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Chapter 1, INTRODUCTION

The oceanographic, meteorologic, and gcologic environment of the near-
shorc region of the Pacific Northwest Coast is described in the report,
Specifically, it is a compilation and summary of the available data from
the coastline to ten nautical miles offshore extending from Cape Flattery,
Washington, to Cape Mendocino, California, The study area consists of
broad sandy beaches set between protruding rocky headlands, Plates 1
and 2 show the coastal zone described in this report,

The Coastal Pollution Group formed by the Department of Oceanography
at Oregon Siate University, performed this study, In July 1969, a one
year Federal Waler Quality Administration grant enabled the group to
conduct a literaturce survey and to assernble and analyze all the available
oceanographic data gathered within 10 nautical miles of the Pacific
Northwest Coast., This survey included biclogical and chemical oceano-
graphic investigations as well as physical, After completing the literature
survey, the group felt that a compilation of available information concern-
ing the physical oceanographic environment of the coastal region of the
Pacific Northwest could be useful to oceanographers, engineers, and state
and federal maritime administrators, In addition, the lists of references
at the end of the chapters should prove useful as they contain extensive
listings of both published and unpublished pertinent papers,

Environmental paramecters are reviewcd and presented in separate chap-
ters. Chapter 2 lists the available navigational charts applicable to this
region; Chapter 3 provides a geological description including bottom pro-
files of the nearshore area.” A summary of the discharge rates for the
major coastal rivers is presented in Chapter 4, The seasonal wind pattern
determined from stations on shore and at sea is described in Chapter 5,
The temperature and salinity variations of the nearshore waters are dis-
cussed in Chapter 6. Chapter 7 provides information on the heat budget
for this area and Chapters 8 and 9 describe the seasonal variations in the
wave regime and current flow, respectively, for the nearshore region,
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Chapter 2. NAUTICAL CHARTS OF THE
PACIFIC NORTHWEST COAST

The following Coast and Geodetic Survey Charts pertain to the area
covered by this report. They may be purchased from the Director,
Coast and Geodetic Survey, Environmental Services Administration,
Rockville, Maryland 20852 or Officer in Charge, U, 8. Naval
Oceanographic Distribution Office, Clearfield, Utah. These charts
are listed in two general catalogs: (1) Nautical Chart Catalog No. 2(!)
of the U. S, Coast and Geodetic Survey, and (2) Catalog of Nautical
Charts and Publications, No. 1-N Region 0 (2).

AREA CHART NO,
A. San Francisco to Cape Flattery C. &G, 5. 5052
1, Monterey Bay to Coos Bay " 5021
a. Pt. Arena to Trinidad Head ' 5602
(1} Cape Mendocino & Vicinity o 5795
(2} Humboldt Bay " 5832
(3) Trinidad Harbor n 5846
b. Trinidad Head to Cape Blanco . 5702
(1) St. George Reef & Crescent City n 5895
{2) Pyramid Pt. to Cape Sebastian a 5896
{3) Cape Sebastian to Humbug Mt. " 5951
(4} Port Oriord to Cape Blanco " 5952
2. Cape Blanco to Cape Flattery " 5022
a. Cape Blanco to Yaquina Head " 5802
(1) Coquille River Entrance " 5971
(2) Coos Bay " 5984
{3) Umpqua River to Reedsport 2 6004
{4) Siuslaw River 1 6023
{5) Yaquina Bay & River a 6055
(6} Approaches to Yaquina Bay " 6056



1

AREA CHART NO,

b.

Yaquina Head to Columbia River C. &G, 5. 5902
(1} Tillamock Bay " 6112
(2) Nehalem River " 6122
(3) Columbia River to Harrington Pt, i 6151
Columbia River to Destruction Island " 6002
(1) Willapa Bay a 6185
{2) Grays Harbor " 61695
Destruction Island to Amphitrite Pt.

(Vancouver Is, ) " 6102
(1) Cape Flattery " 6265

Reference List

U, 5. Department of Commerce. 1969. U. S. nautical chart

catalog no, 2 - Pacific Coast. U, S, Coast and Geodetic
Survey, Rockville, Md,

. Naval Oceanographic Office, Catalog of nautical charts

and publications. Pub. No. 1-N. Region 0. OIC U.' S,
Naval Oceanographic Dist. Office, Clearfield, Utah.



Chapter 3, GEOLOGY

Geology and Geomorphology

The geoclogy of the nearshore region of the Pacific Northwest has not been
studied in much detail, Inference must be drawn from the larger volume
of geologic data gathered along coasts and beaches and from the marine
surveyvs which have generally been conducted farther offshore than 2 to

3 miles. The geology of the Pacific Coast is discussed by Palmer (!}); the
west coast of North America by Menard (2); selected areas of the Pacific
Northwest by Byrne (3); and the coastal sand dunes of Oregon and
Washington by Cooper {4), A continuing study of the continental margin off
Oregon is being conducted by the Department of Oceanography at Oregon
State University, A detailed report for the southern Oregon coast has been
compiled by Kulm (5) and for the entire Orecgon coast by Kulm and Fowler
(6). Major bathymetric features off the coasts of Oregon and Washington
have been described by McManus (7). Humboeldt State College (8) has docu-
mented the nearshore geology of the northern California region between
Trinidad Fead and the Eel River,

The coastal region of the Pacific Northwest may be described as erosional
tectonic with uplifted submarine banks and ceastal terraces. Numerous
stecp and often unstable cliffs are interspersed between sandy beaches,
Rock outcrops are frequent in the vicinity of headlands and some river
mouths (Figures 3-1 and 3-2), In southern Oregon typical areas of rock
exposure arc Cape Blanco, Cape Arago, and off the mouths of the Umpqua,
Coquille and Rogue Rivers, ' Off the Washington coast, extensive gravel
deposits have been found off Grays Harbor, the Quinault River, Ozette
lLake, and Cape Flattery (Venkatarathnam, 9 }. Site investigations for
structures loccated on headlands or other cliff-like areas should consider
poscible slumping or slope failures (North and Byrne, 10). General geo-
logic features are shown and described on geological maps for Washington,
Oregon, and California. Examples of these are:

{a) Geclogic map of OCregon west of the 121st meridian (Peck, 11}
{b) Geologic map of Washington (Huntting et al, | 12) and
{c) Geclogy of Northern California {Bailey, 13),

Sediments
Surface sediments of the nearshore zone are primarily sands consisting
of detrital quartz and feldspar., This sand zone extends from the shoreline

out to a water depth of approximately 50 fathoms (300 feet) off the northern

5
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and central Oregon coast (Figure 3-3). South of the Umpqua River the sand
forms a narrow belt along the coast in generally shallower water (30 {fathoms
or less){Figure 3-1). Off the Washington coast the sand zone extends at
leasl to a depth of 30 fathoms (Figure 3-4). Off southern Oregon sediment
thickness varics between zero and 90 feet {MacKay, 14) (Figure 3-2). The
onshore-offshorc transport rate of sand is greatest during winter where,

in areas subject to high wave attack, beaches may lose from 5 to 15 feet of
sediment thickness, The longshore seasonal transport is generally to the
narth in winter and to the south in summer, Net longshore transport is be-
lieved to be north, but may vary with location (Kulm, et al., [5), Ripples
in the bottom secdiment have been found at water depth;_of 80 meters in
winter and 30 meters in summer (Neudeck, 16), The transport and distri-
bution of sediments from the Columbia River has been investigated by
Ballard {(17) and Gross and Nelson (18).

§_ediment Motion

When a progressive wave advances into shoaling water, a depth is reached
where the oscillatory fluid motion on the bottom is of sufficient magnitude
to initiate sediment motion, This sediment motion may be significant to
construction in the nearshore region,

Observations indicate that offshore gravity forces dominate over onshore
hydrodynamic forces during the winter. Therefore, in the winter, beach
sand is generally transported offshore. Under summer wave conditions the
net onshore hydrodynamic force is greater than the offshore gravity force
and the sand movcs onshore.

Fcew observations have been made in the oceans to determine at what

depth zigpificant sand motion is initiated (see Inman, 19) although consider-
able work has been done in laboratory wave tanks {Ippen, 20}. At present,
the correlation between laboratory work and ocean observations is uncertain,

Inman (19) indicates that the alignment of characteristic sediments parallel
to the shoreline is caused by onshorc/offshore sand movement, not littoral
drift, Ippen and Eagleson (20} have shown that the depth of established
equilibrium moticn (the deepest depth a characteristic sand particle remains
in motion through a complete wave cycle) can be calculated for a character-
istic beach slope, sand size, and wave. Figure 3-5 depicts depths of equi-
librium motion for a beach with a slope of 0.015 and a sand diameter of

9.24 mm (D_ ) for varying wave conditions,

50
A second approach to determine the depth at which sand movement is initi-
ated for given wave conditions is to use small amplitude wave theory and

Hjulstrom's curve {(Figure 2.2 in 21) for threshold velocities for different

-]
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sand gizes, Figure 3-5 also shows solutions to the equation for threshold
particle velocily on the bottom due to various wave conditions for a sand
size of 0,24 mm (Glenne, 22)., The 0.24 mm sand size and 0,015 beach
slope are representative of the Oregon coast,

Sorting of sediment sizes on the foreshore slope of a beach (landward of the
breaker) is shown in Figurc 3-6 from C.E. R.C. TR-4 (21). The larger
sized grains are associated with steeper beaches (a result of the higher
orbital velocity of the water particles), but this relationship is also influ-
enced by water level variability, wave exposure, and ground water level,
Median grain size has been shown to be a satisfactory parameter for gen-
erally evaluating the transportability of littoral material.

_S_i:_ismolo gy

The coastlal area of the Pacific Northwest is relatively aseismic compared
te the remain.ler of the Pacific Coast. Hence, it may be considered a pref-
erential siting arca, The lack of major seismic activity is seen in the plot

of tectonic flux (Figure 3-T7)--an integration of earthquake intensity and num-
ber of quakes, Shear zones have been postulated through Cape Blanco and
al Coquille Point, but these have not been active since post-Miocene {Dott,
23

Byerly (24) and Menard (2) have discussed earthquakes and faulting, respec-
tively, along the Pacific Coast, Ryall, et al.(25) have studied the seismic-
ity, tectonism, and surface faulting of the Western United States, A discus-
sion of Oregon carthqua<es may be found in Berg and Baker (26). Faults
and shear zones of the continental shelf off Washington have been investiga-
ted by Grim and Bennett (27).

Scurces of Information

The following list of departments and bureaus are the major repositories
of geologic data and information., These sources should be investigated
for pertinent available data before commencing geologic surveys,

a, State

1. Department of Geology and Mineral Industries, State of
Oregon

2. Washington Department of Conservation, Division of Water
Resources

1]
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Figure 3-7. Map of tectonic flux for the Western United States
(from Ryall, etal., 25). . Log flux indicies repre-
sent combined intensity and frequency of quakes,
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3. Washington Department of Conservation, Division of
Mines and Geology
4. California Division of Mines and Geology

Geological Survey

. Bureau of Mines

Bureau of Reclamation
Coast and Geodetic Survey
Army Corps of Engineers

oA SR
ccccogc

.
»

nwnnnwn

Nearshore Topography

The nearshore topography of the study area can be illustrated by profiles
of the bottom contour constructed at selected intervals along the coast
from the shoreline out to a distance of three miles. Profiles or transects
were drawn parallel to latitude lines and were located with reference to
significant estuaries, population centers, broad flat beaches, headlands,
and other coastal features,

The profiles shown in Figures 3-8 and 3-9 are of transects three nautical
miles in length and are subdivided into three increments--shoreline to
0.5 mile, 0.5 to 1,5 miles, and 1.5 to 3.0 miles. The average bottom
slope for each increment and the depth of water at 0,5, 1.5, and 3 miles
offshore are shown,

The bottom slope of the first half mile increment is significantly greater
than the slope farther offshore, From Cape Mendocino northward to
Tillamook Head the slope is relatively steep ranging from 1; 35 to 1: 100
{1.75° to 0.5°); farther northward the slope is less, ranging from 1: 100
to 1: 200. At distances greater than one-half mile the slope is gencrally
less, varyving betwe:n 1:100 to 1: 600 with the steeper slopes occurring
south of Tillamook Head.

At a distance of one-half mile offshore the depth of water varies between
15 feet and 40 feet with a mean depth slightly greater than 30 feet. Three
miles offshore in the northern portion the water depth rarely exceeds 100
feet., ¥From Tillamook Head to the socuthern boundary the depth of water
varies from 100 feet to 300 feet.

Scveral exceptions to the above mean conditions exist, notably around
headlands, Here, offshore reefs and haystack rocks abouad and bottom

t4
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contours become quite irregular. In many of these cases high cliffs termin-
ate abruptly at the water's edge eliminating the formation of any beach,

At Newport, Oregon, from Yaquina Head to approximately a mile south of
the entrance jetties a submerged reef runs parallel to the coastline about

a mile offshorc. This reef alters the nearshore surface circulation pattern
creating eddies of variable strength and direction. Similar situations will
also exist in the proximity of other offshore rocky areas.

There are no known canyons or troughs that extend to within three miles
of the coast, The heads of the Astoria and Eel River canyons terminate
farther offshore, 15 miles and five miles, respectively,
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Chapter 4. HYDROLOGY

Streamtlow data for the nine major rivers discharging between Cape Flattery
and Cape Mendocino are shown in Table 4-1. The data were taken from

the records of the lowest gaging station on each river with the exception of
the Siuslaw River which was estimated from precipitation records (1) since
no gaging stations were installed until 1967. Streamflow data for the
Columbia, Rogue, Coos, and Coquille rivers have been extrapolated to the
mouths of the rivers.

Streamflow data are available from the annual ' Water Resources Data,"
published for each state by the U.S. Geological Survey (2,3,4). The North-
west Water Resources Data Center (5) publishes weekly and monthly stream-
flow summaries for selected stations in the Pacific Northwest. The Oregon
State Water Resources Board has published river basin studies for the
coastal basins of which the Rogue River (6}, North Coast (7), Mid-Coast{1)
and South Coast (8) basin studies were used.

The Columbia and Klamath Rivers show an annual bimodal flow discharge.
This is a result of heavy autumn and winter precipitation west of the Cascade
Range and spring snowmelt waters. Figure 4-1 shows the average monthly
flow for the Columbia River showing the winter rainfall peak and the spring
snowmelt peak.

The streamflow for the other rivers shows single peaks in winter due to
heavy precipitation on the Coast Range during this season. Figure 4-2
depicts the streamflow for the Chehalis River which is representative of
the flow pattern of these coastal rivers. A log-log plot of average coastal
river streamflows versus river basin drainage area (Figure 4-3) permits
estimation of streamflow for similar type rivers based upon a knowledge
of the river drainage area.

To summarize, the discharge patterns of the coastal rivers emptying into

the Pacific Ocean from Northern California, Oregon and Washington show

broad peaks during the winter and spring months. During summer and fall
the discharge rates of these streams are much below their annual average
(80 to 96 percent less),
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Figure 4-1. Mean monthly flow of the Columbia River extrapolated to the
river mouth for 1953-1967. (CFS x 109
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Chapter 5. WINDS

General

The Washington, Oregon, and Northern California coasts are located
approximately in the center of the zone of prevailing westerlies with local
winds varying from northwest to southwest throughout most of the year.

The seasonal cycle of winds on the Pacific Northwest Coast is largely
determined by the circulation about the North Pacific high pressure area
and the Aleutian low pressure area. During summer the North Pacific
high reaches its greatest development (approximately 1025 millibars) and
is centered about 30-40°N and 150° W; the Aleutian low is weak during this
period (Budinger et al., 1). The interaction of these pressure zones
favors the development of summer winds generally from northwest to north
over the nearshore and coastal areas of Oregon and Washington.

During winter the North Pacific high weakens and its center shifts about
10° southward while the Aleutian low intensifies (1). The resulting winds,
frequently of gale force, approach the Washington-Oregon coast from the
southwest,

Extra-tropical cyclones occur most frequently in winter and generally
approach the coast from a westerly direction (National Marine Consultants,
2). Depending upon the location of the storm center as it impinges on the
coast, the winds may be from northwest to southwest. These winds generate
most of the large waves that reach the coast.

The barrier presented by the mountains of the Coast Range influence the
general wind pattern, deflecting the winds so that they tend to align with
the trend of the coast (Cooper, 3). In regions where the mountains are
low the deflecting effect is minimal and normal oceanic wind conditions
prevail.

Winds Measured from Shore Stations

Wind speed and direction have long been measured at various locations
along the coast (prior to 1900 at some of the larger towns), However,
very little of the data has been analyzed or published. For example,
wecather stations are found in most of the coastal towns, but data from
only two locations arc published: at Quillayute in northern Washington
(U. S. Department of Commerce, 4) and at Astoria, Oregon (U. S.
Department of Commerce, 5}, For these two stations the resultant wind
speed and direction {vector sum of all observations taken each month)
and the mean scalar speed for each month have been published since
1967, Prior to 1967 the data listed were the prevailing wind direction,
fruequency, and the mean scalar speed,



At each of the U, 5. Coast Guard Stations the climatalogical data are
recorded every four hours, Only the immediate past year's and pres-
ent year's logs are kept at the stations; the records for previous years
are sent to the Coast Guard Archives, Washington, D, C. These records
have not been machine punched nor analyzed and have not been used in
this report.

In addition to the above two sources of wind data, the U, S. Army Corps
of Engineers has completed wind analyses for several harbors and bays
in the study area (6-11}), Most of these reports are from data taken prior
to 1930.

In March 1969 the Weather Facility at the Marine Science Center in
Newport, Oregon, installed a recording anemometer on the end of the
south jetty of Yaquina Bay. Data from this source should prove quite
reliable since the location of the anemometer provides data relatively
free of land effects.

Average wind conditions as measured at various coastal sites within
the study arec are presented in Tables 5-1 and 5-2, Wind roscs for
winter and summer conditions (January and July, respectively) for
Oregon are shown in Figure 5-1,

Winds have been monitored at Quillayute weather station since July 1966,
Prior to July 1966 all meteorological observations were made at the
weather station on Tatoosh Island, The wind pattern for the northern
Washington coast differs from that long the southern Washington, Oregon,
and northern California coasts in that at Quillayute summer winds are
from the west, whereas, for the latter areas summer winds are generally
from the north or northwest,

For the three stations near the Columbia River - Lone Tree, North Head,
and Astoria - summer winds are predominantly from the N-NW quadrant
paralleling the coast; the highest velocity winds are also from this sector
(Table 5=-2). During winter the winds are predominantly offshore - from
east or southeast, These winds are, however, of moderate speed. The
higher velocity winds (16 mph or more, Table 5-2) arrive from the south

or southwest, but do not occur as frequently as the moderate easterly

winds. High velocity winds from the east also occur in this region during
the winter as a result of the concentration of the wind stream in the Columbia
River gorge (3). In general, wind speeds are greater in winter than summer
with the exception of the high velocity summer winds from the north.

Winds measured at Newport and Coos Bay, Oregon, and at Eureka, California
exhibit the similar pattern of north or northwest winds in summer and
southeast winds in winter. The winds here tend to follow the gencral trend

of the coastline. Spring and fall are transition seasons during which the wind
swings from scuth to north and vice versa; the weather during these periods
is usually clear.
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Table 5-2.

Nocth HerJ Ilu&m‘!nu Newport, Ongn' L-lf H‘JJ’ ..’\-orhi Bcnd Orrrnu 4
Lai. 46°48" 1904=1942 FJ? 1H2
Freguency “x“’ Frequency "1:':;;.:}. Frequeacy % "?::;1)‘
. |
L o il | w05 !.., s ha| .‘.ﬁ':.;i‘, ’.‘.:;:‘ .fr",i .k
July

1930-1042
N. 781 | 410 | 15.4 a0 | 135 | 1o | st | e | 126
N.N.E 15 3 8.4 6 4.9 % L2 7.8
NI, 1 5.6 2 2.5 37 1 5.2
E-NI . L 2 3.0 2 3.3
¥ 10 5.5 3 3.0 6 3.1
. -S.1 1| ..} 100 T 3.8 2! 3.5
S.E. 41 7 9.2 35 1 3.6 52 ! 4.5
8. S\ 36 10 | 13.6 9 5.4 20 5.3
8, w0 | 14 | 14.7 60 6.4 24 P4
SN 39 14 | 13.4 48 1 K 19 CoT
SW. 120 inm | w1 | 7 6.2 R X
WS 2 1 7.8 34 6.7 19 15
w. 127 9 8.1 s | 4.7 1 ! 4.8
W, NW. 20 2 9.0 7 | .. 5.6 12 1 7.4
N a7 | oass | w30 ] 60 15 7.0 | 3 RIS UR
NN, e | | e ] 22| e | 1206 | 172 ‘ 45 | 1.3

January

-1}
N. &1 2 | 1.8 33 3 7.3 28 5.4
N.-N.E 6 | ... 7.6 6 6.4 4] .. 6.2
N.E. 61 1 6.0 17 5.7 52 1 6.1
E.-NE 6 3| s | er | ... | 7.2 5 | 6.0
K. sor | 194 | 13.0 | 415 6 7.3 19 4.8
E.S.L. 183 | 110 | 16.6 | to0 2 8.5 12 L 4.4
S.E. as3 | 152 | 14.3 | 233 2 6.7 | o614 5, 1.2
S.-S.E. 36 23 | 19.2 2% 4105 | 49, 2. 73
S. 313 | 263 | 27.8 | 122 59 | 14.1 | 114 i5 li 8.9
§.8W. 13 23 | 27.7 46 2 | 161 28 5§12
SV, 125 g7 | 19.9 75 20 | 1.2 93 23 | 1.2
W.-S.0 6 4 | 151 28 10 | 13.1 7 b9
w. 127 @ | 16.0 76 7 8.7 12 1 i 1.2
WoONA. 8 s | 16.3 17 1 8.1 3. ‘ 5.8
NW. 118 o | 16.8 32 5 9.5 o6 9 8.9
N.N.W, 13 o | 18.8 6 9.7 1 l 5.3

Frequency and velocity of winds at three stations on

Washington-QOregon coast

July and fanuary

(from Cooper, 3)
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Offshore Wind Observations

Winds measured at shore stations, e.g., Weather Bureau and Coast Guard
Stations, are generally not representative of wind conditions found one-half
to five miles offshore due to the varying topography along the coast. Un-
fortunately, observations made one to five miles offshore are very few and
widely scattered,

Wind speed and direction measured aboard merchant, naval, and research
vegsels in transit are deposited in the National Oceanographic Data Center
{NODC). Analysis of these data to obtain average monthly wind conditions
showed that the few observations taken within the study area were too widely
distributed in space and time to be of any statistical value.

The geostrophic wind can be computed from twice-daily atmospheric
pressure charts prepared by the U, 5. Weather Bureau. Corrections can
be applied to the geostrophic wind to obtain the approximate surface wind
condition for a height of 10 meters above the sea surface. An analysis of
offshore wind conditions using this method is described in a technical
report of the Department of Oceanography of the University of Washington
(Duxbury, et al., 12).

Perhaps the most reliable and representative of actual surface wind
conditions recorded are those measured from lightships stationed about

five miles offshore. These data are stored at the National Weather Records
Center in Asheville, N.C., If specifically requested, the data are machine
punched and put on magnetic tape for future analysis.

On a broader scale, the Climatological and Oceanographic Atlas for
Mariners, Volume 1I, North Pacific Ocean (U. S. Dept, of Commerce,
13) shows monthly wind roses for a point located at 41°00'N, 126°00'W,
Only general seasonal trends can be elicited from this Atlas.

In the future, valuable wind information will be provided by telemetry
from buoys such as Oregon State University's Totem. These buoys
should provide long and continuous records allowing statistical analysis
of short-term fluctuations as well as long-term averages.

Since the early 1950's wind observations have been recorded every six hours
from the three lightships located in the project area, These are the Blunts
Reef Lightship off Cape Mendocino in northern California, the Columbia
River Lightship, and the Umatilla Lightship off Cape Alava in northern
Washington (Figure 5-2). The data analysis to obtain average monthly

wind conditions were performed for this project by the National Weather
Records Center, Table 5-3 lists by month the average resultant wind
direction and speed, the average scalar specd and the number of obser-
vations during the period of record for each lightship, Appendix 1 of
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Table 5-3. Resultant wind speed (knots) and direction by month
measurced from lightships off the Pacific Northwest coast.
Blunts Reef Lightship
1954-1966 {13 yrs)
Resultant Resultant Scalar Number
Direction Speed Speed Observations
Jan 131 SE 4 18 1609
Feb 091 E 2 19 1465
Mar 023 NNE 2 18 1591
Apr 357 N 8 18 1523
May 355 N 10 18 1481
June 351 N 12 15 1554
July 356 N 14 16 1491
Aug 359 N 13 16 1548
Sept 002 N 9 14 1536
Qct 015 NNE 5 13 1470
Nov 113 ESE 3 16 1554
Dec 134 SE 4 17 1594
Columbia River Lighiship
1953-1966 {14 yrs)
Resultant Resultant Scalar Number
Direction Speed Spced QObservations
Jan 155 SSE 9 18 1715
Feb 174 S 6 16 1560
Mar 192 SSW 5 15 1727
Apr 233 . SW 4 13 1546
May 279 w 4 12 1627
June 291 WNW 4 10 1680
July 317 NwW 6 10 1613
Aug 305 Nw 4 10 1732
Sept 298 WNW 1 11 1588
Oct 159 55E 4 14 1512
Nov 157 SSE 6 17 1507
Dec 163 SSE 8 17 1608
Umatilla Lighiship
1961-1965 (5 yrs})
Resultant Resultant Scalar Number
Direction Speed Speed Observations
Jan 182 S 7 18 557
Feb 167 S5S5E 4 16 675
Mar 210 Sw 3 14 693
Apr 208 sw 5 15 713
May 265 w 5 13 745
June 2066 w 5 12 719
July 238 Wsw 4 10 860
Aug 206 SW 2 7 925 -
Sept 179 s 2 8 300
Oct 167 SSE 8 13 923
Nov 161 SSE 9 16 898
Deg 168 SSE 9 17 930

38



the data report of Renfro, et al, (14) contains a listing of the above infor-
mation for each year within the period of record.

Offshore winds in the northern section of the area {Umatilla Lightship

data) shift from SSE in fall and winter to W in early summer and then re-
verse the cycle, This same pattern is observed in the central and southern
sections except that during summer the winds continue their clockwise
swing and arrive from the NW and N, respectively. This annual wind

shift is also verified by Figure 5-3 which was derived from geostrophic
calculations. These winds, measured five miles off the coast, show that
even at this distance offshore the influence of the continental topography

is still marked.

Corrected Geostrophic Winds

Duxbury, Morse, and McGary (12) have computed the resultant surface
wind from atmospheric pressure charts for eight grid points shown in
Figure 5-3. The geostrophic wind velocity aloft was determined and then
corrected by rotating the wind vector 15° to the left of its downwind direc-
tion and reducing the speed by 30% to obtain a surface wind applicable to

a standard height of 10 meters above the sea surface. These winds were
then averaged by month for the period 1961-1963 for three offshore grid
areas (Figurec 5-3), Seasonal trends and latitudinal variations are read-
ily apparent, Winter winds are predominantly from the southwest, while
summer winds are northwest in the northern areas and from the north in
the southern part, The wind direction changes quite smoothly over a

180° arc between summer and winter and back to summer, Resultant
wind speeds during the autumn and spring transition periods are relatively
low due to the wide variability in wind direction during these seasons.

Wind roses for each month, centered at the midpoint of the grid from
which the wind values were determined, are shown in Figures 5-4 to
5-15, The percentage of each month the wind came from the direction
indicated is representa=d by the length of the bar, The concentric cir-
cles indicate both five-knot speed increments and monthly frequency of
occurrence in five percent intervals. The small numbers indicate the
frequency of occurrence within each five-knot increment; the sum over
any particular direction indicates the frequency with which the wind came
from the direction shown., The bar graph associated with each rose shows
the monthly frequency of wind speed in five-knot increments without regard
to direction, The increcase in wind strength during winter followed by

the decrcase in strength in summer is readily observed for the northern
and central arcas, Winds in the southern area remain relatively strong
in both summer and winter, The close agreement of the ""corrected
geostropaic winds'' with these winds observed at the lightships substan-
tiates earlier reports that geostrophic winds may be used in areas where
actual wind observations are meager,
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Chapter 6. TEMPERATURE AND SALINITY

Shore Station and Lightship Observations

Observations of surface temperature and salinity have been made at
selected shore stations and from three lightships along the Pacific North-
west Coast. Daily observations have been reported from the Blunts Reef
Lightship off Cape Mendocino since 1923 and from Crescent City, California
since 1934 {U.S. Dept. of Commerce, 1). The Department of Oceanography
at Oregon State University began reporting weekly observations from shore
stations along the Oregon Coast in 1961 {OSU, Dept. of Ocean., 2). Since
1964 all observations from reporting stations have been made daily (OSU,
Dept, of Ocean,, 3). Data from the Umatilla Lightship are listed in a
similar publication of the Scripps Institute of Oceanography (4). The
location of each reporting station is shown in Figure 6-1 and Table 6-1.

Additional temperature and salinity samples have been collected from

other sites along the Pacific Northwest Coast. Some of these data have
been published (Burt, et al., 5; Gonor, 6; Neal, et al., 7; Pearson and
Holt, 8; Skeesick, 9) and some exist as unpublished laboratory reports
(Frolander, 10; Snow, 11). The majority of these ohservations were taken
during a single season or month in conjunction with research concerning

the ecology of organisms living in the surf zone. These records were not
considered sufficiently long to establish annual trends and were not included
in the analyses to follow,

Tables 6-2 and 6-3 list by month the average mean, average maximum, and
average minimum surface temperature and salinity and the total number of

observaticns for each reporting station computed over the period of record.
Salinities were determined from hydrometer readings; the few stations re-

porting salinities in excess of 34,.5% are probably in error {3),

Figures 6-2 through 6-5 are graphs of the monthly mean temperatures
for the three lightship stations and for several stations along the
QOregon - California coastline. At all locations there is a 4 to



a8"— Umatilla

Lightship
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Columbia River i

46°— Lightship
Seaside Arch Cape
Aquarium
- Depoe Bay
X Newport
o__ Marine Science Center
44
Cape
Arago Charleston
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42°-— Crescent

| City — \

Blunts Reef i
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40°— shtship

i2g° f26° iz4e Ii22°

Figure 6-1. Location of shore stations and lightships along the
Pacific Northwest coast.
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Figure 6-2. Mean monthly surface temperatures recorded at three
lightships along the Pacific Northwest Coast. Monthly
means were computed from daily observations taken
over the periods listed in Table 6-3. Note that the annual
range for the southernmost lightship is much less than
that of the more northerly stations. 0
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Figure 6-3. Mean monthly surface temperatures recorded at four northern

Oregon shore stations. Monthly means were computed from
daily observations taken over the periods listed in Tahle 6-2.
The high summer temperatures reflect the influx of the warm
Columbia River discharge.
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Figure 6-4, Mean monthly surface temperatures measured at shore
stations in Coos Bay area. Monthly means were com-
puted from daily observations over a four year pericd
{Table 6-2).
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Figure 6-5. Mean monthly surface temperatures measured at shore

stations south of Cape Blanco, Monthly means were com-
puted {rom daily chscrvations taken over the periods
listed in Table 6-2, Note that the intense upwelling
characteristic of the Cape Blanco area is reflected in

the low summer temperatures at Port Orford,
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5 C® increasc in temperature during the summer months. The
northern stations experience a larger range in annual temperatures
than do the southern stations {(Tables 6-2 and 6-3), Maximum tem-
peratures are usually achieved during August or September. The
surface waters are coldest from December through March,

The range between average maximum and minimum monthly tem-
peratures is larger during summer than winter. Summer tempera-
tures can be expected to fluctuate approximately 2.5 to 3.0 C°
about the monthly mean temperature; during winter this fluctuation
is approximately 0.5 to 1.0 C°,

The surface temperatures observed during summer from the
Columbia River Lightship, 5 miles ofishore, are influenced by the
river discharge temperature as indicated by the anomalously high
average mecan and average maximum temperatures of 14, 9°C and
17.1°C, respectively. The three northerly stations on the Oregon
Coast also had average maximum temperatures in excess of 17°C;
at the southerly stations maximum temperatures were usually 14 to
15°C. The high summer temperature of the Columbia River discharge
undoubtledly caused the higher temperatures observed at these north-
ern stations. This corroborates the findings of Pattullo and Denner
(12) based on a shorter observation period.

The temperature patterns observed from the Blunts Reef Lightship
off Cape Mendocino and at Port Orford just south of Cape Blanco are
unlike those obsecrved at other stations, These stations arc located
in regions of extremely active upwelling. During periods of upwelling
(June-September) the near surface waters of these regions can be
expected to be relatively cool and quite saline. Average minimum
temperatures are low, 8 to 9°C, and surface salinities often exceed
34%.. The increase in summer temperatures observed at the other
stations does not occur, Maximum temperatures occur in QOctober
and November, two months after the other stations have reached their
maximums. The range in temperature at these two stations is

small, approximately 1 C° in winter and 2 C°® in summer.

Offshore Temperature and Salinity Cbservations

Temperature and salinity observations from vessels at sea are on
file at the National Oceanographic Data Center (NODC). These
data arte filed by 10° Marsdensquare numbers {Schuyler, 13);
number 157 encompasses the region of the study area, Data from
one degree squarcs 40°to 48°N latitude and 124° to 125°W longitude
within Marsden square 157 were obtained from NODC, Since this
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report is concerned with the data observed within 10 miles of the coast
(the distance between 124° W and 125° W longitude is about 48 miles), a
computer program was written to exclude all data observed more than 10
miles from shore. About 25 percent of the original data was found shore-
ward of this 10-mile boundary. After arranging the data by month and
latitude, it was apparent that an extreme paucity of data existed and that
most observations were clustered about the major coastal towns or off
prominent headlands. More than 50 percent of the observations were from
the vicinity of the Columbia River mouth.

Monthly means of temperature and salinity, maximum and minimum values,
and number of observations have been computed for the standard depths of
0, 10, 20, 30, and 50 meters for the clustered data areas. Table 6-4 is

a listing of average surface conditions, Similar statistics for the remaining
depths are listed in Appendix 2 of Renfro, et al. (14).

Care should be exercised when using the data in Table 6-4 since:

1. Very few observations were available to compute a2 meaningful
average. Frequently only 1 to 3 observations were used to compute the
monthly averages.

2. The observations for a given month are not necessarily from the
same year, but may have been taken over a span of 10 years,

3. The data represent average surface conditions over an area about
5 miles wide, Airborne infrared surveys have shown temperatures to
increase with distance from the coast in this 5-mile wide zone.

With the above in mind, the following observations seem significant regarding
the offshore temperature and salinity distribution;

1. a. For the Coos Bay, Brookings, and Trinidad Head offshore areas,
coldest temperatures {7-9°C} occur in June, Salinities are also high in
June ( > 33,6%) indicating strong upwelling.

b. Maximum temperatures at the above three offshore stations are
reached ir. September and October (12-13°C). Salinities remain high
throughout the summer ( > 33 %e).

c. For the Yaquina Head and Tillamook Bay offshore areas, low
temperature (8-9°C) and high salinities { » 32%,) are observed in July,
Upwelling is dominant during July. Maximum temperatures (13-15°C)
occur in September and October after the cessation of upwelling,

60



ub 97

T6°9

o192

8 '8

957

*"h

ety

9% 1L

el

191

01

1% 0C

i
el

3ag

*OdON 3%€ S1) U0 JeY) WOl aIe ejed

ol
¥z

¥e'rl

9 °2E

6L°01

T
21019

DL

LE 62
16°F1
ot
B0 "7

a1
Lran |

LI Y

LLEN

FL ALY

fE's 1

ot
£ 7L

01
§1°21

ezt

LA

Loy 43

011

b 0g

a0's |

0367
LR
96t
QR L2

L2
1

L1 g

SEFT

20 'tk

LI Y]

£S5 Ef

oy 7,

TL0C
LA B |
15

12 e

16
Iy ri

[ T4

95 kL

L

Lzl

1L R

LL A

874
¥zt

oy

[1 419
1
oLt0l

0Fs2

LA R

50 "62

L
F18L
e

T
90 ‘£t

278K

E
0% 01

29tk
I

SELE
ar

99 ¢l
BECEE
0% gl

LS

51
Ls 17

51
G¥ Ll

Ll
19791

o1l
29°'ct

1t
1L we

el

30 "0t

1ozl

21
§57EC
£1
el

aunp

»Z 0%
LhZI

9017

ol
W

1ot
0TI

B0

1YY

0 2L

K
§L'01

[ARr41

1Lt
1818
EL

P
o0 72
18]
19°%

TETLZ

b

z1°2L

£6 01

‘seore 210YSsIio pa2joales
T0z (°%)) sanTuIfes pue (0.} soinjexadius)l adeyins AJyijuow uesiy ¥-9 219el

550!

$6° 11

oroor
I
o801

0y 0{

1e°01

L
71702

it
%L

|1 11

[ 1 2

¥e'e?

[0 ]

-}
9L'ZE

[
Li Bt

LTV R LI =
Anunvg urapy
‘0 Je teN
rdutay veap

g Jo CoN
Apun ey veapy

EQO U CoN
shuay usow

‘g Je oy
Aviunug ueapy

ELT«JLIRLTY
i g weap

RT3 LILY]
ANui e ueap

‘#qQ Jo 0N
dMAL veRp

RRLUTOD G
Anuirrg uwap

‘g je taN
RLATTER IR ET

0 Jo oN
Ajjunreg uwap
0 Jo oy
rdusay wwayy

‘aq0 je ‘oN
AN 1E wesp

‘R0 o oy
Awa] uvop

ragqey o teN
Ay ey uw sy

TEqe) Ju "ON
dure] U

RN Jo CoN
AVul| TS uwdly

‘eq0 g toy
rdwiay uwapy

rang 1o N
Aytuneg uvaw

a0 Je foN
dwel uvaw

B lal? O 00 LY
oy yamag ONpjawy

BL.98 01 ,22,9%
WhIY AALT UVIS T oD Punrt

XTGP 0 LD
WOLY WNOM J AT FrQUnfoTy

80.9% &, RE.5Y
ALY RPINTLT

19%.5% 01 D1.5F
weay Awg Woulanry

P THPS 0F BEL 8
1Y puIH wuinbel

AT 6 U1 DY EP
ruzy Avg 1000

{£0.2%
31y tlupyooayg

TR Ll PR

5,08 01 68,00
31y AWQ Iploquing

61



d, Maximum temperatures at shore stations in these 5 areas occur
two months earlier - in August and September.

2. a. At Scaside and for the Long Beach-Ocean Park areas, surface
temperatures remain relatively high throughout the summer {(14-15° C).
Salinities rarely exceed 30%:. In June, the Columbia River flood is
reflected in extremely low surface salinities {21-25%;),

b. Upwelling then, as measured by low temperatures and high salin-
ities, dees not appear to be a dominant factor in these two areas,

3. a, Examination of subsurface temperatures {14) indicates that iso-
thermal conditions {constant temperature with increasing depth) exist
from November through March-April. This may permit surface tem-
peratures to be inferred from subsurface temperature recorders during
the winte:” months when it may be difficult to obtain continuous surface
temperatures. A weak thermocline (less than 2°C) exists during the
summer at a depth of less than 20 meters.

Continuous temperature measurements are available from thermograph
records rnade 3 to 10 miles off the central Oregon coast near Depoe Bay
and Yaquina Head, Observational periods include May and June, 1967;
April through September, 1968; and July through September, 1969. Anal-
ysis of the 1967-1968 data is completed and will be published (Pillsbury,
et al., 15).

Sea Surface Temperature from Infrared Surveys

The airbcrne infrared radiometer {radiation thermometer} has proven
useful for mapping mesoscale distributions of sea surface temperature,
Large scale features such as upwelling fronts or the plume from the
Columbia River are readily apparent.

Since August 1963 the Tiburon Marine Laboratory of the Bureau of Sport
Fisheries and Wildlife, Department of the Interior, in cooperation with
the U,S, Ccast Guard has conducted monthly infrared radiometer surveys
for three Pacific coast areas. The recently modified northern flight
pattern {the only area within the limits of this study) extends from Cape
Elizabeth, Washington, to Newport, Oregon, and offshore to the 6000

foot (100C fathoms) contour (approximately 60 miles offshore}. Figure 6-6
is an example of the monthly temperature patiern constructed from one
such survey,
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During the summer of 1969 the Department of Oceanography, Qregon
State University in conjunction with OSU's Sea Grant project, '"Albacore
Central, " conducted daily infrared radiometer surveys, along the Oregon
Coast to approximately 30 miles offshore. Temperature contours from
a typical flight are shown in Figure 6-7,

Temperature profiles constructed from airborne infrared surveys
within 5 miles of the coast are quite subjective. Figure 6-8 shows
profiles from a segment of a typical survey conducted by QSU. The
horizontal temperature gradient changes rapidly and unpredictably
within the first 5 to 10 miles off the coast. Discontinuities marking
temperature fronts are present and can be corroborated by abrupt
changes in water color. In order to construct representative sea
surface temperature contours with some degree of confidence, closer
spacing of the flight track is required than that shown in Figure 6-8§.

Conclusicns

i1, An abundant source of surface temperature and salinity data
is availakle from coastal shore stations and the three offshore light-
ships. Few measurements have been made, however, inside of this
five mile wide zcone.

2. Surface temperatures range from an average high of 17. 7°C
to an average low of 7, 6°C, More variability is observed in summer
than in winter. Summer temperatures fluctuate within a 4 to 6 C° band
while winter temperatures are constrained within a 1 to 2 C° band.

3, Summer temperatures are about 5 C* warmer than winter tem-
peratures, Mean summer temperatures peak in August and September
(12 to 14°C); average maximum temperatures, however, peak in July
and August (15,5 te 17,5°C), Winter mean temperatures are uniformiy
low {about 9, 5° C) during the period December through March., Average
minimum temperatures (7.5 to 8, 3°C) generally occur in January.

4, Summer temperatures in the northern portion of the area (from
Willapa Bay, Wash, to Tillamook Bay, Oregon) are 2 or 3C° warmer
than temperatures observed at the more southerly stations. This is un-
doubtedly due to the warming influence of the Columbia River.

5. Inareas where coastal upwelling is intense, summer tempera-

tures are suppressed below those of the more northerly stations, Average
minimum temperatures of 9.5 to 10,5°C are observed in upwelling regions
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whereas minimum temperatures of 12 to 14° are found in regions of
little or no upwelling,

6. Due to extensive wind mixing of these shallow waters in winter,
isothermal conditions exist from November through March-April.

7. Surface salinities are higher in summer (approximately 33, 5%)
than in winter (approximately 32%), Coastal upwelling tends to keep
salinities elevated during the summer while winter rains and high river
run- off tend to lower surface salinities.

8. Where coastal upwelling is prevalent, salinities in excess of
33, 8% are frequently observed. However, during periods of weak or in-
active upwelling, surface salinities may be reduced to 32.5 to 33%,

9. In winter the discharge from the Columbia River flows north
close to the Washington coastline. Mean salinities observed along the
scuthern Washington coist are low (25 to 28%) with maximum salinities
rarely exceeding 30%.. During periods of peak discharge (June) salinities
below 20%¢ are not uncommon., During summer when the Columbia River
plume flows offshore to the southwest, its freshening influence is still
felt along the southern Washington coast. Surface salinities average
about 30%- occasionally reaching 33%; in July and August,
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Chapter 7. HEAT BUDGET

Introduction

A heat budget study for the coastal area of the Pacific Northwest has
been completed by Lane {1). He investigated the arca from 40 to
50° North Latitude and from the coastline to 130° West Longitude.

A further subdivision narrowed this arca to include only the region
within 60 nautical miles of the coastline, This subdivided region was
established to provide a comparison between a coastal upwelling
region and one free from the effects of upwelling, Measured values
of sea surface tempcrature, wet and dry bulb air temperature, wind
velocity, solar radiation, and cloud cover were used to compute the
terms in the heat budget equation, The data used by Lane were

from records of naval vessels for the period 1952-1962, These re-
cords are on file at the National Weather Records Center in Asheville,
N. C. Each heat budget term was averaged month by month over

a ten-year pericd (Table 7-1}). The monthly variation of the total net
heat exchange across the air-sea boundary was computed from the
simplified heat budget equation; Qt = Qs - Qb - Qh - Qe T-1
where O is net heat transfer; considered positive when the sea re-
ceives heat energy,

) is net short wave solar radiation incident on the sea
surface,

0

b is heat loss due to effective back radiation,

Q. is heat conduction; considered positive when there is a
net exchange of heat from the sea to the atmosphere,

Q is heat loss due to evaporation,
€
All terms are measured in langleys (calories/cmz).

Empirical Methods

Direct measurement of terms in the heat budget equation (equation
7-1) is presently limited to laboratory experiments with the possible
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exception of the radiative terms, In practice, empirical methods are
used to compute the heat budget terms, Spatial and temporal measure-
ments of sea surface temperature, wet and dry bulb air temperature,
wind velocity, solar radiation, and cloud coverage are observed from
which diurnal, monthly, or annual means are computed. A variety of
empirical relationships have been established for the computation of
each hea: budget term utilizing the above measurements, A discussion
of the methods employed by Lane follows,

Monthly mean values of the total daily solar radiation incident on the
surface of the earth, Q  were obtained from the U. 5. Weather Bureau
at Astoria, Oregon, These monthly means were corrected for latitude
and cloud cover, The percent of the incident solar radiation reflected
from the sea surface, i,e,, the albedo, was determined by slightly modi-
fying and averaging the albedos as determined by Burt (2, 3). The net
solar radiation was calculated as the difference between the incident

and reflected values. Monthly means of net solar radiation are listed

in Table 7-1 and plotted in Figure 7-3.

The effective back radiation or the net loss of heat due to long wave
radiation from the sea surface is a function of the surface water tem-
perature and several atmospheric characteristics (temperature, vapor
pressure, and cloud coverage), Lane used the relationship developed
by Anderson et al. (4) to compute Qb.

-0, h
Q = 1.141 K_ 1ok *[(0.74 40,025 c e "0 Oy,

-0.06h -7
(0.0049 - 0.00054 Ce ) e, ] 10 ly/day 7-2
where K and Ka are, respectively, absolute sea surface and air tem-
peratures in ° K|

C is cloud cover in tenths, and
his height of the clouds above sea level in meters,

The heat loss due to evaporation, Qe’ is primarily a function of the

wind speed, V (m/sec), and the difference between the saturation
vapor pressure and the vapor pressure of the air, (eS - Qa).

A number of equations have been developed, but none are able to
predict the evaporation from the oceans with great confidence or

accuracy, The equation chosen by Lane originated with Sverdrup
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{5) and is of the form:
Qe =6.13V (es - ea) ly/day 7-3

The conduction of sensible heat from the sea surface to the atmosphere
occurs when the sea is warmer than the overlying air. Convective
cells are created due to the instability within the air column resulting
in cooling of the sea surface. If the air is warmer than the sea, a
condition of stability is approached resulting in negligible exchange
of heat. In general, the conduction process favors the removal of
heat from the sea. The standard technique for estimating ). is by
use of the Bowen ratio, i.e., R = Q /Q . Once the heat loss due to
evaporation has been determined, Q]; can be found by

0.61{K -K,}) Q.

Q ly/day 7-4

h = -
(e, -e)
where the terms are the same as those previously defined.

A comprehensive review of the heat budget including evaluation of the
numerous empirical relationships, methods of data analysis, and
techniques and equipment for obtaining the required meteorological
variables may be found in several reports of which Edinger and Geyer
(6), Raphael (7) and a TVA report (8) are the most complete.

Average monthly values of the heat budget terms for the Pacific North-
west may also be determined from the heat budget Atlas edited by
Budyko (9).

Discussion of Results .

Over the ten-year period of investigation the total net heat transfer
varied considerably from one year to the next. The range was appre-
ciable, varying from over 42,000 langleys gained by the sea in 1956 to
almost 2,000 langleys lost by the sea in 1959 (Figure 7-1). Lane was
able to show that annual fluctuations in both solar radiation and evapor-
ation were the major contributors to the observed net heat differences.

From January through March the net heat transfer was negative indi-
cating a release of heat from the ocean to the atmosphere {Figure 7-2).
During March through May the direction of exchange reversed result-
ing in 2 warming of the ocean. During the summer the warming pro-
cess continued at a relatively constant rate., However, further off-
shore beyond the upwelling zone, the mid-summer atmospheric
warming of the ocean decreased due to high surface temperatures
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Figure 7-1. Variation of annual heat exchange (Q¢) from 1953 Lo

1962 for the region 40 to 50 N. Lat. and from the
coastline to 130 W, Long. Note the extreme fluctina-
tions in heat gained and lost by the sea in 1956 and
1959, respectively {from Lane, |},
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Monthly mean values of net heat transferred across the air-sea interface
for the area from the Oregon coastline to 60 nautical miles offshore.
From March through October net heat is transferred from the atmos-
phere to the ocean. (modified from Lane, 1).
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causcd by warm Columbia River water and high values of cloud cover
which reduced the incident solar radiation. By October the net heat
exchange again reversed and the ocean continued to reclease heat at
an increcasing rate through December and January.

Net solar radiation and heat loss duc to evaporation are the most
significant factors affecting the total net hcat exchange. ‘The net
solar rzdiation recaches its maximum during the summer months.
April through September experience more than twice the insolation .
of the winter months (Figure 7-3}). The heat loss due to evaporation
is almost double that due to back radiation (Figures 7-4 and 7-5).
However, during the summer months when upwelling is prevalent,
the evaporative heat loss is suppressed from its winter maximum,
The water transfer to the atmosphere during summer is less by
approximately two inches per month compared to that in regions be -
yond the zone of upwelling. Cooling of the surface watexrs in summer
due to upwelling also results in the conduction term, Qy, being ncga-
tive, i.c., a net conduction of heat to the sea {Figure 7-6). This lowering
of the surface water temperature also results in a reduction of the
effective back radiation dusing the summer months,

Direct Measurements

Direct measurements of net radiation and the evaporative and con-
ductive heat fluxes will provide better knowledge of the heat transfer
process across the air-sea interface. With increased understanding
of the heat transfer process, the reliability of the empirical relation-
ships should be improved. However, direct measurement of the heat
budget Lterms is still limited to laboratory experiments with the
exceptlion of the radiative terms.

Solar radiation incident on the sea surface is usually measured with

a pyrheliometer. Determination of the effective back radiation term is

from empirical methods, The net radiation, both long and short wave,

incident on the sea surface, however, can be measured with a net radi-
ometer. Unfortunately, few of these devices are in operation at marine
stations (1),

Both the conductive and the evaporative heat exchanges can be expressed

as the sum of a slowly fluctuating average value and a rapidly fluctuating
random value. The slowly fluctuating portion is that which is estimmated by
empirical methods since these methods are based on average values of wind,

78



Qg net (langleys/day)

Q) net (langleys/day)

550

500

450

400

is50

300

250

200

150

1¢0

120

110

100

g0

80

70

60

50

] L

i 1 1 L 1 1 1 'l 1 ]

J F
Figure 7-3,

M A M J J A S8 O N D I
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Monthly mean values of net back radiation for the area from the
Oregon coastline to 60 nautical miles offshore. The low surface
temperatures in summer resunlting from coastal upwelling
suppresses the net back radiation during this season,

(modified from Lane, 1),
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Figure 7-6, Monthly mean values of sensible heat conducted across the air-

sea interface for the area from the Oregon coastline to 60
nautical miles offshore. Since surface temperatures are low
in summer due to coastal upwelling, sensible heat is conducted

from the atmosphere to the sea,
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temperature, vapor pressure, etc. The rapidly fluctuating values

are the fluxes of evaporation and sensible heat. These fluxes need to
be measured to obtain the true picture of the evaporative and conduct-
ive heal transfer processes. In the past equipment with sufficiently
fast response time to measure the rapid fluctuations was not available,
Such equipment is now being developed in the laboratory. It will be
some time in the future, however, before equipment reliability and cost
will permit seasonal measurements encompassing a large area,

Summary

The direct measurement of the heat budget terms is generally limited
to laboratory and field experiments. Empirical methods employing
measurements of sea surface temperature, air temperature, humidity,
wind velocity, solar radiation, etc, will have to suffice unvil direct
reading instruments become available for practical use,

Bascd on empirical methods the following conclusions can be made
concerning the heat budget for the coastal upwelling region off Oregon
and Washington:

{1) The net heat exchange across the air-sea boundary varies
considerably from ycar to year. In general, the sea receives a net
annual input of heat from air-sea exchange,

(2) The factors most influential in altering the heat budget
from year to year are variations in cloud cover, sea surface tem-
perature, and wind speed,

(3) Coastal upwelling results in a lowering of air, sea, and
wet bulb temperatures in the nearshore region. These reductions
affect the hecat budget by slightly reducing the back radiation, greatly
reducing conduction from the sea to the atmosphere (conduction to
the sea occurs frequently during the upwelling secason), and greatly
reducing the hcat loss due to evapor'ation. Due to the relative magni-
tude involved, the reduction of the evaporative flux is the most im-
portant ffect, '

(4) The measurable effects of upwelling on the climate of

coastal Oregon and Washington are a suppression of the summer and
autumn air temperature values and an increase in relative humidity.
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Chapter 8, WAVES

Introduction

The imporiance of wave statistics has long been recognized by
oceanographers and ocean engineers as necessary for design of ocean
and ccastal installations. Good wave data, however, arec rare and the
records are often such that the wide variability inherent in waves

may not be adequately described. The wave climate off the Pacific
Northwest coast displays a definite seasonal pattern in response to
the wind regime requiring wave records which encompass all the
seasons, ’

The basic statistics required to describe the wave regime are the
deep water wave direction, wave period and wave height. From these
statistics one can determine the wave length, wave steepness, energy
content, and particle motion. In the analysis of wave data the
significant wave height and period (Hg and Ty} are calculated rather
than average values, The significant height and period are the
average height and period associated with the ]ﬁghest onc -third of

the waves observed or measured. In order to eliminate the shallow
water effects of shoaling and refraction,wave measurements or
observations should be conducted in "deep'' water, i.e,, in water
where the depth is larger than one-half the wave length.

The wave height, period and direction can be determined by obser-
vation from a moored ship in "deep' water, e.g,, a lightship or
instrumented buoy. The wave characteristics can also be inferred
{from observations of breaker height and perieod. KErrors are inherent
in both of these methods, but the chief difficulty lies in obtaining a
complele annual record,

Wave statistics can also be calculated from the twelve hourly
synoptic charts of the U.S, Weather Burcau, The fetch, duration,
and velocity of the wind are determined and the wave characteristics
are "hindcasted. " Although this method rclies heavily on one's
ability to '"read"” or interpret the synoptic charts, it does provide

a long and continuous record.
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Data on wave height, period, direction, and frequency of occurrence
over the yearly seasonal cycle are often important to power plant siting
and design for several reasons. Some of these factors which are in part
due to the wave climate are:

a) longshore current speed and direction

b) heach accretion and erosion

¢) pressures and forces on bulkheads, pipelines, outfall, etc.

d) dispersal of the heated effluent from the outfall by wave tur-
bulence.

Measured or Observed Waves

In the Pacific Northwest few deep water wave observations exist for ex-
tended periods of time. One such set of observations taken at the Columbia
River Lightship from 1933 to 1936 was analyzed and reported by

M. P, O'Brienin 1961 (1). The data were not obtained by trained obser-
vers and the methods used were rough, but O'Brien points out that the

data are probably more accurate than most deep water observations since
a limited number of observers on a relatively small anchored ship were
used. The results are presented in Table 8-1.

O'Brien's analysis showed that the observed periods and wave lengths
were less than the "correct' value., This conclusion was based upon com-
parative observations of the period of the breakers measured near the
Columbia River mouth. O'Brien suggested that the reported wave lengths
from the lightship should be increased by about one third to bring them
into general agreement with those observed on the coast, The predomi-
nant wave direction {as a function of the square of the wave height) was
found to be from west to southwest (Table 8-2). In general, the observa-
tions show that the higher and longer period waves occur in winter
(October through March),

Neal, et al, {2) inferred the deep water wave statistics off Newport, Oregon,
from observations on the beach of breaker heights and periods. The aver-

age value of the significant breaker height and period was determined from
visual observations using the height of eye technique, From solitary wave

theory the deep water wave height was related to the breaker height, HB’

by: 3 1/2

Ho=looz7 o @1
o] (8]

85



Table 8-1. Dimensions and periods of waves obscrved at Columbia

River Light Vessel

Percentage of total observations exceeding figure specified

{(from O'Brien, 1).

Table 8-2,

Observed wave direction

Percentage of

Percenfage weighted

Direction | total gbservations . . 2

over 12 months in proportion to Ho
N 0.73 0. 57
NE 1.80 1.44
E 3.18 1.26
SE 2.38 3.30
S 15,02 25,14
SwW 18.74 36, 36
w 30,03 23.70
NW 16,57 8. 24
Calm 11,54 e

{(from O!Brien, 1).
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H, L, T Ho | Ls | T | Hy Lo | T
it ft sec ft ft sec It ft sec
January 8.4 310 8.9 5,3 187 1.2 2.9 68 5.6
February 6.6 280 8.4 3.8 130 7.0 1.9 82 4,8
March 8.4 326 9.5 4,4 242 7.5 2.5 159 6.1
April 4.5 227 10,0 2.7 112 7.5 1,3 65 4.8
May 6.2 252 7.9 3.9 172 6.4 2.1 88 5.0
June 5.7 192 7.6 3.3 125 6.0 1.3 71 4.2
July 4.4 275 9.0 2.5 178 6.7 1.2 45 4.0
August 6.1 193 8.1 3.6 168 6.1 1.6 134 4,1
September 6,4 238 8.1 3.8 180 6.5 1.8 78 4.6
October 7.9 293 9.5 4,9 210 6.9 2.4 110 4.6
November 9.9 296 8.5 4,8 223 7.0 2.7 177 4.3
December 10.6 325 9.2 6.3 239 7.2 4.0 153 5.5

H, = wave height; L, = wave length; T = wave period between crests,



where the refraction coefficient, dl /dl , was assumed close to
unity and neglected, For the beach'at I\?ewport this assumption

may not be valid due to the presence of both an offshore reef and
physical barriers to the north and south which greatly influence the
refractive pattern, The monthly averages of wave height, period
and direction are listed in Table 8-3. The number of observations
per month (from 3 to 9) permit only the most general conclusions to
be drawn. The significant wave heights ranged from 2. 8 ft. in
August to 14, 6 ft. in January averaging 7.2 ft. with the highest waves
generated during winter (December through April). The significant
wave periods ranged from 5.2 seconds in July to 17, 8 seconds in
February averaging 10.5 seconds for the year. The long period
waves (Il to 12 seconds) occurred in winter from November to May,
During the period September - April, the direction of wave approach
was from the west; in summer (May-August} they approached from
WNW_NW,

The Coacstal Engineering Research Center of the U, S, Army Corps
of Engineers has established a program to measure wave dataat
various coastal sites around the United States (Darling and Dumm, 3),
The only site located within the study area is off the mouth of the
Umpgua River where, in August 1964, a pressure type sensor was
installed. Wave data from pressure sensitive devices can provide
accurate information provided the pressure fluctuations can be prop-
erly converted to fluctuations of the sea surface., Recording is not
conlinuous, however, The avatlable records cover the periods of

13 August - i3 September 1964 and 16 June - 15 August 1966, No
analysis has been made of these records as yet; pertinent wave
statistics will be published as soon as the analysis is completed,

A prime source of deep water wave data is that measured from
offshore oil rigs. These rigs are equipped with automatic wave
recording instruments and have their vertical struts marked for
visual observations as well., Several articles in industrial journals
have reported the measurement of rather remarkable wave heights
developed during intense winter storms off the Pacific Northwest
coast, Cme rig survived a2 storm which generated 58-foot waves
(Watts and Faulkner, 4}, only to be subjected to another even larger
storm whkich generated a 95-foot wave (SEDCO 135F, 5),

87



(z ©Te 39 1eaN wuaj)

4 ) 6 L 8 g g8 9 S L 9 £ "S40
;O TON
Sy 9°g Z's 179 ¥'8 £'8 ¢'8 06 701 0L gL 8’9 ﬁomwvoL
7L 876 €6 9°11 ¢TIl 1A B I1 01 5711 21 L6 Fil (o958
$O1Idg
o ¥2¢ «02¢ 0 L6Z 0262 0 £8¢ 0 28¢ o [LZ « 082 oldl 2 86¢ s 9LE e2l2 Wlo.ly
usviiselig
"INy Amnr sun, 1 Aew ) txdy | TIEIN FEE ‘e[ 1 ‘dag "AON | 10 | idag “
6961 | 8961 _

6961 35n8ny-89461 Iequagdag ‘uodsr ‘jrodmap ‘safersasr saem A[HuoN "g-§ 219EL

88



Other large waves recorded from oil rigs are reported by Rogers (0).
None of these very large waves represent average wave conditions
during a severe storm, but are simply the chance increase in wave
height due to constructive interference from several large waves.

Hindcasted Waves

One of the most detailed wave studies for the Pacific Northwest region was
conducted by National Marine Consultants in 1960 (7) and 1961 (8). Since
equipment to actually measure deep water wave characteristics was not
available at the time of the study, the investigators resorted to wave hind-
casting techniques employing the spectral energy method of Pierson,
Neumann, and James (9). Wave prediction based on spectral theory is
obviously not as accurate as prediction based on measured data, but it
can provide indicative figures. The accuracy of the hindcast depends on
the forecaster's experience and ability to interpret the synoptic weather
charts produced by the U, S, Weather Bureau. The forecasters from
National Marine Consultants had been making verified wave forecasts for
four years prior to this study and were considered to be experienced,

The analyses of the deep water wave statistics were based upon meteorologi-
cal records and charts for the years 1956, 1957, and 1958 which, when
considered collectively, would represent an ""average' year. The location
of the four deep water stations shown in Figure §-1 are:

Station 1 42°00!'N, 125°00'W { off California-Oregon border)
2 44°40'N, 124°50'W (off Newport, Oregon)

3 46" 12'N, 124°30'W (off Columbia River)
4

47°40'N, 125°00'W {northwest of Grays Harbor, Washington)

The hindcasting method of wave forecasting has been shown to yield varied
results basad upon the individual judgments of the interpreters (Wiegel, 10).
Because of this inherent variability in the results, the analysis by National
Marine Consultants was considered to be too detailed for data based upon
hindcasting techniques, Therefore, their analysis has been made more
general by grouping the data over four octants (N-NW, NW-W, W-SW, SW-S)
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and over four seasons (winter, spring, summer, fall). See Tables 8-4
and 8-5. The winter season includes the months of December, January,
and February; spring - March, April and May; summer - June, July
August and September; and autumn - October and November. These group-
ings were based on the seasonal wind pattern of this region., The spring
and autumn seasons are transitional periods between the more stable
climatic seasons of summer and winter. A further generalization was to
report only the average value of the significant wave height and period
for each octant and season. The standard deviation (S.D.) of each is also
presented to provide a measure of variability, In addition, the probable
frequency cof occurrence for each condition is shown.

The National Marine Consultants' report listed the data in terms of sea
and swell, the former being local waves of a random nature located
within the storm generation area and the latter being the more uniform
waves which were generated from distant storms. Several different
trains of swell may be present at the same time; only the height and
period of the dominant swell train is reported. Calm periods are those
times when no storm was present in the area to generate local waves or
""sea." These periods also include the infrequent occasions when the
direction of wave approach was offshore,

Analysis of the data listed in Tables 8-4 and 8-5 indicates that general
conclusions may be drawn which are common to all four stations, The
most important of these are:

1. The predominant direction from which the swell approached
was from the NW-W octant during all seasons.

2. The predominant direction from which local seas approached
was from SW-SSE during autumn and winter and from N-NW during
spring and summer. The frequency with which the seas approached from
a particular direction showed more variability than did swell.

3. Waves generated by local storms were generally higher than
wave heights of swell.

4. The highest waves regardless of angle of approach always
occurred in winter.
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HINDCAST DEEFP WATER WAYE HEIGHTS (H;) FOR THE OREGON AND WASHINGTOM COAST

Table 8-4.

PERCENT
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5. Throughout the year the highest waves came from the
SW-S558E octant,

6. ‘The period of the swell was always grecater than the period
of the locally generated wind waves,

7. The shortest periods for both sea and swell occurred
during summer,

8. The longest swell periods generally occurred during
autunmn; the longest sea periods occurred during winter.

9. Throughout the year the longest period swell generally
approached from NW-W. At stations 2 and 3 long period swell also
approachecd from the W-SW octant,

10, During all four seasons the longest period sca generally
approached from the SW-SSE octant,

11. During all four seasons the periods of calm occurred with

about the same frequency, 25-30%; the season of greatest calm was
autumn,

Wave Steepness

Basec on data from the National Marine Consuliants' report (8)

for a station 20 miles west of the Columbia River, Ballard (11)

has calculated the wave steepness and its effect on sediment transport,
The steepness of a wave is defined as the ratio of the wave height

to its length (Hg/Lg) and is a critical factor in determining its
capacity to move sediment {Saville, 12). The steepness values
computed {rom annual average conditions for both sea and swell were
divided into three groups and the relative frequency of occurrence
within each group determined for various wave directions (Table 8-6).
Most of the swell (81. 5%) fell in the I-IO/Lo range of <0, 015 while
local scas were dominant (90. 3%) in the 0. 015 to 0, 025 range,

Waves with steepness values in the 0. 015 to 0. 025 range result in

the greatest amount of sediment movement {12}, Ballard has plotted
the relative frequency of waves in this range for various wave directions
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as shown in Figure 8-2,
swell in this range is evident.

tender.cy to keep it localized,

30

20

It 107

Figure R-2,

The predominance of local scas over

The inset of Figure §-2 shows the
effect of swmming up the frequency of occurrence for both sca and
swell from north-of-west and from south-of -weslt.,
frequencics of occurrence imply no net movement of sediment or a

The nearly equal
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|sEA | swWELL
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Relative frequency and divection of decp-~walcer waves
with steepness values of 11,/1., = 0. 015 to 0. 025,
values represent average annual wave conditions,
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Chapter 9, COASTAL CURRENTS

Introduction

The circulation of ocean waters in the shallow coastal zone examined in
this review (the area within 10 nautical miles of the coast) has not been
investigated in any detail. Measurements of current velocities in these
coastal waters are extremely sparse, Those measurements that have
been made indicate that steady flow is not a common occurrence, but
rather eddy flow and current reversals with tide or wind are more charac-
teristic of the nearshore circulation.

Because of the many forces present to produce currents in coastal areas,
current speed and direction are highly variable. Some nearshore currents
have been found to respond to the changing forces on a time scale of about
one hour (Neal, et al., 1}. Due to this variability average spatial as well
as temporal values are usually reported. In regions where local topography
influences the interaction of the driving forces the current may move as

an eddy fluctuating widely in both speed and direction. For such areas
average values may be meaningless, This is perhaps the reason why some
offshore oil spills have been found to disperse in directions gquite different
from that predicted.

The primary forces that produce coastal currents are winds, main ocean
currents, and tides. Of lesser importance are the current contributions
from waves and pressure gradients.

Wind currents take place mainly on the surface. The extent of this surface
layer is still under investigation, but recent studies indicate wind driven
water motion to a depth of about 10 meters. Tidal wave motion is a so-called
"shallow water" phenomenon and extends theoretically to the bottom of the
oceans. Tidal currents, therefore, are generally thought to be essentially
constant with depth in nearshore regions, Currents due to wind waves

(swell) decrease logarithmically with depth and are essentially negligible

at a depth equal to one-half the wave length.

Main Ocean Currents

The circulation of the main ocean currents off the Oregon- Washington
coast is known only in general terms. The detailed circulation pattern
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is still a topic demanding extensive investigation. In general, the
California Current is a broad, slow, and shallow southward flowing
current. It flows offshore as a diffuse band about 300 miles wide with an
average speed of 0.2 knots (0. 34 ft/sec)., It attains maximum strength
during the summer when surface winds are consistently from North-North-
west,

The Davidson current as reported by Schwartzlose (2) is a seasonal north-
ward flowing current attaining speeds of at least 0.5 t0 0.9 knots over
extensive distances, It has a minimum width of 50 miles. The current
develope off the Oregon- Washington coast in September and becomes well
established by January. Towards spring it diminishes and disappears by
May. The driving force of the Davidson Current is not well understood.
Off Oregon it appears to result from local wind stress (Ingraham, 3),

but Reid and Schwartzlose (4) report it as not due to the local winds but to
gsome larger scale phenomenon. Their direct measurements indicate
support for the concept advanced by Sverdrup, et al., (5} that the Davidson
Current is a surface manifestation of a deeper northward flowing counter
current that develops when the winds weaken seasonally,

Tidal Currents at Pacific Northwest Lightships

Coastal tidal currents found 5 miles (9 km) offshore, as observed by
lightships along the Pacific Coast, are reported in the Tidal Current
Tables (U.S.C. and G.S., 6). The currents are rotary, turning clockwise,
with a 12.5 hour period., Spring and neap tides, which occur biweekly,
increase and decrease, respectively, the average tidal current by about

20 percent. Frequently, wind driven currents and other nontidal currents
are of such strength as to completely mask the tidal current., These non-
tidal currents must be vectorially added to the tidal current to obtain the
resultant current.

The tidal currents measured at the Blunts Reef Lightship off Cape
Mendicino show very weak rotary characteristics with average speeds of
less than 0.1 knots (0.17 ft/sec). At maximum flood the current sets
north; at maximum ehb it sets south. The tidal current is generally
masked by a nontidal current averaging 0. 2 knots (0.34 ft/sec) setting
towards the southwest from March to November and towards the northwest
from November tc March., The greatest observed velocity at the lightship
is 3.0 knots (5.1 ft/sec).

The tidal currents observed at the Columbia River Lightship are also
rotary, but rather weak, averaging about 0.3 knots (0.5] ft/sec).

The set of the maximum flood and ebb currents are 020°T and 200°T,
respectively. The discharge from the Columbia River completely masgks
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the flood current at the lightship. The set of the nontidal current created
by the river flow changes from SW (235°T) during February through
October to WNW (295°T) from October to February in response to the
seasonal wind pattern. The nontidal current speed ranges from a monthly
average of 15 cm/sec (0.45 ft/sec) in March to 39 cm/sec (1. 28 ft/sec)
in June (Duxbury, et al., 7). During periods of high river runoff the
combined tidal and nontidal current frequently is 2.0 knots (3.4 ft/sec)
or greater to the SW. The greatest observed velocity at the lightship is
3.5 knots (5.9 ft/sec). At the river mouth between the north and south
jetties surface currents measured by the U.S, Army Corps of Engineers
(8) were 300 cm/sec (9.8 ft/sec) on ebb and 120 cm/sec (3.9 ft/sec) on
flood during June, In September these values had changed by 240 cm/sec
(7.9 ft/sec) on ebb and 180 em/sec (5.9 ft/sec) on flood.

The tidal currents at the Umatilla Reef Lightship off Cape Arago, Washington
are weakly rotary. Maximum currents occur 15 minutes after maximum
flood or ebb is observed at the entrance to the Straits of Juan de Fuca.
The average velocity of flood and ebb currents is 0.3 knots (0.51 ft/sec)
setting 345° T on flood and 165°T on ebb. Wind driven currents usually
mask the tidal current. From November to April the flow is northerly
(350°T) at 0. 7 knots (1. 2 ft/sec) peaking to 1.0 knots (1.7 ft/sec) during
December; from April to November the current is variable, generally
setting SE at an average speed of 0.4 knots (0.68 ft/sec). The strong
southeasterly winds of winter produce a combined current of 2 to 3 knots,
The greatast observed velocity at the lightship is 3.3 knots (5. 6 ft/sec).
Because changes in wind direction and speed may alter the wind driven
currents, tables have been prepared to account for these changes (6).
Table 9-1 shows the increase in current speed due to increasing wind
speeds. The number of degrees by which the wind driven current deviates
to the right or left of the wind direction is listed in Table 9-2. This
deflection of the wind driven current, as measured approximately 5 miles
offshore, appears to be primarily due to coastline configuration rather
than geostrophic effects.

Grays Harbor, Washington

A literature survey of this area conducted by the Oceanography Department

of the University of Washington (9) describes the average flood and ebb
currents at the harbor entrance as generally onshore-offshore at 2.5 knots
(4.2 ft/sec). Velocities in excess of 5.0 knots have been reported. The
estimated velocity at a depth of 120-180 feet off the harbor entrance is
0.4-0.5 knots. The littoral current is generally northward although affected
by the prevailing winds. In summer there is an occasional flow to the

south with a maximum velocity of about 1.5 knots (2.5 ft/sec). The maximum
velocity in winter when the flow is northward is about 4.0 knots {6. 8 ft/sec).
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Table ¢-1. Average speed of current due to winds of various strength.

Wind velocity {mph) 10 20 30 40 50

Average current (knots) due

to wind
Blunts Reef .2 .3 .4 .7 .8
Columbia River .4 .5 .6 .8 . 8
Umatilla Reef .2 . 6 .9 1.0 .9

Table 9-2, Average deviation of current to Right or Left of wind direction.

Wind from

(in degrees) Blunts Reef Columbia River Umatilla Reef

L R L R L R

N 20 35 44

NNE 6 27 18

NE 10 9 34

ENE 32 29 48

E 28 17 52

ESE 7 2 38

SE 11 8 25

SS8= 13 7 6

s 1 19 6

S55W 11 14 13

SW 18 74 32

WEW 28 121 52

W 60 145 77

WNW 2 105 6

NW 31 78 37

NNW 43 53 25

(from Tidal Current Tables, 6).
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Depoe Bay, Oregon

An extensive study was made of the nearshore water movement off
Depoe Bay by Mooers, et al. {10) from moored current meters

and thermographs during August and September, 1966, Three arrays
were anchored at 5, 10, and 15 miles off the coast (DB-5, DB-10,
and DB-15)}, The current meters were spaced at a depth of 20 meters
and 60 meters from the surface.

When the current speed and direction vectors for each recording

time increment are progressively summed (tail of one vector placed
against tip of preceding vector), a progressive vector diagram {(PVD)
resulis. PVD's for DB-5 (20m and 60m), DB-10 (20m), and DB-15 (60m)
are plotted in Figure 9-1. Several conclusions can be drawn from
these PVD's: (a) The flow at 20 meters is to the south, and at 60
meters is to the north; (b) The flow tends to follow the local topography,
except for DB-15 (60 meters) where a strong onshore component is
present; {c) There arc frequent wiggles in the curves associated with
tidal-like motions; {d) Periods of acceleration and decelcration in
speced and reversals in flow direction are easily seen, e.g., at DB-5
(60 meters) the current changed direction three times within 20 days.

A summary of the basic current data is presented in Table 9-3. The
vector mean speed and direction at 20 meters depth, five miles off

the coast, is 18,0 cm/sec (0.54 ft/sec) flowing southward (187°7T).

At 60 meters depth the mean vector speed has been reduced to a third

of that at 20 meters and changed direction by almost 180° to 028°T.
Histograms of currcnt speed and direction and current velocily components
for DB-5, 20 meters and 60 meters, are shown in Figures 9-2 and 9-3,
respeciively. These histograms are essentially unimodel indicating a
predominance in velocity and direction.

Table 9-3. Mean current measured off Depoe Bay, 15 August-24 September, 1966
based on a l0-minute sampling rate, S. D. is standard deviation.

Depoc N U ¥ Scalar Specd Vector Mean
Bay Depth (No, of lemfsec) {em/isec) (em/isec) Speed Direction
Station (m} days) Mean#S. D, Mean28. D, Mean?S. D, (em/sec) Deg.True
5 20 4.5 -2.1x11.4  -17.9¢11.8 23.4+7.0 18.0 187
60 - 35.4 2.7% 6.7 5.1%12.6 14.325.8 5.8 028
J0A 20 7.1 -0.8%11.0 -13.6+ B.& 18.426.3 13.6 183
15 60 39.8 4.8¢ 7.6 3.9 §,5 12.5+3.4 6.1 051

(modified from Mooers et al., 10)
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In order to establish the vertical structure of the horizontal current;
vertical profiles of current velocity were made at DB-5, 10, and 15
using a Savonius rotor current meter, These profiles, as drawn in
Figure 9-4, show that at each station a subsurface minimum and a deeper
maximum exist, No directions are given as these are single profiles and
current direction is known to be highly variable over a tidal cycle, The
speed minimum occurs at a depth near the base of the thermocline while
the depth >f the deeper maximum is associated with the base of the
permanent pycnocline.

Additional nearshore current data is available from current meter arrays
located off Depoe Bay and Yaquina Head during the summers of 1967
through 19069. Analysis and conclusions for the 1967 and the 1968 surveys
are nearly complete (Pilisbury, Smith, and Pattullo, 11). The analysis
of the 1969 data is incomplete,

Newport, Oregon

A recent report by Neal, ﬂzﬁ {1} discusses the currents near an ocean
outfall off Newport. Due to topographic features (a shallow offshore reef,
a prominent headland to the north, and a long jetty to the south) the currents
are quite variable and unpredictable exhibiting the characteristics of a
large eddy. The dominant driving force appears to be the wind, but many
exceptions are noted. The current appears to deviate to the left of the
wind direction for wind speeds less than 10 knots and to the right for wind
speeds greater than 10 knots. South of Yaquina Head the predominant
current direction was towards the beach, Near the ocean outfall off New-
port the flow was either northeast or southwest. North of the jetties
current flow was generally to the west.

Off Newport the littoral drift varies seasonally although the dominant
yearly drift along the coast is believed to be north (Kulm, et al., 12).
From November-December to March the drift is northward reversing
direction from April to October-November. Neal, et al. (1) however,
report from drift bottle studies that the longshore currents are definitely
not sustained since at times the currents are in opposite directions at
different portions of the beach. They found that the currents were about
evenly divided between northerly flow and southerly flow throughout the
year except during summer (June-August) when the waves were consistently
out of the NW. Measured values of the longshore current velocity ranged
from zero to over 1.6 ft/sec.

Additional current data is available from the work of James and Burgess
(13) who have used aerial photography and drift cards in plume dispersion
studies off Newport. Surface current speed and direction can be calculated
from this data, but at present no analysis has been undertaken for this
purpose. Their aerial studies, however, do corroborate Neal, et al's
tfindings that the outfall plume direction is quite variable and disperses

in all directions,
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Goodwin, Emmett and Glenne {14} measured tidal heights and currents in
the Yaquina, Alsea and Siletz estuaries. Higher flood velocities than ebb
velocities were observed, a characteristic typical of ""choked'’ estuaries.
In the Yaquina estuary entrance a maximum flood velocity of about 2.4
ft/sec was observed. Near Walport in the Alsea estuary a maximum
flood velocity of about 3.0 ft/sec was measured. Near Taft in the Siletz
estuary entrance a maximum flood velocity of about 6, 7 ft/sec was found.
In all three estuvaries an approximate 90° phase lag existed between tidal
heights and tidal currents, No attempts were made to track the estuary
flows offshore.

Coos Bay, Oregon

From a literature survey similar to that undertaken for Grays Harbor,
Washington (15), the average tidal current velocity is listed as 2,0 knots
(3.4 ft/sec). Maximum ebb currents up to 7 knots (11, 8 ft/sec) and flood
currents of 3.5 knots (5.9 ft/sec) have been reported. The estimated
velocity at a depth of 120-180 feet off the entrance is 0, 4-0.5 knots, The
littoral current is southerly in summer due to winds from the northwest
and reversed in winter,

Trinidad Head to Eel River, California

From an investigation undertaken for the California Water Pollution Control
Board, Humboldt State College has published a review of its oceanographic
study of the nearshore area of Northern California (16). The current pat-
tern of this region is one of eddies superimposed on the California and
Davidson currents. The headlands of Cape Mendicino and Trinidad Head,
the jettics of Humboldt Bay, and the Eel River canyon all contribute to a
mixed circulation pattern, Tidal currents, most pronounced near the
entrance to Humboldt Bay, dominate the flow when other influencing fac-
tors are minimal. Nearshore currents have been correlated with wind
conditions, but a lag effect of unstated duration was noted when the corre-
lation was poor, Based upon a variety of observational methods, the
current direction for cach month from January to June {1959.1961) is
presented in Table 9-4. Throughout this period the predominant observed
direction was southward, Northward fiow was observed most frequently
during winter {(January-February).

Table ¢ -4, Summary of observations of surfacc current direclion for
January-June, 1959-1961, betwecen Trinidad Hcad and Cape

Mendocino
Flow Direction Jan Feb Mar Apr May June Total
South 27 20 23 24 28 . 24 146
North 33 15 13 18 7 11 97
West 3 1 1 0 0 0 5
East 5 2 2 2 1 1 13
Nonc 1 0 1 5 0 1 8

(from Humboldl State College, 16}
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Bottom Currents

The scouring action and differential forces acting on structures and outfall
pipes embedded in the ocean bottom are problems associated with near
bottom currents (Brown, 17). When current velocities are of appreciable
magnitude, the bottom sediment mmay be loosely compacted with considerable
material in suspension, Such conditions invite severe scouring and sedi-
mentation near industrial cooling water intake and cutlet structures, piers,
jetties, and other submerged structures,

Direct measurements of near bottom currents are difficult to make and
usually require special equipment. Few direct measurements are available,
Observations along the Pacific Northwest coast have been made from sea
bed drifters and moored current meters,

As reported in the section under Depoe Bay (10), the direction of current
flow measured at 60 meters (20 meters above the sea floor) was opposite
to that measured near the surface (20 meters depth) (Table 9-3). At a
point 5 miles off the coast for a period of 35 days during the summer the
near bottom resultant current (vector mean current) was 5.8 cm/sec

{0.19 ft/sec) at 028°T. The mean scalar speed was 14.3 cm/sec (§.47
ft/sec}. Fifteen miles off the coast at 60 meters depth the resultant
current was 6.1 cm/sec (0. 20 ft/sec) at 051° T, an increase in the onshore
component probably due to the increased depth. The mean scalar speed
was 12.5 em/sec {0.41 {t/sec).

Over the continental shelves of Washington and Oregon for water depths
below 200 meters Dodimead, Favorite, and Hirano (18) reported the
current flow to be northward based on geostrophic calculations. This deep
northward flowing current was corroborated by Ingraham (3) who also
employed the geostrophic technique.

The first direct measurement of the near bottom current off the Washington
coastline was made by Gross, Morse, and Barnes (19) using sea bed drifters,
a saucer-like disk and stem arrangement which drifts a few meters above

the bottora. Data analysis is essentially the same as that employed with
surface drift bottles, Over the inner continental shelf (waters < 40 meters
deep) the flow was towards the coast apparently responding to the influence

of waves and the ascending-shoreward motion of coastal upwelling. Speeds
ranged from 0.7 to 2.5 km/day (0.03 to 0.09 ft/sec) averaging about 1.6
km/day (0. 06 ft/sec). Within 10 km of the Columbia River mouth the flow
was towards the river mouth at approximately 1.4 km/day (0. 05 {t/sec).

For shelf waters in excess of 40 meters depth the dominant flow was northward,
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These measurements were made over a period of three years which indicates
that these flows are persistent throughout the year. Seasonal variability
in the flow of the near bottom current has not been determined.

The prediction of bottom currents may be calculated to an order of
magnitude by investigating the relationship between current speed and the
size of the sediment found aon the sea bed. A review of previous investiga-
tions in this area and the development of a more general relationship is
presented by Panicker (20). For currents over a downhill slope he
proposes

U= VS/Ka g-1
where U is the average velocity of the bottom current,

V is the average velocity of the sediment,

5

o 1s the bottom slope, and

K is the portion of available turbulent energy released by the
suspended particle to maintain it in suspension; proposed to
be of the order of 0. 1.
A calculation of maximum depths where wave motion tends to move sedi-
ments is carried out in Chapter 3 in the section on Sediment Motjon,

Current Flow under the Influence of Coastal Upwélling

During the summer months, June through September, the process of
coastal upwelling occurs along the Oregon coast (Bourke, 21), The north-
northwesterly summer winds produce a southward flow in the surface layer
and also an offshore surface flow due to the earth's rotation, This causes
cold, saline water to upwell in eddies and form a rise in both the seasonal
and permanent pycnoclines {Figure 9-5}. The seasonal pycnocline {region
of strong density gradients) breaks to the surface forming a surface front
approximately 10 to 20 kilometers offshore. Shoreward of the surface
front the waters take on the characteristics associated with upwelling -
relatively low temperatures, low dissolved oxygen content, and high salini-
ties, Seaward of the surface front the surface temperature may be 5 to
7C° warmer than the surface waters in the upwelling region. Cther indica-
tors of upwelled water would be increased alkalinity, inorganic phosphate,
and hydrcgen ion concentration (Park, et al., 22).
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The following summary of the general flow pattern for the coastal
upwelling region off central Oregon during the upwelling season
(Figure 9-6) is taken from that postulated by Mooers (23).

1. The flow is southward in the upper 40 meters of the water
column,

2. The flow is northward below 40 meters tending to concentrate
beneath the inclined permanent frontal layer at about 100 meters.

3. The flow in the surface Ekman layer (a boundary layer in
which frictional effects predominate in the equations of motion) is
offshore. This transport layer is about 10 to 20 meters thick,

4, Within 10 to 20 meters of the bottom, the frictional effects
of the bottom create a bottom Ekman layer where the flow is onshore.

5. Beneath the seasonal pycnocline (formed by summer heating
and the influx of relatively fresh water from the Columbia River
plume} the flow is offshore at a depth of 10 to 30 meters,

6., Within the upper portion of the permanent pycnocline from
20 to 60 rneters the flow is onshore,

7. A new water mass formed near the surface possessing a
characteristic temperature inversion sinks beneath the inclined permanent
frontal layer and flows offshore in a layer at a depth of about 40 to 80
meters,

8. Between the above layer and the bottom Ekman layer the flow
is onshore,

The process of coastal upwelling may go through the phases of inception,
steady-state, and decay several times during the upwelling season

since it is believed to be a process which responds to a wind field

which is neither steady nor statistically stationary, Hence, these
longitudinal and zonal flows fluctuate in depth and rate of transport
commensurate with the current phase of upwelling,

The study of coastal upwelling undertaken by Mooers provides little

information on the effects of the upwelling process for the region
within 10 kilometers of the coast as the closest sensor was located
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10 kilometers offshore, He states that during the period of observation
it was unccertain how the upwelling process affected this region, but
belicved it to be a region where mixing is dominant.

Analytical Approach to Coastal Currents

In eu of the scarcity of observed current data approximate analytical
methods may be used to determine current velocities, One such
method would be to consider only the wind and tide as the driving
mechanisms for the establishment of coastal currents and to vectorially
add the contributions from each of these forces.

(a) Wind Driven Currents

The drag of the wind passing over the surface of the water produces

a drift current. Much ‘of the initial investigation in this area was

done by Ekman (24). He found for a hemogencous body of water of
infinite depth that the surface velocity of a purc drift current is propor-
tional to the wind stress and, for an infinite occan in the Northern
Hemisphere, directed 45° to the right of the wind direction:

.
N SR -2
Vs 9

where V is the surface current {cm/sec),

1 is the wind stress (dyne cm"z)

p is the density of sea water (gm cm-3),

lsec"l), and

{f is the Coriolis parameter, = ZQsincb{St:c'l)
where ¢ is the latitude and 2 is the rotation rate of the Earth,

A is the eddy viscosity cocfficient (gm cm”™

For walers of finite depth the angle of deflection of the surface current
from the wind direction is a function of h/D, the ratio between the water
depth and Ekman's depth of {rictional influence, In shallow water h/D
decreases with increasing wind speed., Actual measurements have
shown the deflection angle at the sca surface to vary between 25°-30° for
low velocity winds (¢4 m/sec) and approach the actual wind direction for
high velocity winds (Neumann and Pierson, 25).

One must use an "effective' eddy viscosity coefficient, A, whichis
a function of wind speed, i.e., A must increase with increasing wind



speed. The following table {Table 9-5) for A as a function of wind
speed i from Neumann {26).

Table 9.5, Effective eddy viscosity coefficient as a function of wind

spced.
Wind speced (m/sec) 4 6 8 10 14 18
A {gm/cm-sec) 58 161 332 577 1350 2520

Because of uncertainties in the values for wind stress and eddy viséosity
coefficient, empirical formulac relaling wind speed and cirrent velocity
directly have been postulated. These take the form

v - —W 9.3

¥ sin ¢
where W is the wind spced in m/scec,
¢ is the latitude, and

k is a coefficientwhich varies with wind speced; values used
range {rom 0, 76 to 2,59 ( 25).

Wind drift currents and the relationship between wind speed and current
speed at the surface have been discussed and studied, but few systematic
measurements are available. Wide variability exists between actual
measurements and that predicted by theory, Wiegel (27) emphasizes
that caution should be exercised when results based on thcory are being
used, Neither of the two preceding formulas consider the influence of

a coast and should probably not be used in the nearshore region.

Bretschneider (28) has developed a relationship between wind speed,
U, and the steady state mean longshore wind-driven current, -\_‘rst' over
the continental shelf. Assuming shallow water conditions and constant
values of k = 3,0 x 10-6 and K = IO'th1/3 for the wind stress and bottom
stress parameters, respectively, the steady state mean current may

be expressed as:

vst

= = 00173 pl/® /on o 9-4
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where 6 is the anglc of the wind mcasured from the perpendicular
to the coastline or bottom contours,

D is the water depth (ft}, and
Vv

¢ is in ft/sec and U in knots,

5 —
Vst
Figure 9-7 shows the relationship of g versus D for various angles 0.

Exact values for the wind stress and bottom stress parameters have
not been established,

(b) Tidal Currents

An approximate tidal current velocity can be found from thi information
listed in the Tide Tables (29) and the Current Tables (6). The

time it takcs a particular stage of the tide (e.g., HHW) to travel from
the Farallon Islands off San Francisco to Cape Alava off the northern
Washington coast has been determined from the Tide Tables for four
periods of the ycar. The pertinent data are listed in Table 9-6 along
with tidal heights at HHW, The approximate distance from the
Farallons to Cape Alava is 628 n. mi.

Table 9-6. Time of higpher high water (HHW) and tidal height for four
periods in 1969 for Farallon Island, California and Cape
Alava, Washington.

11 Feb 15 May 23 July 26 Oct
Time Height Time Height Time Height Time Height
(ft) {{1) (1t) {ft)
Farallo. Islands 0459 5.8 2153 5.6 1659 5.8 104, 5.9
Cape Alava 0640 8.0 2340 8.5 1840 8.0 1228 9.3
Travel time [min) 101 107 101 107

117



Angle wind makes perpendicular to coast

1000

500

200 300

y 11,

,ﬂ-gli!” ]

50 70 100
Depth of Water, D ({t)

ooy appr vy |

30

- 0.0173 D /6(sin 9)
Note for k = 3.0 x 10-© .

l K =10-2
20

u

?fst

10

/U versus D for various angles 8.

Relationship of Vs't

Figure 9-7.

(from Bretschneider, 28)

118



Using a travel time of 104 minutes, the velocity of propagation up the
coast is 610 ft/sec {362 knots), The Current Tables indicate that the
current is rotary but rather weak all along the Pacific Coast, setting
approximately 060° T on flood, 240° T on ebb. Multiplying the comput-
ed wave velocity by the cosine of 60° yields the resultant wave velocity
for a wave approaching the beach at an angle 30° normal to the shore-
line of 305 ft/sec.

The maximum horizontal particle velocity or the maximum velocity of
the net tical motion is given by

u=ga/c 9-5

where u is the maximum horizontal particle velocity for a shallow-
watcr progressive wave based on Airy wave theary {ft/sec),

g is the acceleration due to gravity, 32,2 ft/secz,
a is the tidal amplitude and from Table 9.6 is about

7.1
—— . ft
2 3.55 ft,

¢ is the wave velocity, 305 ft/sec,

The above values yield a maximum net tidal current of approximately
0.37 ft/sec (0.2 knots) approaching the coast from 240° T. This speed
compares veryfavorably with that reported in the Current Tables based
on mcasurced values at lightships five miles off the coast (6, p. 238),

Due to decreasing water depths as the tidal wave approaches shore,

the speed decreascs and the angle of approach becomes more and

more parallel to the shoreline. The net onshore-offshore component

of particle motion in this shallow coastal region can be computed from
a simple tidal prism analysis. Assume that a flow of unit width perpen-
dicular to the shoreline with period T and height H enters a tidal prism
of volume (L, H) in time T/2 (Figure 9.8}, The average onshore-

off shore particle velocity may be expressed as;

_ 2 Ly H
5 = —m 9-6
Tday
where dg,, is the mixing layer thickness assumed to extend to the bottom,

The area between the sea surface and the bottom, L, x dy,, was
calculated from the coastline to three miles offshore., This area was
divided by the square of the water depth at three miles to yield the required
Lav/day relationship in equation 9-6, Average net onshore-offshore
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tidal currents at selected areas along the Pacific Northwest Toast were
computed using mean tidal heights from the Tide Tables (29). These
average tidal currents are listed in Table 9-7. Of primary interest is
a comparison of the magnitude of these currents with location. The
largest currents appear to occur in regions where the beach slope is
relatively flat,

Table 9-7, Average net tidal currents for the Pacific Northwest Coast-
line computed from tidal prism analysis.

Mean Tidal Average Onshore-Offshore
Location Range ({1} Tidal Current ({t/sec)
Humbel.dt Bay entrance 6,2 0.08
Crescent City 5.1 0.12
Coos Bay entrance 5.2 0.05
Yaquina Bay entrance 5.9 0. 006
Tillamook Bay entrance 5.7 0. 05
Columbia River entrance 5.6 0.13
Long Beach, Washington 6.2 0. 14
Grays Hdarbor entrance 6.9 0. 25
Pacific Beach, Washington 6.5 0.13

t L.y = 3 miles

Figurce 9-8. Skcich of tidal priswn defining terms used in cquation 9-6,
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Longshore Currents

Most waves approach the coastline al an angle to the bollom contours,
The effect of refraction tends to bend the angle of wave approach such
that the wave crests are almost parallel to the shoreline by the time
the waves break, Iowever, when waves do brealk at an angle to the
beach, the shoreward transport of water has a component parallel to
the coast, This water motion parallcl to the coasl is the longshore
currenl. These currents are the major mechanism of longshore sand
transport., Mostl of the longshore sand {ransport takes place in the

surf #zecne.,

Longslorce current velocities can be computed from the relationship
listed by Eagleson (30)

_ g]'{bznb sina sinQy, sin 20
= 3/8 9-7

hb i

2
Vi,

where Vl is the mean longshore current velocity (ft/scc) assumed to
be constant in the surf zone, The current will actually
decrcasc with distance from the shorcline as the depth increases;

Hy, and h, arc respectively, the wave height (ft} and water depth (f) at
the point of breaking;

ny, is the ratio of the group velocity to phase velocitys
a is the beach slope;

0y 18 the angle between the breaker crest and the original wave
crest; h
o}

-2
{ is the Darcy Weisbach resistance coefficient = [ 2 togyg 7+ 1.74] 7
e
ke is the equivalent sand roughncss, ft.
Hy and hy can bc computed {rom solitary wave theory using
h, = 0. 607 (I—]O'T)le and 9-8
My, = 0.78 hy 9-9
where Hg' is the deep water wave height considering the'effects of

refraction, i,e. Hy' = K H
where Kr is the refraction coefficient,
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Hb and h , can more casily be determined from Figure D-54 in the ., s,
Army Couastal Enginceering Rescarch Center Technical Report No, 4
(31). A sample calculation using condiflons appropriate to the Pacific
Norihwest Coast follows:

Assumc II,' = 8 fect; T = 10 scc; a= 1°; Ob = 5% boltum sand roughuess,

ke = 0.0033 1L,

then: hb = 12.3 {¢ from cqs. 9-8 and 9-9
Hb = 9-6 ft.
ng = 0.95 from lincar wavce theory tables
hy -2

f :[Zloglok——e- +1.74] = 0,013

2 _3[32.2x (9.6)% x 0.95110. 0175 x 0.0872 x 0. 1730 |
VL 8 12.3 G.013

V. = 1,26 fifscc.

This is in agrcement with measurcd values off the central Oregon
coast as reported by Neal, et al. (1)

Many attempts have been made to predict longshore current velocity.
Galvin {32) in 1967 reviewed the theory and available data. More
recently Longuet-Higgins (33) has suggested using the concepl of
radiation stress to more satisfactorily estimate the momentum of
the incoming waves, However, the chief difficulty in estimating
longshore current velocity is the inability to accurately measure the
wave angle of approach,
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