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Abstract

Nine years of data (1992-2000) were used to study the evolution of the sea—surface temperature (SST) over the
eastern south Pacific. Our analysis shows that the variability in the SST on the interannual scale is attributed mainly to
the equatorial El Nifio-La Nifia events while cooling, associated with the wind-Ekman drift, is an important component
of the annual cycle.

The anomalies at the interannual scale show up as a front that parallels the coast. At the seasonal scale, anomalous
warming and cooling of coastal waters is strongly altered by the local effect of the wind-driven Ekman transport. This
latter effect is especially significant along the Peruvian and Northern Chilean coast where wind induced upwelling and
cooling is out-of-phase with other important annual forcings (i.e radiation and annual Kelvin waves). These local wind
effects show up in the time-latitude plots as a thinning of the warm-water bands along the Peruvian coast (~10°S y
17°S) and a thickening of the bands further south (~18°S y 22°S).

Three anomalous events that stand out clearly at the interannual scale are El Nifio 92-93, La Nina 96 and El Nifio
97-98. Their individual evolutions over time and along the coast are very different. Though the least intense of the
three, the 92-93 event had the longest duration. The 96 event was the shortest in duration and its strongest anomaly
occurred around the Peruvian coast, similar to the warm event of 92-93. The strongest event for the period occurred in
97-98, its warm anomaly showing strongly along the whole latitudinal extent of the study area.

Contrary to what occurs at the seasonal scale, the increase on east/west Ekman transport on the interannual scale
seems to be in phase with other relevant cooling and warming mechanisms. The interannual Ekman anomalous
transports are at their maximum near the Peruvian-northern Chilean coast; however, they do not seem to alter the SST
in a significant way. A similar situation has been described for sea-level data in the California Current System, i.e.
interannual variability being associated mostly with variability of equatorial origin while seasonal variability is
associated to both wind-forced local variability and remotely forced variability (J. Geophys. Res. 94 (1989) 3159)
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1. Introduction

Sea-surface temperature (SST) variability near
the coast is modulated by solar radiation and by
local variations in the wind stress. The coastal
region between the equator and 40°S on the
eastern Pacific is especially interesting since
variability also can be strongly altered by the
passage of local and remotely forced coastal
trapped waves.

Over the eastern south Pacific Ocean, coastal
upwelling occurs almost throughout the year,
though it is more intense during spring and
summer (Pizarro et al., 1994; Huyer et al., 1987,
Pizarro, 1999; Soto-Mardones et al., 2004). Large-
scale winds over the area are controlled by the
counter-clockwise high-pressure cell of the tropical
South Pacific. On the northern limit, high pre-
cipitation rates along with weak and variable
winds are observed at the inter-tropical conver-
gence zone. The northern branch of the high-
pressure center (the wind train) drives easterly and
southeasterly winds, while the southern branch
consists of very intense westerlies. Between 5°S
and 35°S, the wind stress has an important along-
shore component which favors upwelling through-
out most of the year.

The annual variability of wind stress is related to
the northern extension of westerly winds. During
the southern summer, westerly winds dominate
south of 37°S. During winter, these are displaced
as far north as 30°S. Nearshore, westerly winds
weaken rapidly into two branches and produce a
transition zone. This region separates the Chilean
coast from two different wind regimes. Towards
the north, upwelling favorable winds prevail while
downwelling favorable winds are usually observed
to the south (Pizarro, 1999). Wind stress is greatest
along the Peruvian coast during the southern
winter, while the strongest upwelling favorable
winds occur during spring around 30°S along
central Chile.

On the annual and interannual scales, locally
and remotely (equatorial) forced coastally trapped
waves propagate towards the south. These are
responsible for most of the variability of coastal
currents, sea-level and mass fields (Shaffer et al.,
1997; Pizarro, 1999; Hormazabal et al., 2001).

In this work, we examine the annual and
interannual SST variability along the eastern
South Pacific coast, from the equator south to
40°S We do this based on Advanced Very High
Resolution Radiometer (AVHRR) satellite images
and satellite-derived winds.

2. Data and methods

The wind-stress data incorporated herein were
measured by scatterometers onboard the ERSI
and ERS2 satellites at a spatial resolution of 1° x
1°. Data sets for the period of September 1991 to
October 1999 were obtained from the Départe-
ment d’Oceanographie Spatiale, IFREMER,
France (www.ifremer.fr/droos). Data processing
and validation techniques followed instructions
detailed in the Scientific User Manual included on
CDs (see Shaffer et al., 1999 and Hormazabal et
al., 2001 for methodology). Meridional and zonal
wind stress were used to construct time series of
alongshore wind stress, which were then used to
compute Ekman transport.

The new generation of NOAA6 and NOAA
polar orbit satellites are equipped with AVHRR
sensors. They have 4 or 5 channels, one of which is
in the visible range of 1.1 pm. Their instantancous
visual field has a terrestrial resolution of approxi-
mately 1.1 km at the nadir. The main sources of
error inherent in SST data obtained from radio-
meters are the absorption of infrared radiation by
water vapor present in the atmosphere and the
presence of small clouds inside the visual field of
sensors. Bernstein (1982) compared SST obtained
by AVHRR sensors to that taken from ships and
buoys. He correlated these measurements and
concluded that remote and in situ data were
identical within levels of error less than 0.5 °C.

AVHRR SST data used in this study are part
of the global analyses of SST done routinely by
the University of Miami, Rosentiel School of
Marine and Atmospheric Sciences. Files are global
weekly averages with a resolution of 9 x 9km.
Areas where the presence of clouds hindered
the measurement of radiance were filled using
both time and spatial interpolation (Case and
Cornillon, 1999). Land values were flagged and
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the geographical position assigned to each mesh
element were related to the central point.

3. Results
3.1. Alongshore wind stress time series

Fig. 1 shows the latitudinal variation of the
monthly wind stress along the coast (1A), its
standard deviation (1B) and a map of the coastline
(1C). The along-shore wind stress is essentially
positive (i.e. equatorward) for most of the study
area throughout most of the year (Fig. 1A). Only
at the southernmost region, south of 35°S, are
there certain months during the austral winters
(Pizarro, 1999) when winds flow poleward. Ac-
cordingly, this indicates upwelling-favorable wind
during the majority of the year for the whole
region. The strength of the wind variability around
the mean changes with latitude (Fig. 1B). It is
weaker along the equatorial band (0 — 5°S) and
between 15°S and 25°S and is strongest south of
25°S. There is a relative maximum along the
Peruvian coast between 10°S and 15°S.

Off Peru, the seasonal maximum of upwelling-
favorable winds occur during fall, winter and
spring. Bakun and Nelson (1991) had reported this
same occurance of upwelling-propitious winds, but
only during fall and winter. The seasonal strong
winds were further strengthened during El Nifio of
1992 and the initial phase of El Nifio 1997. During
this period, there was an increase in the latitudinal
component of the area of wind reversal that occurs
normally in winter in the southernmost region. On
the average this area reaches approximately 37°S
(Pizarro, 1999). However, in the winter of 1996 it
reached up to 28°S. There is a conspicuous
transition zone of very weak stresses between
16°S and 20°S.

The strongest upwelling favorable winds occur
south of approximately 20°S and north of 37°S.
They are associated with the South Pacific high.
These winds intensify and their relative maximum
(~6 x 107> Nm™ ) shifts southward during the
southern spring and summer, as reported by
Schwerdtfeger (1976). The low pressure center
over land and the system of highs offshore both

drive alongshore equatorward winds to create
maximum stresses during spring and summer.
The relative maximums do not occur simulta-
neously in Peru and Chile, as noted by several
authors (eg. Montecinos, 1991; Fuenzalida, 1992;
Carvajal, 1994; Pizarro et al., 1994). Downwelling
favorable wind events intensify in winter during
the interannual events (1992, 1996 and 1997).

Over the southernmost region, upon reaching
the South American coast, westerly winds alter-
nate between the strong northerly winds (asso-
ciated with the latitudinal displacement of polar
fronts during winter) and the southerly winds
driven by the subtropical anticyclonic high (which
intensify during summer). The seasonal wind stress
between 35°S and 40°S is similar to that found in
the northeast Pacific between 35°N and 50°N.
Across these latitudes, synoptic perturbations of
polar fronts drive downwelling favorable winds
throughout the year. These winds and the high
precipitation rates observed in southern Chile are
analogous to processes observed in British Co-
lumbia and Alaska in the northern hemisphere
(Strub et al., 1998).

3.2. Latitudinal SST time series

The time series of SST along the coast (~30km
offshore, i.e. 3 pixels) versus latitude are shown in
color in Fig. 2. Figure 2 also shows contours of
temperature advected from the bottom of the
Ekman layer (we leave the discussion of these
latter contours for Section 3.3). SST has a strong
seasonal signal. Higher SSTs are found over the
equatorial band (0 — 5°S) and diminish to the
south. Wider (longer duration) warm bands
occurring during the southern summer are asso-
ciated with El Nifo (eg. 1992-93, 1997-98).
Thinner (shorter duration) bands are associated
to La Nifia (eg. 1996). As is evident in this figure,
an important feature of the SST is the anomalous
thinning of the summer warm bands off the coast
of Peru, approximately between 10°S and 16°S.
Over this latitudinal range, the lowest SSTs are
recorded during the winter in concordance with
the intense upwelling events of the season, as noted
by Weare et al. (1980) and Halpern et al. (1992).
Between 16°S and 20°S, these bands again thicken
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Fig. 1. (A) Temporal distribution of wind stress (107> Nm~?) parallel to coast, from September 1991 to October 1999 (solid lines indicate winds to the north), (B) its
standard deviation and (C) the coast of South America.
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Fig. 2. (A) Annual variability of SST along the coast (color) and surface cooling (°Cmonth™!) due to Ekman advection (black

contours). (B) Long-term mean of the SST along the coast.

with even higher temperatures associated with a
latitudinal relative minimum in wind stress (Fig.
1A) and with the change of orientation of the
coastline from Peru to Chile (Fig. 1B). Although
seemingly of less amplitude, the seasonal cycle of
SST is still evident south of these latitudes. As will
be shown in next section, this somewhat strange
behavior of showing a smaller seasonal cycle at
high latitudes is due to the anomalous cooling of
Ekman drift.

The mean latitudinal variation of SST and its
standard deviation are depicted in Fig. 2B. While
mean temperature is at a minimum in southern
latitudes and at a maximum toward the equatorial
region, an interesting relative minimum is ob-
served off the coast of Peru between 5°S and 16°S.
The latitudinal variability of standard deviation
follows that of SST, as variability is at a minimum
in southern latitudes.

In order to discriminate between the mechan-
isms that control SST, we isolated the seasonal
component, which is arguably the largest con-
tribution to the signal. The mean SST (Fig. 2B)
and the interannual signal (shown later in Fig. 5)
were subtracted from the monthly SST field (Fig.
2A). SST anomalies associated with the annual
signal are shown in Fig. 3A. Alternating warming
and cooling bands are more clearly defined in this
figure. The core of the warm bands have a south-
to-north positive inclination (~3 months) in
accordance with the geometry of the solar transit
during the summer, ie. radiation maximum is first
reached on the southern region.

To facilitate the visualization and description of
the annual signal, a least squares fit was per-
formed. The data was fitted to

W, 0) =) _{d)explilor — 0D}, ()
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Fig. 3. (A) Latitudinal distribution of SST anomaly time series. The mean and interannual signals have been removed (contour
interval is 1 °C). Latitudinal variation of (B) amplitude (°C), (C) phase (days from starting January 1) and (D) percentage of explained
variance of the annual component. (E) Annual fit of SST to (A).



L. Soto-Mardones et al. | Deep-Sea Research II 51 (2004) 551-561 557

where ¥ represents SST, ¢ and 0 the amplitude
and phase (days from 1 January) of the harmonic
with annual frequency w. The latitudinal variation
of amplitude, phase and the percentage of
explained variance of SST are shown in Fig. 3B—
D, respectively. The largest anomalies are between
5°S and 33°S. A slight decrease, also noted in Fig.
2, is evident in the northern region (5°S — 16°S).
The slope of the line in Fig. 3C indicates that
maximum warming first occurs in the south and
moves northward. It reaches the southern part
towards the end of January and affects the region
between 15°S and 33°S in early February, as
previously noted by Soto-Mardones et al. (2004).
Off Peru, maximum warming occurs by mid-
February while it transpires near the equator by
early March, as noted by Fritz (1951). The
variance explained by the annual cycle is approxi-
mately uniform along the coast (~80%, Fig. 3D).
Fig. 3E depicts the reconstruction of SST in Fig.
3A using the fitted parameters.

3.3. Ekman drift and latitudinal variation of
temperature advection

Assuming that the horizontal scaling of upwel-
ling near the coast is the Rossby Radius of
deformation (eg. Gill, 1982), a simple balance
equation that relates Ekman drift velocity ( U )
to the upwelling velocity (w) from the base of the
Ekman, is given by (see Fig. 4)

Uekhek = WRO 5 (2)

where /i is the depth of the Ekman layer and R, is
the Rossby radius of deformation so that the rate
of change of temperature (7) at the surface due to
the advection of upwelling water is

d_T _ Uek(ya Z)hek(y)fT(ya t) (3)
&t~ RO £

Here, y is latitude, z is the vertical coordinate and ¢
is time. Ekman drift and Ekman layer depth were
computed using the formulas given by Madsen
(1977) (see Appendix A).

The vertical gradient of temperature in (3) was
estimated using Levitus climatology (Levitus,
1994) for the temperature at the bottom of the
Ekman layer and AVHRR for the surface

L
P
%,
Z
(2
o
<

X (longitude)

Fig. 4. Schematic diagram showing the continuity balance
between Ekman drift velocity (Uey) on the Ekman layer with
depth he, and Ekman pumping w velocity over a Rossby radius
of deformation R,.

temperature. We assume that most of the non-
seasonal variability comes from the surface and
that the neglected variability from the depth,
implicit in the use of Levitus climatology, is small.
By necessity, this is only a rough estimate of the
vertical gradient, however we believe it gives the
right tendency.

Using alongshore wind stresses (Fig. 1), the rate
of change of temperature versus time (°C/month)
was computed using Eq (3). The results are
depicted as contours in Fig. 2A.

Off Peru, between 8°S and 14°S, large rates of
change of temperature are observed year round,
with the exception of summer. These high rates
carry colder waters from the base of the Ekman
layer, cooling the surface and thinning the warm
bands at these latitudes. Cross-correlation between
SST and d7/d¢ are shown in Fig. 5. As expected in
this area where the effect of cooling by upwelling is
significant, these two components are in quad-
rature (ie. high correlation at approximately half
cycle apart, Fig 5). Westward drift velocity reaches
its maximum (~10cms™") over this region and
drives a strong upwelling of colder water as



558 L. Soto-Mardones et al. | Deep-Sea Research II 51 (2004) 551-561

05°s ?/

15°s

25°s

T

30°s

35%S (F
>
<>

40°s © .
12 -11 10 9 -

Desfase (months)

Fig. 5. Cross-correlation between SST and dT/dt. Lags in months.

previously noted by other authors (Rojas de
Mendiola, 1981; Richards, 1981; Guillen and
Calienes, 1981; Huyer et al., 1987, 1991).

Where the coastline changes direction
(16°S—18°S), the contribution of subsurface waters
is probably small as the orientation of the coastline
hinders meridional winds (Fig. 1A) in the genera-
tion of upwelling. Off Chile, between 22°S and
35°S, the rate of change of SST is larger as
compared to Peru and is coherent with the
maximum wind stress measured there. Although
more intense from fall to spring, the rate of change
is large throughout the year. Similarly, the
westward drift is more intense during spring and
summer, as observed previously by Carvajal
(1994).

During the southern summer of 1998, in the
decaying stage of El Nifio 1997-98, the rate of
change of SST showed a significant increase. This
increase is also observed during El Nifio 1992-93.
Over the northern region, the same process
appearss to occur, but it apparently has no
influence on the SST field. Finally, in the south-
ernmost region, between 35°S and 40°S, weak

onshore drift velocities are observed as an out-
come of westerly winds. The process is then
reverted as surface waters sink due to the poleward
wind stress.

3.4. Interannual SST time series

SST monthly time series (Fig. 2,) have shown
that the width (duration) of warm bands is
affected by local nearshore processes. Another
process that might influence SST is change due to
basin-wide events. SST monthly time series were
low-pass filtered to remove the seasonal signal and
the result is shown in Fig. 6. SST interannual
anomalies clearly show the bands with the decay of
El Nifio 1992-93 and the mature phase of El Nifio
1997-98. Also of note is the cold band associated
to La Nina event of 1996. This figure shows how
El Nino 1997-98 extends up to the southern end of
the domain (40°S) while La Nifia is less intense and
of limited latitudinal extent. These results agree
with what has been discussed for the coasts of
Chile (Pizarro et al., 1999; Hormazabal et al.,
2001; Blanco et al., 2002).



L. Soto-Mardones et al. | Deep-Sea Research II 51 (2004) 551-561 559

Latitude (°S)

year

Fig. 6. Latitudinal distribution of the SST interannual anomalies time series °C (color). White contour indicate Ekman drift velocity
anomalies (dashed for negative, i.e. westward; continues for positive, i.e. eastward).

4. Discussion and conclusions

SST data and its alongshore temporal rate of
change (d7/d¢) show clearly that temperature
variability nearshore is greatly modulated by the
alongshore wind stress. Although the principal
forcing on SST is solar radiation, which in turn
drives some interannual frequencies (i.e. 1992-93,
1996 and 1997-98), what is striking is the level of
coupling shown between observed SST stripes on
Fig. 2 and computed contours of SST rate of
change.

The orientation of the coastline seems to play an
important role on the wind’s ability to produce
upwelling. Although the maximum wind stresses
are located off Chile (Fig. 1), less intense winds off
Peru produce surface drift velocities of similar
magnitude. The widening of warm bands at the

curvature zone between Chile and Peru is likely
explained by the weak meridional winds and their
unability to produce upwelling and, in turn,
modify SST of the surrounding waters. Off Peru
(8°S — 16°S), subsurface colder water upwells
during fall, winter and spring and produces a
decrease in the amount of 0.5 °C/month. Likewise,
off Chile (22°S — 35°S), the rate of change in
temperature tends to increase even more.

For the interannual scale, Ekman drift velocity
anomalies increased to the West during the El
Nino period (Fig. 6, white contours). During
1997-98, westward Ekman drift velocity anomalies
were very large and located at the SST anomaly
maximum. This increase in Ekman drift should
inhibit the anomalous warming of SST that occurs
at the seasonal scale. However this is not evident
from the figure. This is likely because the 97-98
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event was so strong that the upwelled water,
though at a anomalously large rate, was not cold
enough to significantly affect SST; i.e. it did not
come from below the layer. In fact, this could also
be happening at the seasonal scale, as Ekman drift
seems to be less efficient during the 97-98 event
(Fig. 2). For La Nina 1996, onshore Ekman drift
anomalies were observed in the south. This process
carried oceanic waters close to the coast, but they
failed to modify the thermal properties of the
coastal waters as they originated from similar
depths.

From this work, it is possible to conclude that,
on the interannual scale, SST is mostly controlled
by energy of equatorial origin while, on the
seasonal scales, both local (eg. wind-driven Ekman
drift) and remote information (e.g., equatorial
waves) are important. A similar conclusion was
reported for the California Current, another east-
ern boundary current system, by Pares-Sierra and
O’Brien (1989).
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Appendix A. The wind-induced Ekman boundary
layer

This proposes a physically realistic and gene-
ral model for the vertical eddy viscosity in a
homogeneous fluid. For an infinitely deep ocean
the vertical eddy viscosity increases linearly with
depth from a value of zero at free surface. Based
on this model a general theory is developed for the
drift current resulting from a time-varying surface
shear stress. Explicit expressions are given for
temporal development of the drift current in the
vicinity of the free surface and for the steady-state
response to a suddenly applied uniform shear
stress.

The equation to determine the Ekman layer is:

B =k?. (A.1)

As found by Ruggles (1970), by taking k=0.4
and uy = 0.04("—;‘)*1/2 W 1o with the ratio of air to
fluid density, % = %, Eq. (A1), it is shown that:

Wio
sin(¢)”

where /g is in meters and wind speed W,
(ms~") measured at 10 m above the still water level.

Finally, the Ekman drift is determined by means of
the following equations:

_ LUy T 30Ak
Uk =u+iv= B {2+1<—1.5+1n< . >>},

(A.3)

hex U 3.66

(A.2)

where k; is constant of roughness , with the order
of magnitude of k¢ being 5cm and with A, given
by (A.1).
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