YALE
PEABODY
MUSEUM

P.O.BOX 208118 | NEW HAVEN CT 06520-8118 USA | PEABODY.YALE. EDU

JOURNAL OF MARINE RESEARCH

The Journal of Marine Research, one of the oldest journals in American marine science, published
important peer-reviewed original research on a broad array of topics in physical, biological, and
chemical oceanography vital to the academic oceanographic community in the long and rich

tradition of the Sears Foundation for Marine Research at Yale University.

An archive of all issues from 1937 to 2021 (Volume 1-79) are available through EliScholar,
a digital platform for scholarly publishing provided by Yale University Library at
https://elischolar library.yale.edu/.

Requests for permission to clear rights for use of this content should be directed to the authors,
their estates, or other representatives. The Journal of Marine Research has no contact information
beyond the affiliations listed in the published articles. We ask that you provide attribution to the

Journal of Marine Research.

Yale University provides access to these materials for educational and research purposes only.
Copyright or other proprietary rights to content contained in this document may be held by
individuals or entities other than, or in addition to, Yale University. You are solely responsible for
determining the ownership of the copyright, and for obtaining permission for your intended use.
Yale University makes no warranty that your distribution, reproduction, or other use of these

materials will not infringe the rights of third parties.

This work is licensed under a Creative Commons Attribution-
‘ @ @ @ @ \ NonCommercial-ShareAlike 4.0 International License.

https://creativecommons.org/licenses/by-nc-sa/4.0/

SSSSSSSSSSSSSSSSS




Journal of Marine Research, 65, 589—-605, 2007

Journal of

MARINE RESEARCH

Volume 65, Number 5

The ENSO signature in sea-surface temperature in the Gulf
of California

by Hugo Herrera-Cervantes'?, Daniel B. Lluch-Cota', Salvador E. Lluch-Cota'
and Guillermo Gutiérrez-de-Velasco S*

ABSTRACT

We analyzed 21 years of sea-surface temperature satellite images to explore the spatial signature of
the El Nifio-Southern Oscillation signal in the Gulf of California. We used empirical orthogonal
function analysis to extract the principal mode of the nonseasonal sea-surface temperature variability
and compared it to the spatial signature of the Southern Oscillation Index. The first mode accounted
for 80% of nonseasonal variability and its amplitude time series was significantly correlated to the
Southern Oscillation Index (r = —0.58, P < 0.01). The amplitude of this mode and its statistical
relation to the El Nifio is stronger during winter, which suggests that forcing of sea-surface
temperature variability occurs through the disruption of the wind-driven upwelling corridor along the
eastern coast due to El Nifio-related atmospheric teleconnections. We also examined weekly time
series of coastal sea-surface temperature coastal anomalies along the coast of North America,
including the interior of the Gulf of California, during the strong 1997-98 El Nifio. We found a
poleward propagating signal that reached the mouth of the Gulf of California at the end of spring and
continued its poleward propagation along the west coast of the peninsula slightly delayed; it also
resulted in warming inside the Gulf of California. This observation may provide an explanation for
the variable extension of the El Nifio signature along the Pacific coast of North America.

1. Introduction

The Gulf of California (GC) is a subtropical, semi-closed sea with unrestricted
communication with the Pacific Ocean. It is located between mainland Mexico and the
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Figure 1. Location and bathymetry of the Gulf of California.

narrow Baja California peninsula (Fig. 1). Its climate results from remote and local heating
and wind stress forcing that interact to produce a complex environment and a strong

variability in its physical and biological processes (Baumgartner and Christensen, 1985;
Ripa, 1997; Lluch-Cota et al., 2007)
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Atmospheric circulation near the sea-surface level is largely monsoonal, with winds
flowing from the northwest during winter and from the southeast during summer (Douglas
et al., 1993). This pattern occurs because the mountain chains over both coasts cause wind
to be funneled along the Gulf’s longitudinal axis (Parés-Sierra et al., 2003). The GC is
divided in two by the Midriff Islands: a shallow northern area that is mostly controlled by
local climate and tidal dynamics and a deep southern portion mostly influenced by the
Pacific Ocean (Marinone, 1988). High biological productivity results from enrichment
processes due to tidal mixing and wind-driven coastal upwelling along the eastern coast
during winter (Lluch-Cota, 2000).

Interannual variability in physical and biological processes is also present in the GC
(Lluch-Cota et al., 2007). Several studies of the basin-wide distribution of physical
variables have shown warm temperatures, high sea levels, and low salinity during El Nifio
episodes (Robles and Marinone, 1987; Marinone, 1988; Lavin et al., 2003). However, the
effects of El Nifio on primary and secondary producers is less clear; some authors reported
reductions in phytoplankton (Thunell, 1998; Santamaria-del-Angel and Alvarez-Borrego,
1994; Kahru et al., 2004), whereas others report no significant changes in phytoplankton or
zooplankton populations (Valdez-Holguin, 1986; Alvarez-Borrego and Lara-Lara, 1991)
or zooplankton (Jiménez-Pérez and Lara-Lara, 1988; Lavaniegos-Espejo and Lara-Lara,
1990).

Two physical mechanisms are thought to contribute the most to the link between the GC
and ENSO (Strub and James, 2002): (1) increased poleward (or decreased equatorward)
winds caused by changes in the midlatitude atmospheric circulation related to ENSO
through atmospheric dynamics (Emery and Hamilton, 1985; Latif and Barnett, 1994) and
(2) poleward advection along the ocean-continent boundary, which form a wave guide for
various modes of coastal trapped waves (Parés-Sierra and O’Brien, 1989; Subbotina et al.,
2001). Regarding the potential propagation of coastal waves along the coast of North
America, Bakun (1996) noted that waves would have to somehow bypass the interruption
in the coastal wave guide caused by the entrance to the GC or travel into and around one or
more of the interior topographic basins and then re-emerge at the tip of the Baja California
peninsula to continue poleward.

Lluch-Cota et al. (2001, 2003) and Strub and James (2002) analyzed records of
sea-surface temperature (SST), sea-surface height (SSH), and geostrophic transport in
connection with the propagation of ENSO signals along the coast of North America. They
noted that changes along the coast are caused both by propagation of signals from the south
(stronger between the equator and the entrance to the Gulf of California) and by local and
basin-scale winds (stronger between the Pacific Northwest and the Alaska Peninsula).
However, the spatial resolution of the data prevented them from including variability
inside the GC in their analyses.

Several authors have analyzed GC variability from satellite-derived SST data with high
spatial resolution but relatively short temporal coverage. For example, Soto-Mardones et
al. (1999) and Lavin et al. (2003) examined the seasonal and interannual SST variability
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for different periods (1984 —1995 and 1984 -2000, respectively). They found that changes
related to both cold and warm ENSO episodes were evident in the central region south of
the Midriff Islands but not in the northern GC. Lavin et al. (2003) also compared a spatially
averaged anomaly series of the GC to the Southern Oscillation Index (SOI) and found a
significant relationship during the strongest ENSO events.

In this work, we extend the analysis of Lavin er al. (2003) using a longer satellite-
derived SST dataset. First, we use empirical orthogonal function (EOF) analysis to extract
the principal mode of the nonseasonal SST variability (EOF,) and compare the time series
to the SOI. Then we compared the spatial pattern of this main mode to that of ENSO using
linear regression analysis (LRA). Finally, we examine weekly time series of coastal SST
anomalies, including the inside of the GC to investigate its effects on the propagation of the
ENSO signal during the strong 1997-1998 El Nifio.

2. Data and methods

The main data used in this analysis are monthly composites of SST satellite images from
January 1984 to December 2004. The area of interest is the Gulf of California and the
Pacific coast of North America between 10N to 40N (see Fig. 1).

For the period 19842000 we used the data set compiled by Lavin ez al. (2003) from data
provided by the Physical Oceanography Distributed Active Archive Center (PO.DAAC,
webpage http:// podaac.jpl.nasa.gov). To update this dataset we used 225 daily images
obtained from afternoon passes of the NOAA-12 and NOAA-16 satellites over the area of
interest between January 2001 and December 2004. These images were provided by the
CICESE-BCS Satellite Oceanography Station (http://www.cicese.mx/lapaz/catalogo2).
Only cloud-free images were selected using the criteria provided by Paden et al. (1991).
After masking land and clouds and rotating the images, 18 x 18 km pixel arrays were
averaged to produce monthly SST composites with the same spatial resolution used by
Lavin et al. (2003).

This process resulted in a matrix of SST(x,?) values, where x stands for the pixels within
each image and ¢ stands for each month between January 1984 and December 2004. To
remove the seasonal signal, we fitted the monthly time series of each pixel to the periodic
function as follows:

S(t) = Ay + Ajcos(wit — @), )

where A is the annual mean; A, w,, and ¢, are the amplitude, frequency, and phase of the
annual signal. Next, we obtained a matrix of temperature anomalies (i.e., nonseasonal
variability) as:

TA(x, t) = SST(x, 1) — S(x, 1). 2)

This matrix was transformed into one of normalized anomalies NA(x,#) by dividing the
TA(f) series of each pixel by its standard deviation, (i.e., series were re-scaled to make



2007]  Herrera-Cervantes et al.: ENSO signature in sea-surface temperatures 593

them comparable). We analyzed the resulting NA(x,r) matrix using EOF analysis to
identify the main modes of SST nonseasonal variability. To investigate the potential
connections of this variability to ENSO, we applied the EOF analysis to the complete data
set and also to two subsets, one of winter values (December to January) and the other of
summer anomalies (June to August). For a comprehensive description of EOF analysis, see
Peixoto and Oort (1992) and Wilks (1995).

The spatial signature of the ENSO in the GC was revealed using LRA. We computed the
simple linear regression between each NA(7) series and the SOI. We applied this procedure
to the two subsets. SOI series was obtained from the Climate Prediction Center of the
National Center of Environmental Prediction at the National Oceanic and Atmospheric
Administration (CPC-NCEP-NOAA) website (http://www.cpc.ncep.noaa.gov). In the SOI
series, warm El Nifio (cold La Nifa) episodes corresponded to negative (positive) SOI
values; thus, we normalized and reversed the sign of the SOI values prior to the LRA to
make a direct comparison with local temperature changes. For comparison, we used the
“Tropical Pacific Cold and Warm Episodes by Season” list compiled by the CPC-NCEP
(available at http://www.cpc.ncep.noaa.gov/ products/analysis_monitoring/ensostuff/
ensoyears.shtml), to identify ENSO episodes during the analyzed period.

Finally, we examined SST time-series data since January to December of 1997 within 50
km of the coast of North America (10N to 40N) including the east and west coasts of the
GC. For this analysis, we used SST weekly 18 x 18 km pixel arrays composites filtering out
the seasonal cycle subtracting the SST weekly climatology provided by the NOAA/NASA
AVHRR Oceans Pathfinder sea-surface temperature data (PO.DAAC, webpage http:/
podaac.jpl.nasa.gov). After computing weekly anomalies, we normalized the series in the
same way that the monthly composites to build time plots of SST anomalies along the coast
(Hovmoller diagrams).

3. Results

Figure 2 shows a surface plot (time-averaged SST(x,f) values) and a time plot
(space-averaged SST (x,7)) of the satellite-derived SST observations in the GC. As would
be expected, SST followed a latitudinal gradient that is particularly evident at the southern
deep basin. Relatively cool conditions exist around the Midriff Islands and in the shallow
northern area due to strong tidal mixing. This produces a persistent pool of cold water in
the Midriff Island region spreading through advection and horizontal mixing and resulting
in a general cooling of the northern gulf that creates large temperature gradients (Paden et
al., 1991). SST time variability was dominated by a strong seasonal cycle, although large
interannual changes were still evident during ENSO events (Fig. 2; lower).

Figure 3 shows the eigenvalues of the first five EOFs from the NA(x,7) matrix (i.e., after
removing the seasonal signal). SST interannual variability in the GC clearly conformed to a
single dominant mode. EOF, accounted for 80% of the variance, and no other mode could
be resolved because sampling errors were large enough to prevent neighboring eigenvalues
from being statistically different (North et al., 1982).
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Figure 2. Surface plot (time averaged) and monthly time series (spatially averaged) of the
satellite-derived SST observations. Shaded areas indicate El Nino (red) and La Nifna (blue)
episodes as reported by the Climate Prediction Center of the National Center of Environmental
Prediction at the National Oceanic and Atmospheric Administration (CPC-NCEP-NOAA).

Figure 4 shows the spatial pattern of this single dominant mode as surface plot of the
EOF, loadings (upper panel) and the amplitude time series (time plot of the EOF, scores;
lower panel). Over time, the SST interannual variability in the GC was forced by
ENSO-related events (e.g., the signals of the 1988—89 La Nifa, 1991-1992 and 1997-98
El Nifio). This variability was not spatially homogeneous but tended to be high along the
east coast and south of the Midriff Islands as compared to the coast of the peninsula and the
northern area. The figure also shows the time series of the (negative) SOI index and its
spatial signature as the surface plot of the R values obtained from the linear regression of
each NA(?) series to the —SOI(?) (Fig. 4; lower). Although the R values indicate a weak
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Figure 3. Graph of the first five Empirical Orthogonal Functions (modes) indicating percent of
explained variance and standard deviation error bars (sampling error).

statistical relationship between the —SOI(¢) and the individual NA(¢) series (R = 0.28 to
0.38), their spatial patterns were close to that of the EOF,. In agreement, the EOF, series
and the —SOI(7) showed similar trends and were well correlated (r = 0.58, P < 0.01).

Figure 5 shows the spatial patterns of the EOF, for the subset corresponding to winter
and summer anomalies. Winter EOF, accounted for 90% of the winter variance and
showed a spatial signature close to those shown in Figure 4, with high values along the east
coast and south of the Midriff Islands. The R values obtained from the linear regression of
the individual NA(7) winter series to the —SOI(7) were significant (R = 0.40 to 0.57). For
summer EOF, accounted for 77% of the variance (a percentage smaller than that for
winter) and showed a different spatial pattern, with high values that appear to have stalled
around the Midriff Islands and in some areas near the mouth of the GC. In this case, the R
values obtained from linear regression indicated a weaker statistical relationship of the
individual NA(7) summer series to the —-SOI(¢) (R = 0.04 to 0.45).

Figure 6 shows the time evolution of El Nifio-1997 along the equator (2N) using the
TAO/TRITON array data from January to December, 1997. Left panel represents SST
anomalies and right panel heat content anomalies. Moored data show an anomalous early
warm event, identified from early 1997 (March) and intensified from mid-1997 (June)
through the end of the year and culminating in a mature phase with maximum SST
anomalies around November-December 1997. Time-longitude contours of these variables
showed that warm signal propagated eastward across the basin at Kelvin wave-like speeds
reported by Chelton et al. (1998).
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Figure 4. Surface plots of the EOF, of SST anomalies and the correlation coefficients from the linear
regression between the SST anomalies and the sign-reversed SOI as the independent variable.
Time-series data indicate the temporal evolution of the EOF, and the sign-reversed SOI, both
smoothed by a five-term running mean. Shaded areas indicate El Nifio (red) and La Nifia (blue)
episodes as reported by the Climate Prediction Center of the National Center of Environmental
Prediction at the National Oceanic and Atmospheric Administration (CPC-NCEP-NOAA).

Figure 7 shows three Hovmoller diagrams of weekly averaged coastal SST anomalies
from January to December 1997. Upper panel covers the coast from 10N to 40N but does
not includes the GC. Although large portions of this diagram are affected by missing data
due to cloudiness, a poleward propagation of warming anomalies from February (near
10N) to November (35N) is clearly evident. It should be noted that the signal reached the
mouth of the GC at the end of spring (dashed line about 23N) and continued its poleward
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Figure 5. Spatial patterns of the EOF, of SST anomalies for (a) winter (December, January, and
February) and (b) summer (June, July, and August).

propagation along the west coast of the peninsula, seemingly bypassing the mouth without
any significant delay.

Middle panel shows the temporal evolution of the SST anomalies along the entire
coastline inside the GC, from the mainland coast at the mouth (at the bottom of the graph)
to the southern tip of the peninsula (at the top, the black line at the middle corresponds to
the northernmost portion of the coast). Slope in the contours suggests that warming
propagation in the Gulf took approximately 3 weeks (May—June) along both coasts of the
Gulf (~3200 km). Using these scaling arguments the theoretical phase speed of this warm
signal is ~150 km day', resulting in warm anomalies that stalled south of the Midriff
Islands (i.e., about the middle portion of each coast) and at the mouth of the GC, in a
pattern that is similar to that found for the summer EOF, (Fig. 5).

Finally, the lower panel shows the coastal propagation of the warm signal both outside
and inside the GC, created by combining the two previously described panels. This figure
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Figure 6. Time-longitude sections of weekly SST anomaly, and head content anomalies along 2°N
from January to December 1997. The data are provided by TAO/TRITON project office/PMEL/

NOAA. Dotted contours indicate negative values.

shows that the warming anomalies appeared first at the south, and then propagated
poleward along the coast, reaching the mouth of the GC at the end of spring, somehow
bypassing the Midriff Islands and then reaching the tip of the peninsula, and continued
along the west coast of the peninsula. Warming anomalies presented a slight attenuation
poleward, north of 25N, and finally reinforced by strong anomalies, reported since October
and November along the coast of California (Dever and Winant, 2002; Ryan and Noble,
2002).

4. Discussion

In this study, we analyzed satellite-derived SST data for the GC, which allowed us to
examine SST interannual variability with a spatial resolution of 18 x 18 km for a relatively
long period of time that includes several ENSO events. In addition, we followed the coastal
propagation of the warming anomalies related to the very strong 1997 El Nifio with a
temporal resolution of one week and the same spatial resolution in monthly composites (18
km). To our knowledge, this is the first time that the possible effects of ENSO on SST
inside the GC have been examined at this level of detail.

EOF analysis of the entire dataset (i.e., of the total variance) yielded a single dominant
mode for the analyzed period (Fig. 3). The evidence linking this mode to ENSO variability
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Figure 7. Hovmoller diagrams of weekly averaged coastal SST anomalies (values within 50 km of
the coast) from January to December 1997 covering (a) the coast from 10N to 40N (white areas
indicate missing data due to clouds and dotted line ~24N), (b) both coasts of the Gulf of California
(the black lines indicate the northernmost portion of the Gulf coast), and (c) the two combined
showing the coastal propagation of the signal both outside and inside the Gulf of California (dotted
lines) and along the coast from 10N to 40N. Units of the color bar are in °C.

may seem contradictory. On one hand, we found a strong similarity between this mode and
the spatial signature of ENSO as revealed by the linear regression of the SOI (Fig. 4). On
the other, the statistical relationship between the SOI and the SST anomalies, accounted
~33% of the variance of the EOF, amplitude series. Beyond the obvious consideration that
the SOI refers to a tropical atmospheric phenomenon only indirectly related to extra-
tropical variability, the GC exhibits complex dynamics resulting not only from oceanic and
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atmospheric forcing but also from dissipative phenomena related to winds stress, local
topography, bottom friction, and tidal forcing (Ripa and Marinone, 1989). Any signal of
the ENSO on SST would be masked by these local processes, thus obscuring their
statistical relationships. Therefore, we believe that the similarity of the spatial patterns and
the parallel trends between the series shown in Figure 4 indicate an important role of ENSO
in forcing interannual variations in the GC.

Both spatial patterns, the EOF, and the linear regression of the SOI, show that variability
is higher south of Midriff Islands and along the eastern coast where the continental shelf is
wider (see Fig. 1), and wind-driven upwelling occurs during winter. Our interpretation of
these patterns is that this similarity is indicative of the disruption of the wind-driven
upwelling process during El Nifio events, which may result from a weakening of the winds
(i.e., from atmospheric teleconnections), from deepening of the thermocline due to coastal
waves (an oceanic connection), or from both mechanisms. The fact that this spatial
structure (EOF,) and its statistical relation to the ENSO index is more evident when only
the winter anomalies are considered (Fig. 5) suggesting that atmospheric teleconnections,
mostly restricted to the winter (Tribbia, 1991), are major phenomena behind ENSO forcing
of SST interannual variability in the GC.

Nevertheless, EOF analysis of the summer data subset revealed a spatial structure of
high SST variability around of the Midriff Islands and near the mouth of the GC (Fig. 5).
Although the physical processes that cause this pattern are not clear, the fact that a similar
pattern emerged from the analysis of the coastal propagation of the 1997 EI Nifio warming
inside the GC (Fig. 7, panel b) strongly suggests that this pattern may occur after the
propagation of ENSO-related coastal waves into the GC. While the poleward propagation
of coastal waves must occur along the east coast of the GC, the signal may be transmitted
across the GC to its west coast over a period of three weeks (Beier, 1997) by propagation of
coastal waves smoothed by bottom friction and masked by local dynamic.

Figure 7 clearly shows that the strong 1997 El Nifio, the signal of coastal waves
continued its poleward propagation along the west coast of the peninsula. Although ENSO
effects in the northeast Pacific are most often related to basin-scale atmospheric teleconnec-
tions (Emery and Hamilton, 1985; Hollowed and Wooster, 1992; Wooster and Hollowed,
1995), some modeling studies have suggested that coastal waves generated during El Nifio
events can propagate poleward along California (Parés-Sierra and O’Brien, 1989) and
reach latitudes as high as the Gulf of Alaska (Jacobs et al., 1994).

To understand the evolution of the warming signals associated with El Nifio 1997, as
shown in Figure 7, we computed the phase speed of internal Kelvin waves and internal
Rossby radius of deformation, using expressions proposed by Gill (1982, p.122, 249) and
hydrographic data monitored during 1997 in different points of continental shelf between
10N and 40N, including the GC (Filonov and Tereschenko, 2000; Amador-Buenrostro, et
al.,2003; Durazo and Baumgartner, 2002; Dever and Winant, 2002; Ryan and Noble,
2002). The expression used for phase speed is ¢, = (g’ - H, - Ho/H)"?, where g’ is the
reduced gravity calculated with typical density values in upper and lower layer, H, the
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maximum thickness of upper layer, H, the thickness of lower layer and Hy = H;, + H,,
mean depth of the continental shelf.

For the coastal region between 10N and 21N, where the continental shelf is narrow,
phase speed was estimated at ~100 km day™, and internal Rossby deformation radius
between 30 and 35 km (Filonov and Tereschenko, 2000). Time for a coastal wave traveling
some 7600 km of coastline, from the equator to the mouth of the Gulf of California should
be ~76 days. For inside the Gulf of California, we used H; = 80 m and H;, = 730 m, the
mean depth of the Gulf (Beier, 1997). Typical values of phase speed for a coastal wave
propagating to the interior the Gulf are ~140 km day™. Internal Rossby deformation radius
corresponding to this phase speed is between 30 -21 km, smaller than the average width of
the Gulf (~150 km). Signals associated with coastal waves travel around the Gulf (some
3200 km of coastline) in ~23 days and could be affected by friction, thus some dampening
would be expected. For the northern coastline between 21N and 40N (~5,050 km), mean
phase speeds were ~75 km day™ and the internal Rossby deformation radius approxi-
mately 10 km. According to these computations, coastal wave take ~67 days to arrive at
40N.

Phase speed calculations as explained above suggest that a coastal signal generated near
the equator and propagated poleward arrives at 40N in approximately 5 months. Figure 6
showed that the El Nifio signal associated with an equatorial Kelvin wave arrived to the
east boundary in March, generating a poleward propagation coastal wave. This signal
arrived at the mouth of the Gulf in May, continuing its propagation along both coasts of the
Gulf reaching the tip of the peninsula in the middle of June and continued poleward
propagation along the west coast of the peninsula (north of 25N), reaching ~35N by
July-August. A second episode of strong anomalies was observed at the end of 1997
(October- December) in the California coast.

Filonov and Tereschenko (2000) observed an El Nifio signal in temperature profiles
measured over the continental shelf at 19N in May and June. Dever and Winant (2002)
showed that an El Nifio initial signal arrived at Point Conception (34N), concentrated in the
upper 25 m, by early-July. Ryan and Noble (2002), using time-series of daily SST
anomalies near to 37N, observed the same evolution of the event and a reinforcement
starting in November with no direct correlation to local winds. Dever and Winant (2002)
and Strub and James (2002) suggest that this initial anomaly observed clearly in the Gulf
was the northern tail of a coastally trapped Kelvin wave propagating poleward from Baja
California (24N) and farther north during a transient event.

Outside the upwelling period during summer-fall, atmospheric effects may not result in
large SST changes in the GC. First, atmospheric teleconnections are unlikely to occur in
summer (Tribbia, 1991), and also surface winds in the GC reach their seasonal minima
during this period (Parés-Sierra et al., 2003), thus no major interannual warming would be
expected from atmospheric effects. Multivariate ENSO Index shows that El Nifio 1997 had
a decline in the temperatures anomalies during August-October and intensified again from
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mid-November through the end of the year (http://www.cdc.noaa.gov/people/klaus.wolter/
MELI/).

The GC has the higher phase speed for a coastal trapped wave. This could explain the
fact that the signal detected in May at the mouth of the Gulf (Fig. 7, central panel) takes
about one month to travel around the Gulf. The contour slope in this panel suggests that the
signal takes ~21 days (~150 km day™) very close to phase speed calculated above. Beier
(1997), based on numerical experiments, concluded that the Pacific Ocean forces through
incoming baroclinic waves in the mouth of the Gulf in phase with the wind stress;
moreover, total circulation can be explained by means of an internal wave trapped against
the wall that propagates around the coast of the Gulf. Strub and James (2002) proposed that
high SSH during El Nifio 1997 initially filled the lower Gulf and created a SSH gradients at
the mouth of the Gulf that allowed geostrophic flows past the mouth and northward along
Baja California.

Lluch-Cota er al. (2001) analyzed the variability of coastal SST along the Pacific coast
of North America from 1950 to 1999, as revealed by the multiple linear regression of
monthly SST anomalies to the Multivariate ENSO Index (MEI; Wolter and Timlin, 1993)
and the Pacific Decadal Oscillation Index (Mantua, 2001). Lluch-Cota et al. (2001)
illustrated that the highest latitude at which the partial regression of the MEI still explains a
large fraction of the SST variability is not the same for every ENSO event. For most events,
this latitude corresponded to the west coast of the Baja California peninsula, but for some
others the signal reached the Gulf of Alaska. Strub and James (2002) demonstrated ENSO
signal asymmetry is related to the influence of topographic features, local winds and local
currents.

Our results clearly show that the GC plays a significant role in the poleward propagation
of ENSO-related coastal waves. Internal Rossby deformation radius corresponding to
phase speed values computed for the GC are narrower than the separation between the
mainland coast and the southern tip of the Baja California peninsula. Coastal waves related
to El Nifio events would enter the GC along its eastern coast and would probably undergo a
significant weakening through friction and dispersion as they travel into and around one or
more of the interior topographic basins. On the other hand, if the amplitude and duration of
strong El Nifio events (as 1997-1998) result in more than one peak of persistent warm SST
and thermocline depth anomalies, coastal trapped wave modes could generate more intense
poleward advection. The first episode could enter the GC along both coasts and weaken
due to friction and dispersion, leaving the Gulf at the southern tip of the peninsula some 3-4
weeks later, and continue its poleward propagation along the west coast. A second episode
(2-3 months later) would be more consistent north of 24N and probably reach high
latitudes.

This hypothesis is consistent with the observation that the poleward propagation of
coastal SST anomalies during the 1997 El Nifio seemingly bypassed the GC without any
noticeable delay (Fig. 7) and may provide an explanation for the results of Lluch-Cota et al.
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(2001) and Strub and James (2002) regarding the variable extension of the ENSO signature
along the Pacific coast of North America.

5. Conclusions

ENSO is a major source of SST interannual variability in the GC. The spatial signature
of ENSO suggests that its most significant effect is the disruption of the wind-driven
upwelling corridor along the eastern coast of the GC. This signal is more evident during
winter, which suggests that ENSO forcing of SST variability occurs through atmospheric
teleconnections. Nevertheless, evidence on the propagation of SST coastal anomalies also
suggests that ENSO-related coastal waves enter the GC; thus, the GC could play an
important role in their poleward propagation along the longer and convoluted Pacific coast
of North America.
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