oregon (457N) 0.50+0.73; 3.48/-1.10 2.0 14
Rorthwest Africa

(21"403N) 1.5040.93; 3.20/-0.50 0.3 10

Peru (15°%) 0.55+0.35; 1.53/ 0.08 0.5 20
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Pigure 11. Ghelf and slgpelt.o;ngraphy
off northwest Mricao(m 40 Ny, Qregon
(45%), and Peru (15°5) with location of L
moored current meters during QJEA
experiments.
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0
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analyses of these measurcments were publishbed in Halpern (197G); Halpern, Smith,
and Mittelstacdt (1978); Brink, Halpern, and Gnith (1980); and Smith (1881).

The mean alongshore component of wind stress (Tuble 1) was favorable in the
three repgions studied (L.e., the wind blew equatorward alonyg those castern
boundaries). ‘The values for R estimated from tne parameters given in Table 1,
using W2 = gho ¥ oY, and the hydrographic and biologicul evidence (Smith, 1974;
Huyer, 197¢; iuntsman and Barber, 1977; and Brink et al., 1981) support the
asusumption thut the moored arrays in Figure 11 are near the scaward edge of the
upwelling wone.

Mean horizontal velocity profiles from these moorings are shown in Figure 12.
The alongshore/onshore directions are positive eyuatorward/eastward——i.e., toward
the south and eust for Oregon and northwest Africa, and toward the northwest
(3150T)/n0rtneast (450T) for Peru—which are consistent with the gencral trends of
the coustline. Near the surface mean flow is strongly cyuatorward, as is the wind.
The poleward undercurrent is evident on the Oregon and Peruvian shelves, but not on
the northwest Africa shelf; a stromy poleward undercurrent does exist over the
slope off northwest Africa (Figure 9). It is clear fram Figure 12 that the mean
proiile is consistent with the conceptual model of coastal upwelling: offshore
flow in a surface layer on tne order of 20 to 40 m depth at midshelf causes
upwelling of water, supplied by onshore Tlow in the decper water, into the surface
sone inshore. Whether there exists a quantitative agrecment between Ekman
trausport (Tyf_l), the offsihore transport In the surface layer, and the onshore

transport beneath, will be discussed later.
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Figure 12. Mean current profiles fram moorings shown in Figure 11. Reference:
Smith, 1981.

The layer of wean offshore-directed flow is relatively thin: less than 20 n
off Oregon, 35 m off northwest Africa and about 30 m off Peru. Reecall that the
Ekuan depth, a measure of the thickuess of the Ekman layer, is D = (2A fﬁl)l/z
where A is the vertical eddy viscosity. Halpern (1976 and 1977) and Brink ¢t al.
(1980) estimuted A by matching wind stress to near-surface stress duc to vertical
shear in the alongshore current, T y = A v/ azé As_r?ra.ge valueg f(_)]}: A during periods
ol strong upwelling favorable winds are 55 cn” s - and 70 cax® s+ for Qregon,
northwest Africa, and Peru; the corresponding Ekman depths are 10 m, 22 m, and 19
n. An alternate ostimte of the thickness of the surface layer cames fran studies
of turbulent boundary layers. Pollard, Rhines, and Thompson (1973) gave the
thickuess of the surface mixed layer as DS = 1.7 u, (fN)_I/2 where u, is the
friction vclu,lty defined by 1 = puf. Using the parameters given in Table 1, and
estimating mean N“ as above, Do = 10 m, 35 m, and 26 m for Oregon, northwest
Africa, and Puru respectively. These values agree with the observed thickness of

the mean offshore flow layer.

Onshore flow below the surface layer, which could campensate for the upwelling

inshore into the offshore flowing surface layer, is clearly not in a bottom Ekman
layer off Oregon and Peru. There, decper flow at midshelf is poleward, and thus
the bottan Ekmn transport would be directed offshore. Onshore compensatory flow
is shallow and is presuaably in geostrophic balance with the alougshore pressure
gradient. A mean alongshore pressure gradient caused by an alongshore
{equatorward) rise of sea level of 1 aa in 100 Ko would be sufficient to allow a
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mean geostrophic onshore flow to balance the mean offshore Ekman trausport.
Although such a wmechaniam is utilized in several theories and nuaserical models, the
smallness of the pressure gradient has generally precluded experimental
varification.

Off northwest Africa, onshore flow is adjacent to the bottom and its thickness
is consistent with a bottom Ekman layer. On the basis of boundary layer theory,
the bottom kkman layer thickness is often assumed to be Dg = 0.3 u, f_l, where u,
is friction velocity; u, is estimated as 0.03 Vg, where Vg is the "geostrophiic
speed," or speed outside the boundary layer. (See Weatherly and Martin, 1978, for
a discussion of the dynamics of the oceuanic botton boundary layers and especially
the erfect of stratification, which causes the above cexpression for Dy to
overestimate thickness—perhaps by as much as a factor of 3 off Oregon, but les:s
off nortwest Africa). For northwest Africa Vg is taken to be the rmi.ximmn vector
mean speed beneath the surface Ekman layer, viz. V(40 m) = 28 cms ~., This yields
DB = (34 1 and suggests that the bottan Elanan layer does play an important, perhaps
dominant, role in upwelling circulation. For comparison, DB is computed for Oregon

1

and Peru, using a more directly determined estimate of u, ~ 0.42 cm s © off Oregon

(Caldwell and Chriss, 1979) and estimating u, for Peru as it was for northwest
Africa, using V (59 1) =V, = 12 cn s The result is D = 16 m off Oregon and 38 m
off Peru. These estimates of DB are consistent with mean velocity profiles and
sugzgest that an Braan bottoa layer provides the campensutory onshore flow off
nortawest Africa, but plays a minor role—-and an opposite one, because of the mean
poleward flow-—off Peru and Qregon.
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Upwelling Events

30 far upwelling has been discussed in terms of mean or clirmtological '

features, causes, and effects. In Figure 1, distribution of half the world

fisheries reflected a possible adjustment of the ecosystem on the evolutionary time
scale. In Figure 3 climatological winds were campared to average temperature
ditfferences between the coast and mid-ocean. The patterns agreed well with what
would be expected from the conceptual model, which explained costal upwelling as a
response to local winds. But winds fluctuate on wany time scales. Does coastal
upwelling? The tema "upwelling events"-—-denoting periods of strong upwelling
associated with stronger-than-average, upwelling-favorable, alongshore winds—-is
now a camwn expression in the literature. Let us look at the changes
corresponding to the several-day fluctuations in atmospheric circulation, i.e., the
fluctuations that make up our "weather.”

The Oregon coast 1s a good place to see the effects of variable winds on
coastal upwelling. Although winds are generally favorable for upwelling from April
tirough September, occasional storts or tikee passage of low pressure systems cause
winds to blow from the southwest. Winds from the south or southwest cause an Ekman
trunsport toward the coast. The wind, measured at the coast near Newport (45011 )
during August 1972, are shown in Figure 13. During some of these weeks an aircraft
with infrured thenmsanmetry equiprment flew over the coustal waters (O'Brien, 1972):
sea surface teuperature maps fran five flights are shown. Winds had been favorable
for coastal upwelling (fram the north) in early August, and the 88T (sea surface
temperature) map for 10 August 1972 shows cold water everywhere. The winds then
became southerly (fram the south) on 12 August, and waraer water covered the region
by 17 August. Within two days (24 August) after the wind again shifted to
nortuerly, cold water began outcropping nearshore. Strong upwelling-favorable
winds continued, and on 30 August cold water was again found everywhere in the
coastal reylon—the warmer surface water having been pushed further out to sca.

Periods of intensified upwelling-favorable winds are called upwelling wind
events. The duration and intensity of events vary from region to region, and same
biologists think various upwelling ecosystems may have evolved to take advantage of
such characteristics. Weak winds between events and stable stratification
resulting from warner water developing over cold water allow phytoplankton
populations to bloom and tuke full advantage of the burst of nutrients supplied
during the windy event.

Both the higher trophic levels of the marine food chiwin and man do take
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Figure 13. Sea surface temperature maps fram
the Oregon coastzl upwelling region. Daily
average wind vectors, at Newport, are shown
for an upwelling event cycle. Sea surface
temperatures demonstrate the rapld response
of the coastal upwelling process to wind
fluctuations. Source: O'Brien, 1972,
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advantage of the temperature distributions seen in Figure 13. The highest
concentrations of phiytoplankton and zooplankton are frequently found near the
boundary between cold, nutrient-rich, upwelled water and warmer surface water of
the offshore ocean. (Sharp boundaries are called fronts, analogous to the fronts
in meteorology that separate air masses of differing densities.) The cohio salmon
of the Pacitic Northwest coast prefer temperatures between 11°C and 14°C,
intermediate between the offshore ocean water (150 to l7°C) and nearly upwelling
water at the coast (80 to 100(1). This is where fishermen are most likely to find a
good catch, and the fishermen of Oregon have long used thormometers to guide their
fishing.

Detailed knowledge of mixing and the true trajectories of water in response to
wind is limited, but differences in productivity among several upwelling regions
iy be partly explained vy differences in the strength and duration of wind events.
For example, off nortuwest Africa the winds at times blow very strongly (Barton et
al., 1977), perhaps flushing out the region's waters by dispersing the contents of
the surface layer before phytoplankton populations can build up. Perhaps, too, the
vigor of the surface flow removes the plankton offshore beyond the undercurrent,
reducing the efficiency of the conveyer belt. Often, in response to strong winds,
& deep and well-mixed surface luyer develops, which mixes phytoplankton below where
they receive sufficient light for photosynthesis. Strong upwelling-favorable winds
can perhaps be too strong for high primary productivity to be achicved.

Since "upwelling events" are important and ubiquitous and the standard
deviation of alongshore wind stress is not negligible (Table 1), we may well ask if
the mean profiles shown in Figure 12 are meaningful. Could it be that they simply
show an aritimetic mean, never realized in nature, between two extreme
states—--upwelling events and quiescent periods? To corpare the "event" flow
patterun to thie mean we chose the wind event associated with the maxiram wind stress
in Table 1. Profiles of cross-shelf flow (Figure 14) show the low-pass filtered
duta at a time when wind stress was greater than the mean for more than one
inertial period, the characteristic time scale for Ekman layer "spin-up.” The o ¢
or temperature profiles taken before the wind intensified and after it peeked,
indicate that water properties changed, which would expected during an “upwelling
event." The close similarity of onshore/offshore circulation at the height of
upwelling to the mean profile is clear. FEven off Oregon, where the standard
deviation of wind stress is greater than the mean, and wind stress during the event
is almost an order of magnitude preater than the mean, the event and mean profiles
are very similar. Therefore, the conceptual model of upwelling holds both in the
mean and during "upwelling events."
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A Quantitative Test
h

(uantitative estimates of the amount of water upwelling are needed to estimte
nutrient fluxes and to compare the temporal and spatial variations in the
"efficiency" of upwelling regimes. Unfortunately, the small vertical velocities
(at most 1072 om sec™ ) can barely be measured at all, and certainly not with the
temporal and spatial coverage necessary to provide useful estimates. From
horizontal velocities measured by moored current meters, the divergehce in the
horizontal velocity field between the coast and some offshore location can be
inferrced, and hence the amount of water that must upwell to satisfy continuity.

Water velocity measurements, however, are generally difficult and always
expensive 1o obtuin, and are inevitably spatially insufficient. On the other hand,
wind--at leust on the coast——is relatively easy to measure. Important guestions,
answered in part during CUEA and being addressed with the data from more extensive
and sophisticated instrumentation used during CODE (Coestal Ocean Dynamics
Experiment) off Culifornia in 1981 and 1982, are the following:

- Is the observed cross-shelf transport in the surface layer, US = fgudz,
in quantitative agreement with the Ekman volume transport, 'ry( of )_1,

camputed fram the wind obhservations?

- Is the offshore flow, US’ balanced by an equal onshore flow below,

-D
UL = / udz, or is the upwelling process more complex?
-b

The second guestion can be restated: Is the couvergence in the flow required to
balance the Elmn layer divergence, caused by wind stress along the coastal
boundary, two-dinensional (99+3% = 0), involving ouly the cross-shelf (u) and
vertical (w) velocity field,ajiar éxree—dimensional (-351:- + —3-:7 + _;;"3: = 0)? If the
latter, then variutions in upwelling intensity along the coast are likely,
independent of variations in wind. Since wind is highly variable, the questions
may have different unswers with respect to the mean circulation than on the time
scale of uypwelling events.

Definition of the alongshore/onshore coordinate system is crucial in tests of
volune flux balances since both mean and variable alongshore flows are much greater
than cross-shelf flow. Net alongshore transports are nearly an order of nagnitude
greater than offshore/onstiore transports or theoretical Ekman transports. Thus, a
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slight rotation (only a couple degrees) in the naminal alongshore/onshore
coordinate system can make an appreciable difference in cross-shelf transport. The
local isobath direction is the natural alongshore direction in coustal upwelling
through continuity, and in time-dependent inviscid models, variability in
alongshore flow (v) results from tne—g% + fu balance (Allen, 19803, In a
gtratified fluid, the flow tends to organize in the along-isobath direction, and
the CUEA results (e.g., Kundu and Allen, 197G) cleurly show the tendency for the
horizontal velocity fluctuations to align along isobaths.

In general, bathyimetric charts are not precise enough to allow estimates of
isobuth directions to within a few degrees. Furthermore, it is not apparent over
what spatial scale directions of the wiggling and curving isobaths should be
estimuted. In this paper, the major principal axis of the total volume transport
vector (velocity integrated from the bottom, z = -b, to the surface, z = 0:

U= [O udz, V = Igvdz) is chosen as an objective definition of alongshore direction,
i.e., the direction of maximum variance of the depth-averaged velocity field is
assumed to be the "alongshore' direction. These directions agree well with isobath
directions. A beneficial corollary is that cross—shelf fluctuations are, by
definition, uncorrelated (at 0 lag) with alongshore fluctuations in the principal
axis system.  Thus, cross—shelf transports are not "contaminated" with an
alongshore transport contribution.

Volune transports were computed by numerical (trapezoidal) integration of the
vertical array of velocity measurements at depths indicated in Figure 11.
Contributions to integration fraa current weters above and below a fixed depth D
were assigned to the upper and lower layers respectively. D was taken to be the
depth widway between the deepest current meter showing offshore fiow and the next
current meter deeper.

The mean Eknan transport caaputed from wind stress and measurced mean
transports in the upper and lower layers are given in the transport principal axis
system iu Table 2. (For camparison, cross-shelf transport in the surfuce layer is
also shown for the coordinate system defined by zero mean, net cross-shelf
transpoirt.) The large mean onshore transport, Uy s in the lower layer off Oregon is
probably real and results from o positive mean 5v/3y: the mean southward flow
along the 100 m isobath incresses by about 2.5 can s'l fram pworing C (used in this
paper) to mooring P, about 50 km southward (see figures and statistics in Kundu and
Allen, 197G). Increased onshore flow between C and P of nearly 1 cm s:l would be
required to supply the estimated increased transport over the 50 percent wider
shelf inshore of 100 m at P. Thus about 100 units of the lower layer onshore
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Tuble 2. Mean Ekiaun transport camputed fram the alongshore
component of the wind stress, mean measured cross-shelf
transport in the surface (Ug) and lower (U;)layers
(principal axis system), and the magnitude of the

of fshore/onshore transport in the upper/lower layer in the
Zero net cross-shelf transport coordinate system, i.e., the
latter ASSURS 13'm—dimnsiunal upwelling. Transport is
given in 10 an“/em sec, and is positive directed onshore.
Fraa Umith, 1981.

Oregon ‘ - 48+69 - G5+100 1984177 143
Northwest Africa  -274%170 ~145+184  248+160 195
Peru -141% 89 ~ 82¥148  120+260 90

transport off Oregon (Table 2) may be the result of a mean dv/3y and not be part of
the compensatory flow for the mcan offshore Ekman transport.

If this is the case, the Oregon lower layer transport would not appear
anomlously large relative to the Ekman transport. A non-negligible mean 3v/ay may
be ubiguitous in coiustal upwelling regions as a result of bathymetric variations
and thus preclude a mean two-dimensional mass balance except over space scales that
are laryge compared to bathymetric variations.

The oboerved mean offshore transport is in fair agreement with the deviations
in closer agreenent. Does the Ekman relation hold for the variable flow? To test
this, the correlations of the US series against the Ty (vt )_l series, with the
eans removed, were cowputed. The maximun correlations, all significant at greater
than U9.9 percent level of significance, are 0.66 with US lagging Ty by six hours
off Oregon; 0.71 with O lag off northwest Africa, 0.54 with lg lagging Ty by six
hours off Peru. A quantitative answer to the question is provided by the linear
regression of US on '[y(pf)—l, with US series lagged to provide the maximum
correlation. The regression coefficient is unity to within the standard error in
ull cases (Table 3), i.e., the observed surface layer cross-shelf transport
variations agree with those predicted from wind stress using simple Fkman theory.

The lower layer transports, U, , were also significantly correlated with T y(of )_l
(at the 99 percent significance level) but the regression coefficients were not
unity to within the standard error except for Oregon. The results are also shown
in Table 3. The cross correlation between US and UL were considerably poorer
than between Ty and either US or UL' Only for northwest Africa and Peru were the
correlations significantly different fraa zero at the 90 percent level (northwest
Africa was —0.309 with UL lagging US by 36 hours; Peru was -0.40 with U, lagging US

L
by 43 hours). The negligible correlation between Ug and UL off Oregon may be the
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Table 3. Coefficients fraan linear regression of measured
cross-shelf transport in the surface layer, U,, and lower
layer, UL’ on the Ekman transport camputed fram wind
measurenents. (U positive onshore, 1. positive equatorward
alongshore). From Smith, 1981. Y

Dependent Correlation Regression Coefficient

Variable Coefficient + Standard Error
Uregon U, -0.G66 -1.04+0.33
ing 0.49 1.25%0,54
Northwest US -0.71 ~-0.77+0.30
Africa U, 0.64 0.64+0.25
Peru U, -0.51 —-0.84+0.33
UL 0.63 1.85+0.36

result of energetic, barotropic, continental shelf waves, which are present in the
Oregon data (Cutchin and Smith, 1973), obscuring the "baroclinic" cross-shelf
circulation response to upwelling. In any case, the UL' US relation cannot be
characterized by a two-dinmensional mass balance on the event time scale in any
region. In nature, two-dimensional upwelling circulation seems to be ephemeral,
and it should be no surprise to observe "upwelling centers," the spatial
counterpart to "upwelling events." Topographic effects may easily cause % to be
non-zeroe and hence local upwelling (_g-Lz”) not to balance exactly the offshore Ekmun
transport. Nevertheless, simple Ekmn dynamics does seem to hold reusonably well
for the surfuce layer in the mean and on the cvent time scale.  An "upwelling
index" bused on wind stress should huve quantitutive efficacy for scales that are

lLarge compared to upwelling centers (2210 km).



Epilogue

Coastal upwelling studies of the 1970s focused on relatively =mmmall subregions
of major coastal upwelling regions extending along the west coasts of the United
States, northwest Africa (Senegal, Mauritania, and Morcoceco,) and Peru. Our
understanding of the coustal upwelling process on time scales of days to a few
months (the typical duration of an experiment or expedition) and on a local space
scale (the order of 20 km alongshore and, perhaps, 100 km offshore—~the urea within
whicl a ship can make repeated daily measurements) is much improved over a decade
curiier; or, at least, much work and thought has been expended (e.g., see an
attempt at synthesis of the studies in Barber and Smith, 1981). These localized
(in space and time) studies, because they were made within persistent, large-scale,
coastal upwelling systems, emphasized the significance of both spatial
inhonmogeneity and interannual variability, which are part of the coastal upwelling
process. These topics will, I hope, be more adequately addressed in the 1980s, and
I will comaent briefly on then. '

The appurent spatial inhomogeneity of coastal upwelling can be seen off Peru
in Figure 15, and on a somewhat larger scale in Figure 3 and Figure 4. As stated
garlier, these upwelling centers can be considered the spatial analogy to the

temporal upwelling events. The wind field is of course not uniform along upwelling

20 ‘Figure 15. Sea surface temp-
y erature (SST), nitrate, and
chlorophyll maps off Peru.

TEMPERATURE (C) NITRATE {pg at/1) CHLOROPHYLL A (pgm/0)

Om, I7-20 &prl 1977
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cousts; Figure 16 shows both the latitudinal and seusonal variability off North
America. Thus, one should expect the Ekman transport and resulting coastal
upwelling to vary. It is also well known, both from observations and theory, that
upwelling intensifies eyuatorward of capes. This is a conseguence of the enforced
curvature of the horizontal flow (Arthur, 1965). Note the 83T patterns near Cap
Blanc (Figure 3) and Gubo Nazea (Figure 15).

Even without variations in wind and coastline one might expect variations in
upwelling (Preller and O'Brien, 1980). If the offshore Ekman transport in the
surface layer remins unchanged, variations in the alongshore flow, caused by
variations in the bottom topography, could induce variations in verticul flow. In
other words, an alongshore convergence (or divergence) could reduce (or increase)
the amount of upwelling nceded to compensate for the offshore Ekman transport. The
results in the previous scction strongly supgest that the g—;, i.e., the alongshore
converygence, camnot be neglected.

Wind and the weather muy differ from year to year, so may the amount of
upwelling., One might infer that years with strong upwelling would be followed by
good fishing years: the reproductive success and survival of the youny would be
enhanced by the abundance of food in good upwelling years, leading to good fishing
10 a later year. Sonme species off Oregon (bottonfish, shrimp, etce.) depend on the
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increased food availability during summer upwelling for their growth and swrvival
(cf. Peterson, 1973). It should be noted that off Oregon (450N), the winds have a
strong seasonaxl cycle (c¢f. Figure 16). A very early or late onset to the upwelling
season (southward winds) might have a profound influence on the reproductive
success of same specios, even though the total amount of upwelling during the
subsequent season might be normal..

In contrast tu Qregon, the winds off central Peru (1508) are always
equatorward (upwelling favorable) with seldom a single day of poleward winds. The
contrast is apparent in the annual statistics for the years during which the
intensive CUEA experiments took place off Oregon (1973) and Peru (197G6-7). Off
Oregon, the annual mean wind stress is actually unfavorable for upwelling, due to
the predominant strength of winter storms which causes poleward winds, and is 0.16
dynes/cm2 poleward with a standard deviation of 0.81 dyues/c:nz- Off Peru the
annual mean is 0.88 d},rnes/c:m2 equatorward (favorable for upwelling) with a standard
deviation of only 0.44 dynes/cmz. levertheless, one of the most dramatic exanples
of the impact of an oceanographic phenomenon oh man's social and economic fabric
occurs in tikr Peruvian coastal upwelling region. Coastal upwelling along Peru's
coast supported the world's largest fishery: the Peruvian anchoveta fishery in
1972 accounted for 22 percent of all the fish caught throughout the world. The
anchovety finds its way to the world cconanic stage as fish meal, which is sold in
North Anerica and Europe as feed supplement for poultry, hogs, and cattile,

Long before man began to manufacture fish meal, Guano birds, feeding on the
ricti auchoveta stocks off Peru, provided the basis for a guano (fertilizer)
industry. The Incas used guano to fertilize the barren soil of Peru; intense
cormercial mining of guano deposits began in the latter half of the nineteenth
century.

After World War II, fishermen began to campete with guano birds for a share of
the anchovety stocks. The fishery developed rapidly in the 1950s (see Figure 17)
and dominated the feed supplement markets in the 1960s and early 1970s. By 1272,
two-thirds of the fish meal entering international trade was from Peru.

Today, the anchoveta fishery is in danger of camplete collapse. Overfishing
may have put it in jeopardy, but an environmental perturbation called El Nino may
have dealt its death-blow. El Niho is the occasional appearance of excessively
warm water along the coast of Peru, which tends to coincide with the Chiristmas
season (hence the nae) and the Southern Herdisphere sumer. This is the season
when trade winds offshore and coastal winds off northern Peru (508) are slightly
weaker and aquatoriul water flows south (poleward). At times, abnormally warm
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water persists for many months and affects much of Peru's coast, causing the
anchoveta to either disappear or move to deep water where they are out of reach of
both fishermen and birds. Note the correlation between anchoveta catch and
taperature in Figure 17. The temperature (SST) anamilies observed at the
Galapagos Islands occur all along the Peru coast (Enfield and Allen, 1980).

In 1965, in 1972-73, and in 197G-77, there were severe Fl1 Nifios. The one in
1972-73, came after yecars of sustained high production of fish meal from the
anchoveta fishery, and eliminated almost half of the feed supplement sources for
livestock, driving up the cost of soybeans (a substitute source of feed supplement)
and, of course, poultry and meat (see Figure 17). The anchoveta fishery did not
recover as after previous El Ninos. Ominously, there was another reproductive
failure associated with the 1976 El Nifio. The statistics for 1977 were even poorer
than 1973. Heavy fishing coupled with envirommental catastrophes of 1972-73 and
1976 reduced the fishery fran the world's largest to insignificance in a few yours.

Wiut causes El Nino? It had once leen thought that El Niflo was due to weak
local winds resulting in weak coastul upwelling.  This is not the case and, indeced,
coustal winds at Callao (1208) are actually more strongly favorable for upwelling
during El Rito (Enfield, 1981). Wyrtki (1975) proposed a theory that El Nifio is
the dynamic¢ response of the eguatorial part of the Pacific Ocean to atmospheric
forcing. During prolonged, excessively strong, southeast trade winds in the
castern tropical Pacific, warm water is “"piled up" in the western Pacific. El Nifo
results fram the reaction of the eyuatorial Pacific to the relaxation of the
southeast trades back to normal or below normal strength. The water from the
western Pacific “sloshes" back when the trades relax and this leads to a deepening
of the surface layer (with its warm, nutrient—poor water) off Ecuador and Peru.
local coustal upwelling still coutinues, Lut instead of drawing cocl, nutrient-rich
water to tie surface, the upwelling process doesn't reach below the now deeper
surface layer of warm, nutrient-poor water. The nutrient-rich water is out of
reachi—-like the anchovies.
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Figure 17. Galapagos Islands SST, anchoveta catch and soy bean prices. Large-scale
commercial exploitation of the fishery developed in the 1950s, reached & peak in
1970, and faltered after El Nifo of 1972, The heavy solid line represents the
annmual sea surface temperature anomaly at Baltra; the light solid lines represent
the cost of soybean and fish mea) (in 1972 U.S. gollars pgr petric ton). The
anchoveta catch comes principally from between 68 and 1273, and most of 1t is
landed at Chi te. The sea surface tegperature anomaly is relative to the 19-year
mean of 23.8°C; the temperature scale is inverted with upward indicating enhanced
upwelling, i.e. colder tesperatures. Source: R.T. Barber and colleagues. 1979.
Biology and eastern equatorial dynaies: A scientlfic proposal to NSF.
(Unpublished manuscript, unfunded proposal. 8ic transit gloria raundi).
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