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ABSTRACT 
During 1992 and 1993 the coastal zone of the east- 

ern North Pacific Ocean experienced widespread sea- 
surface warming (1"-2"C) and, for extended periods, 
higher-than-normal sea level (5-14 cm) and unseason- 
ably strong poleward coastal currents. These are mani- 
festations of an El Niiio event as it affects the Cahfornia 
Current system (CCS). The warm phase of the tropical 
El Niiio-Southern Oscillation (ENSO) started in the 
fall of 1991 and, after the expected lag of several months, 
was evidenced in the CCS. Hayward (1993) and Hayward 
et al. (1994) give a preliminary look at the oceanographic 
effects of the 1991-92 event off Cahfornia. We update 
these reports and present additional results from hydro- 
graphic surveys and coastal time series data. Comparisons 
are made with prevding large-scale meteorological con- 
ditions. There is evidence that these El Niiio conditions 
resulted from a combination of remote and local atmo- 
spheric forcing. Midyear reversals in anomalous coastal 
poleward currents and in corresponding high sea levels 
toward more typical conditions (equatonvard flow, near 
zero sea-level anomalies) were followed by the renewal 
of positive anomalous sea level. The intra-annual puls- 
ing of the current field and sea level observed during 
1992 characterized the 1957-58 El Niiio as well. This 
pattern also bears a strong resemblance to numerical 
model results, thus giving evidence for the development 
of a poleward-propagating coastal Kelvin wave and 
offshore-directed Rossby waves generated by El Niiio. 

INTRODUCTION 
Like previous moderate-to-strong ENSO events, the 

1991-93 ENSO had a substantial effect far beyond the 
equatorial zone. The physical impact of ENSO events 
upon the Cahfornia Current system (CCS) and the Pacific 
Northwest have been described by many authors (e.g., 
Emery and Hamilton 1985; Mysak 1986; Simpson 1984, 
1992; see also Wooster and Fluharty 1985). Typically, 
the oceanic effects in the CCS include widespread and 
intensive warming of the upper mixed layer, a depressed 
thermocline and nutricline, anomalously high sea level, 
an enhanced poleward countercurrent along the conti- 
nental margin, and significant but varied effects on the 
marine biota. These effects were found along much of 
the west coast of North America during 1992 and 1993, 

and selected evidence is presented herein. The exten- 
sive and persistent nature of the sea-surface warming is 
illustrated in the Climate Diagnostics Bulletin series 1992 
through June 1994. Hayward (1993) and Hayward et al. 
(1994) give a preliminary look at the oceanographic ef- 
fects of the 1991-92 episode, including the sea-level 
anomalies. The purpose of this report is to describe the 
anomalous physical changes in the CCS during the 
1991-93 ENSO event as indicated in hydrographic sur- 
veys and coastal time series data. We focus on the re- 
gion's circulation, which is implied by dynamic height 
anomalies. 

BACKGROUND 
Enfield and Men (1980) and Chelton and Davis (1982) 

show that sea-level fluctuations at ENSO frequencies 
propagate poleward along the west coast of the American 
continents. These observations have been used to sup- 
port the concept that El Niiio conditions off the U. s./ 
Canadian west coast are hked  to equatorial ENSO events 
by coastally trapped waves emanating from the eastern 
Pacific equatorial zone along the continental margin. 
But not all equatorial ENSO events have counterparts 
in the eastern subtropical Pacific, and vice versa. Simpson 
(1 983) and Mysak (1 986) provide strong arguments that 
large-scale anomalies in the winter barometric pressure 
field over the North Pacific and the resulting atmospheric 
circulation can better account for the occurrence of 
El Niiio conditions off North America. Such anoma- 
lous atmospheric patterns have teleconnections to the 
Southern Oscdlation (Horel and Wallace 1981) and match 
the spatial scale of SST anomalies. Theoreticians, how- 
ever, continue to develop increasingly sophisticated wind- 
driven models that suggest the remote generation of 
energy and its propagation poleward along eastern ocean 
boundaries (e.g., Clarke and Van Gorder 1994; Jacobs 
et al. 1994). 

Using a 34-year record of monthly mean tempera- 
ture in the upper 300 meters of the eastern North Pachc 
(within 300 km of the coast), Norton and McLain (1994) 
proposed a method to distinguish between the domi- 
nance of local and remote forcing for El Niiio events. 
Large, positive thermal anomalies that extend to 300 m 
correlate best to remote forcing (Southern Oscdlation/ 
coastally trapped wave propagation), whereas large anom- 
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alies limited to shallow depths correlate to local forcing 
(enhanced Aleutian low). The deeper-level warming 
along the coast is partially attributable to geostrophic 
adjustment to the increase in poleward flow, which is 
caused by the coastally trapped baroclinic Kelvin wave. 
Increased advection from the south may further con- 
tribute to the positive temperature anomaly of the water 
column. On the other hand, anomalous atmospheric 
forcing over the eastern North Pacific may significantly 
decrease upwelling-favorable wind stress (or increase 
downwelling-favorable wind stress) in the coastal regions. 
This condition causes unseasonably high surface-layer 
temperatures, but its effects below 100 m may be weaker 
than those caused by the remote forcing. Anomalies 
in the CCS are largest in those events in which both 
remote and local forcing are strong (e.g., 1940-41 and 

Other large-scale processes may complicate the El 
Niiio model. Latif and Barnett (1994) describe a cycle 
of large-scale sea-surface temperature (SST) patterns in- 
volving unstable air-sea interactions between the sub- 
tropical gyre circulation in the North Pacific and the 
Aleutian low-pressure system. In their model the SST 
in a large region of the central and western North Pacific 
(including the Kuroshio Extension) oscillates irregularly 
between positive and negative anomalies on a decadal 
time scale. The extensive warming of surface waters along 
the North American coast that occurs during strong El 
Niiio events is part of this larger pattern that includes 
large-scale negative SST anomalies in the central North 
Pacific (Mysak 1986). In another study, Jacobs et al. 
(1994) used satellite altimeter observations to detect 
the northwestward progression over the last decade of a 
Rossby wave originally excited by the 1982-83 El Niiio. 
Its impingement on the Kuroshio Extension during 
1992-93 also has implications for the large-scale gyre 
circulation and the recent SST anomaly pattern. A sim- 
ple model of the forcing of events in the eastern North 
Pacific may not be an appropriate approach. 

Observations are inadequate for a clear understand- 
ing of the forcing of anomalous conditions along the 
North American coast. A modest number of hydro- 
graphic surveys conducted during 1992-93 describe con- 
ditions at various stages of development. The listing of 
cruises in table 1 was assembled from a general knowl- 
edge of ship.activity and is not intended to be complete. 
Only a few of these surveys are treated in this report; 
however, the results are representative of seasonal pat- 
terns in the regional ENSO signal. 

1982-83). 

OBSERVATIONS 
Characteristically, El Niiio warming in the eastern 

North Pacific occurs in the fall-winter following the 
summer-fd development of ENSO changes in the trop- 

TABLE 1 
1992-93 Surveys (CTD/ADCP) off California 

Dates Vessel Suatial extent Reference 

1/2&2/13/92 Jordan CalCOFI pattern S I0  1992b 
2/7-2/17/92 Pt. Sur 37.2-38"N, to 123.5"W Jessen et al. 1992 
2123-3/6/92 Jordan 36.8-38.3"N, to 126"W Sakuma et al. 1994a 
3/14-4/2/92 Jordan 37-38.8"N, to 128.5"W Lynn et al. 

4/13-4/30/92 Jordan CalCOFI pattern S I 0  1992b 
5/11-5/19/92 Jordan 36.5-38.3"N, to 124.8"W Sakuma et al. 1994a 
5/1%5/26/92 Jordan 36.5-38.3"N. to 124"W Sakuma et al. 1994a 
6/4-6/16/92 Jordan 36.5-38.3"N, to 126"W Sakuma et al. 1994a 
7/24-8/9/92 Jordan CalCOFI pattern S I0  1992a 
9/28-10/14/92 N Horizon CalCOFI pattern S I 0  1992a 
1112-1/27/93 Jordan CalCOFI pattern S I 0  1993 
3/2-3/13/93 Jordan 36.5-38.5"N, to 127"W Sakuma et al. 1994b 
3/30-4/15/93 Jordan CalCOFI pattern S I 0  1993 
5/1>5/20/93 Jordan 36.5-38.3"N, to 124"W Sakuma et al. 1994b 
5/21-5/28/93 Jordan 36.5-38.3"N, to 124"W Sakuma et al. 1994b 
6/3-5/10/93 Jordan 36.5-38.3"N, to 124"W Sakuma et al.  19941, 
6/5-7/13/93 Wecoma 36.2-39.5"N, to 128.5"W Kosro et al. 

7/8-7/12/93 Jordan 37.8-38.5"N, to 124.5"W Lynn et al. 

8/11-8/27/93 N Horizon CalCOFI pattern S I 0  1994 
8/14-9/21/93 Wecoma 37-39"N, to 128"W Kosro et al. 

10/8-10/26/93 N Horizon CalCOFI pattern 

(data rep., in prep.) 

(data rep., in prep.) 

(data rep., in prep.) 

(data rep., in prep.) 
S I 0  1994 

ics. Early suggestions of a developing ENSO were noted 
in the July and August 1991 issues of Climate Diagnostics 
Bulletin. Tropical ENSO conditions ensued across the 
equatorial Pacific in the subsequent months. Despite this, 
the coastal zone waters of the eastern North Pacific 
(Vancouver Island to southern Baja California) were 
cooler than seasonal norms from the spring of 1991 
through the remainder of the year (Oceanographic Monthly 
Summary series). Large coastal regions had anomahes of 
- 1" to less than -2°C in June through September 1991. 
The magnitude of the cool anomalies diminished in late 
1991. By February 1992, continued ocean warming pro- 
duced significant widespread positive SST anomalies 
along the entire North American coastal zone, and off- 
shore to distances greater than 1000 km. 

Central California Hydrographic Surveys, 1992 
The CTD/Rosette survey from 14 March through 

2 April 1992 by R/V David StarrJordan (table 1) reached 
500 km offihore and fell within the early period of coastal 
warming associated with t h s  ENSO event. The dynamic 
height of the surface with respect to 500 dbar (figure la) 
reveals a region of poleward coastal countercurrent ex- 
tending 200 km offshore. The deeper flow, as shown 
by the dynamic height at 250 m with respect to 500 dbar 
(figure lb), shows the same broad poleward flow at half 
the surface velocity. Northward components of acoustic 
Doppler current profiler (ADCP) velocity exceeded 
20 cm/s near 30 m depth and 10 cm/s at 200 m depth 
(l? M. Kosro, pers. comm.). 
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Figure 1. a, Dynamic height (dyn. m) of the surface with respect to 500 dbar 
for W David Stan Jordan survey, 14 March to 2 April 1992. Contour interval 
is .02 dyn. m. Arrows indicate direction of relative geostrophic flow. b, The 
same as a, except showing the 250 m level and with a contour interval of .01 
dyn. in. 

Properties of the water mass have shown a high gra- 
dient in association with the jet of the Cahfornia Current 
(Huyer et al. 1991; Strub et al. 1991). There is a high 
gradient in spiciness on the 25.4 sigma-8 surface in fig- 
ure 2a that roughly aligns with the jet structure along 
the 126"W meridian (figure 1). Water to the west of the 
gradient has low spiciness (low temperature and low salin- 
ity) and is of northerly origin. A second gradient be- 
tween 124" and 125"W (roughly parallel to the coastline) 
ahgns with the outer portion of the strong poleward flow. 
Water shoreward of this gradient has the highest spici- 
ness (highest temperature and highest salinity) on this 
density surface and is of southerly origin. A region of 
strong mixing is found between these two gradients. The 
distribution of oxygen concentration on t h s  density sur- 
face shows a similar double gradient pattern (figure 2b), 
with lower oxygen concentrations associated with spicy, 
southern water (Lynn et al. 1982). Similar distribution 
patterns exist on other density surfaces; some have even 
stronger gradients (not shown). The vertical extent of 
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Figure 2. a, Spiciness on the surface where sigma-tl = 25.4 for survey 
shown in figure 1. Contour interval is 0.05. b, Same as a, except showing 
oxygen concentration (ml/l) and with a contour interval of 0.2. 

this pattern is evidenced by the separation of envelopes 
about groupings of 8-S curves from stations in the coastal 
and offshore zones (figure 3). Except for the very-near- 
surface waters, these envelopes show little or no over- 
lap for densities less than sigma-8 = 26.25 (nominally 
370 m). 

The survey described above was preceded by two sur- 
veys in the same region (table 1). In a survey aboard R/V 
Pt. Sur off the Gulf of the Farallones (7-17 February 
1992) Ramp et al. (1992) found poleward near-surface 
ADCP velocities exceeding 40 cm/s. This contrasted 
with much weaker velocities and poleward flow lim- 
ited to the slope (as opposed to the shelf) at the same 
location one year earlier. An ARGOS drifter drogued 
at 10 m and released in the gulf in February 1992 moved 
northward and onshore at speeds of 20-25 km/day 
(23-29 cm/sec) for about two weeks. In a more exten- 
sive survey (offshore to 126"W) conducted aboard 
the R/V David Starrjordan, 24 February to 6 March, a 
flow pattern identical to the 14 March-2 April survey 
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Figure 3. a, Envelopes about potential temperature-salinity ( 0 4 )  curves 
(survey of figures 1 and 2) for coastal (dark shading) and offshore (light shad- 
ing) waters. Curved lines slanting upward to the right are sigma-e; lines slant- 
ing to the left are spiciness. b, Locations of coastal and offshore stations 
shown in a. 

(figure 1) was observed at the surface and at 200 m (fig- 
ure 4); i. e., strong poleward flow along the coast and 
extending to. 200 km offshore. 

In the June 1992 R / V  David SturrJordun survey (table 
l), portions of two CTD station lines taken in March 
(approximately 2.5 months earlier) were repeated, along 
with additional slope and shelf stations. No surface in- 
shore countercurrent was found during the June period 
(figure 5a). The undercurrent at 500 m was confined 
to a narrow 50 km of the slope/shelf break (figure 5b). 
A comparison of water mass characteristics from late 

Longitude 0 
Figure 4. a, Dynamic height (dyn. m) of the surface with respect to 500 dbar 
for WV David Starr Jordan survey, 23 February-March 6 1992. Contour inter- 
val is .01 dyn. m. b, Same as a, except showing the 200 m level and with a 
contour interval of 0.005 dyn. m. 

spring 1991 and 1992, represented by a station (37"N, 
122.7"W) 37 km off Point Aiio Nuevo (figure 6), shows 
a warmer and less s h e  surface layer in 1992, and warmer 
and more saline waters on density surfaces in the pyc- 
nocline and deeper (to sigma-8 = 26.8; approximately 
400 m). Although the May 1992Jordun surveys did not 
cover as broad an offshore area (table l), the circulation 
and water-mass distributions are very similar to those 
found in June. 

Southern California (CalCOFI) 
Hydrographic Surveys, 1992 

The dynamic heights of the surface with respect to 
500 dbar for the February, April, July, and October 1992 
CalCOFI surveys are given in figures 7-9; see also 
Hayward et al. (1994, 1995). The dynamic height for 
the 200 m level for February and April is also given in 
figures 7 and 8. The February 1992 pattern shows a 
strong and broad poleward countercurrent and under- 
current, which was highly anomalous when compared 
to Lynn and Simpson's (1987) long-term seasonal mean. 
By April 1992, surface currents were equatorward, in a 
pattern similar to the mean. The undercurrent at 200 m 
also disappeared by April and was replaced by a com- 
plex pattern of weak baroclinicity comparable to the 
mean. The July pattern of baroclinic flow was compli- 
cated by eddies, but did reveal a shoreward shift of a 
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Figure 5. Dynamic height (dyn. m) of the surface with respect to 500 dbar 
for R N  David Starr Jordan survey of 4-10 June 1992. Contour interval is 
0.025 dyn. m. b, Same as a, except showing the 200 m level and with a con- 
tour interval of 0.01 dyn. m. 

strong portion of the California Current jet. A strong 
countercurrent was restored by October 1992. 

The anomalous nature of these current patterns is bet- 
ter seen in the differences between the dynamic height 
and the long-term harmonic mean values for February 
and July 1992 (figure 10). Except for a small number of 
stations, these dfferences are positive, reflecting warmer 
(less dense) water that occupied the upper 500 m of 
the water column in 1992. The shading in figure 10 (>6 
dynamic cm for February and > 10 dynamic cm for July) 
emphasizes regions of relatively high values and shows 
that, whereas February had high coastal levels, the rel- 
ative high in the differences existed as an offshore ridge 
by July. These differences demonstrate that the coastal 
countercurrent was stronger than its seasonal mean in 
February and weaker in July. The inshore poleward coun- 
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CENTRAL CALIFORNIA (37" 5' N,122" 47' N) 
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Figure 6. 9-S curves for the position 37' 05", 122" 47'W, 37 km off Point 
ARo Nuevo, California. Dashed line is for 16 May 1991; solid line is for 13 
May 1992. 

tercurrent was again stronger than its seasonal mean in 
October (not shown). One interpretation is that the 
anomalous buildup along the coast in February had 
migrated offshore by July and then been replaced along 
the coast by a second buildup in fall. 

Shore Station Time Series 
With a few exceptions, the 1992 anomahes of sea level 

from the long-term monthly means were positive at 
San Francisco and San Diego (figure 11). The series con- 
firm the idea that the quarterly CTD surveys sampled 
an event that cycled roughly over the period between 
February and October 1992. The largest positive monthly 
anomaly occurred in March; there was a midyear low 
and a secondary high in October-November. Coastal 
sea level has been shown to reflect the geostrophic ad- 
justment of local baroclinic flow (Reid and Mantyla 
1976), with high sea level associated with poleward flow. 
The sequence of monthly sea-level anomalies during 
1993 has a more variable pattern, but its largest anom- 
alies still occurred in midwinter (February). In con- 
trast, sea-level anomalies were negative or near zero for 
much of 1991. 

Surface temperatures measured at La Jolla (SI0 Pier) 
and Pacific Grove for 1992 and 1993 were substantially 
higher than the long-term harmonic mean for much of 
both years (figure 12). The SST anomalies at La Jolla 
were near their mean or below it during June-July 1992, 
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Figure 7. a, Dynamic height (dyn. m) of the surface with respect to 500 dbar for CalCOFl survey for 28 January-13 February 1992. Contour interval is .02 dyn. 
in. b, Same as a, except showing the 200 m level and with a contour interval of .01 dyn. m. 
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Figure 8. a, Dynamic height (dyn. m) of the surface with respect to 500 dbar for CalCOFl survey for 13-30 April 1992. Contour interval is .02 dyn. m. b, Same as 
a, except showing the 200 m level and with a contour interval of .01 dyn. m. 

a period when San Diego sea-level anomalies were also 
near their mean. Pacific Grove SST approached near- 
zero anomalies in August-September 1992, coincident 
with the smallest San Francisco sea-level anomalies. 

Upwelling Index 
The time series of standardzed anomahes of the Bakun 

upwelling index (Bakun 1973; Mason and Bakun 1986) 
between Vancouver Island and Punta Eugenia for 
1990-93 (base period 1963-93) is presented in figure 
13. Negative upwelling anomalies prevailed without sig- 
nificant interruption during 1992 and 1993 between 
Point Arena (39"N) and Punta Eugenia (27"N). These 

anomalies are interpreted as a persistent decrease in coastal 
upwelling or an increase in downwelling. These anom- 
alies probably led to an increase in sea-surface temper- 
atures above seasonal norms. Persistent alongshore winds 
that cause coastal upwelling are typical between March 
and October (figure 14). The anomalously low index 
values in March 1992 and 1993 indicate a delay in the 
typical onset of nutrient enrichment of near-surface wa- 
ters by upwelling, and in the onset of spring plankton 
blooms. During both years the region between Point 
Arena and Vancouver Island (51"N) also shows nega- 
tive upwelling anomalies during late winter and early 
spring (figure 13). 
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Figure 9. 
Same as a, except showing survey of 28 September-14 October 1992. 

a, Dynamic height (dyn. m) of the surface with respect to 500 dbar for CalCOFl survey for 24 July-9 August 1992. Contour interval is .02 dyn. m. b, 
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Figure 11. 
(b) San Diego. Data provided by the IGOSS program, courtesy of G. Mitchum and K. Wyrtki. 

1991, 1992, and 1993 sea-level anomalies (in mm corrected for atmospheric pressure) from their 1975-86 monthly means for (a) San Francisco and 
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Figure 12. 
1992 and 1993 (from Hayward et al. 1994). 

Sea-surface temperature ('C) and its long-term mean annual cycle (upper curves) and anomalies (lower curves) for the SI0 Pier and Pacific Grove for 

ANOMALY OF UPWELLING INDEX FROM 1963-93 MEAN 
IN UNITS OF STANDARD DEVIATION 
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Figure 13. Anomalies of Bakun upwelling index (in standard deviations) from monthly means (base period: 1963-93) for 1990 through July 1994. Negative val- 
ues (shaded) indicate below-normal upwelling or above-normal downwelling. Contour interval is 1 standard deviation. 
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Figure 14. 
California coast as indicated in the key. Units are m3/s/100 m of coastline. 

The annual upwelling index for three positions along the 

Gradient Winds and Sea-Surface Temperature 
This section provides only a cursory treatment of 

the large-scale meteorological conditions evident dur- 
ing 1991-93 over the North Pacific. A more thorough 
treatment of this topic is given by Murphree (1995). The 
March 1992 vector anomalies of 850 mb gradient winds 
(figure 15) were adapted from the Climate Diagnostics 

Bulletin series, and the SST anomalies from the 
Oceanographic Monthly Summary series. Reference is made 
to hstributions for other months and years given in these 
publications but not reproduced here. 

The seasonality of the winds over the eastern North 
Pacific is related to the oscillation between the domi- 
nance of the Aleutian low-pressure cell (winter) and the 
Subtropical hgh-pressure cell (spring and summer). Vector 
winds were calculated from the pressure distributions. 
Vector anomalies of 850 mb gradient winds (base pe- 
riod 1979-88) over the North Pacific and including 
the tropics for March 1992 show two major areas of high 
values (figure 15a). The eastward-directed vectors be- 
tween 170"E and 140"W and 10"N and 20"s show that 
the easterly equatorial trade winds were weakened or re- 
versed, a consequence of anomalous ENSO barometric 
pressure patterns. This change in the trades generates 
eastward-propagating equatorial Kelvin waves, decreased 
equatorial upwelling, and the resulting anomalous equa- 
torial warming. 

The other area of highly anomalous wind vectors was 
found in the eastern North Pacific, where a cusp-shaped 
contour surrounds anomalous vectors above 5 m/s. Vector 
anomahes over a large sector of the eastern North Pacific 
indicate a cyclonic anomaly component in atmospheric 
circulation. This component was downwelling-favorable 
along the North American coast. By June 1992, the wind 
anomalies had decreased, and approached normal sea- 
sonal values, but were qualitatively similar to the anom- 
aly patterns in March. The pattern of wind anomalies 
for March 1993 and 1994 was very similar to March 
1992 (although with slightly diminished magnitudes). 
An enhanced Aleutian low in late winter, followed by 
an underdeveloped subtropical high, produced similar 
wind-vector anomahes during winter and spring in 1992, 
1993, and 1994. 

The SST anomaly distribution for March 1992 (Figure 
15b) forms a basinwide pattern. Positive values occurred 
in a broad sweep across the tropics, along a broad region 
off the North American continent, and down the 
Kamchatka Peninsula to Japan; a large body of the cen- 
tral North Pacific is negative. This general pattern of 
anomalous SST dominated most of 1992 and the first 
half of 1993. The equatorial SST anomalies returned 
to near zero and went negative after June 1993, but the 
large field of positive anomalies returned in the eastern 
North Pacific and persisted to June 1994. 

DISCUSSION 
The development of a strong and broad countercur- 

rendundercurrent during March and April 1992 (figure 
1) contrasts sharply with the long-term average baro- 
clinic flow for CalCOFI station line 60 (extendmg 240"T 
from Pt. Reyes; Lynn and Simpson 1987). Early spring 
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Figure 15. 
March 1992 (from Oceanographic Monthly Summary). Contour interval is 05°C. Negative anomalies are shaded. 

a, The vector anomalies of 850 mb winds for March 1992 (from Climate Diagnostics Bulletin). b, the SST anomalies for 

is typically a period of no poleward flow, when the 
strongest equatorward flow occurs close to the coast (plate 
1 of Lynn and Simpson 1987). As a basis for compari- 
son, this suggests that the 1992 observations depart sig- 
nificantly from the norm. The water-mass distribution 
(figure 2) supports the findings in current dynamics. It 
has long been established that the California Undercurrent 

transports warm, saline, low-oxygen water poleward 
along the coastal margin (Lynn et al. 1982). The ex- 
tensive offshore expanse of waters of southerly origin 
and the development of a strong double gradient in prop- 
erties on density surfaces are a consequence of the greatly 
enhanced poleward flow in 1992. The earlier, February 
surveys show that this strong pattern existed for some 
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period of time in late winter. The strong poleward flow 
is equated with high coastal values of dynamic height, 
matching the anomalously hgh  sea level at San Francisco 
in that season (figure 11). The disappearance of the 
Inshore Countercurrent by June (figure 5) matches the 
decrease in sea-level anomaly. 

The sequence of 1992 CalCOFI surveys shows the 
buildup of an anomalously strong countercurrent/under- 
current off southern California, its collapse, and its re- 
turn within an eight-month period (figures 7-10). These 
CalCOFI surveys, like the surveys off central California, 
are generally descriptive of the major events found 
in local sea-level measurements. Although the surveys 
alone are not fully adequate for an unambiguous exam- 
ination of an intra-annual cycle of events, the agreement 
between the intermittent measurements of anomalous 
coastal dynamic height and the continuous measure- 
ment of sea level suggests that the surveys are a good 
representation of the events. The record of sea-level 
anomaly reflects an exaggerated cycle of anomalous de- 
velopment of the Inshore Countercurrent and California 
Undercurrent. 

The baroclinic adjustment to poleward flow requires 
a relative downsloping of nearshore density structure. 
Thus deeper levels generally have higher-than-average 
temperatures. In terms of the hypothesis of Norton and 
McLain (1994), an increase in deep (300 m) temperatures 
correlates with remote forcing, and thus is a consequence 
of a coastal baroclinic Kelvin wave. The cross-shore length 
scale of the poleward flow and its anomaly, however, is 
much broader than internal Kelvin wave theory implies 
(Mysak 1986). The development of a westward-propa- 
gating Rossby wave field (White and Saur 1983) may 
explain the offshore breadth of the enhanced poleward 
flow. A Rossby wave moving off the coastal margin would 
also produce the reversal in the anomalous coastal pole- 
ward flow between the February and the July CalCOFI 
surveys (figure 10). The maximum in dynamic height 
appears to move offshore over this period. 

The large-scale distribution of SST anomalies in 
March 1992 (Figure 15b) is remarkably similar to that 
for March 1983 (Oceanographic Monthly Summary; 
see also Mysak 1986; figure 20); the 1982-83 El Niiio 
was the strongest ever observed. Mysak (1986) and 
Simpson (1992), among others, conclude that the 
large-scale SST anomalies characteristic of El Niiio 
and anti-El Niiio events are caused by anomalous at- 
mospheric forcing over the North Pacific. Large-scale 
anomalies in barometric pressure during winter are 
associated with the subsequent development of SST 
anomalies. The March 1992 wind-vector anomalies 
(and the barometric-pressure anomalies from which 
they were derived) had a length scale proportionate to 
that of the SST anomalies (figure 15). At their peak, 

positive SST anomalies extended 1500 km off the 
California coast. 

The anomalous atmospheric circulation alters the 
wind-driven transport, increasing the poleward flow of 
the eastern limb of the Alaskan (cyclonic) gyre and de- 
creasing the equatorward flow of the Cahfornia Current. 
There is an eastward transport of surface waters toward 
the California coast (Simpson 1984) and increased ver- 
tical mixing in the central North Pacific (Mysak 1986). 
Anomalous poleward winds along the coast reduce up- 
welling and increase downwelling. Changes in the wind 
field could produce changes in Ekman divergence and 
upwelling over the North Pacific. The altered atmo- 
spheric and oceanic circulation and changes in air-sea 
exchanges result in the large-scale anomalies of SST. 
The persistence of the anomalous barometric patterns 
during winterspring of 1992 and again in winterspring 
of 1993 and 1994 provide ample argument that local 
atmospheric forcing was the dominant factor in the 
large-scale SST anomalies. But it is not clear that surface- 
forcing anomalies can account for deep-current and 
water-mass perturbations. 

The cycle of the development of a relative coastal high 
in dynamic height, its offshore migration, and its rein- 
statement along the coast described here for 1992 was 
also observed in 1958 (Lynn and Reid 1975). In January 
1958 there was a relative high in the difference of dy- 
namic height from its long-term harmonic mean (fig- 
ure 16); a trough was found offshore. The April 1958 
distribution had a confused pattern, but by July 1958 the 
relative hgh appeared as a ridge off the coast. In October 
1958 the relative high was again mostly coastal. This se- 
quence of distributions in anomalous dynamic height 
describes a stronger-than-normal poleward flow in the 
coastal zone in January and October, and a stronger- 
than-normal equatonvard flow in July. The SST anom- 
alies were mainly positive during this El Niiio event 
(figure 17); the major exception occurred in July, when 
anomalous equatonvard flow predominated along the 
coast. The intra-annual cycle of coastal dynamic height 
revealed by this quartet of surveys is supported by the 
record of sea-level anomaly for 1958 off San Francisco 
and La Jolla (figure 18). For reference, the 1983 sea-level 
anomaly record is also given in figure 18. 

Jacobs et al. (1 994) applied a global ocean-circulation 
numerical model (GCM; Hurlburt et al. 1992) of sea- 
surface height (SSH) to the 1982-83 event. Their figure 
2 is a sequence of three maps showing the progression 
of the simulated deviation of SSH from a 12-year mean 
for this event. Their results show the buildup of positive 
SSH anomalies at the equator in August 1982 as a re- 
sult of the eastward-propagating Kelvin wave. In January 
1983, the positive anomaly of SSH stretches northward 
along the coast to Alaska in response to a coastally trapped 

67 



LYNN ET AL.: THE 1991-93 ENS0 AND THE CALIFORNIA CURRENT 
CalCOFl Rep., Vol. 36, 1995 

Figure 16. Steric height (same as dynamic height) for four CalCOFl surveys in 1958 minus the monthly harmonic mean steric height 
(base period: 1950-63). (From Lynn and Reid 1975.) Contour interval is 4 dyn. cm. Values 24 dyn. cm. are hatched. 

Kelvin wave propagating poleward. Four months later, 
the signal is carried offshore of the North American 
continent as a westward-propagating Rossby wave; 
the positive SSH anomaly appears as an offshore ridge. 
These simulated distributions of SSH represent changes 
in circulation like those given by the observed differ- 

ences of dynamic height from its long-term mean. The 
coastal high in model SSH anomalies for January would 
geostrophically balance an anomalous poleward flow. 
The ridge in SSH found for May 1983 would bal- 
ance an anomalous equatorward flow on its shoreward 
side. The numerical model results closely resemble the 
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anomalous patterns of dynamic height found during 
1958 (figure 16) and 1992 (figure 10) and thus provide 
an argument that some of the dynamical response of east- 
ern North Pacific El Niiio events is a consequence of 
modified Kelvin wave/Rossby wave forcing. 

Researchers &om the Los Alamos National Laboratory 
and the Naval Postgraduate School have simulated SSH 
and barotropic currents from January 1985 through June 
1994, using a different GCM (Julie McClean, pers. 

comm.). Model SSH anomalies of about 20 cm and 
barotropic transport anomahes of 100 m2/sec propagated 
poleward along the coast of North America &om January 
through April 1992. The researchers conclude that the 
anomalously strong signal in 1992 is the poleward- 
propagating extension of equatorial Kelvin waves re- 
sulting from the 1991 El Niiio event. They also note 
SSH anomalies propagating westward from the coastal 
region in April 1992, consistent with Rossby wave 
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Figure 18. 1958 and 1983 sea-level anomalies (in mm) from the monthly 
means for (a) San Francisco (1900-92) and (b) La Jolla (1925-92). The sec- 
ular trend has been removed from both sets. 

development. We hope that the observations described 
in this report will stimulate further theoretical studies of 
the mechanism that produces oceanic anomahes off North 
America during El Niiio events. 

CONCLUSIONS 
We speculate that the observed El Niiio signal in the 

eastern North Pacific is some combination of anomalous 
local atmospheric forcing (which has its strongest influ- 
ence in the upper ocean) and remotely generated oceanic 
perturbations (whch likely propagate as coastally trapped 
waves and apparently are most evident at mid-depths 
within an internal Rossby radius of the coast). The dom- 
inant forcing that produces the enhanced and unseasonal 
Inshore Countercurrent remains unclear, although its 
occurrence in late winter during ENSO events is ap- 
parent. The suggestion is raised that the delay in spring 
transition to an upwelling regime, coupled with reduced 
upwelling (increased downwelling), large-scale onshore 
transport, and Kelvin wave dynamics may all play a part 
in the observed anomalous conditions in the California 
Current system. Comparative evidence with models sug- 
gests that the development of a Rossby wave may account 
for an offshore migration of a high ridge in anomalous 

sea-surface elevation, relating to a return to equatorward 
coastal circulation. The large-scale patterns of SST anom- 
alies, however, are of such magnitude, extent, and per- 
sistence over this period that they are clearly attributed 
to anomalous atmospheric forcing. 

An ENSO event began developing in the Pacdic equa- 
torial zone in mid-1994 and reached maturity by year’s 
end (Climate Diagnostics Bulletins 1994). The large-scale 
SST pattern of the North Pacific for December 1994 is 
opposite to that often described as the typical El Niiio 
north event (e.g., figure 15b). The central North Pacific 
has a large region of positive SST anomaly, and the North 
American coastal region is negative. However, the January 
1995 E2 NiEo Watch Advisory (issue 95-1, Coastwatch, 
SWFSC, La Jolla) shows recent coastal warming; the 
near-coastal waters as of mid-January were close to 1 “ C  
above their long-term mean. The ensuing degree of 
response of local waters will contribute to our under- 
standing of the forcing mechanisms. A continuous mon- 
itoring system established at various positions along the 
coast within the water column would help to provide 
the unambiguous answer. 
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