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Introduction

The 19B2-S3 El Nino brought extremely warm water to the coast of
Alta and Baja California as part of ane of the most intense ocean-atmosphere
events of the century. This report describes this event in terms of surface
and subsurface temperature, sea level, and large scale atmospheric pressure
changes. The 1982-83 event is examined as part af the continuum af events
accurring over the past 13 years �971-83!, a period containing two other
tropical El Ninas �972-73, 1976-7S! and two California warming events
seemingly unrelated to tropical warmings �979-80, 1980-81!. The 1976-77,
1977-78, 1979-80, 1980-81, and 1982-83 winters have been warmer than
normal. Consequently, the period before 1976 was anomalously cool com-
pared to the 13 year mean. These intersnnusl variations are discussed in
terms of physical characteristics af the California Current System and
associated coastal upwelling, which are the predominant ocean features
within 1000 km of the coast. The extreme nature of the 19S2-S3 event is
examined by comparison with other winters of the series. Time-distance
contour plots are used to graphically interpret interannusl variations over the
13 year period and over the 2123 km distance from the southern tip of Baja
California to the Alta California northern border.

The oceanographic term "El Nino", historically, has been applied to
ocean surface warming events in the equatorial Pacific off the coasts of Peru
and Ecuador. These events generally begin during the Christmas season.
Hence, the Spanish words El Nino refer to the Christ Child. Since El Nino
lasts through the northern winter, common ter minology refers ta two or more
calendar years. lvlore recently, El Nino became a generic term describing
anomalous warm events in eastern boundary current regions af the world' s
ocean  Wooster 1960!. Current understanding is that El Nino is par't of a
global ocean-atmosphere perturbation called "El Nina-Southern Oscillation"
 ENSO!  Quinn 1974, Rasmusson and Wallace 1983!. The Southern Oscillation
is a quasi-periodic cycle �-10 years! observed in the atmospheric pressure
differences between Pacific and Indian Oceans and the Tahiti minus Darwin,
Australia ses level pressure difference is a commonly used Southern Oscil-
lation Index  SOI!. Bjerknes �969! found that El Nina events occur as the
trade winds relax and the SOI drops sharply.
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ENSO may include the tropical El Nina  TEN! and a California El Nina
 CEN!. Like the TEN, the CEN is characterized by warming in the coastal
ocean's surface layers and both warm events may be synchronous, Other
oceanic warming events also occur along the greater California coast  see
below!. These are rnid-latitude warm  MLW! events. CEN events occur in
concert with the TEN events: MLW events dc not.

Major  'eographic and Oceanic Features

The coast of Baja and Alta California extends 19.1 degrees of latitude
from Cabo San Lucas at 22.9 N, to the northern California border at 42 N.0 o

East to west, the distance from Cabo San Lucas at 109.9 W to Cape0

Mendocino at 124.4 W is 14.5 �563 km!. In the following "California" referso, 0

to Alta California  USA!.

The California Current transports cool, low satinity subarctic water
southward along the greater California coast  Sverdrup, et al. 1942, Reid et at.
1958!. Warmer, more satine, eastern North Pacific Central Water lies west of
the California Current creating a positive temperature gradient from east to
west as well as north to south. Consequently, warming along the coast can
result from local heating and/or increased transport from the south and/or
west.

Off central, southern and Baja California, a countercurrent flows north-
ward inshore of the southward flowing California Current where it frequently
becomes the dominant nearshore circulation feature  Wooster and Jones 1970,
Wickham 1975!. North of Pt. Conception, the surface countercurrent is
generally most intense in Iate fall and winter �4.3 N!. However, recent0

studies by Wickham and Tucker show countercurrent activity throughout the
year during the warm 1978-80 period  Bird et al. 1984!. South of Point
Conception, the countercurrent is an important nearshore feature throughout
the year, but it is not necessarily continuous with the surface Counter Current
to the north  Reid 1960!. The California Current System is characterized at
depth by a weak poleward countercurrent having maximum speed and persis-
tence over the continental slope. The California Current thickens seaward of
200 km resulting in a deeper countercurrent  Reid 1965, Hickey 1979!,

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

Upwelling, caused by northerly winds and resulting offshore Ekman
transport is a dominant oceanographic process in spring and summer along the
entire California and Baja California coast  Sverdrup et al, 1942!. Cooter,
higher salinity subsurface waters are brought to the surface in a relatively
narrow coastal band and then mixed and carried offshore by other advective
processes  Smith 1968, Hickey 1979!, The resulting density distribution
enhances southward California Current flow. Upwelling occurs year-round off
Baja California under the influence of the North Pacific High pressure system.
Off central and nor them California, however, the atmospheric high weakens
and moves south in the winter as the Aleutian Low pressure system intensifies.
The winds off central and northern California reverse as these pressure
systems change. t3ownwelling occurs in winter under southerly winds asso-
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E igure 1, Schematic representation of northeastern Pacific Ocean climatology
showing surface winds  open arrows!, surface currents  solid arrows!, snd dominant
atmospheric pressure aystemet Aleutian Low, North Pacific High, snd North
American High. Letters Ef' and "L" are near centers of action defined by Wallace
and Gutzlet �981!. Subsrctic, California Currant snd Subtropical trsnei'tion zonee
ste indicated by hatching. Aieo shown are locations of 3 x3 erase where surface
and subsurface temperature ste summarized.

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

Connections Between Tropical and California El Ninos

El 'Nina years on the California coast coincide with El Nino years along
the South American coast because of energy transfer from the tropics ta mid-
latitudes by both oceanic and atmospheric processes. Each process has
recetved considerable attention in the literature  'McCreary 1976, Picaut 1984,
Rasmussan and Wallace 1983, Wallace and Gutzter 1981!.
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Tropical El Nino's are associated with slackening of trade winds blowing
fram east to west over the tropicai Pacific, As the trade winds relax, the
Southern Oscillation index  SOi! falls, and even reverses, resulting in a
downwelling disturbance which propagates eastward toward South America
with characteristics of an equatorially trapped Kelvin wave  Hatpern at al.
1983, Cane 1983!. The energy transfer that occurs along the equator is the
result af the radiation of many Kelvin waves that superimpose to form a beam
of energy that ptoprtgstes eastward and downward  Picaut 1984!. When the
eastern boundary is reached, poleward and downward-propagating, coastal
Kelvin waves are formed. These KeLvin wave packets bring dawnwelling
perturbatians to the California coast. This wave energy with subsequent



advective adjustment can produce s remotely forced CEN event. This is
consistent with subsurface temperature observations from the California coast
shown below.

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

The Pacific/North American  PNA! Index was developed to measure
tropical to mid-latitude teleconnection  Wallace and Gutzler 1981!. This mdex
is derived from s linear combination of 500 rniilibar atmospheric height
anomalies at "centers of action" along the great circle standing wave pattern
from the tropics through the North-Pacific High, Aleutian I ow, North
American Continental High and Florida Low pressure systems. Each is
intensified by the standing wave, so that higher highs and deeper lows will
contribute positively to the index value. Three of these pressure systems are
indicated schernaticaliy in Figure 1.

Horel and Wallace �981! have presented important correlations between
the PNA pattern and TEN activity. However, Douglas et al. �982! point out
that P'NA type circulation can occur without TEN as it did in the winters of
1958-59, 1960-61, 1962-63, 1967-68, 1979-80 and 1980-81. Conversely, the
intense TEN of 1972-73 occurred without a fully distinctive PNA pattern. It is
probable that tropical forcing through the PNA pattern has maximum effect
when in phase with pressure patterns brought about by complementary
subtropical processes Rasmusson and Wallace 1983!. There also seems to be a
time lsg in the atmosphere's response to equatorial SST forcing  Pen and Dort
1983!. The 1982-83 ENSD brought extreme El Nina conditions to the eastern
tropical Pacific and the characteristic PNA pattern wss formed over the
North Pacific  Rssmusson and Wallace 1983, Halpern et sl. 1983, Toole 1984!.

Data Sources and Methods

EI Nino is of large space and time scale snd thus we based our analyses
on historical data files of weather observations and ocean temperature
profiles. The data were averaged by month for 3 longitude-latitude areas.0

Surface and subsur face temperature snd atmospheric pressure data were
obtained from the archives of the U.S. hlavy Fleet Numerical Oceanography
Center in Monterey, California  F NDC!. Sea surface temperatures  SST! were
obtained from the file of surface marine weather observations received in
real-time at FNOC. The wind speed and upwelling index data were derived
from the 6-hourly northern hemisphere pressure analyses  Bakun 1973, 1975!,
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The SST data were averaged by month in 1 latitude-longitude areas and0

then further aggregated ta provide means for the 3 latitude-longitude areasa

in transects along the coast and westward from the coast  Figure 1!. The total
number af observations in the study area for the 1971-83 period exceeded
300,000. Over half of the observations were taken within 100km of the coast,
Monthly means for SST may represent several thousand values depending on
location.

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

Sea level data for tide stations along the west coast of the United States
were obtained from Mr. Ray Smith of the National Ocean Survey, Rockville,
Maryland. Sea level data for two Canadian stations were obtained from Dr. S.
Tsbsta, Inst.itute of Ocean Science, Sidney, British Columbia and data from
Baja California were obtained from Ing Francisco Grivel Pins, Instituto de
Geofisics, Mexico, D.F, Monthly means of sea level were campu'ted from daily
values.

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

Sea Surface Temperature

Figure 2s is a time-distance plot of sea surface temperature along the
coast from south of the tip of Baja California to Vancouver Island, A
pronounced annual cycle is shown by the large excursians of each contour line
 isotherm!, Farthest northward isotherm extension or maximum SST occurs in
summer and fall. Minimum SSTs, as shown by farthest southward isotherm
excursions, occur in winter or spring. Isatherms at higher latitude have
larger annual excursions, eg. the 12 C isotherm crosses 12-18 degrees of0

latitude while the 20 C isotherm has about half this latitudinal excursion.
The subtropical transition zone off southern Baja California is shown by the
denser packing of isotherms south af 29 N. Interannusl spatial variation in0

SST is weak south of 23 'N.

The extreme nature of the 1982-83 CEN is reflected in the 16 C
isotherm which extended as far north as San Francisco �7.8 N! in October0

1983. This extension was unprecedented in the previous 11 years and
represents an anomaly of 1.2-2,0 C or 2 ta 2,2 times the between-year0

standard deviation  sdu! for that month and latitude. The minimum SST
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during the previous spring was much warmer than usual. The rnaxirnum SST
during fall 1982 was unusually high, equalled only by the fall seasons of 1979,
1976 and 1972, a MLW and two CEN years, respectively. Water of greater
than 16 C was also present in an unusually large closed cell near 43 N.o o

Warmer winters since 1976 are indicated by the reduction in areas less than
8 C near 49 N and by the greater distance between the 16 C and 20 C0 o o o

isotherrns off Baja and southern California �3 -34 N!. The maxima of theo

20 C isotherm tend to follow those of the 16 C isotherm, but the 20 C
o 0minima sre much more stable, causing the 16 -20 C band to widen in winter

 Figure 2a!.

The extreme nature of the 1982-83 event becomes more evident when
the annual cycle is removed by taking anomalies from monthly mean values
 Figure 2b!. Areas representing anomaly greater than 1 C have wider0

meridional distribution snd persist longer during the 1982-83 event than in
any of the other warm events during 1971-83. The CEN winter of 1976-77
shows a comparable pattern. Figure 2b shows that during 1982-83, anomaly
exceeding 1 C appears as two vertical bands connected at 24 N and 36 N by0 o 0

persistent periods lasting from November 1982 through November 1983,
These vertical bands represent almost simultaneous occurrence of the anom-
aly over the range from 29 N to 49 N. Anomalies greater than 1 C occuro 0 0

first in the subtropical transition. The extreme anomaly �.0 C or 2,0 sdu!0

south of 29 N represents a northward shift of the 20 C isotherm due to
decreased or displaced input of cooler California Current water. Because of
the steep SST gradient in the subtropical transition, a small geographical
change in isotherm position will create relatively large anomalies. The area
of anomaly persistence near 36 'N on the central California coast probablyo

reflects a relatively large decrease in seasonal upwelling and climatological
tendency toward negative wind stress curl at these latitudes  Nelson 1977!.
Increased input of offshore water into the coastal region north of 46 N may0

ohave been responsible for persistence of the anomaly greater than 1 C in
these areas.

CEN warming effects were partially negated in spring snd summer 1983
oby spring upwelling when anomalies remained positive but less than 1 C.

Maximum SSTs normally occur in the inshore California Current System in
the fall when both the California Current and the countercurrent are near
minimum intensity and insolation has had maximum effect  Sverdrup et. sl.
1942, Reid et sl. 1958!. The second period of extreme anomaly corresponds
to this period of maximum seasonal SST. The tropical El Nino of this period
also hsd two maxima in temperature  Smith 1984!.

Generally warmer SSTs since mid-1976 are indicated by Figure 2b.
Much of the period after 1976 hsd positive SST anomaly and much of the
period before 1976 had negative SST anomaly. Extensive periods with
positive anomaly during the 1979-80 snd 1980-81 winters indicate MLW
events, since there was no corresponding TEN activity.

The SST anomalies were summed for the entire coast for each 6 month
period during 1971-84 to show large-scale features of the alongshore anorna-
lies. Scaled values sre plotted in Figure 3. A succession of warm events
after the first half of 1976 produced a positive shift in SST involving the
entire California Current System's inshore component. In the winter of 1976-
77, there was a California El Nino accompanied by s tropical 'El Nino. In
1977-78, CEN and ENSO conditions reoccurred. Winter and spring of 1978-79
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Figure 3. 5lx-month sums of 55T anomaly on elongshore transect
from Baja California to Vancouver Island. Abstract of data presented
in Figure 2b. Northern Anomaly 5urn is for northernmost 7 blocks of
transect snd Total Anomaly 5um is for eli 12 blocks of transect.

were relatively cool, but temperatures remained abave pre-1976 levels. in
1979-80, a MLW event occurred off California and Baja California. Similar
though less extreme atmospheric and oceanic conditions occurred in 1980-81.
The 1981-82 winter temperatures were near normal for the 13 year per lad.
More recently, the extreme CEN and TEN 198Z-83 season elevated coastal
temperature to a 13 year high. In 1983-84 SSTs remained above normal
through fall 1984. Note that during CEN years, the northern and southern
portions of the transect both contribute to the total but during MLW years,
the northern portion is dominant.

To examine the offshore extent of SST fluctuations, the data were
abstracted ta form three transects of nine 3 blocks extending fram the coast0

3000 km westward  Figure ll. A time-distance plot far the transect off
Southern California  Figure 4a! shows warm fingers reaching in from offshore
during summer and fall and caid fingers of California Current water
extending offshore ta near 126 W during the winter months.o

Regions of cool water  less than 14 C! are prominent features fromo

February through May in 1971, '72, '74, '75, '76, but appear in only one year.
after 1976 and this occurrence in 1979 is minor compared to the previous
years. Cool water is brought into the coastal area from the north by the
California Current. Upweliing is less important at the one month-> scales.
Lack of water less than 14 C since 1976 suggests a diminished Californiao

Current since 1976. During the third quarter of 1972, '76, '78, '79, '82 and '83
SSTs of greater than 18 C occurred over the entire zonal range  Figure 4a!.
In general these events precede MLW and CEN winters, and probably
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represent early surface countercurrent influence. Normally the areas within
the 16 C isotherm are broken into inshore and offshore regions by the cool

o

California Current maximum which occurs 200 � 400 km offshore. The
absence of persistently strong California Current flow since 1976 has allowed
the area greater than 16 C to become zonally continuous in summer snd fallo

during five of the last eight years.

In 1980 snd 1983 offshore water was cooler than in other years; SSTs
greater than 22 C were absent at the western end of the Southern California

a

transect  Figure 4a!. Negative SST anomalies were widespread offshore in
fall  Figure 4b!. Both events followed winters of intense PNA-type strnos-
pheric circulation. In both preceding winters, a deep Aleutian Low created
high winds af long fetch blowing eastward across the Pacific. These intense
and persistent winds may have redistributed the warm surface water of the
central gyre and transition zone, decreasing horizontal density gradients in
the upper layers and thereby decreasing the baroclinicity of the California
Current Region. The warm water displaced onshore by southwesterly winds
near the coast would tend to increase paleward countercurrent activity which
would in turn bring more warm water into the coastaL zone fram the south,

aComparison of Figures 4a and 4b shows that the absence of 22 C water
offshore in 1980 snd 1983 represents extreme negative anomaly  ta -1.6 C,a

sdu ta 2.4!. Nearshore, positive SST anomaly is associated with each event.
During 1983, the shoreward extension of the 20 C isotherm was the mast0

extreme of the series, ss shown by anomalies to 1.2 C  sdu ta 2.5! in fall 19830

 Figure 4b!.

The SST anomalies along the offshore transect tend to be af opposite
sign in nearshore snd offshore areas  Figure 4b!. Note similarities among
197l, 1973, 1974 and 1975, which were cool years. Negative anomaly
occurred in nearshare areas from 1971 through 1976, accompanied by positive
anomaly offshore; producing horizontal density structure conducive to an
enhanced California Current. In 1976 snd the years following, negative
anomaly commonly occurred offshore, accompanied by positive anomaly
nearshare; apposing California Current baraciinicity.

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

In Table 1, the 1982-83 winter is shown ta have the warmest SSTs of the
series inshore and the coolest offshore. If the full length of each transect is
considered, the 1982-63 CEN must be considered a cool SST event. In the
inshore zone, the 1976-77 and 1983-84 winters were es warm as in 1982-63.
Winter 1963-84 probably represents residual warming of the 1962-63 CEN.
Note, the inshore zone remained warm in 1983-64, but offshore the coal
anomaly of the previous year was last in the southern and Baja California
transec ts.
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Table 1. Summary table of SST anomaly during warm event winters  Nov.-Feb.!
since 1971 along the three offshore traosects; Northern California, Southern California,
and Sajs California, 55T anomalies are summarized for l000 km zones along each
transect. The symbols represent SST anomaly in each zone along a transect; "W"
represents areas having more than 50% positive SST anomaly and "C" represents areas
having more then 50% negative anomaly. The numbers under each column are weighted
average SST anomaly indices in each zone for each of the three trensects; positive
numbers representing positive anomalies and negative numbers representing negative
anomalies. The anomaly indices are summed by winter in the sixth column and compared
to event type  see text!,

Winter
 Nov-Mar! Transect Offshore

2000-
3000

Event Type
 Warm Index

Total!

Zone
Niddle

i 000-
2000

?ashore
0-

1000 km

1972-73 Nor th
South
Baja

C
w  -4!
W

CEN
 -9!

W
C  -15!
C

W
C �0!
W

1976-77 North
South
Baja

CEN
�3!C �5!

W

W
W �2!
W

W
W �5!
W

1977-78 CEN
�5!

Noz th
South
Baja

W �9!
W

C
W �!
W

C
W �5!
W

1979-80 North
South
Baja

NLW
�0!W �0!

C

W
W �0!
W

C W �0!
W

19BQ-81 North
South
Baja

C
W  -4!
W

NL'W
�7!

W
W �2!
W

W
W �9!
W

1982-83 North
South
Baja

C C  -19!
C

C
C  -9!
W

CEN
 -1!

W
W �7!
W

1983-84 CEN
�8!

North
8 outh
Baja

C
W �0!
W

C
W �!
W

W
W �6!
W

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

During the 1979-80 and 1980-81 MLW winters, warming occurred in the
middle zone of all three offshore transects. Since this also occurred under
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The 1976-77 CEN occurred at the end of a cool onshore - warm offshore
period  McLain 1985!, It appears that in this winter the central gyre
remained warm from the previous period and that the inshore zone warmed
under CEN influence. Overall, the SSTs of the 1976-77 CEN were the
warmest of the series.



PNA pattern influence, the suggestion ls that surface water is being trans-
ported from west to east under the influence of the intensified Aleutian Low.
ln the case of the MLW winters, warm surface water is moved from offshore
into the middle zone. The Aleutian Low was even stronger in winter 19S2-83
 Quiroz 1983!. Mare water moved to the south and east in the offshore and
middle zones bringing cooler water to the surface in the middle zone and
extreme Ekman convergence at the coast. This is indicated by the 1982-83
pattern shawn in Table 1. When extreme wind forcing relaxed in 1983-84, a
more stable pattern returned offshore even though the inshore zone remained
warm,

Subsurface Temperature

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

In 1982-83, two nar thward excursians af the 10 C isotherm mark
anomalous warming at 100m associated with the 1982-83 CEN  Figure 5!.
The first warming occurred in winter 1982-83 and after cooling in spring and
summer, the second major warming occurred in late summer, fall and winter
1983. Resulting positive anomalies of up ta 1.5 C �.1 sdu! occurred between0

46 N and 49 N in the first warming episode. The extreme excursions of the
o 0

10 C isotherm off central California in 1982-83 caused anomalies ta 1.5 Co a

�.0 sdu! and 1.4 C �.8 sdu! for the 1982-83 winter snd 19S3 fall respec-
tively. Farther south between 29 N and 34 N, anomalies were 2.3 to 3.0 C0 0 o

�.8 ta 3.0 sdu! in winter 1983 and to 1.8 C �,6 sdu! the following fall. These
0were the most extreme positive anomalies encountered in the study. The 8 C

isotherm was depressed below the 100m level for the entire 1982-83 event
 Figure 5!. Relative extent of the two northward isotherm excursions varies
with latitude and depth. The TEN associated first peak is more persistent with
depth snd distance south. This persistence is clearly suggestive of oceanic
connection between tropical El Nina snd California El Nina.

Extreme excursions of the 10 C isotherm at 100m are also seen duringo

the 1972-73 CEN and the 1979-80 MLW winters. If northward excursion of this
isotherm is considered alone, the 1979-80 winter is the most extreme,
producing an anomaly of 1.6 C �.7 sdu! at 43 N. The extremity of this winter0 o

was also evident at the surface  Figures 2a,b and 4s,b!. These two events
represent extremes of quite different forcing processes. The 1972-73 CEN
was unaccompanied by a fully developed PNA pattern and the 1979-80 IvlLW
event was unaccompanied by anomalous equatorial Kelvin weve activity
 �ouglas et al, 1982, Cane 1983!.

The excursions of the 8 C isotherm during the 1972-73 CEN were asa

large at 200m as they were at 100m in the 10 C isotherm  Figure 5!. The0

1972-73 signal was also strong to the south in the subtropical transition, where
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Table 2. Summary table of temperature at l00 m during warm event winters
since 19'7l along the three offshore transect. Symbols snd numbers ere the same as
in Table 1.

Winter Zone Event Type
 Nov-Mar! Transect Offshore Middle Inshore  Warm Index!

1972-73 W
W �9!
W

CEN
�7!

North
South
Ba ja

W
W  8!
C

c  o!

CEN
 -7!

1 976-77 W
W �6!

North
South
Baja

C
c  -16!

C
c  -7!
C

1977-78 North
South
Ba ja

W
c  -6!

C
C  -4!

C
c  -12!
C

CEN
 -22 !

1979-80 North
South
Baja

W
c �!
W

W
C  -14!
C

NLW
 -11!

W
c �!
W

1980-81 North
South
Baja

C
c  -3!
W

W
w �7! C  -9!

C

MLW
�!

1982-83 North
South
Baja

C
c  -2!
W

C
C  -4! w �0!

W

CEN
�4!

1983-84 North
South
Baja

C
 -1!

W

CEN
 Io!

C
W  -5!

W
W �6!

the extent of 16 C water at 100m was as great in this period as at any othera

time in the series.

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

Table 2 summarizes the offshore 100m temperature anomaly in the same
form as Table l. The 1982-83 event produced a temperature anomaly pattern
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The 100m and 200m alongshore temperature data for the 1972-73 CEN
clearly suggest remote forcing from the south. The persistence of signal with
depth without apparent attenuation indicates poleward and downward propaga-
ting coastal Kelvin waves  fvlcCreary 1976!. Although strong MLW events
af f act temperature at 200m, attenuation occurs with depth. Anomaly
computations show the signal for the 1972-73, 1976-77 and 1982-83 CEN
events to be stronger in terms of sdu below the thermocline than abave. This
trend is also shown in Figure 5 where the 1976-77 CEN appears stronger at
200m in the 8 C isotherm than at 100m in the 10 C isotherm. These are the
years when a strong Kelvin wave signal would be expected  Cane 1983, Picaut
1984!.



at 100m similar to that observed at the surface. The patterns at the surface
and 100m were also similar during the following warm winter, 1983-84

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

Figure 5 shows conspicuous coastal warming at 100m during the 1976-77,
1977-78, 1979-80 and 198D-BI winters in the alongshore 3 blocks. However,0

the 3 latitude by 9 longitude areas summarized in Table 2 show that these
winters have predominantly negative anomaly at l00m, Quite possibly, this
points to the distinction between the coastal countercurrent, which appears
instrumental in increased coastal warming in warm winters, and the diffuse
offshore countercurrent or undercurrent, Kelvin wave influence would be
expected to occur first in the region of the countercurrent. Offshore, it
appears that the undercurrent becomes weaker as the California Current
weakens  Table I, Figure 4a! during warm events, leading to cool anomalies
at depth in the inshore zone  Table 2!.

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

Sea Level

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

The 1982-83 CEN resulted in the most extreme sea level anomaly in the
1971-83 record. If cool negative anomaly events are excluded, the 1972-73
CEN was next in extremity followed by the 1976-77  CEN!, 1977-78  CEN!
and 1979-80  MLW! events. Greatest anomalies were in winter 1982-83 when
anomalies greater than 20 cm occurred from San Francisco north to Sitka,
Alaska. Anomalies of this magnitude and duration are unique in the National
Ocean Survey's records for the west coast of the USA. A 90 year dally sea-
!eve! height maximum for San F rancisco occurred on January 27, 1983. The
26 cm monthly anomalies for February and March 1983 at San l=rancisco were
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Figure 6. Six-month sums of anomaly of sea level at 6 tide
stations along the northern portion of coast from San Diego, CA. to
hieah Bay, WA. Six-month 55T anomaly for the northern portion of
coast are also included from Figure I for comparison.

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

Chelton and Davis  l982! related the f'erst empirical orthogonal function
of monthly sea level anomaly along the coast of North America to bifurcation
of the North Pacific Current as it approaches the eastern boundary under the
influence of basin-wide atmospheric forcing, When bifurcation favors north-
erly flow, there ls sea level rise along the coast of Alta and Baja California.
This represents the warm oceanic event response characterized by the years
since 1976  Figure 6!. in the opposite extreme, the cool subarctic water
flows south in an anomalously cool California Current and there are lower sea
level heights,

This analysis agrees well with the implications of the above ternpera-
ture data. Northerly winds in the western Pacific basin bring more cool
subarctic water into the North Pacific Current allowing the subarctic
transition to move south. This brings cool water to the offshore end of the
northern transect  Tables 1, 2!. The PNA-associated intensified Aleutian Low
favors an increased northward flow of subarctic water. Consequently, the
California Current System receives less cool water.

Wind Mixing and Upwelling index

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

An index of the turbulent wind events along the California coast was
calculated fram the 6-hourly northern hemisphere pressure/wind analyses afa
the Fleet Numerical Oceanography Center at six coastal locations fram 24
ta 39 N for the period 1974-84. The daily mean wind speed cubed was
calculated fram the mean of the four 6-hourly wind speed cubed values. Ta
investigate the lnterannual variability in the atmospheric forcing, these daily
time series of wind speed cubed were examined in !eries of the number of
daily means greater than a threshold value of 400 rn /s and the persistence
of events abave the threshold, It is emphasized that these wind speed values
are representative of the large-scale wind forcing, characteristic af the
approximate 3 x3 grid spacing of the northern hemisphere analysis.a a

Wind events far the central California coast �6 N! during the winter
quarter  Dec. - Feb.! from 1974-75 to 1983-84 are de~crjPed by the product of
the number of daily means greater than the 400 m /s threshold times the
mean value of the wind speed cubed for these days  Table 3!. This product is
a relative index of the turbulent energy added ta the water column during the
various winters. The greatest turbulent mixing appears to have occurred in
the CEN winters of 1977-78 and 1982-B3. The third most turbulent winter
was the mid-latitude warming event winter of 1979-80. These three winters
occurred in winters when the PNA-type atmospheric circulation was strong
 Wsilace and Gutzler 1981, Quiroz 1983!. This pattern was also observed at
the other coastal locations, but with smaller magnitudes in the extreme
events.

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

A time-distance plot of monthly mean upwelling index  Figure 7! shows
that in the area south of 33 N, winds favoring coastal upwelling occura

throughout most of the year. North of 33 N, winter winds favor onshore0

transport and resulting dawnweliing. These areas are seen in Figure 7 as
cusps that extend southward ta latitudes fram 33 to 39 N. The hatched
areas within the negative regions represent extreme daw~welling of less than
-200 cubic meters per second per 100m of coastline  m /s/100m! At 42 N
the upwelling index exceeded this negative value for only twa months in the
entire 13 year record. These occurred during the anarnalously warm 1982-83
winter. The shaded cells centered near 33 N represent periods of strong
upwellinp in spring snd summer when the monthly values are greater than
+200  m /s/100m!. Note the increase in upwelling at 21 N which occur in thea

spring and summer after 1976. These may be the result af a southward shift
snd/ar intensification af the North Pacific High pressure center.

To examine the interannual variability in the upwelling index the
consecutive positive values of the index greater than +200 at 33 N were

0

summed for summer seasons during the 1951-84 period. The negative
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Table >. Summary of severe winter  Dec.-Feb.! turbulent wind events off central
California �6 N! during winters from 1974-75 to 1983-B4. Computed from 6-hourly
pressure fields froru I-'ieet Numerical Oceanography Center. The first column g !veI 
the number of days when the daily mean wind speed cubed was greater than 400 m /s
and the second column gives the mean wind speed cubed value for those days, The
third column gives the product of number of days times the mean wind speed cubed
and indicates the amount of turbulent energy added to the water column. The last
three columns summarize the turbulent energy !ransfer es events by giving the number
of events of wind speed greater than 400 m /s, the mean duration of the events, and
the standard deviation of the duration of the mean.

0.72.828496109626

0.32.36840760

0.02.02064516

8,8146227

2.219 836

1388 3.924

0 32.31548

0.885416

0.83 ~ 331 1261

0.32.3161012

upwelling index values at 42 N were also summed for each winter down-0

welling season  Table 4!. The most extreme downwelling af the last 33 years
occurred during the 1957-58 and 19S2-S3 fall and winter seasons which were
two and three times the mean, respectively. During the winters of 1979-80
and 1980-81, the PNA-type circulation occurred over the North Pacific.
They also had higher than average downwelling values at 42 N. The 1979-8 !
and 1980-Sl winters were probably important in maintaining the anomalously
war m SST regime since 1976.

Large negative values of the downweliing at 42 N are associated witho

the occurrence of PNA atmospheric circulation. Upwe ling in the following
spring and summer appeac decoupled from winter downwelling. However,
upwelling can also influence the overall impact of warm anomalies. Note
that in the 1982-83 two seasonal influences related ta upwelling lead to high
California coastal 55Ts, First, there appears to have been unprecedented
downwelling which promoted northward coastal flow and warming during
winter 19S2-83. This was followed by indication of below average upwelling
during the fallowing spring and summer. This, in turn, was followed by the
highest SSTs and highest EST anomalies  in srlu.! during fall 19S3  see Figures
2e,b!.
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SEaSON

1974-75

1975-76

1976-7'7

1977-78

1978-79

1979-80

1980-81

1981-82

1982-83

1983-84

WINO SPEED CUBED > 400re /e
3 3

�! �! �! �! �! �!
NO. OF BEAN FOR NO. QF DURATION OF EVENT
DaYs DAYB~400 �!x�! EvENTs stEAN s.o.

39474

15884

33312

17028

13664

39091

19320



Tabte 4. Summary of monthly upwelling index for winter and summer seasons from
1951-52 to 1983-84. The second column is the sum of negative monthly mean upweging
index values at 42 N during the winter downwelling season. Seasons with downwellingo

sums more negative than -300 units at 42 N are marked with double minus   � !. The
third column is a similar sum of positive upwelling index values during the following
spring and summer at 33 N. These are the sum of consecutive monthly mean values
greeter than +200 units . Upwellrng seasons with sums greater than +1500 units are
marked with double plus  ++!. The fourth column indicates the occurrence of tropical Ei
hiino  TEN! snd Pacific/North American circulation  PNA!.

42N 33N
SEASON NEG. POS. EVENT

42hi 33N
SEASON NEG. POS. EVENT

�19! 1310

�98! 1383

�21! 1217

TEhi�94! 448

�13! � 814

�15! 491

�46! 1813++

�3D! 1656++

�D! 1439

�44!- 1535++ TEN, PNA

�39! 1955+i PNA

�4', 105 5

�28! 1266 TEN, PNA

�66! � 798 TEN, PNA

 99! 1446

�69!-- 1629s+ PNA

�83!-- 1546++ PNA

�15! 1157

�65!-- 984 TEN, PNA

�78! 1191

�01! 349

�09!- 809

�4! 792

�04! 1053

�68! 2261++

�10! 1161

�97! 1211

PNA

PNA

DOWN 42; MIN. �0!
MEAN �51!
MAX. �65!
--LT. �00!

TEN

�65! 1319

�89! 1511++ PiNA UP 33: iviIN. 349
MEAN 1224
MAX 2261
++ MT 1500

�69! 1584++

�53! � 1404

�31! 1354

 92! 1209

TEN, PNA
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Discussion an i Conclusions

Our analyses suggest that the severity of the 1962-83 CEN was the
result of several warming factors. Remote forcing occurred bath through the
atmosphere and through the ocean to cause warming in the California
Current System which had already been warmed by remotely forced and local
events af lesser, but similar nature.

Two maxima characterized 1982-83 warming that occurred within
300km of shore  Figures 2a,2b,4a,4b!. The first maxima occurred nearly in
phase with the tropical El Nino at all depth levels studied. At the surface the
second peak which occurred in late summer and early fall 19S3 was the most
extreme. At the 100 and 200m depths, the first peak, which was mast likely
associated with coastal Kelvin wave activity, was the most extreme. The
second maxima at 100m was reduced in expression south of 32 N and with

a

depth  Figure 5!.

Maximum temperature anomalies af 2 C, 3 C and 1.2 C occurred ato o 0

the surface, 100m and 200m respectively. In terms of sdu, the highest value
was 3.6 off Baja California with values to 3.0 throughout the alongshore
transect at 100m. Anomalies with sdu values ranging ta 2.0 and 2.5 at the
surface and 200m, respectively, indicate a relatively unattenuated signal
below the thermocline consistent with coastal Kelvin wave theory.

Comparison of the 19S2-83 CEN with other warm events af the series
hss aHawed considerable insight into the causes of its severity snd persis-
tence. The 1972-73 CEN occurred without the PNA atmospheric adjustment
which occurred in 1976-77, 1977-7S and 1982-83. The 1972-73 CEN, which
has a number of similarities to the 1982-83 event  Figure 5! provided an
example of the oceanic tropical to mid-latitude connection. In contrast, the
1979-80 Ml W event was accompanied by the distinctive PNA atmospheric
pattern in a period without tropical El Nina act.ivity. This coastal warming
event also had several points of similarity ta the 19S2-83 CEN  Figures 4a,b!.
Overall, the 1977-76 CEN is similar ta the 19S2-83 event, though less
extreme  Figure 4b, Table 3!.

The 1982-83 event brought anomalous cooling in an area reaching from
1000-3000 km offshore. If the 3000 km area adjacent to the coast is
considered, the 1982-83 CEN was a cool event rather than a warm one
 Figure 4b, Table 1!. This was the result of unprecedented develapment of
the Aleutian low that occurred in winter 1982-83. As noted abave, this low
was probably the result of extra-tropical forces acting in concert with the
tropical atmospheric connection. Cooling in the area 2000-3000 km offshore
at 40.5N appears characteristic of years when snornalously warm water
occurs at the coast  Tables 1, 2!. However, na other offshore cooling event
of the 13 year series was as extensive as the one that occurred during the
1982-83 CEN  Figure 4b, Table 1!.

Coastal subsurface temperature patterns at 100m and 200m during the
1976-77, 1977-78 snd 1982-63 CENs suggest downward and polewsrd propaga-
ting coastal Kelvin wave influences, since the signal at 200m appears
stranger, in terms af sdu, than at thr. surfer e  Figure 5!. The warming signal
decreased with depth far the 1979-80 warm event, which appeared unrelated
ta tropical warming.
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Coastal winds during 1982-83 winter were extreme  Figure 7, Tables
3,4! In terms of negative upwelling index, indicating a general tendency to
Ekman convergence at the coast, the 1982-83 CEN winter was the most
extreme of the 33 year series  Table 4!. The 1957-58 CEN winter which also
occurred with PNA atmospheric adjustment was second. Although the 1957-
58 event is considered extreme, the accumulated seasonal downwelling index
at 42 N was only 70% of that abtained for the 1982-83 winter. Extreme

0

downwelling index or negative upwelling index is associated with the PNA
atmospheric pattern, though not absolutely  Table 4!.

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

The data presented suggest that a climatic change occurred after the
winter of 1976-77. The period before 1976 was characterized by pasitive SST
anomaly offshore  Figure 4b!, negative anomaly in the California Current
System  Figure 3, 4a, b!, negative sea level anomaly  Figure 6! and coastal
winds favoring upwelling  Table 4!. Four of the six winters since 1976 are
classified as anamalously warm on the coast. These were accompanied by
positive sea level anomaly and downweliing winds. The 1982-83 CEN
occurred in an already warm period. This also contributed to its severity.

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

Summary

Coastal ocean warming associated with the 1982-83 California El Nino
was the most extreme of 1971-83 period. This warming appears Lo have
been the result of at least two remote connections ta the tropical El
Nina, one through the acean and the other through the atmosphere.
Two major peaks of snamalous subsurface warming occurred. The
earlier peak may primarily reflect oceanic propagation while the latter
peak seems to be the result af the atmospheric tropical to mid-latitude
conn ec ti on.

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

67



other coastal warming events  eg. 1979-80 and 1980-81! that can occur
without tropical El Nina activity.

Persistence of warm anomaly below 100m during the 1982-83 event
suggests the presence of oceanic propagation from the tropics consis-
tent with coastal Kelvin wave activity, Similar strong persistence at
depth occurred during the 1972-73 Cali fornia El Nino, which was
unaccompanied by atmospheric patterns associated with 1976-77, 1977-
78 and 1982-93 California El Ninos. In contrast, the strong surface
warming which occurred during 1979-80 unaccompanied by tropical E!
Nina activity, attenuated rapidly with depth.

In winter 1982-83 monthly anomalies based on 3 latitude-longitude0

areas exceeded 2.5 C at 100m with lesser magnitudes at surface and0

200m.

Maximum alongshore SST warming occurred in fall 1993. During winter
1982-83 accumulated downwelling index at 42 N was three times the0

average value indicating a tendency to extreme Ekman convergence.
This is the largest accumulated downwelling index recorded �3 year
series!. Non-directional wind mixing parameter for winter 1977-78 was
as great as for 19S2-S3, but the downwelling index value was only half
that recorded for 1982-83. The extreme accumulated downwelling
value for 19S2-83 represents local expr ession of the PNA pattern
circulation.

Indirect evidence points to weakening of the cool California Current,
onshore transport of offshore water, increased downwelling and
counter current intensification as primary local mechanisms through
which the oceanic and atmospheric remote forcing bring warming to the
California coast. Atmospheric snd oceanic forcing of warming pro-
cesses occurred together during the 1982-B3 California El Nina.

The second half of the 1971-93 study period is warm relative to the
first half. The change occurred rather abruptly in winter 1976. Since
five of the next. seven winters were characterized by warm coastal
waters and characteristic atmospheric circulation, residual warm
effects have accumulated so that the 1982-93 California El Nina
occurred in an already warm period with an atmospheric circulation
already favorable to coastal warming. This warm setting also contri-
buted to the extreme nature of the 1982-93 event.
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Comparison of Ej. Nino Events
Off the Pacific Northwest

G.A. Cannon, R.K. Reed, and P.E. Pullen
Paciftc Marine Environmental Laboratory, NOAA

Abstract

Observations show that El Nino events of 1940-41, 1957-58, and
1982-83 had large coastal effects off Washington and Hritish
Columbia. Subsurface temperature anomalies wer e comparable during
the three episodes, and average profiles between the roast and
127'W had anomalies of about 1.5'C at 100 m, individual anomalies
sometimes exceeded 3'C, with the highest values near the coast.
Positive anomalies were observed to extend over 200 km offshore and
to depths of about 500 m. These scales were similar to those
farther north in the Gulf of Alaska and were about half the
offshore extent off southern California, Monthty average sea level
anomalies showed that the largest increases occurred almost
simu'itaneously from California to Alaska. Thus we suggest these
data support the concept that the events are initiated by long
ocean waves but that subsequent development is strongly affected by
anomalous coastal winds.

Introduction

Ouring the 1982-83 El Nino event dramatic ocean temperature changes
occurred off the coast of Washington at 47'N  Reed, 1983, 1984!.
Positive thermal anomaties were observed above 500 m and were
greater than 1 C in the upper 200 m. Earlier, Enfield and Allen
  1980! showed that during 1950-74 only the 1957-58 El Nino event
resulted in large sea level and coastal sea surface temperature
changes as far north as 47'N. In fact, some of the larger tropical
events in the 'fast 100 years have not been observed north of
central California. The El Nino events of 1891, 1925, 1940, 1957,
1972, and 1982 all had very large effects in the tropics  Ramage
and Hori, 1981; 0uinn et al., 1978; Wooster, 1983!. A recent
compilation of sea level revealed little change from the 1891,
1925, or the 1972 events north of California, but large changes are
clearly visible along the coast into southeast Alaska during 1941
and 1958  Hicks et al., 1983; also see Roden, 1960!.
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The events of 1940-41, 1957-58, and 1982-83 thus appear to have
been the only ones producing major changes in sea level off the
Pacific Northwest. The purpose of this paper is to examine and
document the offshore temperature changes at death, as well as the
histOrlcal record allOws, during these sea-level events. Reed has
presented same of the 1983 observat',onS with which we will compare
effects during 1941 and 1958. Ne have restricted the area of this
study primari ly to north of' about 45'N because of aur interest in
the effects on fisheries in this region.

Sea-level Anomalies

Nany of the previous inferences about El Nina effects at
mid-latitudes in the eastern North Pacific have been made from sea
level data  e.g., Enfield and Allen, 1980!. For this study we have
extended their 1950- 4 period by using monthly mean sea level
values through 1980 fram Hicks et al.   1983! and for 1981-83 from
manuscript data of the National Ocean Survey, The sea levels were
corrected for changes in atmospheric pressure at nearby weather
Stations by first calculating the monthly atmospheric pressure
anomaly from the 'long-term pressure mean for each station. This
anomaly then was added to the monthly sea level values, and the
data at each station were detrended by a straight-line least
squares fit. Long-term monthly mean sea levels were computed for
all available data through 1982, and month'iy anomalies of sea level
were calculated by subtracting the lang-term monthly means from
the corrected sea levels  Figure 1!.

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

In addition to the rise in sea level associated with these events,
there also were large, but spatially incoherent, rises at other.
times. Lower than normal sea level seemed ta occur before mast of
the major events. This is especially evident during 1955-57 at all
stations. There was a sharp trough present from La Jolla to Sitka
in 1939-40, but low va'iues were less pronounced before the 1982-83
event, The rise in sea level during 1958 according to our data
also was characterized by an offshore surface geopotential anomaly
increase  relative to 1000 db! af about 15 dyn cm compared to 1957.
Tabata �984! noted a similar characteristic of the 1982-83 event.
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Figure 1 Sea level anomalies along the west coast of North
America. Vertical lines indicate the E1 Nino events in 1941,
1958, and 1983. Arrows with dates indicate oceanographic
observations off Washington referred to in the text. Atmospheric
pressure corrections were not applied at Crescent City after 1964
 dashed vertical line!.
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Temperature Anomalies

Oceanographic observations were made aff the coast of the Pacific
Northwest by the University af Washington using the RV CATAlYST in
July of 1940 and 1941 and using the RV BROWN BEAR during 1957-58 as
part of the IGY and are available in Oceanic Observations of the
Pacific, Pre-1949, 1957, and, 1958  pub1lshed by Scripps
Institution of Oceanography!. Reed  '983! used observations along
47 N by the NOAA ship DISCOVERER in May 1983, and we have
supplemented these with observations along the Ocean Station PAPA
line  approximately 48'N! from Tabata   1984!.

Reed �983! calculated the vertical structure of the temperature
anomalies by taking the temperature differences between stations
along 47'N during the El Nlho event  May 1983! and during a
relative1y normal time with comprehensive observations  September
1973; see Figure I!. He then averaged all the differences at the
same depths between the coast and 127'W to form an average anoma1y
profile which is used here  Figure 2!. Since the seasonal
temperature signal is above 100 m  Oodimead et al., 1963!,
anomalies at this level and below were derived from reference data
from different seasons where necessary. We calculated additional
average anomaly profiles to supplement Reed's for 1982-83 alang
approximately 48 N using individual station data alang the Ocean
Station PAPA section presented in Tabata �984! and referenced ta a
1959-81 long-term annual mean  Figure 2, middle!. The data used
for 1957-58 are from stations along 46.9 N. Anomalies were
calculated for various times using February 1957, one year prior to
the peak af the event, as the reference  Figure 2, top!. The 1940-
41 data canslsted of four stations each along 47.6 N in July af
1940 and 1941. Anomalies were calculated from the differences
between the two years  Figure 2, bottom!. Individual cruise data
were used as references for our 1957-58 and 1940-41 data as well as
for Reed's 1983 data because there were insufficient observations
to form a climatological base at locations south af the PAPA
line.

The average anomalies for February 1958 were calculated using four
station pairs and were greater than 1'C ln the upper 400 m and were
0.3'C at 700 m  Figure 2, top!. The surface anomaly of almost 3'C
is included because the reference month is also February �957!.
Standard deviations from the mean anomalies at each depth were
generally less than half of the means. Oata from November 1957
 referred to February 1957! showed relatively sma11 anomalies which
indicates thai the major warming occurred after then. In July
1958, five months following the sea-level anamaly peak, there still
was a temperature anomaly of 0.5'C at 100 m and 0.4 C at 200 m.

The analogous buildup and decay af the 1982-83 event can be shown
using Reed's �983! average temperature-anomaly profile for May
1983 and average anomaly profiles we calculated from Tabata's
  1984! individual profiles for November 1982, March 1983, and late
June 1983  Figure 2, middle!, referred to mean annual conditions
during 1959-81. Tabata's data are slightly north of Reed's but
extend about the same distance offshore. The anomalies were
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Figure 2. Average temperature anomalies between the coast and
127 W between 47 and 48'N. T~o : November 1957, February  large
dots!. Harch, and July 1958 minus February 1957. Middle:
November 1982, Inarch 1983  large dots!, and June 1983 minus 1959-
81 annual climatological mean  adapted from Tabata, 1984! and Hay
1983 minuS September 1973  from Reed, 1983!. Bottom: July 1941
minus July 1940  large dots! compared to July 1958 and late June
1983 anomalies from above.
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greatest in irlarch 1983 and were greater than 1-'C in the upper
400 m. This was about the same as the February 1958 anomalies, the
peak of that event. Comparison of the late June 1983 and the arly
July 1958 profiles suggests that the 1958 event may rot have 'lasted
as long as in 1983. The 1957-58 event, however, started about six
months earlier 1n the year 1n the tropics than in 1982-83  guinn
and 2opf, 1984!.

Temperature anomalies also were calculated from four pairs of
stations for July 1941 relative to the previous July  Figure 2,
bottom!. The anomalies were between 0.3 and 0.6'C in 1941; in 1983
the July anomalies extended to below 500 m, but those for July 1958
were detectable only to about 200 m. The peak 1n sea- level anomaly
at these latitudes, however, occurred earlier in the year  winter!
both in 1940-41 and 1957-58. Thus the temperature effects of the
1940-41 event may have been as large as the 1957-58 and 1982-83
events off the pacific Northwest. However, data from other times
could not be located.

The offshore and vertical extent of the 1957-58 El Nino event is
shown by the temperature anoma11es at individual stations along
47'N  F1gure 3!. The inset shows the corresponding surface
temper ature anomalies. The section is along the southernmost
stations an ihe chart. The greatest values exceeded 3"C, and they
were close ta the surface near the coast.  This figure is
unchanged if the 0-100 m interval is shown in more detail; in 1983,
however, the maximum anomalies wer'e at 100 m and decreased at 50 m
accord1ng to Tabata, 1984.! The anomalies appeared to extend a
little over 200 km offshore to 127'W. At the next stat1on
westward, anomalies greater than 0.5'C occurred only very near the
surface. This 1s consistent with our choice of about 127'W
longitude as an offshore limit far calculating the average
temperature anomaly prof1les along latitude 47'N in Figure 2.
Anomalies greater than 1 C were associated with water of 8-10 C in
February 1958; in February 1957 temperatures in this section were
8 C or less,

Discussion

The effects at mid lat1tudes �7-48 N! appear to have been similar
for the 1957-58, 1982-83, and perhaps the 1940-41 El Niho events.
The sea-surface temperature anomalies in 1958 were larger than in
1983; they occurred during w1nter, however, and did not persist
through the following surrmrer. Ouri ng 1983, the surface
temperature-anomaly peak occurred later  April!, and warmer than
normal temperatures extended through the surrmrer.

The offshore extent of the anomalies was about the same in all
three years  shown here for 1958 in Figure 3!. Unusually warm
water extended to about 127'W, more than 200 km offshore, which is
about half the extent off California  Reid, 1960; Lynn, 1983;
Simpson, 1983!. However, this emphasizes that the effects are more
than just a coastal phenomenon at the higher latitudes, which is
all that can be determ1ned from analysis of sea level data. In
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addition, the vertical extent  -500 m! of the warming indicates a
large volume of water is involved.

Salinity anomalies for the data in Figure 3 during February 1958
were about -0.5'/.. at 100 m but were less than 0.05'/" at deeper
depths. In May 1983 the 100-m salinity anomaly was also negative,
but slight positive anomalies were evident at 300-500 m  Reed,
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Other studies have indicated E1 Nino effects farther north than the
area exami ned here. Tabata �961! showed at Ocean Weather Station
P �0 H, 145 W! an increase in temperature between the surface and
1000 m for the first half of 1958 relative to the 1950-57 average
and attributed the warmer water to northward transport into the
region. Oodimead et al.'s   1963! maps of temperature on salinity
surfaces showed about a 1 C increase in temperature from winter
1956-57 to winter 1957-58 in the upper 200 m from the Strait of
Juan de Fuca northward to the head of the Gulf of Alaska. The
offshore extent appeared to be about 200 km. Royer and Xiong
�984! observed positive thermal anomalies off Alaska in 1983, and
Reed �984! noted surface warming in the Gulf of Alaska and the
8ering Sea in 1982-83.



1984!. Tabata  personal communication!, however, generally Found
positive subsurface salinity anomalies i n 'late '9B2 � early 1983.
Reed'S temperature-salinity analysis showed an 'ncrease over the
normal percentage of equatorial water during May 1983, and the
temperature sections examined for thi S study strongly suggested
northward flow along the continental slope in February 1958. Ihus
it appears that the El Nina effects near the peak of the
temperature anomalies were associated with a northward movement of
water which extended offshore about 200 km. Simpson   1984!,
however, argued for onshore transport of Subarctic water off
California instead of poleward transport. Large-scale wind
patterns support more onshore Flow off southern California, but
more alongshore  northward! flow off the Pacific Northwest  gulroz,
1983; M. Wallace, personal communication!. Also, the anomalous
wind patterns star ted later  January 1983! than the onset of the
sea-level anomalies  September-December 1982! For the 1982-83
event. Furthermore, smith and Huyer �983! Found anomalous
northward currents starting in October 1982 off Oregon. Thus the
onset of anomalous conditions occurred rapidly over a vast region
before extreme atmospheric cyclogenisis, which suggests initial
poleward advectlon by a long wave.

Other El Nino occurrences have not had major effects at high
latitudes. For example, during the 1972 event the winds along the
coast at the higher latitudes were opposite to the norma1 pattern
and were to the south throughout the Gu 1f of Alaska  shown in
Figure 4c, but not discussed, in Enfield and Allen, 1980!. It
seems possible that southward wind drift may have altered the
normal northward flow expected during an El Nina event. On the
other hand, winds were strongly northward during both the 1957-58
event  Enfield and Allen, 1980! and later stages of the 1982-83
event  Ouiroz, 1983!, which may have contributed to their
considerable poleward extent.

Not al 1 of the warmi ng events which have been observed off the
Pacific Northwest, however, are associated with El Nina episodes.
In 1981 a surface warming, with anomalies as large as 3 C, was
observed to propagate northward along the coast  Freeland and
Giovando, 1982! and inta the Puget Sound estuarine system  Mearns
and Patten, 1982!. Our comparison of data during this event with
those at other times, however, indicate that this was only a
surface phenomenon and did nat extend to appreciable depth as was
the case following the El Nino events.

Finally, our use of individual cruise data to calculate temperature
anomalies points out the gap in observations sufficient to farm a
climatological data base between the northern end of regularly
sampled CALCOFI stations  approximately northern California! and
the Ocean Station PAPA section  vancouver Island!. In spite of
this, we feel our data are sufficient to demonstrate, at least
qualitatively, same offshore effects with depth of El Nino events
at these latitudes.
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El Kino Effects Along and Off
The Pacific Coast of Canada During 1982 � 83
S. Tabata

Institute of Ocean Sciences, Canada

Abstract

The anomalous warming of surface water and the anomalous rise of mean
sea level along the Pacific coast of Canada in early 1983 indicated
the effect of El Nino along the coast and there have been earlier El
Nino signals evident in the large changes of' temperature in the sub-
surface waters off the coast before 1983. The 1982-83 episode is
compared with the similar one that occurred during 1957-58.

Introduction

The Fl Ninos of 1940-41 and 1957-58 can be considered as the two major
events that resulted in a widespread, anomalous warming along the
Pacific coast of North America, Oceanographic data were scarce for
the earlier event, but the later, 'l957-58 event is well-documented
 see for example, Sette and Isaacs, 1960!. Along the coast of
British Columbia  B,C.! sea-surface temperatures  SST! were anomal-
ously high during the two periods  Fig. 1!, and associated with the
increase in SST were higher mean sea levels. Off the coast during
1957-58 warming was evident in the sub-surface layers  Tully et al.,
1960! and extended at least as far as Station P �0oN, 145oW!
 Tabata, 1961!.

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

Results

There has been an irregular, increasing trend of SST along the coast
since i,he early 1970s, reaching its maximum in 1963  Fig. ',!. More
detailed monthly ano~alies of SST  Fig. 3! showed that an accelerated
rise occurred during the winter of 1982-83, reaching maximuii  +2oC!
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Figure l. Anomaly of monthly mean sea-surface temperatures   C! for
Pine Island and Race Rocks along the Pacific coast of Canada,
based an 33-year means �950-82!.

in March-May 1983. Although they dropped during the remainder of
1983, positive anomalies  +1 oC! persisted along the northern coast
whereas they became "normal" or became negative along the southern
coast. Sea level heights, on the other hand, although exhibi ting a
similar trend to that af SST, showed an appreciable ~ise in early
1982, followed by an even greater rise in early 1983, reaching maximum
i n February  Fig. 3! . Thereafter the anomalies decreased unti 1
another sharp rise and fall occurred in the later part af 1983.

Continuous observations of SST along Line P  line between Station P
and southern coast of B,C.! during November 1982 and March 1983
revealed that while the earlier data showed a large positive anomaly
only wi thin 30 kilometers   km! of the coast, later data showed a large
anomaly �-3 times the standard deviation! occupied an area wi thin a
few hundred km of the coast. The intrusion of warm water during this
period is well-depi cted in the satellite-deri ved SST, as shown in
Fig. 4.

Away from the shore a remarkable warming occurred in the subsurface
layers Over the continental shel f and slope before November 1982 and
in offshore waters in early 1983. This event can be examined by com-
paring the sequence of temperature profiles available for this period
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Figure 2. Oceanographic stations occupied during 1981-83 cruises.
Not all the stations indicated were taken during each cruise.

 Fig. 5!. During the period September to November 1982, an appreciable
increase in the subsurface temperatures occurred over the continental
shelf and slope in the upper 800 m depths, being largest at a depth of
200 m  Station Pl-P6!, in a relatively narrow band   100 km of the
coast!. An increase as much as 5 C occurred in the layer between 50
and 100 m over the shelf No significant warming was noted beyond the
continental slope during this period, but subsequently between November
1982 and March 1983 a spectacular increase in subsurface temperatures
resulted i n the offshore waters, particularly between Stations P6 and
P12, a distance of only 100 km. The largest increase occurred in the
layer between the depths of 125 and 175 m and was as large as 3 C, In
terms of standard deviation, the increase represents 10 times at a
depth of 150 m. While such a large increase occurred in the offshore
waters, in contrast only a limited increase occurred in the inshore
waters, at depths between 50 and 300 m, and a decrease occurred at
greater depths by as much as loC. By end of June 1983 the large pos-
itiveve anomaly in the subsurface layers had either been reduced apprec-
iably or in some cases had disappeared. However, along the northern
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Figure 4. Satellite-deri ved sea-surface temperatures   C! off the
Pacific coast of Canada and State of Mashington  Time: 22:01 GMT,
18 March 1983; NOAA-7, Orbit No. 8943!. These temperatures were
obtained through field-calibration, based on 74 SSTs taken by a
research ship during 16-18 March 1983. The temperatures are
esti mated to have an accuracy of 0.3oC.
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Figure 6. Distribution of temperature   C! along isopycnal, at = 26.0:
 a! 17-30 September 1982
 b! 24 November � 5 December 1982
 c! 16-30 March 1983
 d! 17-26 August 1983

line, warming continued during March-August 1983 in a narrow band
 ~ 100 km! between Stations R'l0 and R13.

The areal extent of subsurface warmi ng off the coast duri ng the sum-
mers of 1982 and 1983 can be examined by comparing the temperatures
along isopycnals such as on ot = 26 .0   Fig. 6! and 26.8   Fig, 7! for
successive periods. The depth of at = 26.0 is about 100 m and of
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~ i-- Figure 7. Distribution of temperature  oC! along isopycnal, at = 26.8:
 a! 17-30 September 1982
 b! 24 November - 5 December 1982
 c! 16-30 March 1983
 d! 17-26 August 1983

ot = 26.8, 300-400 m  Fig, 8!. As is evident from Fig. 6 warming
between September and November 1982 is only conspicuous near the
coast but between November 1982 and March 1983 a widespread warming
occurred wi thin approximately 200 km of the coast. By August 1983
the warm water off southern B.C. had retreated southward. The 9oC-
water present in March 1983 now occupies a small area along Line P.
It is uncertain where the warm water lying off the queen Charlotte
Islands to the north in March 1983 had gone by August 1983, It is
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speculated that it might have propagated westward as a consequence of
baroclinic Rossby waves, Other data are being examined to see if this
speculation has substance. In the deeper layer where at = 26.8 the
warming between November 1982 and March 1983 and the cooling between
March and August 1983 are both present  Fig. 7!. There is, however,
still evidence of a presence of relatively warm water lying northwest
of Yancouver Island in August.

The deepening of the isopycnal surfaces along the Pacific coast of
North America is also considered an effect of El Nino  Fig. 8!. The
three isopycnals  Ot = 26.0, 26.4 and 26.8! all show deepening be-
tween November 1982 and March 1983. However, there is some difference
in the behavior of these isopycnals from one period to another and
from one locatio~ to another. For example, at the two inshore stations
 P4 and P6! the isopycnal, at = 26.0 remained deep until August where-
as at the offshore stations  P8 and P12! it had returned to "normal"
depths by late June. A somewhat analogous trend is noted for the
isopycnal, at = 26.4; however, at Station P4 the deepening was evident.
earlier, between September and November 1982, The relatively deep
at = 26.8 isopycnal exhibited changes that were occasionally different
from those of the other two. Here. while the large increase in the
depths occurred between November 1982 and March 1983, as for the other
isopycnals  ct = Z6.0, 26,4!, it was already deep compared to the cor-
responding long-term means in early 1982, particul arly at the inshore
stations   P4 and P6 ! and conti nued to remai n deep until August 1983 .
It is to be noted that the deepening of the isopycnal at the offshore
station   Pl Z! is much less than at other stations inshore of i t,

Comparison Between the Effects of 1982 � 83 and 1957 � 68

The 1982-83 and the 1957-58 warm episodes were similar in that during
both periods the SST increased and the mean sea level rose along the
coast  Fig. 3! . However, some differences also occurred. For in-
stance, the recent event is featured by a sudden rise of SST during
the winter, reaching a maximum that persisted for a few months, and
decreased gradually. The earlier one is characterized by a slow,
gradual inc rease during 1957-58, reaching maximum in summer, then
fo'Ilowed by a sharp drop, For the sea level heights the recent event
had a sharp rise in early 1982, followed by a rapid decrease, and a
rebound from whence it increased slowly until winter when a sudden
increase occurred, wi th maximum in February, The peak in late 1983 is,
at the moment, unexplained. The sea-level anomalies during the earli-
er event also increased earlier in the year �957!, followed by
another increase in winter. During this event the maxi mum which
occurred in February, as i n the 1 ater one, lasted for only one month;
then both events slowly decreased during the remainder of the second
year. Hoth in terms of the anomalies of SST and sea level heights,
the magnitudes for the recent event are larger than the correspond-
ing values for the earlier events.

The recent warming in the subsurface layers is much larger than during
the previous 1957-58 event. During the 1950s the peleward advance
of the 8o isotherm on the isopycnal surface of at = 26.0 started from
the vicini ty of California and Oregon coast in 1955-56 and reached
the washington coast in 1958,   Tully et al ., 1 960! . Only later, in
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the winter of 1959, was such an isotherm located off the B.C. coast.
During the recent event such an isotherm was present off the B.C.
coast by March and large temperatures greater than 9aC were encount-
ered. In the deeper waters on the isopycnal surface of ot = 26.8,
however, the isotherm 5.6oC appears to have extended farther north-
ward during the earlier event than for the recent one. While the
anomalous warming of the recent event is mare intense than the
earlier one, its area extent is smaller, being restricted to a few
hundred kilometers of the coast. The earlier one, though not as
intense in magnitude, had a much greater influence aver a larger
area of the northeast Pacific.
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On the Interannual Variability of Eddies
In the Northeast Pacific Ocean

Lawrence A. Mysak
The University of British Columbia

Introduction

Schumacher and Reed �983! recently discussed some aspects of the
interannual variability of the circulation, sea surface temperature,
sea level and atmospheric conditions in the Gulf of Alaska. How-
ever, in their review, little attention was given to describing the
year-to-year changes in the eddy fie'id in this region. Ouring the
past few years a number of studies have shown that in the Northeast
Pacific and its inshore waters, there is significant mesoscale
activity whose occurrence and strength in any one location change
interannually, Perhaps the best known example of this is the large,
clockwise-rotating Sitka eddy, recently described in some detail by
Tabata �982!. The main purpose of this note is to present obser-
vational and theoretical evidence which strongly suggests that the
intermittent appearance of this eddy  at around 67'N, 140 W--see
Figure 1! may ultimately be due to interannual changes in the
North Pacific winter atmospheric circulation.

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

In their study of the 'low-frequency   periods of a few days! current
fluctuations in Shelikof Strait, Alaska, Nysak et al �981! noted
that the amplitude 'level and t:ime scale of this eddy energy changes
from season to season and, for a given season, from year to year.
The fluctuations were shown to be due to baroclinic instability of
the along-channel mean flow, and si nce this and the mean stratifi-
cation have a strong annual signal. the seasonal changes in the eddy
field are understandable. However, the mean flow during fall 1976
was much stronger than in fall 'l978, indicating the presence of
significant interannua1 variability. Along with the reduction in
mean flow, the peak eddy energy in Shelikof Strait dropped by
several factors and shifted toward longer time scales. Some evi-
dence of interannual changes in the subsurface eddy energy  periods
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of 10-25 days! and seasonal mean flow conditions in the central part
of the Strait of Georgia has recently been reported by Yao et al
�984!. However, the mechanism for producing the current fluctua-
tionss and the reason for the year -to-year changes in the mean flow
are unknown and remain as a challenge to the theoretician.

110'

50'

~ 5'

50 ISO 155 150'
145'

Fig. 1 Geopotential anomaly at the sea surface relative to the 1000 db
surface  JK g '! in the northeast Pacific during March-April
1958  from Tabata, 1982!. The anticyclonic  clockwise-
rotating! Sitka eddy is centered at approximately 57'N, 140'W.

In connection with the recent 1982-83 ENSO episode, Tabata �984!
noted the presence of a relatively large, warm-care subsurface eddy
off queen Charlotte Sound, British Columbia during spring 1983, the
peak period of the local warming. Although the data is sparse for
earlier years, it appears that like the Sitka eddy, this may be an
intermittent phenomenon. However, its generation mechanism is not
known. Further offshore, Emery et al �984!, in their study of
satellite-tracked drogued buoys in the Gulf of Alaska, presented
some evidence of the interannual variability in the near-surface
eddy field during August 1 981-larch 1 983. During winter 1 982, when
the atmospheric circulation was anoIIjalously weak, the drogue tracks
contained a considerable number of meanders . However, during the
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next winter, when the Aleutian low expanded and intensified, rela-
tive'iy straight tracks  and strong currents! were observed,
especially along segments of the California-Alaska coast.

The seasonal variability of the eddy field off Vancouver Island has
now been reasonably we'il estab'iished   Ikeda et al, 1984!. However,
since the formation and growth of the meanders  which later develop
into the eddies! is due to baroclinic and  to a lesser degree! baro-
tr opic instability of the California Current system and the latter
has significant interannual changes  Chelton et al, 1982; Simpson,
1983, 1984!, it is conceivable that for a given season the eddy
field off Vancouver Island should contain an interannual signal.
The search for this signal would make an interesting topic, for
future research.

The Sitka Eddy and Its Generation

From an analysis of historical hydrographic data and satellite-
tracked buoys  Kirwan et al, 1978! in the Gulf of Alaska, Tabata
�982! noted the occurrence, in a number of years, of a baroclinic.
clockwise-rotating eddy a few hundred kilometers to the west of
Sitka, Alaska  located at 57'N, 1 35'W! . The eddy  herea fter called
the "Sitka" or "Tabata" eddy! is typica1 ly 200-300 km in diameter,
extends to a depth of about 1,000 km, and has a maximum  axial!
speed on the order of 40 cm s t  relative to the 1,000 db surface!.
An example of a well developed Sitka eddy is shown in Figure l.

In any year of occurrence the Sitka eddy generally first appears
during the spring-summer period and then persists for up to one
year, often moving slowly westward  at - I-2 km d >! during this
time. Since the eddy is not observed every year, interannual
effects appear to be important for its generation . In this spirit,
Will mott and Mysak �980! suggested that a generation mechanism for
this and other Northeast Pacific eddies is atmospherically-forced
interannual   period - 5-6 years! baroclinic Rossby waves that
undergo multiple reflections at the coastlines of British Columbia
and Alaska. However, it was recognized  Willmott and Mysak, 1980;
Tabata, 1982! that topographic irregu/arities off the Alaskan pan-
handlee could aiso contribute to the production of the Sitka eddy .
Recently, Swaters and Mysak �985! have proposed a theory for the
generation of the Tabata eddy by the interaction of a steady coastal
current with a variable bottom topography.

The idealized bottom topography  Figure 2! used in the theory of
Swaters and Mysak contains two bathymetric features found in the
vicinity of the Tabata eddy: the collection of high seamounts
centred around Pratt seamount �6'N, 143'W! and the broad seaward
protrusion at the base of the continental slope off Bara nof Island
 on which Sitka is located!. Starting from the conservation of
potential vorticity on the f-plane, Swaters and Mysak �985!
showed that a northward-flowing baroclinic, latterally-sheared
current representative of the Alaska current  see Figure 2!
encountering this topographic configuration generates a large anti-
cyclonic  clockwise-rotating! baroclinic eddy which possesses many
of the characteristics of the Sitka eddy  e,g., horizontal and
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vertical structure, diameter and transport!, An example of the sur-
face flow pattern obtained by Swaters and Mysak is shown in Figure
3. For a moderate incident upstream current, two stratified Taylor
columns get trapped over each topographic feature, but encircl1ng
both of these small anticyc'Ionic eddies is a large anticyclonic eddy
 diameter � 400 km!. It is this circulation which probably
approximates best the observed Tabata eddy.

CURRENT

Fig. 2 Three-dimensional plot of topographic model used to generate
the Sitka eddy bythe interaction of an incident coastal cur-
rent  shown at lower right!  from Swaters and Mysak, 1985!.
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Fi . 3 Horizontal contour plot of surface stream function computed
9. by Swaters and Mysak �985! for an upstream current of

5.9 Sverdrups. The x axis points to the northwest and the
topographic features are centered at �, 0.25!  the slope
protrusion! and �.6, 0.75!  the "Pratt Seamount" !. A unit
distance on the axes corresponds to 400 km.
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From a parameter sensitivity study, Swaters and Mysak found that for
the eddy field to have closed streamlines  at the surface!, the up-
stream surface current must be less than about 20 cm s-> . Maximum
axial current speeds occur, however, for an upstream current of
about 5-7 cm s-~ . For upstream surface speeds less than this, the
surface si gnature of the eddy is very weak. Thus the intermittent
appearance of the eddy could be due to interannual changes in the
strength of the upstream surface flow, which in turn could be caused
by changes in the atmospheric forcing.

interannual Variabiiiiy of Upstream Conditions
And Atmospheric Circulation

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

These results relating the Tabata eddy occurrence to the upstream
transport and atmospheric circulation are summarized in Table 1,
which a'iso includes data for the 1982-83 El Nino event. In view of
the pattern found in Table 1, Swaters and Mysak �985! predicted
that a Sitka eddy would be formed in spring 1983, following the
occurrence of the expanded and intensified Aleutian low during
winter 1983  Simpson, 1983!. Only a few weeks before this con-
ference, this prediction was confirmed by Andrew Thomas who produced
an i nfrared satellite image of the Sitka eddy from data collected
and archived at U.S.C.'s Department of Oceanography remote sensing
facility  see Figure 6!. It is interesting to note the substantial
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Fig. 4 8aroclinic transports �0~m~s >! across Line P  from 48'N,
126 40'W to 50 N, 145'W! for the period 1959-1981  from
Tabata, 1983!. Numeralsdenote the number ofstations used to
estimate transports. The arrows  dashed lines! at top indicate
when the Sitka eddy has been  has not been! observed.
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Fig. 5 Seasonal mean sea level pressure chart for winter 1977  Emery
and Hamilton, 1985!. The dashed line denotes Line P .
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entrainment of offshore cold water �ight shade! along the north
side of the eddy, a phenomenon consistent with a clockwise-rotating
motion.

Summary

We have presented evidence which suggests that the intermittent
occurrence of the Tabata eddy is due to the interannual variability
of the upstream f'low, which in turn is likely caused by changes in
the sea level atmospheric circu'lation. In particular, we have shown

Table

Dates of eddy occurrence and corresponding Line p transport and
sea level atmospheric circulation in the North Pacific . A strong
winter circulation corresponds to an intensification of the c'lima-
to1ogical Aleutian low, whereas a weak circulation corresponds
rough1y to a weakened Aleutian low shifted westward and a weak high
pressure intrusion from the southeast.

Date of

Oceanographic

Datar
Eddy present near
Sitka

Probab'ly  data for
region incomplete!

No
No

1954, Aug-Sept Moderate to
strong
Weak
Weak

8�!Yes Str ong

1959, Jan-Feb Moderate to
weak

Aug-Sept
1960, Jan-Feb

6
4.5 Moderate to

strong
7
7
3
5,5 Y!

July-Sept
1961, May-June
1962, May-June
1967, February

Yes
Yes
No
No

1977, Mar-May

1983,4 March
 Fig. 6!

Yes

Yes

' Tabata   1 982!; eFig . 4  from Tabata, 1 983!; s Emery and Hamilton � 985!;
4Second year of intense tropical ENSO espisode; sSimpson �983!
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1956, May-June
1957, Ju'iy-Aug

1958,4 Mar-Apr
 Fig. 1!
June-Aug Yes  but eddy

observed further
offshore
No, but 1958 eddy
observed still
farther offshore!

No
Starting to form

Baroclinic Winter  DJF!
transport

s 3 -I N. P i f'ac ic
atmospheric

across Line P 2 circulations

Strong
Weak
Weak to
moderate
Very strong

Very strongs



that following the expansion and intensification of the Aleutian low
during winter  e.g., in 1958, 1961, 1977 and 1983!, the eddy was
generated next spring-summer. Conversely, when the winter ci rcula-
tion was weak  e.g., in 1956, 1957, 1962 and 1967!, no evidence of
the eddy was found in the data examined by Tabata �982!. On the
basis of this pattern and the recent study of the winter circulation
in the North Pacific by Emery and Hamilton �985!, it appears
reasonable to make the following predictions regarding the past
appearance of the Tabata eddy in most of those years for which no
published data are available. Emery and Hamilton �985, Table 1!
reported the existence of a strong North Pacific atmospheric circu-
lation during the winters of 1953, 1963, 1964, 1970, 1978 and 1981
 in addition to the years given in our Table 1!. Further, Figure 4
shows transports across Line P which are on the order of 6-7
Sverdrups during those years  except for 1953 � no data!. Hence
according to the pattern established in Table 1, the Sitka eddy
should have been generated during those years. Conversely, during
winters of 1947, 1949, 1950, 1965, 1968, 1969, 1971, 1972, 1980 and
1982, Emery and Hamilton classified the atmospheric circulation as
weak  and also weak in the years noted in our Table 1!. Also for
the years in which data were available, Figure 4 shows Line P
transports on the order of 4-5 Sverdrups  except for the years

Fig. 6 Thermal infrared satellite image of the Sitka eddy, 6 March,
1983. Oark shades correspond to warm water and light shades
to cold water. The maximum temperature change from the
warmest to the coldest parts of the eddy is about 1'C.
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l969 and 1980!. lhus we infer that dur1ng the weak circulation
years  but poss1bly excepting 1969 and 1980!, no Tabata eddy was
generated .

In practice, it may be difficult to separate the two generating
mechan1sms proposed for the Sitka eddy: topographic generation
 Swaters and Mysak, 1985! and the superposition of forced Rossby
waves  Willmott and Mysak, 1980!. However, on the short-time
sca'Ie    1 year!, the initial formation ot the eddy west of Sitka
eddy could be due to mean f1ow-topographic interaction. But once
the eddy is formed, long-time scale  several years! dynamics
associated with 1nterannual baroclinic Rossby waves becomes
important and produces the slow, westward drift of the eddy, which
has been observed by Tabata �982!. Also, during this time the eddy
could decay due to friction and/or entrainment.

Fisheries Implications

According to P,A. Lark1n  personal communication, 1984! the timing
and return migration route of the mature Skeena River sackeye have
been known to change from year to year, especially around the
occurrence of a major El Nina espisode which affects the mid-
latitudes. Since the return migration route of these sockeye passes
near the Tabata eddy, it is conceivable that its occurrence or nat
could ultimately influence the distribution of the annual fish
catch.   If t.he returning fish encounter anomalous currents due to
the eddy, they may choose a different return route, away from the
waiting fishing fleet which 1s anticipating the "normal" route.! The
strength and nature of this physical-biological interaction is not
known, but clearly, because of the economic implicat1ons, deserves
further study.
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Coastal Temperature and Salinity Anomalies
In the Northern Gulf of Alaska, 1970 � 84

Thomas C. Royer
University of Alaska

Introduction

Caastal temperature and salinity measurements were collected on the
continental shelf in the northern Gulf of Alaska from 1970 through
1984. These data have large seasonal signals with occasional
warming associated with El Nino-Southern Oscillation events  ENSO!
and a 1inear trend which results in an average increase of tempera-
ture throughout the water column of 1.5'C. This 14 year trend in
temperature is accompanied by a slight decrease in the salinity at
a11 depths ta 250 m. The seasonal changes can be explained by the
local influences of heating, coastal fresh water discharge and wind
stress, The ENSO warming is apparently driven by large scale
atmospheric changes over the Northeast pacific rather than as a
planetary wave in the ocean. The cause of the temperature elevation
of 0, II'C/year is unknown.

The warming and freshening of the coasta waters of the Northeast
Pacific could increase the dynamic height at the coast, passibly
altering its cross-shelf gradient and hence increasing the flow of
the Alaska Caastal Current. Advection of warmer water fram the
south wi11 increase, enchancing this effect. The atmosphere should
also be warmed, which might increase 91acial abIation in the region
which might also increase the intensity of the coastal current.
However, the increased sea surface temperature will cause increased
evaporation and possibly increased cloudiness. The decreased
insolatian could cause a growth of the glaciers in the region.
The Aleutian Low could be affected by the warming, increasing its
strength and altering its position, though global atmospheric circu-
lation effects might be more important than this regional heating.

There are several reasons for the 1982-3 ENSO warming event in the
Gulf of Alaska to have large effects on the biota. It has a
relatively long duration  more than a year! and temperature ampli-
tudes of greater than 2'C. It also occurs at a time when the local
water temperature has experienced a 1ong term increase over the past
14 year s, allowing the temperature effects ta be cumu/ative.
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Figure l. Onshore-offshore Ekman transport  upwelling indices! for
two locations in the nor them Gulf of Alaska  from Royer, 1983!.

Seasonal Temperature Cycle

The northern Gulf of Alaska undergoes extreme seasonal variations
in atmospheric conditions with intense downwelling in winter and
very weak upwelling in summer  Fig. I!. In winter, 'low pressure
atmospheric systems, usual'ly designated as the Aleutian Low, often
form in the central Pacific and propagate northeastward into the
Gulf of Alaska. Their onshore movements are blocked by coasta't
mountain ranges and these storms usually stagnate in the Gulf of
Alaska, though occasionally they continue southeastward along the
North American coast. As the coastal waters are downwelled by the
winds associated with the low pressure system, the central waters of
the gulf are upwelled. In surmer, the North Pacific High advances
northward, pushing the Aleutian Low into t.he Arctic. Summer winds
are very light and eastward in the northern Gulf of Alaska. Small
coastal upwelling and slight central gulf downwelling often occur
in summer.

The solar input in this high latitude region has a very large
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seasonal variation, toa. !n winter sun angles are law and the
passible number af hours of sunlight are much less than in summer
when solar heating is much more significant.

The seasonal fluctuations of the atmospheric circulation cause
changes in the coastal precipitation rate and the rate of fresh
water discharge along the coast  Royer, 1982!. The maximum coastal
fresh water inf1ux occurs in fall, nearly roncurrent with the maxi-
mum precipitation. There is a slight offset since in November, the
air temperatures drop below O'C which ties up the preci pitation as
snow, to be released at some later, undetermined time. In spring,
precipitation rates are low but there is a slight increase in the
fresh water influx from spr~ng melting. This usually occurs in May.
Depending on insolation, Iocal air temperatures and albedoes, there
can be a net annual storage or depletion of snow in the glacial
fields that comprise about 20% of the coastal region,

The seasona1 progression of water temperature and salinity throughout
the water column at a station called GAK1 at the coast �9 50.8' N,
149' 28' W! near Seward, Alaska is i]lustrated in Figure 2  Xiong
and Royer, 1984!, The months assigned to the seasons are March, April
and May for spring; June, July and August for summer; September,
October and November for fa11; December, January and February for
winter. The hydrographic data used in this seasonal discussion was
gathered at irregular interva1s between December 1970 and July 1982.
It is best ta discuss the salinity and temperature structure
together as they are dependent upon each other. In summer there is
a halocline in the upper 20 m with a more uniform layer beneath.
Within the halocline the salinity increase is about 0, 17 ppt/m, At
the bottom of the hal ocl inc the salinity i ncreases from 30. 9 ppt to
32.9 ppt at a depth of about 200 m and to about 33.0 ppt at the
shelf bottom. The surface salinity is about 27,5 ppt. In winter,
mixing causes the halocline in the upper 20 m to disappear with a
salinity of about 31 ppt in this mixed layer.

A wel'I developed thermocline exists simultaneously with the halo-
cline in summer but the bottom of the thermocline is much deeper
�5m! than the halocline �0 m!. This suggests that there are
different mechanisms causing the formation and decay of these two
features. The temperature profile can be altered by vertica'1
displacement of warmer water from either above or below  See Fig. 2!
whereas the salinity changes monotonica11y with depth. At the
surface, the average summer temperature is about 11 C. Below the
thermocline, the temperature decreases gradually to a minimum of
about 4.7'C at 150 m and then increases to to about 4.9'C near the
bottam at 264 m. In winter, there is a temperature inversion
between 15 and 200 m. This inversion begins much deeper �5 m! in
spring. Spring is also the time of extreme values at the surface in
both temperature � C! and sa1ini ty �1.4 ppt!. The seasona1
progression in temperature shows that ihe range at the surface is
greatest, but also that the range of temperature at the bottom is
greater than at mid-depth, such as at. 150 m. Salinity has its
largest range at the surface but its range decreases with depth
throughout the water column. The minimum salinity in the upper 30 m
occurs in August while at depths of 50 m and greater, the minimum

109



0 2 0 2

sazwrr; i''

SRRIA4f AKANEH AC/IKON ezarza

Figure 2. Seasonal cycles of temperature  upper panel! and salinity
 lower panel! at GAKl near Seward, Alaska  from Xiong and
Royer, 1984!.

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

Irrterannual Variability, 1970 � 'i984

Using the seasonal temperature and salinity cycles as described
in the previous section, the interannual variability of these
parameters is determined by subtracting the seasonal ~ignals from
the original data set. The temperature anoma'Iies are greatest at
the surface  Fig. 3, upper panel! with a range of about 4 C. The
temperature anomaly amplitudes are fairly uniform with depth beneath
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the surface. In the early 1970's, the temperatures throughout the
water column were less than normal with the largest negative
anomalies occurring in 1971 and mid-1972. A "major" increase in
temperature occurred briefly in 1976, followed by a sustained
warming throughout most of 1977. This warming is best seen in the
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temperatures at 150 and 200 m. At the surface, the next warming
took place in late 1979 but this event was not followed by
temperature increases beneath the surface.

For the 1983-4 temperature elevation in the northern Gulf of Alas ka,
the salinity throughout the water column was below normal  Fig. 4!.
These conditions are in contrast to the temperature anomaly in
1976-7, when the 0 and 50 m salinities were below normal and the 150
and 200 m were above normal.

The salinity anomalies for the period of 1970-1984 show much less
dramatic changes those of temperature  Fig. 3!. There are very
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In early 1983 after less than normal temperatures in the fall of
1982, a sustained elevation in temperature began throughout the
water column  Fig. 4!. Higher than normal temperatures occurred at
all depths, with the greatest anomalies found at depth. Maximum
anomalies exceeded 2'C in summer 1983. By June 1984 the subsurface
anomalies were less than 1"C though the temperature anomaly at the
surface was greater than 2"C. A conclusion is that temperature
anomalies are not the result of local effects since they do not
propagate downward from the surface. Horizontal advection is a
likely mechanism for the creation of these anomalies. The exact
cause of these temperature anomalies is unknown, but their timing
of 6-9 months after an ENSO event suggests a connection between
them. Since 1970 there have been three El Nino Southern Oscillation
events. With the exception of the 1972 event, all of the events
during this time period have produced temperature anomalies at
Seward. Enfield and Allen   1980! indicate that the 1972 event did
not propagate to high latitudes, so it is reasonable that it did not
appear in this record.



large salinity anomalies at the surface from 1970 through 1975.
From 1976 to 1981, the salinity followed the expected seasonal
cycle. If the surface salinity influenced by local runoff, one can
assume that unusual runoff conditions occurred in the earlv 1970's .

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

Though no other routine hydrographic data exist for the northern
Gulf of Alaska, some extrapolations are justified based on the
knowledge gained through the existing 14 year record. Xiong and
Royer �984! established that the air temperature at Seward and the
sea surface water temperature anomalies for the time series are well
correlated  r = 0.43; significant at 75" .confidence interval!.
Because the air temperature data for Seward extends back to 1916, it
is possible to construct a "proxy" record of sea surface temperature.
For example, the air temperature over the southeastern and southern
coasts of Alaska and the precipitation for these areas has been used
to construct a hydrology model that predicts the coastal fresh water
influx along this coast since 1931  Fig. 5!.
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A set of sea surface temperature observations for the entire North
Pacific since 1947 has been compiled by Namias  Chelton, 1984!. A
comparison of those data for the Northeast Pacific with the hydro-
graphic data for Seward reveal some similar trends. Looking again at
Figure 3, a linear regressian curve fit seems in order of the
temperature and salinity anomalies. Those calculations reveal very
high confidence levels to those fits, exceeding 99.954 for all
depths. The best fit is for the 250 m temperature and the largest
slope is for the temperature at. 150 m where it is 0.126 C/year. The
average temperature increase for the water column was about 1.5'C
over the 924 years. Clearly this cannot continue indefinitely, By
comparing the hydrographic data with the longer, Namias series for
the Northeast Pacific  Chelton, 1984! and the air temperature data
for the coast  Fig. 5!, it can be seen that the temperature has been
steadily increasing in each series since about 1970, This is a trend
that will probably end in the near future. IThe linear regression
analysis on the salinity shows a decrease in the salinity over this
same time period but the confidence interval is not as high as it is
for temperature.] The close match of the sea surface temperature for
the Nartheast Pacific and the temperatures at depth near Seward is
not surprising if one looks at the density surfaces far the twa
locations. The density surfaces slope upward as one progresses
offshore in the Gulf of Alaska and they intersect the surface some-
where between the shelfbreak in winter and the central gulf in
summer. Thus the surface temperature in the area from the central
gulf to the shelfbreak are on approximately the same density surface
as is the deep water �50-250 m! at the coast. This allows the
possibility of reconstructing the deep water temperatures over the
shelf in the Gulf of A'laska using the sea surface temperature.
Unfortunately, the temperature features that have been associated
with El Nino-Southern Oscillation events are not readily apparent in
this "proxy" record, but the longer period interannual temperature
fluctuations and the~ r impact on the biota can be addressed.

Climatic Implication s

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

The increase i n precipi tation might result i n an i ncrease in the
transport of the Alaska Coastal Current which is dependent on fresh
water as a driving mechanism. However, the increased cloudiness
might cause more water to tied up in the glacial fields, reducing the
amount available to drive the coastal flow,
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It is probable that that the increased water temperature will have
some inf'!uence on the overlying atmospheric pressure systems. The
intensity of the Aleutian Low and its position might be affected
which would, in turn affect the position and intensity of weather
systems elsewhere such as over North America,

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

H.J, Niebauer
University of Alaska

Abstract

F1ve relatively long time series �8 to 30 years! of
deviations from monthly mean atmospher1c  surface winds and North
Pac1fic Oscil lation  NPO! and ocean1c  sea surface temperatures
 SST! and ice cover from the eastern Bering Sea! parameters are
caspared with a 30 year time ser1es of a Southern Oscillation
Index  SOI!  Trenberth, 1984!. The SOI  figure 1! is the
deviations from the mean normalized Tahit1 minus normalized
Darwin, Austra'lia surface air pressure, the SST  F1gure I! are
from a 300 km square around the Pribilof Islands, the winds
 F1gure I! are the north-south component of the surface winds from
the Pribilof Island airport, the ice cover' is the per cent 1ce
cover for the eastern Bering Sea and the NPQ is the Pribilof
Island minus Edmunton, Alberta surface a1r temperatures. The data
were all smoothed by a gmonth running mean and samp'led every 4
months  J,A,J,O!. The four Bering Sea data sets were then
cross-correlated and lagged against the SOI  eg. Figure 2!. The
confidence levels were calculated using the Student's t
d1stribut1on using an effective number of degrees of freedom
 Neff! after Davis  lg76! and Trenberth �984! as shown in Figure
2.

The results for wind and SST vs SOI  Figure 2! show
significant correlation peaking with SST and wind lagging SOI by 9
and 15 months respectively. Similar results were found for the
other data sets with lags ranging 6 months to a year  Niebauer,
1984!. Overall, this suggests that the ocean and the atmosphere
in the region of the Bering Sea respond significantly to
El-Nino-Southern Oscillation  ENSO! events with "warm1ng" in the
Bering Sea follow1ng an ENSO event. The physical mechanism is
undoubtedly the deepening of the Aleutian Low and its movement
south and east of its mean position over the Kamchatka Peninsula.
This results in southerly flow from the North Pacific northward
over the Bering Sea. Thus ENSO events tend to result in
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Figure 1. Southern Oscillation Index and sea surface temperature
and north-south component of the surface winds from the eastern
Bering Sea. Thin 'lines are the deviations from monthly mean, thick
lines are 9-month running mean. Arrows are maj or E1 Nino events.

"warming" of the Bering Sea as shown by the sign of the
correlation coefficients in Figure  I, that is, a decline in the
SO[ correlates with a ri se in SST and a reduction in northerly
winds.
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Figure 2. Lagged cross-correlation coefficients between the Southern
Oscillation Index and Bering Sea winds and sea surface temperatures
as shown in Fig 1. Significance levels are also indicated.
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