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[1] The coast of central Chile is characterized by intermittent low-level along-shore
southerly wind periods, called coastal jets (CJs). In this study, we take advantage of
long-term satellite data to document the CJs characteristics over 2000—2007 and
investigate its impact on upwelling. The CJ structure has a core some 100 km from the
shore and a cross-shore scale of ~160 km, and it usually lasts for several days (3—10). Its
period of occurrence ranges from weekly to a few months. On the basis of covariance
analyses between wind stress and sea surface temperature (SST) anomalies, it is found that
CJ activity is seasonally phase locked with SST, with a peak season in August—October.
The statistically dominant forcing mechanisms of the SST cooling during CJ event is a
combination of seaward advection of temperature resulting from Ekman transport, air-sea
heat exchange, and Ekman-driven coastal divergence. However, case studies of two events
suggest a significant sensitivity of the dominant upwelling forcing mechanisms to the
background conditions. For instance, the upward Ekman pumping associated with
cyclonic wind stress curl is enhanced for the event with the CJ located more to the south.
Although there are limitations associated with both the formulation of the heat budget and
the data sets, the results illustrate the complexity of the upwelling forcing mechanisms
in this region and the need for realistic high-resolution forcing fluxes. A CJ activity index

is also proposed that takes into account the coastal upwelling variability, which can be

used for teleconnection studies.

Citation: Renault, L., B. Dewitte, M. Falvey, R. Garreaud, V. Echevin, and F. Bonjean (2009), Impact of atmospheric coastal jet off
central Chile on sea surface temperature from satellite observations (2000—2007), J. Geophys. Res., 114, C08006,

doi:10.1029/2008JC005083.

1. Introduction

[2] The Humboldt Current System (HCS), extending
along the west coast of South America, is known as the
most productive marine ecosystem in the world [e.g., Food
and Agriculture Organization, 2004]. Off the coast of
central Chile (36°S—26°S), the HCS is characterized by a
band of cool waters that extends (on average) about 100 km
from the shore. This SST pattern is mostly produced by
coastal upwelling, due to offshore Ekman transport forced
in turn by the very persistent low-level southerly flow along
the eastern side of the South Pacific anticyclone [Shaffer et
al., 1999; Halpern, 2002]. Fonseca and Farias [1987]
identified five principal coastal upwelling areas off the
Chilean coast, one of which is near Punta Lengua de Vaca
at 30°S [Montecino et al., 1996; Torres et al., 1999; Daneri
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et al., 2000; Montecino and Quiroz, 2000], where we focus
the present study. In this region, upwelling exhibits seasonal
variations, with a minimum during austral winter and a
maximum in austral spring-summer [Strub et al., 1998]. As
with the currents observed off California or off Peru [Brink,
1982; Winant et al., 1987, Huyer et al., 1991], quasi-
geostrophic variability as coastal-trapped waves can be
observed at seasonal to interannual timescales in this region
[Pizarro et al., 2001, 2002]. Over interannual timescales,
the SST off central Chile responds principally to ENSO-
related changes in the wind regime of the Pacific basin
[Shaffer et al., 1997; Rutllant et al., 2004]. At intraseasonal
timescales, there has been a very few studies that docu-
mented the SST variability over central Chile although the
region exhibits vigorous eddy activity [Chaigneau and
Pizarro, 2005] with a clear maximum in altimetry-derived
eddy kinetic energy near 33°S within 100 km from the coast
[Hormazabal et al., 2004]. Most studies have focused on
atmospheric variability [Hormazabal et al., 2004; Rutllant
et al., 2004; Garreaud and Murioz, 2005] with the subse-
quent assumption that SST variability in this frequency
band is mostly forced through Ekman pumping. As the
matter of fact, the low-level winds off the coast of central
Chile, which are remarkably persistent in direction (south-
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Figure 1. CJ activity off central Chile from QuikSCAT: climatological 15-day running variance of wind
speed anomalies (colors) (unit is m*> s~2) and climatological wind stress (contour) (in N m2). The
contour corresponding to 80% of maximum amplitude for wind stress is indicated in white. The average
number of CJ for each month is indicated. For determining the average CJ number, we used a criterion of

minimum wind speed of 10 m s~

erly) during the spring-summer months, exhibit consider-
able synoptic variability in their speed, principally in
relation to the intermittent formation of a coastal jet (CJ)
[Garreaud and Murioz, 2005; Murnioz and Garreaud, 2005].
CJ events are forced by the passage of migratory anti-
cyclones farther south, and may occur year round. The CJ is
characterized by a meridionally elongated core of near
surface southerly winds between 10 and 15 m s™' (twice
the climatological mean), some 300 km wide and usually
centered about 100 km offshore. The coastal jet provides a
particularly favorable environment for enhanced sea surface
cooling but the actual forcing mechanism of the upwelling
event associated to CJ remain unclear. Stronger than normal
southerlies may be expected to increase offshore transport
and hence coastal upwelling [Bakun and Nelson, 1991;
Halpern, 2002; Rutllant et al., 2004] and the subsequent
offshore advection of cool, coastal water. The CJ is also
associated with stronger than normal west to east gradient in
the meridional wind, conducive to offshore upwelling via
Ekman pumping [Halpern, 2002]. Furthermore, the stronger
winds may also enhance air-sea exchanges of sensible and
latent heat and mixing within the ocean mixed layer (ML).
The occurrence of CJ episodes may thus be expected to play
an important role in modulating the spatial and temporal
variability of the SST off central Chile over submonthly
time scales.

[3] Despite ongoing efforts to develop regional observa-
tional networks, there are very few in situ oceanic obser-
vations in this region. For instance, the average frequency of

and a mean duration of 4.5 days.

drifters near the coast of central Chile (90°W—70°W; 37°S—
28°S) is equivalent to about 71 drifters per year, and only 26
Argo floats entered the area over the last 6 years. Satellite
observations remain the main source of information on the
oceanic and atmospheric circulation in this region. How-
ever, it is not clear to what extent the available satellite data
can grasp the characteristics of the intraseasonal variability
at the regional scale. In this paper, we take advantage of
extended satellite data sets to investigate CJ activity and its
impact on sea surface temperature (SST) off central Chile.
Because of inherent limitations of these data sets (resolu-
tion, blind zone, and precision), much care is required when
dealing with coastal area. In the case of the CJ, the typical
spatial scale of variability is of the order of ~100 km, which
requires the use of satellite data having a resolution of
~1/2° at least. The Figure | presents the climatology of
the wind stress and wind speed running variance (in contour
and color, respectively) as derived from the QuikSCAT
satellite data calculated over 2000—2007. A 15-day time
window was used to compute the running variance. The
white contour on each map highlights the CJ core zone
(80% of the value of the local maximum of wind stress) and
illustrates the spatial scale of variability as a function of
calendar month and the seasonal change in the latitudinal
location of the CJ core. Basically, two types of CJ can be
identified from the QuikSCAT data: during austral summer,
the CJs are centered at about 35°S and peak at 0.12 N m 2,
whereas during austral winter, the CJs are centered at about
30°S with weaker amplitude (maximum of 0.10 N m ).
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The cross-shore scale estimated from the best fit of a
Gaussian curve on the variability maps leads to values of
~150 km which is significantly larger than the typical
Rossby radius of deformation in this region [cf. Chelton
et al., 1998]. All these observed features suggest that
significant impact on SST through Ekman and mixed layer
dynamics may be expected and that the latter may be
discernable from satellite observations.

[4] The main objective of this paper is to assess if satellite
observations can provide information on the underlying
mechanism producing upwelling variability in this region,
namely, identify the principal mechanisms that lead to the
observed SST variations. This study is also viewed as a
preliminary step toward implementing regional models for
the coast of central Chile, which will require observational
reference data for validation purposes.

[s] The paper is organized as follows: Satellite-derived
data products and the few available in situ observations are
described in section 2 along with the methodology used in
the paper. Section 3 presents the dominant air-sea variability
characteristics of CJ events based on the results of covari-
ance analyses over 2000—2007. Section 4 focuses on two
particular CJ events with different characteristics (location
of the core, duration, and strength) and applies a simplified
mixed layer heat budget to infer the dominant cooling
process associated with them. Our results are summarized
in section 5, where possibilities for future work are also
discussed.

2. Data and Method
2.1. Data

2.1.1. Wind Speed From QuikSCAT

[6] The near-surface atmospheric circulation over the
ocean is described through daily QuikSCAT zonal and
meridional wind components, obtained from CERSAT (ex-
pand CERSAT) (http://www.ifremer.fr/cersat) on a 0.5° X
0.5° latitude-longitude grid [Centre ERS d’Archivage et de
Traitement (CERSAT), 2002]. This product is built from
both ascending and descending passes from discrete obser-
vations (available in JPL/PO.DAAC Level 2B product) over
each day. Standard errors are also computed and provided as
complementary gridded fields. There is no data for grid
points located within 25 km of the coastline (satellite blind
zone).
2.1.2. TMI Sea Surface Temperature

[7] Estimates of SST were obtained from the TRMM
Microwave Imager (TMI) data set produced by Remote
Sensing Systems (RSS, http://www.remss.com). RSS pro-
vides SST twice daily on a regular 0.25° x 0.25° latitude-
longitude grid for latitudes lower than 38°S. The TMI blind
zone is within 50 km of the coast. The SST estimates are
based mainly on emissions at 10.7 GHz, and are largely
uninfluenced by cloud cover, aerosols and atmospheric
water vapor [Wentz et al., 2000]. However, the microwave
retrievals are sensitive to (wind induced) sea surface rough-
ness and this potential systematic error is worth bearing in
mind when considering the results presented in sections 2—
5. TMI comparisons with buoys give an RMS difference of
about 0.6°K [Wentz et al., 2000] due to a combination of
instrumental (buoy) collocation error [Gentemann et al.,
2003]. Recent comparisons of the TMI SST estimates with
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buoy-measured near-surface ocean temperature show that,
on greater than weekly timescales, TMI SST reproduces the
characteristics of the 1-m buoy-observed temperatures in the
tropical Pacific [Chelton et al., 2001].
2.1.3. OSCAR Surface Currents

[8] Ocean surface (0—30 m) currents were obtained from
the Ocean Surface Current Analysis (OSCAR) data product
[Bonjean and Lagerloef, 2002]. OSCAR combines several
satellite observations (i.e., TOPEX/POSEIDON sea surface
height, QuikSCAT/SSMI wind vectors and SST) to derive
surface zonal (u) and meridional (v) currents from the sum
of their Ekman (i.e., wind driven) and geostrophic compo-
nents (see Bonjean and Lagerloef [2002] for more details).
For the present study, maps of zonal and meridional currents
were generated on a 1/3° x 1/3° (instead of the 1° x 1°
resolution provided in the OSCAR website) with a nominal
sampling interval of 5 days. The 1/3° x 1/3° was shown to
improve the realism of the currents near the coast compared
to the 1° x 1° resolution. Comparison with drifters data in
the study zone (26°S—37°S; 90°W-70°W) indicates that
1/3° x 1/3° resolution OSCAR data agrees relatively well
with the in situ measurements from drifters. Over 1996—
2006, the average correlation with the 990 available drifter
measurements was 0.77 and 0.62 for the zonal and merid-
ional components, respectively, of the current. OSCAR has
a tendency of having lower variability than the in situ
measurements, and the ratio sk = 1 — RMS(drifter —
OSCAR)/RMS(drifter) is of the order of 38% and 27%
for the zonal and meridional velocities, respectively). The
reader is invited to refer to Appendix A for a comparison of
the statistics for the drifter data and OSCAR in the studied
region (see Figure Al).
2.1.4. COSMOS and OCEMOS in Situ Data

[¢] In situ measurements of ocean temperature were
available at two permanent moorings in the study area
maintained by the Programa Regional de Oceanografia
Fisica y Climatologia of the University of Concepcion
(http://www.profc.udec.cl/). One mooring (COSMOS) is
located 13 km from the coast at 71.78°W, 30.3°S, and the
other (OCEMOS) is located 150 km offshore at 73.18°W,
29.99°S. At both sites temperature is measured at 4-min
intervals at several depths (COSMOS: 218, 312, 476, and
730 m; OCEMOS: 331, 542, 1398, 2509, and 3897 m).
Note that all sensors are well below the climatological
mixed layer depth (MLD) (see below) and the Ekman layer
(~60 m, estimated following Ekman [1905]). The locations
of both moorings and the surrounding bathymetry are
shown in Figure 5. Opposite “Punta Lengua de Vaca,”
the coastal shelf break is ~10 km from the coast and 200 m
deep. Immediately in the north, opposite Tongoy Bay, the
shelf break is farther offshore (~50 km) with a depth
between 200 and 1000 m.
2.1.5. Mixed Layer Depth Climatology

[10] The MLD was estimated from the CARS climatolo-
gy [Ridgway et al., 2002; Dunn and Ridgway, 2002]. The
CARS climatology provides a 3-D temperature and salinity
climatology at a relatively high resolution (0.5° x 0.5°). For
every mapped point, a (zonally stretched) radius was
calculated that provided 400 data points at that depth. Other
points were used from one standard depth above and below,
if their combined XY radius, Z distance, and bathymetry-
weight-distance fell within the 400-point horizontal radius.
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Figure 2. Mixing layer depth climatology from CARS along central Chile. Unit is meter. The maps
were smoothed with a Whittaker’s smoother using a two-grid point width boxcar average.

That is, in ocean of uniform depth, the data source region
roughly forms a three-dimensional ellipse. An important
characteristic of this type of mapping is that length scales
are automatically adapted to data density, providing maxi-
mum resolution in areas of high sample density. A value is
provided one grid point landward of the “shoreline,”
allowing interpolation between grid points to locations near
the shorelines.

[11] MLD was estimated from temperature using a crite-
rion of 0.5°C which is relevant for the studied region
[Takahashi, 2005]. The Figure 2 presents the estimated
MLD climatology. The MLD is deeper during winter
shallower during summer. It was checked that other prod-
ucts [de Boyer Montégut et al., 2004; Kara et al., 2003]
present similar patterns in this region. The higher resolution
of the CARS climatology and the specific treatment taking
into account steep bathymetry led us to use the MLD
derived from CARS rather than the other products.

2.2. Methodology

[12] Since we focus on intraseasonal variability all the
fields were high-pass filtered (f, = 60 days) with a Lanczos
filter. This provides what is referred as “anomalies” in the
following. Other filtering methods were used that led to
similar results. In particular, we tested a method which
consists of removing the monthly average interpolated
(using spline function) on a daily temporal grid from the
total field. Such procedure was proposed for the investiga-

tion of atmospheric intraseasonal variability in the equato-
rial Pacific [Lin et al., 2000].

[13] Anomalies are therefore considered as deviations
from a time-varying mean which corresponds to the low-
frequency component of the signal. Considering a field X,
we may write X =X + X where X is the anomaly and X the
“mean.”

[14] A mixed layer budget is considered, whose simplic-
ity is guided by the limitations of data sets at our disposal.
As hereafter explained, only the impact of horizontal
advection, heat flux (sensible and latent) and Ekman pump-
ing is examined. Considering the above separation in mean
and anomaly, the equation that governs the anomalous rate
of SST changes is written as follows:

P u T | Ox i oT' /ox
w T )0z W oT' |0z
/
—NDH 4 —"_ + R
" pcpmeix *

where (u, v, w) is the 3-D velocity field, Q’,, the net heat
flux anomalies, H,,;, is the mixed layer depth. NDH is the
nonlinear advection, also called nonlinear dynamical
heating:

or'  or 0T
NDH =o' & 4 v w2
“ox TV T o
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R’ is a residual term accounting for all the terms not taken
into account in a first step. R' accounts for dissipation and
mixing processes, entrainment

ot Hypix

)

and the low-frequency component of NDH, i.e.,

— oT’ aT’ aT’
NDH = v/ =— +V =+ w ——.
" Ox + dy tw 0z
It can also account to restratification process associated to
mesoscale eddies [cf. Fox-Kemper and Ferrari, 2008].
Then R’ writes as follows:

6Hmix [SST — T(Z = flmlx)]

R’ ~ dissipation + mixing —

al I-Imix
oT’ oT' oT’
+ | 3 +V B +w o + restratification.
X )y )z

The contribution of some of the terms of R’ to the rate of
SST change is discussed in section 5. The variables p and
Cpw are the mean density and heat capacity of the ocean
water (p = 10° kg m > and C,,,, = 4.1855 x 10> PSI). Note
that no temperature entrainment associated with temporally
varying mixed layer is considered in this budget since
observed 3-D temperature is only available at seasonal
timescales (CARS climatology).

[15] Because of the scarcity of data at subsurface, the
vertical temperature gradient is assumed constant so that the
two terms, w'(0T/0z) and W(OT'/0z) are not considered in
the heat budget. Note that with the definition of mixed layer
depth based on the temperature criteria of Takahashi [2005],
namely, T(z=0) — T(z = Hyix) = 0.5°C, and the assumption
of a constant mixed layer depth, the anomalous vertical
gradient has to be zero. While all heat flux terms may
experience some indirect relation to the changes in atmo-
spheric and oceanic conditions associated with CJ events,
the sensible and latent heat terms are expected to be
especially important as their magnitude is directly related
to the near surface wind velocity. Also, the net flux, Q'pep
are here approximated as the sum of sensible and latent heat
anomalies (Of ar and O&gns). Following the bulk aerody-
namic formulation of Budyko [1963], Q'ne is therefore
written as follows:

Ot = UlopCe(q10 — gs) + UopCrCp(T1o — Ts)

where Uy, To and g0 are the wind speed anomalies,
temperature and specific humidity at a nominal height of
10 m; g, and T are the temperature and specific humidity at
the sea surface. p is the air density (1.247 kg m ), p,, the
water density (10° kg m™>) and L is the latent heat of
evaporation (2500 PSI). Cp is the air specific heat (1004.8
PSI), and Cz and Cj; the turbulent exchange coefficients for
sensible and latent heat 1.5 x 107> and 1.5 x 107,
respectively. Standard values for (¢;0 — ¢s) and (79 — Ty),
1.5 gkg ' and —1°C, respectively, were used. These values
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are consistent with in situ observations over the subtropical
southeast Pacific [Garreaud et al., 2001].

[16] Following Halpern [2002], vertical velocity associ-
ated with Ekman pumping is inferred directly from wind
stress:

By
P f?

curl(r)

pwt

+

W= Wg =

where 7 and 7, are the wind stress magnitude and the zonal
wind stress, respectively, p,, is water density, f is the
Coriolis parameter, and [ is its latitudinal variation.

[17] Tt is possible to calculate each term of the above SST
equation from the satellite data at our disposal. Considering
errors associated with each data set, it is also possible to
infer the error associated with each term. Details of the error
calculation are given in the Appendix A.

[18] To gain insights on the physical mechanisms at work
during CJ events, Singular value decomposition (SVD)
analysis [Bretherton et al., 1992] was used to derive the
dominant statistical pattern associated to the forcing of the
oceanic circulation. The SVD technique allows capturing
the time/space modes that maximize the covariance between
two data sets. In that sense, it is similar to an EOF (with is
based on the covariance matrix of a single field), but for
each modes, one obtains two time series which, if they are
highly correlated, permits to regress upon the original fields
to obtain the spatial patterns associated with this common
temporal variability. Following Bretherton et al. [1992], the
eigenvectors and eigenvalues of the matrix whose coeffi-
cients are the covariance between, say, wind stress and SST
anomalies, are derived.

[19] Considering the fields S(x, y, ) and T(x, y, #) (for SST
and wind stress), we therefore assume that S and 7 can be
expanded in terms of a set of N vectors, called patterns
[pi(x, ¥), gi(x, ¥)], and expansion coefficients which are the
associated time series of the patterns [a.(?), bi(f)], i.e.,

N N
S=> a(O)pi(x,y) and T =" by(t) - qilx,)-
k=1 k=1

pilx, y) and gi(x, y) can be written as vectors representing
the patterns (7', ¢ ). The “leading” patterns ', and ¢,
are chosen so that the projection of a;(#) of S on 7, has the
maximum covariance with the projection b,(¢) of T on ¢ ;.
Successive pair (P, ¢x) are chosen in exactly the same
way with the added condition that 7', and ¢ are
orthogonal to (7’1, ....., Ps_1) and (q1, -y Gr1)s
respectively. The choice of p'; and ¢, that will maximize
this covariance is deduced from the SVD of the covariance
matrix C = [¢;] with ¢; = [S(x, yi 1) - T(x;, yp, 0)dt,

where (x;, y;) corresponds to the points of the domain over
which the SVD modes are sought. The properties of C are
discussed by Strang [1988, pp. 443-452]. The SVD
consists in the diagonalization of C. The coefficients of
the diagonal matrix are the singular values, generally called
squared covariance fraction, and are ranked in the usual
order from largest to smallest. They represent the squared
covariance accounted for by each pair of singular vectors.
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Figure 3. First mode of the SVD between wind stress and SST anomalies: (a) the wind speed spatial
component (color) and the wind direction (arrows). (b) The SST spatial component. The black thick
contour represents the zero contour, the thick white contour represents the location of the maximum SST
cross-shore gradient. (c) Spectrum of the associated time series: left (right) is for the wind stress (SST).
The upper (lower) scale provides the period (frequency). The dashed lines represent the 5% and 95%
confidence interval estimated from a red noise (Markov). (d) The black (red) line represents the
associated wind (SST) time series; only the period May 2000 to May 2001 is shown. The yellow shading

highlights the October 2000 CJ.

The eigenvectors provide the mode patterns for each field
that are associated to the maximum covariance. The reader
is invited to refer to Bretherton et al. [1992] for more details
on the method and to Wallace et al. [1992] for another
application to geophysical fields.

[20] This technique is used here to derive the statistically
dominant variability timescales and spatial patterns associ-
ated to the upwelling variability directly forced by the Cls
(as opposed to upwelling variability originating from re-
mote forcing in the form of coastal trapped Kelvin waves).
Note that the SVD will capture a variety of variability scales
within the intraseasonal frequency band which are not
necessarily associated to CJ activity. In the following, for
simplicity, we will refer to CJ activity all the variability
scales present in the extracted dominant SVD mode con-
sidering that it explains a significant variance of wind
anomalies along the coast.

3. CJ Air-Sea Mode
3.1. SST-Related Variability

[21] As illustrated in Figure 1, CJs exhibit significant
seasonal variability in both the location of its core (which

moves northward in austral winter) and its activity (more
events on average in austral fall; see numbers of CJ events
indicated in Figure 1). Such variability characteristics are
likely to transfer to the oceanic conditions. To study the
relation between coastal surface winds and SST off central
Chile, the covariability of near surface wind and SST is
examined. A SVD analysis on the daily SST and wind stress
anomalies was performed over the domain [91°W—68°W;
38°S-26°S] for the period 2000—2007. The results for the
spatial patterns and associated time series are displayed in
Figure 3 and statistics are summarized in Table 1. The SVD
is successful in extracting a well-defined dominant mode:
The first mode accounts for 77% of the covariance and 40%
and 41% of the variance in zonal and meridional wind
stress, respectively. Over the entire domain, the first SST
mode explains 15% of the variance, indicating a more
coastally trapped spatial scale of variability than the wind
stress. This value hides regional variations. In particular
near the coast, the local percentage of explained by the first
mode for the SST anomalies can be as high as 40%
(Figure 4). The CJ as revealed by the SVD analysis has a
core centered at 100 km of the coast, and presents a typical
cross-shore extension of ~160 km and a meridional exten-
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Figure 4. SST anomaly explained variance by the first
SVD mode between wind stress and SST.

sion of 220 km (estimated by fitting a Gaussian curve on the
mode patterns), consistent with the study of Garreaud and
Murioz [2005]. The associated SST pattern consists of a
zone of maximum variability along the coast between 38°S
and 26°S with cross-shore spatial scale of ~250 km.
Spectral analysis of the associated series reveals significant
energy peaks at ~15, 18, 27, 29, and 40 d™! for the wind
and at ~18, 25, 27, 29, 40 and 50 d~' for SST. The 5% and
95% interval confidence in Figure 3b was estimated by a
Markov red noise [Gilman et al., 1963]. The concomitant
energy peaks for SST and wind stress are for frequencies
centered around 15-20, 30, and 40 d~!. Since CJ dynamics
is linked to the large-scale synoptic variability [Garreaud
and Murioz, 2005], it is likely that these energy peaks
correspond to peculiarities of the extratropical storm activ-
ity. In fact, there is significant variance concentrated in the
10—-20 day range, which is slightly larger than the typical
synoptic variability range in the midlatitudes (5—15 days). It
is important to keep in mind that we are analyzing a
subtropical region, so not all synoptic disturbances leads
to the formation of a CJ. It is likely that one every two
synoptic disturbances have the intensity and duration to
force a CJ off central northern Chile. The other significant
spectral peak around 40 days, which is in the limits of the
range analyzed in this study, is likely to results from intra-
seasonal variability rather than high-frequency, synoptically
driven CJ events. It is beyond the scope of this paper to
investigate such issue, but we note that such intraseasonal
peak has also been detected in other studies of the SE Pacific.
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For instance, Xu et al. [2005] found that cloud liquid water
over this region exhibits a peak at 8—16 and 40—80 days. The
relationship between CJ event and the large-scale low-level
circulation is further discussed in section 5.

[22] The correlation between the first SVD mode time
series is r=0.52 (¢ = 0.95) (maximum correlation is r = 0.60
for alag of 1 day, wind ahead SST) which confirms the strong
relationship between CJ events and SST variability along the
coast.

[23] In order to infer the seasonal dependence of covari-
ability between wind stress and SST anomalies, the clima-
tology of the 2-month running correlation between the time
series associated with the first SVD mode is presented in
Figure 5. The covariability between wind stress and SST
has a marked seasonal cycle with the highest value for
correlation occurring in September (r = 0.7) when the Cls
are stronger, and the lowest in June (r = 0.31). Figure 5
clearly indicates a seasonal dependence of the upwelling-CJ
relationship.

[24] The second SVD mode accounts for 15% of the
covariance, and is characterized by southward winds off-
shore and northward winds nearshore (not shown), associ-
ated with SST heating and cooling, respectively. The
correlation between PCI1(SST) and PC2(SST) reaches
—0.25 with a lag of 4 days and most likely corresponds
to a decay phase of the jet and a drop off in wind intensity.

[25] To summarize, the statistical dominant mode of
covariability between wind stress and SST in the central
Chile region is representative of the CJ activity. The CJ
participates in SST cooling with the pattern of Figure 3 and
having the largest magnitude in austral fall. The analysis
also reveals a marked seasonal dependence of the upwell-
ing-CJ relationship. The time series for wind stress as
derived from the SVD will be used as an index of CJ
activity in the rest of the paper.

3.2. Surface Current Related Variability

[26] Surface current anomalies are derived from altimetry
and satellite wind stress (see section 2). It was checked that
geostrophic currents contribute the most to the total current
variability in this region. The percentage of explained
variance of the geostrophic component of the meridional
(zonal) current reached 90% (72%) on average over the
studied domain. However, at the regional scale considered
here, one expects that wind stress covaries more with
Ekman currents than with geostrophic currents, which was
checked through SVD analysis considering both compo-
nents separately. The SVD between wind stress amplitude
and Ekman surface currents leads to a dominant mode that

Table 1. Results of the Covariance Analyses for Wind Stress,
SST, and Geostrophic Surface Currents

Correlation Value

Covariance Between the Associated Variance
Dominant Mode (%) Time Series (%)
SST 77 0.52 15
Tx 40
Ty 41
Kl 54 0.39 27
U 10
4
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Figure 5. Climatology of the 60-day running correlation between the principal component for SST and
wind stress. Correlation are significant at the level o = 95%.

explains 86% of the covariance (not shown). Note that this
may be overestimated since OSCAR currents are derived
from the QuikSCAT winds. On the other hand, the SVD
between wind stress amplitude and the geostrophic compo-
nent of OSCAR currents reveal interesting features. Figure 6
presents the results. The wind stress pattern of Figure 6 is
similar to that of Figure 3 indicating that the covariability
between wind stress and geostrophic surface currents is
representative of the CJ activity. The satellite data permits
the detection of a ClJ-related geostrophic current that is
equatorward and confined within a narrow band (~100 km
wide) along the coast, consistent with geostrophic adjust-
ment resulting from the shallowing of the isopycnes at the
coast during upwelling, and similarly to what was observed
in the upwelling off Senegal [cf. Estrade, 2006]. The CJ-
related Ekman currents (contour) extend farther offshore (as
far as ~500 km, not shown). Variability timescales associ-
ated with the principal component for wind stress and
surface current are similar than those in Figure 3, although
with weaker values of correlation (Figure 6¢). The correla-
tion peaks in June and then decreases slightly in winter,
suggesting a different response of the regional circulation to
the CJ according to the season. Note that in June, CJs have
less impact on SST (Figure 5).

[27] Overall, these results for surface currents indicate
that satellite derived currents can grasp some aspects of the
regional circulation variability relevant for the study of
the impact of CJ on SST. In the following, and in the light
of the above, we document the processes responsible for the
SST changes during CJ event from the formerly described
satellite observations.

3.3. Rate of SST Change: Preferential Cooling Process

[28] To understand the main cooling process during CJ
events, the SVD analysis is applied to the terms of the

simplified heat budget described in section 2.2, meaning
that we consider the covariability between the rate of SST
changes, OT'/0t, and the different terms of the SST equation.
Results are presented in Figure 7 and statistics (percentages
of covariance and variance, correlation value between the
principal components) are summarized in Table 2. Only the
map for OT'/0t corresponding to the SVD between OT'/0t
and mean horizontal advection [—(OT"/0x), —W(OT'/0y)] is
presented since the equivalent maps for the other SVD
analyses are very similar to this one (not shown), as are their
associated times series (correlation always superior to r =
0.9 (¢ = 0.95)). Interestingly the pattern for AT'/Ot
(Figure 7a) resembles the one for the wind stress resulting
from the SVD between wind stress and SST anomalies
(Figure 3a) suggesting that the SST tendency is more
directly related to the thermal processes controlled by the
winds, rather than those driven by the SST. The percentage
of covariance of the first mode from the different SVD
results, along with the correlation value between time series,
is indicative of the likely contribution of each cooling
process during CJ activity (see Table 2).

[29] The results indicate first that nonlinear advection
(NDH, Figure 7f) is a marginal contributor to the SST
changes since the SVD results give the lowest percentage of
covariance and correlation between time series compared to
the other tendency terms. On the other hand, cooling
associated with heat loss from the ocean appears to be a
significant process during CJ. However, the mode pattern
associated with heat flux (Figure 7g) is centered south of the
maximum of SST rate of change (Figure 7a) and has a
broader spatial scale. In addition, the maximum correlation
between the SVD mode time series is reached during austral
summer (7—8 months ahead the peak phase of CJ activity)
indicating that the seasonal change in sensible heat is
associated with SST warming during summer rather than
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Figure 6. First mode of the SVD analysis between wind stress amplitude and geostrophic surface
current anomalies near Coquimbo: (a) (left) spatial pattern for wind stress amplitude, (middle) meridional
current anomalies, and (right) zonal current anomalies. The contours for the current patterns represent the
explained variance by the SVD mode. Contour interval is every 20%. (b) Spectrum of the associated time
series for wind stress (back) and total current (red). The dashed lines represent the 5% and 95%
confidence interval estimated from a red noise (Markov). (c) Climatology of the 60-day running
correlation between the associated PC time series. The percentage of covariance is indicated at the top.
Percentages of variance of the modes for the various fields are given in Table 1.

changes in latent heat fluxes associated with wind changes.
It is noteworthy that the SVD in this case is equivalent to a
statistical slab-mixed layer model (i.e., a model that con-
siders only heat flux anomalies for the SST equation), which
is not likely to simulate realistic SST in a region were ocean
(upwelling) dynamics is prominent. For these reasons, the
results for net flux remain difficult to interpret near the coast
where upwelling through Ekman pumping and transport is
expected to take place. As a matter of fact, the mode
patterns for horizontal advection and Ekman pumping
(Figures 7b—7¢ and 7h) indicate a significant contribution
to the cooling confined to the upwelling cell (see also
percentages of covariance in Table 2). Anomalous vertical
advection of mean temperature associated with Ekman
pumping is confined within ~100 km near the coast and
participates in SST cooling with 11% of explained variance.
Note however that the peak phase of the seasonal covari-
ability (yellow line in Figure 7i, February) is 6 months
ahead the maximum correlation for mean horizontal advec-
tion of anomalous temperature (blue line in Figure 7i),
suggesting a seasonally dependant forcing mechanism
through Ekman pumping associated with the CJ-SST mode.

We will investigate this possibility in the case studies in
section 4. Mean meridional advection of anomalous tem-
perature (Figure 7b) is confined within ~220 km of the
coast with minimum amplitude in the northern part of the
domain whereas mean offshore advection of anomalous
temperature (Figure 7¢) contributes to the SST cooling in
the core of the upwelling cell with a percentage of variance
reaching 18%. The latitudinal variability of these contribu-
tions suggests that, near the coast, and in the core of the jet,
increased Ekman pumping leads to increased upwelling that
is associated through surface divergence to offshore mean
advection of SST anomalies (since the SST zonal gradient
near the coast is increased in absolute value). This negative
SST anomaly, at first confined to the central part of the
domain, may produce an anomalous meridional SST gradi-
ent that may extend the SST anomalies northward through
mean meridional advection of anomalous temperature
(Figure 7b). In the meantime, anomalous zonal advection
of mean temperature (Figure 7e) spreads the cooling off-
shore as far as 80°W, reflecting Ekman transport. Finally,
despite the existence of a geostrophic coastal jet associated
with the CJ (Figure 6), anomalous meridional advection of
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Figure 7. First mode of the SVD between the rate of SST change and the advection and heat flux terms
(see text for details): From left to right, spatial patterns for (a) O7"/0t, (b) —w(OT'/dy), (c) —u(0T'/Ox),
(d) —V(0T/dy), (e) —u'(OT/0x), (f) —NDH, (g) —Oner, and (h) —w/(0T/0z), respectively (see text for
details and notation). (i) The climatology of the 60-day running correlation between the PC time series for
each SVD result (except NDH). The dashed gray line recalls the curve of Figure 5. The blue, green, cyan,
and yellow lines represent the climatology for the mean horizontal advection of anomalous temperature,
for the anomalous horizontal advection of mean temperature, for net heat flux, and for vertical advection

associated with Ekman pumping, respectively.

mean temperature has a marginal contribution to the cooling
(Figure 7d). This may be due to the delayed response of the
geostrophic adjustment compared to Ekman adjustment.

[30] The correlation between the SVD time series is rather
high (see Table 2) for the processes of horizontal advection,
which corroborates their dominant contribution to the de-
velopment of the upwelling event. In order to gain insight
on the timing of each process, the climatology of the
running correlation between the SVD time series is estimat-
ed (Figure 7i). It indicates that the correlation for mean
advection of anomalous temperature peaks at the same time
than the peak phase of the coupling between SST anomalies
and CJ activities (dashed gray line; from Figure 5). On the
other hand the correlation for anomalous advection of mean
temperature peaks in March, which suggests some seasonal
dependence of the forcing mechanism of the upwelling
event in relation with CJ activity.

[31] To summarize, the above statistical analysis from
satellite data over 2000—2007 supports the existence of

persistent and seasonally varying CJ activity off central
Chile. The imprints of the CJ in the SST data are revealed in
the results of SVD analysis performed from various quan-
tities. The SST pattern consists in a well-defined upwelling
cell extending from 26°S and 33°S and from the coast as far
as 250 km offshore. SST variability along the coast can be
interpreted as being predominantly due to both mean
horizontal advection of anomalous temperature and anom-
alous zonal advection of mean temperature and, to a lesser
extent, to Ekman pumping whose covariability with along-
shore winds peaks in austral summer, the low season for CJ
activity. Farther offshore (downstream of the CJ), there is a
likely larger contribution of anomalous heat fluxes. Al-
though the SVD analysis provides a meaningful description
of the air-sea interface variability associated with CJ activ-
ity, it does, by definition, hide the peculiarities of individual
CJ events. In particular, as revealed by Figure 1, there is a
marked seasonality in the location of the core and the
amplitude of the CJ. Section 4 investigates two events with
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Table 2. Results of the Covariance Analyses for the SST Rate of
Change and Terms of the SST Equations

Correlation Value

Covariance Between the Associated Variance

Dominant Mode (%) Time Series (%)
oT/ot 40 0.50 12
—u/'(OT/0x) 18
—V(OT/0y) 7
oT/ot 61 0.42 14
—u(0T"/0x) 13
—WOT'/9y) 2
oT/Ot 21 0.30
NDH 12 2
oT/ot 66 0.49 14
QNE7/pz7CpHmix 40
oT/ot 53 0.33 12
—w(0T/0z) 11

distinct characteristics. Focusing on individual events also
allows calculation of a heat budget taking into account the
simultaneous contributions of all the terms of the SST
equation (in contrast to the statistical approach used above).

4. Case Studies: The October 2000 and January
2003 Coastal Jets

[32] Two CIJ events were selected corresponding to con-
trasting situations in terms of intensity and extent: Figure 8
presents maps of the wind speed and SST anomalies during
the periods 9—11 October 2000 and 9—12 January 2003 at
the peak phase of two observed CJs. Whereas the CJ of
October 2000 has a core located at 30°S, the January 2003
CJ peaks at 34°S and has a broader influence on SST,
supposedly due to a larger wind stress curl forcing as
evidenced by the larger zonal change in meridional stress
anomalies. The following details the cooling processes
associated with both events.
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4.1. The October 2000 CJ

4.1.1. Time Evolution

[33] The October 2000 CJ is a well-defined coastal jet
episode that took place from 3 to 15 October 2000 with its
maxima at ~30°S. The event took place very close to
mooring sites (see location of the sites on Figure 8a), and
its atmospheric structure and dynamics have been described
by Musioz and Garreaud [2005], providing background
material for the interpretation of our results.

[34] Figure 8a presents the mean surface wind speed
(contour) and SST anomalies (shaded field) between 9 and
11 October which represents the CJ peak phase. As in other
coastal jet events [e.g., Garreaud and Muiioz, 2005] there is
a tongue of high southerly winds (in excess of 12 m s~ ")
extending from the coast toward the northwest, with the
jet’s core situated at 30°S and about 100 km off the coast.
The pattern of Figure 8a is similar to that of the SVD mode
shown in Figure 3a, although it is shifted to the north by 6°.
Significant sea surface cooling is observed along the coast,
mostly confined to the area of strongest wind speed (>10 m
s 1. In particular, the maximum cooling (<—1.2°C) is
found at 30°S within 100 km off the coast, just underneath
the core of the jet.

[35] In order to follow the evolution of the CJ and its
impact on the oceanic conditions, Figure 9 (top) shows the
original and 4-day filtered TMI SST and daily QuikSCAT
wind speed at the same offshore point (73.2°W, 30.1°S)
studied by Garreaud and Muiioz [2005]. The wind speed
increased sharply on 3 October, remained above 10 m s~ '
until 15 October and decreased sharply afterward. Particu-
larly steady conditions in the intensity (~13 m s™') and
position of the jet were observed in the period 9—-11
October. The meridional component (southerly winds)
accounted for over 90% of the wind speed. The SST
dropped by about 1.5°C from 3 October (jet onset) to 11
October and then gradually increased.

5
S
E -32] }

-34

-36 1
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Longitude Longitude
Figure 8. (a) Spatial structure of the SST cold anomaly related to the October 2000 CJ during the peak

phase (9—11 October 2000). The shaded field indicates the mean SST anomaly during the peak phase of
the CJ. The thick contours (each contour represents 1.0 m s~ ') and arrows stand for the QuikSCAT
surface wind speeds (m s ') and direction, respectively. For clarity, vectors are shown every two grid
points. The green stars indicate the offshore and coastal mooring sites, and the black circle indicates the
location of the site studied by Garreaud and Murioz [2005]. (b) Same as Figure 8a but for the January
2003 CJ during the peak phase (9—12 January 2003). The black circle indicates the location of the site
where the heat budget was carried out (see Figure 11).
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Figure 9. A detailed view of the temporal variation of ocean temperature and surface wind during the
October 2000 coastal jet event. (top) The sea surface temperature estimated by TMI at 73.2°W, 30.1°S
(gray dots). (middle) the ocean temperature measured at the nearshore mooring (gray dots) (COSMOS,
see Figure 8) at depths of 218 and 340. (bottom) Same as Figure 9 (middle) at depths of 476 and 730 m.
Solid lines show the temperature variation after the application of a low-pass filter (f,=3 d~"). The filtered
temperature variation at 380 m at the offshore mooring site (OCEMOS, dash-dotted line) is shown on the
same axis as the 340 m temperature data. The daily mean QuikSCAT wind speed estimates at the same
location as the TMI data are also shown (dark squares connected by dashed line).
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(a) Heat budget during the cooling phase of the October 2000 CJ (7—11 October 2000).

Mean anomalies (colors and contours) of the advection and heat flux terms of the SST equation for (from
left to right) —w(OT/0y), —u (0T /0x), —V'(OT/0y), —u'(0T/0x), —NDH, —QOnzr and —w'(0T/0z) (see
text). Units are °C d~'. (b) Same as Figure 10a but for the January 2003 CJ (the cooling phase spans the

period 7—11 January 2003).

[36] The in situ data from the coastal mooring allows
examination of the impact of the CJ on subsurface temper-
atures (Figure 9, middle and bottom). Cooling of 1°C at
218 m and 340 m, and 0.5°C at 476 m, is observed from the
onset of the CJ event until its end on 15 October, followed
by a more rapid warming on 16—17 October. At 730 m
there is no temperature variation indicating a baroclinic
response of the ocean to the CJ. Thus, while the cooling
decreases with depth, we observe a correspondence
between the CJ behavior and in situ temperature at the
coastal site.

[37] In contrast with the observations near the coast, at the
offshore mooring (OCEMOS) the ocean temperature exhib-
its only a weak decrease over the course of the CJ event,
with no clear relation to the surface wind speed. Consistent
with Figure 6a, the zonal and meridional surface current
increased westward and northward, respectively, during the
CJ, slightly prior to the peak phase of the event (not shown).
4.1.2. Heat Budget

[38] We now investigate the mechanisms by which the CJ
influences the ocean and leads to the localized SST cooling
features described previously.

[39] A simplified heat flux budget similar to the one used
in section 3 is considered over the period of the CIJ.
Figure 10a presents the maps of the different terms of the
SST equations integrated over a 5-day period prior to the peak
phase of the event (11 October 2000). Consistent with the
results of the SVD analysis, heat fluxes, mean meridional and

zonal advection of anomalous temperature and anomalous
zonal advection of mean temperature have a significant
contribution to the SST cooling during this particular CJ
event. Close to the coast, near 30°S, the cooling trend at the
surface reaches about —0.04°C d ™' (£0.02°C d~ "), —0.05°C
d™' (£0.028°C d'), —0.02°C d~' (+0.01°C d~') and
—0.02°C d~' (£0.01°C d "), respectively. NDH and vertical
advection associated with Ekman pumping make only a
marginal contribution to the cooling. The Figure 1la
displays the time evolution of each of these terms at
(73.2°W, 30.1°S) along with the rate of SST change.
Within the estimated range of errors (see Appendix A
for the detailed calculation of the errors), the cooling at the
peak phase of the October 2000 CJ can be explained to
some extent (~55%) by the summed contribution of the
different processes considered here, with the meridional
and zonal advection and heat fluxes making the largest
contribution. The contribution of other processes, consid-
ered here in the residual of the heat budget, is discussed in
section 5.

4.2. The January 2003 CJ

4.2.1. Time Evolution

[490] The January 2003 CJ is a well-defined coastal jet
episode that took place from 7 to 15 January 2003 with its
maxima at ~34°S. The main reason for investigating the
oceanic response to this event was the fact that it occurs
during austral summer (favorable CJ period) and its core is
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(2) Sum up of the results of the heat balance for the October 2000 CJ near (73.2°W, 30.1°S).

The orange, blue, green, and black lines represent the cooling rate for the heat fluxes, meridional
advection, zonal advection, and vertical advection associated with the Ekman pumping, respectively. The
yellow line is the summed up contribution of the advection and heat flux terms, and the gray shaded field
provides the range of values allowed by the summed up contribution of the error for each term. The red

line represents the SST rate of change. (b) Same as
of the site is (75°W, 33°S).

located near 35°S in accordance with the result of the SVD
analysis (Figure 3). In that sense it is considered as a
“typical” CIJ.

[41] Figure 8b presents the mean surface wind speed
(contour) and the SST anomalies (shaded field) averaged
between 9 and 12 January (peak phase). Significant sea
surface cooling is observed along the coast, mostly confined
to the area of strongest wind speed (>10 m s™'). The
maximum cooling (<—1.5°C) is found at 35°S just under-
neath the core of the jet.

[42] In order to follow the evolution of the CJ and its
impact on the oceanic conditions, Figure 12 shows the
original and 4-day filtered TMI SST and daily QuikSCAT
wind speed at the same offshore point (75°W, 34°S) (see
location on Figure 8b). The wind speed increased sharply on
7 January, remained above 10 m s~ ' until 12 January and
decreased sharply afterward. Particularly steady conditions
in the intensity (~12 m s~ ') and position of the jet were
observed over the period 9—12 January. The meridional
component (southerly winds) accounted for over 85% of the
wind speed. The SST dropped by about 1.1°C from 7
January (jet onset) to 12 January and then gradually
increased. Surface currents as seen by altimetry were also

14

Figure 11a but for the January 2003 CJ. The location

affected (not shown). The total anomalous zonal and me-
ridional current (dominated by the Ekman component)
increased westward and northward, respectively, during

the ClJ.
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Figure 12. A detailed view of the temporal variation of
ocean temperature and surface wind during the January
2003 CJ event. Gray dots show the sea surface temperature
estimated by TMI at (73.2°W, 30.1°S). Solid lines show the
SST variation (a low-pass filter (f, = 3 d~') was applied).
The daily mean QuikSCAT wind speed estimates at the
same location as the TMI data are also shown (dark squares
connected by dashed line).
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Ap]pendix B) during the “warming” phase of the October 2000 and January 2003 CJ events. Units are °C
q

. Contours are every 0.02°C d ™.

4.2.2. Heat Budget

[43] The heat budget calculation was also applied for the
January 2003 CJ. The Figure 10b presents the estimation for
each term of the heat budget averaged over the 5-day period
preceding the peak phase of the event (11 January 2003).
Unlike the October 2000 CJ, heat flux forcing is the main
contributor to the SST change, with the cooling reaching
0.04°C d~'. Anomalous meridional advection of tempera-
ture and, to a lesser extent, zonal advection of anomalous
temperature, also contribute to the drop in SST, although
with a more localized impact. They produce a cooling trend
near the coast of the order of 0.02 and 0.015°C d !,
respectively.

[44] The Figure 11b displays the evolution of the SST
equation terms at (75°W; 34°S). Within the estimated range
of errors (see Appendix A), the cooling can be explained to
some extent (~44% at the peak phase) by the different
processes considered here, with meridional advection and
heat flux having the largest contribution.

5. Discussion and Conclusions

[45] On the basis of satellite data, we have documented
the characteristics of coastal jet activity and its impact on

the ocean temperature off the coast of central Chile (35°—
25°S). QuikSCAT data reveals that CJ episodes last between
3 and 10 days (average value of 4.5 days) and occur two or
three times (1 or 2 times) per month during the spring-
summer season (fall-winter season). Their location (maxi-
mum wind amplitude) has also a marked seasonal cycle
with the winter-season (summer-season) CJ taking place at
~30°S (35°S). During their occurrence, the surface wind
speed can reach up to 15 m s~ ' (twice the climatological
mean) over a meridionally elongated region about 300 km
wide and centered about 100 km from the coastline. The
region between 29 and 36°S experiences the most frequent
occurrence of CJ and encompasses two of the major
upwelling areas along the Chilean coast.

[46] Covariance analyses between oceanic and wind data
derived from satellite reveal that CJs off Chile have a
significant impact on the regional oceanic circulation. First,
ClJs are associated with an upwelling cell that consists in an
elongated region between 26°S and 36°S with a SST front
~220 km offshore (Figure 3b). Second, and consistent with
Ekman theory, CJ events are associated with offshore
Ekman transport and along-shore wind-forced currents.
Interestingly, the satellite data also permit the detection of
the narrow along-shore equatorward oceanic jet, associated
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Figure 14.

(a) Principal component for wind stress (PC1) of the results of the SVD between wind stress

components and SST (Figure 3). (b) Power wavelet spectrum of PC1 using the Morlet wavelet. Contours
represent values above the 95% confidence level (red noise = 0.72). (¢) The scale-averaged wavelet
power of PC1 over the [1-16] d™' frequency band (dashed black line) and over the [15-60] d~'
frequency band (black line) and the NINO4 SST index (shaded field). The NINO4 SST index
corresponds to the SST averaged in the region (150°E—150°W; 5°N—5°S). Data are from the HadISST1

data set [Rayner et al., 2003].

with the geostrophic adjustment to the cross shore density
gradient induced by the shallowing of the isopycnes during
upwelling event. This is consistent with numerical and
observational studies of the eastern boundary systems [Hill
et al., 1998; Estrade, 2006]. The SVD analysis also reveals
a marked seasonal cycle of the link between CJ and SST,
with a peak season in austral fall (Figure 5). Within the
limitations of the available satellite data sets, a simplified
heat budget is proposed to document further the processes at
work during the upwelling event. From a purely statistical
view, it indicates that SST changes during the Cls are
predominantly associated with anomalous zonal advection
of mean temperature and mean zonal advection of anoma-
lous temperature during the peak season of CJ activity
(austral fall), and to heat flux forcing and Ekman-driven
coastal divergence during austral summer (Figure 7).

[47] Two coastal jet events occurring in the summer and
winter seasons were then investigated in detail. The October
2000 CJ was chosen because of the availability of in situ
oceanic data and the existence of background material for
its interpretation [ Garreaud and Mursioz, 2005]. The January
2003 event was arbitrarily chosen from several well-marked
summer events over 2000—2007. For the October 2000 CJ,
mooring data at a site within 13 km of the Chilean coast
showed a temperature variation at depth (shallower than

476 m) in phase with and of similar magnitude to the
observed surface cooling. This suggests that increased
offshore current transport of the upwelled waters is the
primary cause of SST drop in the vicinity of the jet, which
was confirmed by the northward and westward current
increase observed in the OSCAR product. Moreover, heat
budget calculations indicate that horizontal advection
accounts for 45% (+23.7%) of the cooling in the core of the
jet during 11 October 2000. Horizontal currents transport the
cold water front from the upwelling region to the open ocean.
Increased latent and sensible heat flux within the CJ could
contribute, to about 16% (x£10.7%) of the cooling rate in the
core of the CJ for 11 October 2000. On the other hand, Ekman
pumping has a negligible contribution. The January 2003 CJ
has a different heat budget, with horizontal advection and
anomalous heat flux having weaker contribution to the cool-
ing (19% and 22%, respectively). The differences in the
preferential cooling processes for the two events are attrib-
uted to the different mean atmospheric and oceanic condi-
tions and to the different characteristics of the CJs (location of
the core and intensity). Note that the Ekman Pumping
contribution to the cooling is stronger during the January
2003 event than during the October 2000 event.

[48] We now discuss limitations of the data sets and the
assumptions made for calculating the heat budget. First of

16 of 22



C08006 RENAULT ET AL.: COASTAL JET AND UPWELLING OFF CHILE C08006
10¢ T — -
A . & 6
oF » 1
4
-10F
8 . &2
=20 @
g ] g
E b o &
< - N q a
=30 » |
|
r‘ V- 2
SR
- ‘ ‘f“ < i
/
o =4
o
) ‘ =
]

em/s/PC

—90
Longitude
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pressure field.

all, the lack of subsurface data led us to consider a constant
mixed layer depth although entrainment associated with a
change in MLD during the CJ may take place. This is
equivalent to neglecting the contribution of the term

OH,;. [SST — T(z = Hyiy))

at H, mix

in the equation for the rate of SST change, which could be
inappropriate. Indeed, during periods where winds are
picking up and temperature drops, entrainment is likely to
play a role in further reducing mixed layer temperature. The
contribution of this term could be estimated by model
experiment. In particular, a KPP 1-D model that has been
shown to realistically reproduce mixed layer deepening
through shear-driven turbulence [Large et al., 1994] could
be tested, which could be compared to estimates that
consider the three-dimensional circulation as simulated by a
high-resolution regional model. During periods where
winds drop and temperature increases near-surface frontal
processes lead to a restratification tendency that is thought
to be significant. Such an effect can be estimated using the
recent parameterization by Fox-Kemper et al. [2008]. The
calculation of the rate of SST change induced by
restratification process from SST observations and the
assumptions are given in the Appendix B. The estimate of
the SST changes induced by such process during the
decaying phase of the CJ events is displayed in Figure 13
for the October 2000 and January 2003 CJ events. It can be

compared to Figure 10. Despite the uncertainty associated to
the assumptions (see Appendix B), Figure 13 indicates that
restratification associated to mixed layer eddies tends to
enhance the warming trend after the peak phase of the CJ
events in the region of the core of the CJs (see Figure 9),
with mean tendency reaching ~0.05°C d~'. Note however,
that using SST to determine horizontal density gradients
tend to overestimate the fluxes because there must often be
compensating salinity gradients, so that much of the small-
scale SST gradient does not lead to a density gradient (B.
Fox-Kemper, personal communication, 2009). In the absence
of'a highly sampled salinity data set, it is difficult to go further
without model experiments. As regards to the horizontal
diffusion of temperature, K (0*T/0x*) + KAO*T10y%),
which is neglected in the heat budget, it has apparently a
small contribution to the change in temperature within the
assumptions considered here (i.e., using mean homogeneous
diffusion coefficient taken from Chaigneau and Pizarro
[2005]). Its contribution is less than 1% of the maximum
values for the SST rate of change for the two CJs considered
in the study. Again, modeling experiment could allow further
refinement of the estimation of its contribution.

[49] The lack of data also leads to the assumption made
for the formulation of the heat flux forcing term of the
mixed layer model. Bulk formulas are used that consider
changes in the wind only, although humidity and air
temperature changes can have a significant impact on the
heat flux variability. Moreover, the contributions of both the
solar radiation and long-wave radiation to the net flux were
not considered. Garreaud and Muiioz [2005] suggested that
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ClJ events are characterized by reduced cloudiness over the
region of enhanced wind. Thus, the SST could warm due to
positive solar radiation anomalies during CJ event. Note
however that long-wave heat flux anomalies could compen-
sate for this warming tendency since the contribution of the
ocean to the long-wave radiation is the heat lost by
blackbody radiation, and the contribution of the atmosphere
is the downward infrared radiation emitted by the atmo-
sphere (clouds in particular). Thus, clear sky coastal jets
should limit the contribution of the atmosphere and cause an
increase of heat lost by the ocean and as a consequence a
cooling of the ocean temperature. The study of such rather
subtle mechanisms will definitely require a superior obser-
vational data set or/and high-resolution regional model
simulations.

[s0o] Finally, it is worth mentioning the limitations asso-
ciated with the resolution and coverage of the data sets. The
QuikSCAT satellite does not provide data in a narrow fringe
along the coast, the so-called “blind zone,” so that wind
stress curl for deriving Ekman pumping is not available
nearshore. On the basis of a high-resolution atmospheric
model, Pickett and Paduan [2003] have also shown that the
Ekman pumping is underestimated using coarse grid prod-
ucts or low-resolution atmospheric models. Close to the
coast, they underlined the presence of a wind drop-off zone
which induces wind stress curl characteristics having the
potential to drastically impact Ekman pumping. Capet et al.
[2004] also stressed this sensitivity for the California coast
from high-resolution model experiments. Modeling work
needs to be undertaken to estimate the sensitivity of the
upwelling response to the resolution and characteristics of
the atmospheric forcing in this region. Current data also
have a relatively low resolution even though they are based
on the 1/4° resolution sea level product [Ducet et al., 2000].
Recent efforts have been made to improve the mapping of
these currents for regional studies since they can be valuable
in regions where no in situ observing system is in place or
for complementing ARGO floats or drifters data.

[5s1] Despite these limitations, our study illustrates the
value of satellite data in documenting the atmospheric and
oceanic variability at the regional scale. Along with provid-
ing insights on the mechanisms at work for producing SST
changes along the coast of central Chile, satellite data can
also be used for monitoring the intraseasonal variability
associated with CJ events. A CJ activity index can be
derived on the basis of the principal component of the
result of the SVD between SST and wind anomalies derived
from satellite data (Figure 3). Interestingly this index
exhibits variability modulation at a wide range of time-
scales, from seasonal to interannual (see Figure 14), sug-
gesting a connection between the synoptic scale variability
and the upwelling variability off central Chile. In particular,
forcing of equatorial origin in the form of Kelvin waves can
propagate along the coast and modify the background
upwelling conditions and thereby the relative contribution
of the cooling processes during CJ events discussed in this
studies. Because of the rather short length of the record and
the relatively weak interannual variability over 2000—2007
(see the NINO4 index on Figure 14c), it was not possible to
relate the interannual equatorial Kelvin wave (as estimated
from the SODA 1.4.3 Reanalysis [cf. Dewitte et al., 2008]
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and/or linear model simulations) with the indices of the
modulation of CJ activity. Since Kelvin waves experience
changes in amplitude and vertical structure during their
propagation from the eastern equatorial Pacific up to central
Chile, such investigation would require a proper estimation
of the coastally trapped Kelvin wave characteristics at
~30°S. This could be addressed through regional modeling.
At this stage it is interesting to note that the CJ activity
index is tightly linked to the large-scale synoptic variability
of the midlatitudes, in particular the variability of the
anticyclone of the southeastern Pacific. The Figure 15
shows the regression between the CJ activity index and
the low-level circulation in the southeastern Pacific. It
indicates that the CJ off central Chile and associated
upwelling are driven by the passage of a migratory anticy-
clone over southern Chile around 42°S. When the center of
the anticyclone is off the coast, the along-coast sea level
pressure increases from north to south (opposite to the
climatology, in which pressure decreases poleward). Such
poleward pointing pressure gradient cannot be balanced by
the Coriolis force since the presence of coastal topography
(up to 1000 m above sea level (ASL)) and Andes cordillera
(up to 4000 m ASL) precludes the development of zonal
(cross-shore) flow in the lower troposphere. The pressure
gradient then accelerates the along-shore flow (i.e., south-
erly winds) until turbulent mixing within the atmospheric
marine boundary layer close the force balance. The inspec-
tion of the circulation at 850 hPa and pressure maps from
NCEP/NCAR for the individual CJ events studied in this
paper are consistent with this interpretation (not shown),
confirming that upwelling intraseasonal variability along the
coast of central Chile is forced by the synoptic circulation in
the southeastern Pacific.

[52] Overall, our study provides background material for
the understanding of the upwelling variability off central
Chile that can be compared to other regions with compara-
ble characteristics such as the central Peru coast. It can also
be used for the validation and interpretation of regional
high-resolution simulation. While there are ongoing efforts
to develop denser regional observing systems in this region,
the development of coupled oceanic-atmosphere high-
resolution model is currently under consideration in order
to document further the processes associated with upwell-
ing variability in this region.

Appendix A: Errors Estimates

[s3] For the currents, following Johnson et al. [2007], we
defined the “Oscar skill,” sk, as the ratio of the RMS
difference between drifter data and OSCAR and the RMS of
the drifter data (Sk = [RMS(Ud”ﬁgm — UOSCAR)/Udriﬁem])~
The associated error of zonal and meridional currents is then
given by 1 — sk. Figure Al provides a comparison of the
statistics for the drifters data and OSCAR in the studied
region. OSCAR currents exhibit a good agreement with the
drifter data with a skill of 0.38 (0.27) for the zonal
(meridional) component. This corresponds to average errors
Err(u) = 62% and Err(v) = 73% for the zonal and meridional
currents, respectively, in the study region.

[s4] Since an estimation of the horizontal SST gradient
error is not available, we used instead, the standard devia-
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Figure Al. (top) Scatterplots of the drifter versus the OSCAR velocity for the region [80°W—70°W;
35°S—-25°S] over the period September 1996 to November 2007. (bottom) Histograms of the difference
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tion o of the high frequencies SST gradient (fc < 60 d™ ")
[e.g., Chelton et al., 2007]. Then, using the same notation as
in section 2, the errors associated with advection are given

by

[55] The results of the calculation of the errors for the two

studied CJs are displayed in Figure A2, which can be
compared to Figure 10.

u OT | Ox Err(u) T | Ox u o (9T /ox)
ol vV 0T /Oy | =abs| Err(v) OT /0y | +abs| V o (8T /oy)
w T )0z a(w) T 0z w o (8T /0z)
u oT' | ox Err(u) o1’/ dx u o(0T'/dx)
ol v oT' /9y | = abs| Err(v) oT' /oy | +abs| v (0T /dy)
w o1’/ 0z o(w) oT' )0z w o(0T'/0z)
and
Y7/ ! 4
(NDH) = Err(u) ’%—T‘ +Enr(v) %—T' +o(w) %T
X ) ‘ Appendix B: Estimation of Restratification From

o (77 4 o (7T or
wlo( o, vaay 7\ 5

For heat flux, on the basis of the available in situ data
[Garreaud et al., 2001], a Monte Carlo test is carried out to
derive an error associated with ¢;9 — gs and 779 — Ts. We
find Err(q;9 — gs5) = 0.3 and Err(7}9 — T's) = 0.5. QuikSCAT
error daily maps provided by the CERCAT are then used to
derive the total error for heat flux. Those maps are also used
to derive the error associated with Ekman pumping.

SST

[s6] The vertical flux associated to restratification was
estimated from observations using the parameterization
proposed by Fox-Kemper et al. [2008]. We use a similar
methodology as did Fox-Kemper and Ferrari [2008, section
3] that estimates the vertical heat flux due to MLE restra-
tification from observations, except that they use altimetry
for deriving the horizontal buoyancy gradient instead of
SST.
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[57] We wish to estimate the contribution of restratifica-
tion to the rate of SST change, namely,

1 owl
- gar 0z

Y7/
oT, restrat __

owT 1
o 0z

with b’ = gaT(ar was computed following McDougall
[1987] for values for temperature corresponding to the mean
climatological temperature in the region of the core of the
CJ, i, ~15.5°C), where the maximum value of w7’
occurs at the middepth of the mixed layer. The term w’ - b’ is
the vertical heat flux due to mixed layer eddy (MLE)
restratification [see Fox-Kemper and Ferrari, 2008].
Following the notation of Fox-Kemper and Ferrari
[2008], the double overline indicates horizontal averaging
onto the grid of the coarse model, and primes denote
submesoscale perturbations. In our case, a resolution of
0.25° is used so that a grid cell is a 0.25° x 0.25° square.

[s8] Following the parameterization of Fox-Kemper, this
leads to

or! owh CeHz(Vﬁr

restrat __

ot gardz

e
garlf| 0z

where p(z) is the vertical structure function of the
overturning stream function associated to the MLE
restratification. It is provided by Fox-Kemper et al. [2008]
[see also Fox-Kemper and Ferrari, 2008, equation (4)].

[s9] Considering again that temperature is uncompensat-
ed by salinity:

Voo ~ garVT

(Note that since the coastal jet impact on SST has a rather
uniform meridional extension (see Figure 3b), it is expected
that buoyancy horizontal gradients are dominated by the
zonal component, so that VoY ~ (9b7/0x) ~ —ga(OT/
Ox)).

[60] Therefore,

!’
aTrestrat —

ot /1

We use C, = 0.06 [cf. Fox-Kemper and Ferrari, 2008], f =
1.45 x 10~* s~ ! sin (latitude) and g = 9.81 m s~ %; 9T/9x +
OT /9y is derived from TMI; Ou/Oz is taken for z = 0 (at the
surface). From equation (9) of Fox-Kemper and Ferrari
[2008], one derives

o ay

B garC.H? [0T'
0z

6T’] 2 ou

ou 104
2.0 =5

H is the mixed layer depth at the peak phase of the event. In
this absence of ML data during the periods of the CJ events,
the climatological values are used.
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