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ABSTRACT

A diagnestic study of large-scale interannual variability of surface and subsurface temperature
along the eastérn boundary region of the Morh Pacific Ocean s presented. The study
involves analysis of archived surdface maring weather reporis and subsurace temperalure
profiles for the period from Janwary 1971 io August 1887, Anomalous lemperature conditions
and events are compared between coasial and offshore regions.  Effects of the major El Mifo
events of 1972-T73, 1982-83, and the weaker 1976-77 and 19B86-87 El Nifo events are
discussed.

Monthly temperature anomalies are coherent in time and space over large portions of the study
region, indicating the impatance of large-scale ocean-almosphera processes, In genaral, the
1971-76 period was anomalously coal over much of tha region, éxcluding the 1972-73 El Nifio
event. In subsequent years, surace walers were warmer than average over much of the
middla and high latifude regions, especially in the ofishore areas during fall ard winter.

Positive temperature anomalies extended farther north in the coastal region than in the offshore
region during the El Nifio events, while magnitudes of the positive anomalies weare greatest in the
subsurdace layers, Megative anomalies predominaled during the early pant of the time sarles
{(1971-78&), trom the sufade to al least 100m.

INTRODUCTION

Large-scale interannual vanations of surace and subsurface temperature are examined for coastal
and offshore areas in the Morh Pacific eastern boundary region from the egualtor to 60°N for the
17-year peried, 1571 1o 1887, The principal boundary current in this region is the Califarnia
Current which is characterized by equatorward surface flow, coastal upwelling, and high biclogical
productivity [McLain et al. 1985). Other boundary currents in the region are ihe Alaska Current
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narth of 50°N, and the Nerth Equatorial Current and the Equatorial Countercurrent at the southern
end of the region. Warm events have occurrad in 1832, 1940-41, 1957-58, 1872-73, and 1882-
83 (Quinn et al. 1987). During these periods the surlace layer warms and thickens and biological
productivity is reduced (McLain et al. 1985).

This analysis expands and updates two previous studies of interannual variability in the California
Cumrent. McLain ef al. (1985) analyzed interannual changes of surface lamparatura in the four
major easlern boundary current sysiems: Calilornia, Peru, Canary, and Benguela. Norion et al.
(1985) analyzed surface and subsurface temperaiure changes in the Calfornia Cumrent during
1971 1o 1983, with particular emphasis on tha El Nifio of 1982-83. The present analysis focuses
on the California Current System with coverage updated 1o 1987 and expanded to include an
offshore region of surface and subsuriace temperaiures.

DATA SOURCES AND METHODS

Temperature data were extracied from two sources. Sea surlace lemperature (35T) observations
ware cbiained from an archive of suriace marine weather repons received in real-time by Fleet
Numarical Oceanography Center (FNOC). The 55T cbservations have been averaged each
month by NOAA for 1° squares of longilude and latitude since March 1871. Subsurface
temperature proliles were axtracled from the FNOC Master Oceanographic Obsenvations Data Set
(MOODS), a combingd file of bathythermograph, bottle cast, and salinity-temperature-depth
{STD) cast profiles. The MCOODS file comains data received in real-time as well as delayad mode.
The most recent merga of real-time and delayed mode data 1o update MOODS was in 1983,
Profile data since then are those relatively few observations reported in real-time. The SST
observations are gengrally more abundani than the subsurace profiles (Table 1) and are most
abundani along shipping lanes. Subsurface profile measurements are more accurate than S5T
obsarvations which are primarily from ships” injection lemperatures (Noron et al. 1585).

The coaslal and olishore regions were defined by selecting 20 areal boxes, each spanning 3° of
latitude. The longitudinal extent of each box varies with location along the coast (Figure 1), and
was delermined on the basis of data availability and coasiine trend. The extant of tha study area
ranges from the coast to about seven hundred kilometars offshore. The coastal and offshore
regions overlap al the wo norhernmaost boxes.

Monthly means of S5T were computed lor each 3° box by averaging the 1° monthly submeans. A
mean was computed if al leasl ona 1° submean was available. In regions of sparse data, the
uneven distribution of data may have caused spurious 3* means. Subsurface temperature values
were inferpolated from each profile at depths of 100m and 200m and averaged by maonth far each
3° box, The resulting arrays wera nearly complele al the surdface bul only B0 to B0% complete at
depih. The arrays of temperature at the surlace and 100m are presented in Appendix A for (he
coasial data series.

The ancmalies ol lemperature al the surface and subsurface were computed for each 3° box by
sublracting the 17-year long-term monthly maans from the individual menthly means. Due to the
incomplete dala coverage, gaps in anomaly arrays had to be filled before they could be contoured
and plotted, The gaps were filled by interpolating in fime (month} and space (box) using skghtly
differant schemes for the suface and subsurface. At the surface where data coverage was nearly
complete and strong gradients of lemperature occur with distance along the coast, the gaps were
filled by inferpolating in time with a weighted mean of values up to 3 months forward and backward
in timeg. The weighling facior used was arbdtranly chosen and decayed rapldly in lime, Af deplh,
where the data coverage was sparser and Ine coaslal gradients waaker, a 5x5 matrix interpolation
schema was used 1o include more data values (Brainard and McLain 1987). The weighting factor
used al depth decayed inversely with the square of the distance in the array. The interpolated
arrays were rather noisy, panicularly those at depth. To smooth the arrays, a 3x3 madian filler was
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um’m eliminate spurious values and then a 3x3 near smoother was applied (McLain et al.
1 .

55T 10584 2008
Offshore  Coastal Offskore Coastal Offshore  Coastal
LAT BOX
STEF 20 1,767 1,767 6,014 014 3,182 3,162
557 19 10689 12,732 1277 1,869 B3 1,800
31-547 18 34,602 9821 2,103 1,320 1,556 772
43-517 17 11,355 22,048 4751 5232 3,247 3221
d5-48% 16 9654  Te029 5820 5.928 4086 3350
42-45* 15 9329 24098 6,964 6,368 5173 4289
3042 14 5807 128,130 3438 3,790 2,570 2043
36390 13 15504 129,769 5,852 8810 5,604 &, 716
33360 12 1L,001 159,540 6,685 20,711 4358 14,513
30330 11 24415 13,069 22404 43,849 15932 32318
27300 10 3083 10,507 4 545 4056 3,140 2. TG
M-I G 1122 13,720 2,609 3002 1,623 2349
21-24* § T.518 13,759 1,533 2570 937 1,871
18217 7 2,156 21453 1,018 2,752 GBS 1,804
15-18% & 3,249 26,540 58 3380 674 2,303
115" 5 19 053 1143 3,158 1,262 2373 Q37
G125 4 BA45 12,165 1437 1,630 1,132 1200
[ 5818 18,0100 1,494 2,540 930 2226
35 2 3 4E9 26 1473 628 1,072 428
135 ol | 2,585 1.801 1,209 485 a3l I
Torals 196,821 709383 85041 128.8%a 60,088 89,381
Table 1.

Total number of temperature observations from surface weather reporis and subsurface profilkes
fior bootes in the offshore and coastal series, 19711987, Box 19 averlaps between copstal and
affshore series while box 20 i the same for both series,

ANMUAL CYCLES OF TEMPERATURE

The long term mean monthly surface and subsurace temperature plols along the coast and
oftshore (Figure 2) portray the annual cycle over the period from January 1971 1o August 1987,
Closely packed isotherms in the surface temperature plots between 18° and 30°N represent a
seasonally migrating frontal zone between temperate waters 1o the north, where seasonal healing
and cooling are strong; and equaloral waters 1o the south, where seasonal flucluations are weak,
A pinching of the 12° and 14°C isotherms from June through September along the coast
between 38° and 42°N represents cold water upwelled to the surface, reducing the effects of
seasonal warming. At 100m and 200m, the subtropical frontal gradient is weaker than at the
surtace, but it is still evident between 21° and 30°N, Seasonal temperature variability at ail latitudes
bacomes less apparent at 100m and balow.



COMPARISON OF COASTAL AND OFFSHORE TEMPERATURE ANOMALIES

In both oftshore and coastal regions, monthly temparature anomalies show gimilar pattarns at all
depth levels (Figures 3, 4, and 5). The series begins with a cocl period from January 1971 to
June 1976 followed by a warmer period from 1877 1o 1987. During the 1972-73 El Nifio event,
positive temperature anomalies were most apparant In the tropical latitudes, and extended
northward 1o 33°N. Evidence of this warming evenlt Is seen at all depth levels and Is mosi
coherent in the coastal series. The 1976 El Nifio appears as a less imporiant event. Low latitude
warming appears al the 100m depth lavel while surface warming is most apparant in the middle

and high latitudes.

The 1982-83 El Nifo was characlerized by anomalously high temperaturas throughout the region
and weakenad from soulh to nonh, possibly Indicating energy transfer by both equatorial Kelvin
wavae activity (lower latitudes) and atmospheric teleconnection (higher latitudes). Mid-latilude
warming al the surface is most apparent in the coastal series where the strength of the 1982-83 EI
Mifio remaing strong from the equator through 48°N. In general, positive anomalies during El Mifio
events show grealer spatial conlinuity and norhward axlent in the coasial series than in the
olishore seres.

In 1986-87, positive surface temperature anomalies appeared in the tropics and high latitudes in
bath coastal and offshore seres (Figure 3). The warming observed in the equateral regions
(Hayes et al. 1987) in 1986-87 is expressed by posilive SST anomalies (0.5°C) extending from
the aquator to about 9°N. - Both seras show positive anomallas In the higher latiludes
commencing in Seplamber 1986 and lasting until May 1987, Mid-latitude positive anomalies are
apparent in the offshore seres at 100m.

Extensive sea suriace warming unassociated with troplcal warming events ococurmad in the winters
of 1978-77, 1979-80, and 1980-B1. These evenls were associated with anomalous
development of the Morth Paclfic Low (NPL) atmosphenic pressure system (Douglas et al. 1982,
Morton et al. 1385).

COMPARISON OF SURFACE AND SUBSURFACE TEMPERATURE ANOMALIES

Good agreement, in tarms of the patterns of extreme events, exists between the temperature
anomalies al the suface and af depth. This was found even though the data were from the two
different sources: weather observations and subsurdace profiles. Agreement was best at low
latifudes.

Temperature anomalies at 100m illustrate the extreme nature of the 1982-1583 El Nifio (Figure 4).
Both coastal and ofishore plots show positive temperature anomalies exceading 2.5° C In troplcal
and mid-latiludes. The 1372-73 and tha 1976-77 El Nifio evenis are also noted as relatively

strong signals at this depth.

Anomalous warming during 1986-87 is apparent at 100m in the middle and high latitudes of the
offshore seres (Figure 4). This broad band of posilive anomaly from 24° 1o 57°N commenced in
May 1987 and persisted through the end of the lime series, in August 1987. The extensive areal
coverage of this warming indicates the anomalous heat content at this level in the middle and high
latitudes. This warming was one of the largest positive anomalies of the offshore seras, exclusive
of the axtreme 1982-83 El Nifio evenl. Continuation of the 1886-87 El Nifio past August 1987
has bean documented (Kerr 1588), with expression of the event finally ending by late fal 1587,



Temperatures at 200m normally remain relatively constant from year fo year. The 1872-73 and
1582-83 El Nifo events are the only anomalous events observed at 200m in both the coastal and
ofishore anomaly seres, rellecting the extreme intensity of both events (Figure 5).

CHRONCLOGICAL SUMMARY OF SURFACE AND SUBSURFACE TEMPERATURE TRENDS

1971-1876:;

The 1871-76 penod was characterized by anomalously cocl lamperatures both in coastal and
offshore regions over a broad area (equator fo B0°N) for most of the perded. The cooler
temperaturas weare mare pronounced in the coastal seres, bul wara also expressed offshore.
Negative anomalies remained extensive from the surface to 100m.

The 1872-73 El Nifio occurred during this anomalously cool perod and was an excepticnally
strong pulse, transforming a uniformiy cooler reégion inlo a large area of anomalous warming over a
short period of ime, Evidence of this E) Nifio was apparent at all depth levels (surface, 100m, and
200m), with the pulse becoming less apparent al depth. Both coastal and offshore regions show
sirnilarities in the time, duration and éxtent of the 1972 El Nino. However al 100m, the initial
olfshore warming pulse cccurred 3 months later and was less extensive than tha initial warming in
the coastal plol. A similar occurrence was seen during the 1976 El Nino. The intensity of the
1972 El Nifio at 100m was simikar to the magrilude expréssed at the surface.

The 1976 El Nifio was a less significant event with positive anomalies appearing in the middle and
high latitude surlace layers. Al 100m depth, the warming pulseé became apparent in the low
latitude coastal region, Ofishore, the pulse became apparent 3 months later and was less
extensive. This dampening in the offshore region may be related to sparsa data coverage and the
litering procedure used in the anomaly computations.

1977-1984;

The penod from 1877 to 1982 was characterized by anomalously warm temperaturas in the
middle to high lafiludes, Pesilive anomalies appeared 10 be surface related features and were
weak or nonexisfent at 100m. Anomalously cocl regions were expressed in the low fo mid-
latitudes at 100m over the same dme paricd.

The exireme 1982-83 El Nifio evenl was evident from the surface to 200m in both coastal and
offshore regions. Al 200m the signal was much stronger in the coastal region and appeared to
precede the ofishora event by two months. Middle 1o high latitude positive anomalies were
apparent from the surface to 200m concurrently with this El Nifio, indicating the region-wide
nature of this event. At 100m the El Nifio showed similar magnitude and areal extent in both
coastal and offshore seres. In the tropics the event was stronger at 100m than at the surface. A
large componeant of this extreme warming event is wisible in the middle and high latiudes from the

surface to 100m.
1984-1987:

From 1984-87 the region was characterized by less anomalous temperatures, although the
genaral trend seams {0 indicate a continuation of the anomalously warm period which bagan in
1977, In 1286-87, positive anomalies in the middle and high latiiudes become apparent in bath
surface plots during summaer (Figure 3). A lropical warming pulse commenced offshore in
MNovember 1386 and conlinuad to the end of the seres [Augusl 1987). However, in the coastal
serigs, the tropical warming was less axtensive spatially and temporally during 1388-B7. This
tropical warming is an expression of the 1986-87 El Nifio which shows grealer magnituda and
extent in the equatorial and southarn hemisphera coastal regions during 1986-87 (Hayes et al.
18987). Anomalous warming events during this time perod are more apparant in the S5T time



series in tha higher latitudes. However, at 100m, the offshore plot shows a broad area of waming
in the mid-lalitudes during tiis same time penod.

CONNECTIONS BETWEEN TROPICAL AND HIGHER LATITUDE WARMING EVENTS

El Mino years In the mid-latitudes (20-45°N) coincide with El Nific years along the equator bacause
of energy transfer from the tropics lo higher latiludes by bolh oceanic and almosphernc
processes. Each process has received considerable attention in the literature (McCraary 1878,

Picaut 1985, Rasmusson and Wallace 1983, Wallace and Gutzler 1981).

As the trade winds relax or reverse over the equatoral Pacific, a downwelling disturbance s
formad which propagates eastward loward South America with characteristics of an equatorially
trapped Kelvin wave (Halpern et al. 1983, Cane 1983). When the eastern boundary is reached,
poleward propagating, coastal Kelvin waves are formed. These Kelvin waves, if sufficiently
anargetic, bAng downwelling perurbations norhward. As the Kelvin wave propagates norhward,
it loses energy to weslward propagating Rossby waves, which radiate westward at speeds less
ihan a tenth the speed of coastal Kalvin wavas {Mysak 1986). This may account for the 2-4 month

lag in the appearance of offshore El Nifio signals (Figuras 3 and 4),

As the Kelvin wave propagales easiward along the equator, it i5 accompanied by anomalously
high sea surface lemparalures. The warm waler transfers increased enargy 1o the atmosphears
which appears to sat up a quasi-stalionary (ropasphérnic wave pattern as it propagates northward in
great circle arcs (Wallace and Guizler 1581, Horel and Wallace 1981). In this way, extensive tropical
S5T anomalies can be teleconnected to higher [atitudes threugh the atmosphere, aiering wind
forcing throughout the Eastern North Pacific (Bjerknes 1969, Quiroz 1983, Pan and Oort 1983),

Horel and Wallace {1381) have pointed out posilive correlations betwesn the NPL atmospharic
pressura system and tropical El Nifio activity which they attribute to almospheric leleconnection.
Howaver, Douglas e al. (1382) point out that irdensified NPL activily can occur without fropical E
Ming activity as it did in the winters of 1973-80 and 1980-81. The effects of the intensified NPL
during thesa winters may have caused lobes of posilive temperature anomaly which extend from
high latiludes (Figure 3). Evidence that these anomalies are aimospherically forced may be
indicated by the attenuation of response al depih (Figures 4 and 5). Conversely, the intense
tropical El Nifho of 1972-73 occurred without a fully distinctive and consisient NPL inlensification.
The fact that the 1872-73 El Nifio appears as a lobe axtending from the tropics (Figures 3 and 4)
with near equal intensity at the surace and at 100m suggesis that it was an oceanic event, In
these three cases (1972-73, 1978-80, and 1880-81), the observalions of temperature anomaly
presanted hera are consistent with the conclusions of Douglas et al. (1982). During tha 1982-83
El Mifio, elevated sea lempearatures wera found throughout the latiiudinal range of this study,
This suggests a combination of strong atmospheric forcing at high latudes and oceanic foncing
from lower latitudes.

CONCLUSIONS

The coastal and offshore time sares presented for S5T, 100m, and 200m provide lemperalure
anomaly patterns within the eastern boundary region from 1871-1887. Construction of the time
series allows comparison of manthly mean temperature anomalies for the 3° boxes, and
interpretation of the regienal and global influences producing the anomalies. The series can be



visually divided inte three distinct regimes: a cool period 1971-1878, an anomalously warm
perod 1977-1584, and a relatively quiet period from 1384 1o 1887.

The previous study (McLaln et al. 1885) provides delalls of the processes affecting interannual
variability in SST for a coastal time seres of the North Pagific from 1971 to 1984. In the prasent
analysis wa focus exclusively on the eastern boundary region; update the seres o August 1887,
and Include time saries for temperatures al depths of 100 and 200m, as well as tha addition of an
ofishore series for all threa depth levels. Dominance of the seres by the major El Nifho evants of
1972-73 and 1982-83 and the lesser El Nifo events of 1976 and 1986-87 sugges! the
occurrence of quasi-periodic episodes of warm and cool water anomalies as pointed out by
Graham et al. (1988) . They sugges! these quasi-periodic eplsodes can ba viewed as phases of a
self-sustaining cycle, rather than the more traditional view of El Nifos as discrete warming events
occurring over a mean background stale. The past record of warming events in the California
Currant does not indicate regular panodicity; however, the more recent events presentad in tha
time series suggest major El Nifio events have occurred once per decade, with minor El Nifio
evants occurfing 4-5 years after a major event. Documeniation of lemperature variations have
improved over earfier periods of the 1940's through the 1260's due to increased coasial
shipping, improvement in gbservational technigues and equipment, and more eificient transmitial
and archival of data.

Relationships between the offshore and coastal expression of anomalies during El Nino events
show differences in propagation patterns and magnitude. The El Nifio event ol 1986-87 shows
more anomalous warming offshore than aleng the coast, and greatest surface expression is in the
tropics. Posilive anomakies show expression over a large expansa of the middle and high lalitude
regions at 100m. However, the 1982-83 El Nino event continues as the most significant

anomalous panod of the time sarias,
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APPEMNDIX A
Tabulation of Menihly Mean Temperatures for the Coastal Series al the Surface and 100M

The following four pages display the mean monthly coastal temperatures used in this study. The
twenty columns represent the 20 areal boxes from the eguator to B0°N. Temperature values are
listed in rows chronologically by month from January 1971 1o Awgust 1987. Archiving of SST dala
began in March 1871, Asterisks represent missing data. The first two pages contain S8T values
and the following two pages contain 100m values. Data from the ofishore and 200m seres have
been omitted. Ceastal surface and 100m data are more complete and a bettar indicator of

temperalure in the coastal region and upper layers.
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