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ABSTRACT: The west coast of subtropical South America is characterized by a semi-arid climate and very persistent
southerly winds that often exhibit a low-level jet structure. The nearly alongshore flow forces coastal and offshore upwelling
of cold, nutrient-rich waters, thus supporting one of the most productive marine ecosystems in the world and a wealth of
fishery resources. Therefore, the evaluation of the changes in the coastal winds in future climate is a key step to predict
the regional environmental impacts of global climate change linked to anthropogenic greenhouse gas (GHG) increases.

In this work we document the wind changes between present-day conditions and those projected for the end of the
21st century under two Intergovernmental Panel on Climate Change (IPCC) scenarios (A2 and B2). We first estimate and
interpret the changes of the wind field over the southeast Pacific from 15 coupled atmosphere—ocean Global Circulation
Models (GCMs). Very consistent among the GCMs is the strengthening of the southerlies along the subtropical coast as
a result of a marked increase in surface pressure farther south. We then examine the coastal wind changes in more detail
using the Providing REgional Climate for Impact Studies (PRECIS) regional climate model (RCM) with 25 km horizontal
resolution nested in the Hadley Centre Atmospheric global Model (HadAM3). PRECIS results indicate that the largest
southerly wind increase occurs between 37—41°S during spring and summer, expanding the upwelling-favourable regime
in that region, at the same time that coastal jets at subtropical latitudes will become more frequent and last longer than
current events. During fall and winter, the strengthening of the southerlies occurs at subtropical latitudes maintaining a
mean jet year-round. Finally, we discuss the possibility that strengthening of the coastal southerlies might actually lead to
a relative regional cooling even as the world as a whole continues to warm up. Copyright © 2008 Royal Meteorological
Society
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1. Introduction 2002; Yuras et al., 2005). The wind field itself often
exhibits a mesoscale coastal jet structure off central Chile
(Garreaud and Muifioz, 2005), producing a particularly
favourable environment for enhanced sea surface cooling
and oceanic eddy generation (e.g. Chaigneau and Pizarro,
2005). The variability of the coastal winds is in turn
associated with changes in the position and intensity of
the subtropical southeast (SE) Pacific anticyclone and sea
level pressure (SLP) anomalies farther south (Mufioz and
Garreaud, 2005).

In this work, we study the changes in the surface wind
field off western subtropical South America in future
climate scenarios, and explore their possible impacts
on sea surface temperature (SST). An overview of the
present-day atmospheric coastal circulation is provided in
Section 2. We then address the changes between present-

There are an increasing number of studies addressing
the local- and regional-scale impacts of the GHG-related
global climate change (see reviews Christensen et al.,
2007). Most of these studies focus on the potential
changes in temperature and precipitation because of
their direct and profound societal and environmental
impacts. For the subtropical coast of western South
America (25-35°S, north-central Chile), however, the
most important impacts may be associated with changes
in the surface wind regime. On one hand, the region
has a very arid climate and model-based predictions for
the 21st century do not show any significant change in
such conditions (e.g. Fuenzalida ef al., 2007). On the
other hand, the predominantly southerly winds are a
key ingredient of the regional environment as they force

upwelling of cold, nutrient-rich waters along this nearly
north-south oriented coastline, thus supporting one of the
most productive marine ecosystems in the world and a
wealth of fishery resources (e.g. Rutllant and Montecino,

* Correspondence to: René D. Garreaud, Department of Geophysics,
Universidad de Chile, Blanco Encalada 2002, Santiago, Chile.
E-mail: rgarreau@dgf.uchile.cl

Copyright © 2008 Royal Meteorological Society

day conditions and those projected for the end of the 21st
century (2071-2100) for two Intergovernmental Panel
on Climate Change (IPCC) scenarios: Special Report on
Emissions Scenarios (SRES) A2 and B2 (Nakicenovic
and Swart, 2000). In Section 3, a first estimate of the
changes in the coastal wind is derived from coupled
atmosphere—ocean GCMs outputs. Results from more
than a dozen coupled GCMs are currently available
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allowing us to examine the consistency of specific
climatic projection among the models. Nevertheless,
most GCMs have a horizontal grid spacing coarser than
200 km, and therefore, they tend to miss mesoscale
details of the wind field that are important for the coastal
upwelling. A more detailed picture of the changes is
obtained in Section 4 from the results of a regional
climate model (RCM) that was also run for 2071-2100
time slice for the A2 and B2 scenarios. Here we have
used the Providing REgional Climate for Impact Studies
(PRECIS); (Jones et al., 2004) RCM with a 25-km grid
spacing and forced by the Hadley Centre Atmospheric
Model version 3 (HadAM3); (Pope et al., 2001) at their
lateral boundaries. PRECIS is, however, an atmospheric-
only model, so the possible changes in SST are discussed
in Section 5 using a ‘conceptual-downscaling’ of our
PRECIS results, as well as an examination of the outputs
from coupled GCMs. A summary of our main findings is
presented in Section 6.

2. Coastal circulation overview

In this section, we provide an observational overview of
the low-level circulation off the subtropical west coast
of South America; a more detailed description of the

(a) QuikScat (SONDJF) (b)  PRECIS R20C

circulation is presented in Garreaud and Muiioz, 2005,
(GMO05). Our primary database is the version-3 QuikScat
surface wind stress fields for the period January 2000 to
December 2005, obtained from Remote Sensing Systems
(www.ssmi.com). Specifically, we used daily fields of sea
surface wind components (#g and Vi) and wind speed
(ws) on a 0.25° x 0.25° latitude—longitude regular grid.
Monthly averages are denoted by capital letters (e.g.
W;). Monthly mean SLP and wind were obtained from
the NCEP/NCAR reanalysis (Kalnay et al., 1996) for
the period 1960—2005. In spite of its coarse horizontal
resolution (2.5° x 2.5°), reanalysis data do capture the
mean seasonal cycle and the inter-annual variability of
the meridional wind off central Chile.

The subtropical (25°—35°S) coast is under the influ-
ence of the SE Pacific anticyclone resulting in very persis-
tent low-level southerly winds year-round (Figures 1(a)
and 2(a)). As the coastline is approximately north-south
oriented, and the centre of the anticyclone is about
1000 km to the west of the continent, the surface wind
field forces upwelling of cold waters along the coast (due
to Ekman transport) and farther offshore (due to Ekman
pumping) (e.g. Shaffer er al., 1999). The cold waters
along the coast also contribute to the formation of an
intense air temperature inversion with its base at ~600 m,
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Figure 1. Long-term mean surface winds (arrows, scale at the bottom, upper row) and surface wind speed (shaded, scale at the bottom, upper row)
for spring/summer (September to February) using (a) QuikScat data (2000—-2005), (b) PRECIS R20C simulation (1961-1990), and (c) PRECIS
RA2 simulation (2071-2100). Hatched area in panel (a) indicates no QuikScat data. Panel (d) shows the surface wind (arrows, scale at the
bottom, lower row) and surface wind speed (shaded, scale at the bottom, lower row) difference between PRECIS simulations RA2 minus R20C.
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Figure 2. Long-term mean surface winds (arrows, scale at the bottom, upper row) and surface wind speed (shaded, scale at the bottom, upper

row) for fall/winter (March to August) using (a) QuikScat data (2000—-2005), (b) PRECIS R20C simulation (1961-1990), and (c) PRECIS RA2

simulation (2071-2100). Hatched area in panel (a) indicates no QuikScat data. Panel (d) shows the surface wind (arrows, scale at the bottom,
lower row) and surface wind speed (shaded, scale at the bottom, lower row) difference between PRECIS simulations RA2 minus R20C.

capping the cool marine boundary layer (MBL); (Gar-
reaud and Muiioz, 2005). The prevalence of southerly
winds decreases pole-ward along the coast due to the
passage of mid-latitude weather systems. At 40°S (the
southern limit of our study region) the monthly mean
southerlies are restricted to austral summer.

Daily wind fields often exhibit a meridionally elon-
gated southerly jet off the subtropical coast, where sur-
face wind speed can reach up to ~15 ms™! (twice the
climatological mean). The jet core is located at the top
of the MBL, has a cross-shore scale of about 300 km and
its axis is about 100 km off the coast (GMO05). Coastal
jets are observed about 60% of the time during austral
spring and summer, clustered in events that last between
3 and 7 days, and they generally cause a marked cool-
ing of the sea surface (Renault ef al., 2007). Because
jet events occur frequently and with recurrent position-
ing from September to February, the long-term monthly
means also exhibit a coastal jet structure (Figure 1(a)).
During fall and winter, jets are observed less often (30%
of the time) and interrupted by periods of very weak
southerly or even northerly winds. Consistently, the long-
term monthly means from March to August only hint at
a coastal jet structure (Figure 2(a)).

The occurrence of a southerly jet is linked to the pas-
sage of a surface anticyclone at mid-latitudes producing a

Copyright © 2008 Royal Meteorological Society

north-south pressure gradient along the coast (Mufioz and
Garreaud, 2005). The very steep coastal terrain precludes
the development of low-level easterly (cross-shore) flow
that would geostrophically balance this pressure gradient.
Instead, the meridional (southerly) flow accelerates until
turbulent friction in the MBL balances the pressure gra-
dient force. Changes in the meridional pressure gradient
explain more than 80% of the day-to-day variability of
the surface wind speed off the coast (Mufioz and Gar-
reaud, 2005). The ageostrophic relationship also holds at
intra-seasonal and inter-annual timescales, as suggested
by the scatter plot (Figure 3) between monthly mean val-
ues of W at 33°S—74°W and the SLP difference between
38" and 28°S along 74°W (SLPy). Considering monthly
mean values from November to February, there is a sig-
nificant correlation (r = 0.67) between these variables,
with a fitted-line slope of dW;/dSLPy ~1 m.s~!/hPa.

3. Coastal winds in coupled GCMs

A first estimate of the potential changes in the coastal
wind circulation is obtained from the outputs of 15 cou-
pled GCMs (see Table I for details), a representative
subset of the integrations in the World Climate Research
Programme’s (WCRP’s) Coupled Model Intercompari-
son Project phase 3 (CMIP3) multi-model dataset (see

Int. J. Climatol. (2008)
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Figure 3. Scatter plot between monthly mean values of NCEP-NCAR reanalysis gross SLP meridional pressure gradient along 74 °W (horizontal

axis) and QuikScat surface wind speed at 33°S—74 °W (vertical axis). The gross gradient was calculated as the SLP difference between 38 °S

and 28°S. Data pairs for all months from January 2000 to December 2005 are plotted. Filled circles indicate data pairs for summer months
(November to February); open circles indicate data pairs for the rest of the months.

Meehl et al., 2007a for details). Currently, CMIP3 dataset
includes 23 models, but we used those that provide all
the fields requested for our analysis. Three CMIP3 dataset
experiments were examined. In the 20th century climate
experiment (20C) the model runs were initialized around
1860 and integrated with historical (observed) GHG,
aerosol, volcanic and solar forcing. The present climate
is calculated considering the 30-year period 1961-1990
(this period is recommended by the IPCC as the stan-
dard climatological baseline). In the 21st century exper-
iments (A2 and B2) the models were integrated from
initial conditions from the end of the 20C runs and sub-
sequently forced with prescribed GHGs from scenario
A2 and B2 of the IPCC SRES; (Nakicenovic and Swart,
2000), respectively. The future climate is calculated con-
sidering the 30-year period 2071-2100. It is worth noting
that SRES-A2 is the IPCC scenario with the second
largest atmospheric CO, concentrations by the end of
the 21st century (about 820 ppb). In contrast, CO, con-
centrations by the end of the century in B2 (about 600
ppb) fall in the middle of the SRES range. Hereafter,
A denotes the difference in monthly or seasonal means
between 2071-2100 and 1961-1990.

A cursory inspection of the GCM data shows that all
models in our subset capture the large-scale features
of the coastal wind field, including the southerly flow
at subtropical latitudes and the mean westerlies farther
south, as well as the seasonal mean migration of the
boundary between these two regimes. In spring and
summer (Figure 4(a)) the models also exhibit a region
of maximum wind speed dominated by the meridional

Copyright © 2008 Royal Meteorological Society

component off central Chile, but generally weaker than
the coastal jet revealed by the QuikScat data.

The future (A2) minus present (20C) surface winds
are shown in Figure 4(b). In all the models, A(Us, V)
exhibits an anti-cyclonic anomaly over the SE Pacific,
just to the south of the current climate anticyclone, that
leads to an increase in surface wind speed along a nearly
zonal band at subtropical latitudes. The models also
show a distinctive local maximum of wind speed change
off the coast of central Chile (AW, ~1 ms™!), largely
produced by the increase of southerly (alongshore) flow.
In fall-winter, the overall pattern of the wind difference
is similar, but both the oceanic band and coastal area of
maximum A W are shifted a few degrees northward. The
spatial patterns of AWy and AV are very similar when
considering B2, but with amplitude about 25% less than
their counterparts in A2, which is intriguing considering
the significant differences in CO, concentrations of these
two scenarios (not shown). Recalling that the GCMs
have horizontal resolution varying between 1.5° and 4°
in longitude (160—430 km in the cross-shore direction)
and each model has its own coastline (in some cases up
to 250 km westward from the true coastline), we refrain
from making further quantitative inferences concerning
the wind changes.

To interpret the increase of the coastal wind in future
climate, let us examine the large-scale changes in SLP
over the Southern Hemisphere (SH). Figure 4(b) also
shows the difference in multi-model seasonal mean SLP
between A2 and 20C. A particularly strong and consistent
signal among the models is an increase in SLP along
the pole-ward flank of the subtropical anticyclones and

Int. J. Climatol. (2008)
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Table I. CMIP3 coupled GCM models used in this study. In those models with more
than one integration per experiment, only the first run was used. Naming conventions

are from the CMIP3 database.

Integration name

Institution

Horizontal grid spacing,
number of vertical levels

CSIRO-MK3.5

GFDL-CM2.0

IPSL-CM4

MPI-ECHAMS

UKMO-HadCM3

MIROC3.2 (medres)

BCCR-BCM2.0

CCCMA-CGCM3

GFDL-CM2.1

GISS-MODEL ER

MIUB-ECHO-G

MRI-CGCM2.3.2

UKMO-HadGEM1

CNRM-CM3

INMCM3

CSIRO Atmospheric Research,
Australia

NOAA Geophysical Fluid
Dynamics Laboratory, USA

IPSL/LMD/LSCE, France

Max Planck Institute for
Meteorology, Germany

Hadley Centre for Climate
Prediction, Met Office, UK

CCSR/NIES/FRCGC, Japan

Beijing Climate Center, China

Canadian Centre for Climate
Modeling and Analysis, Canada

NOAA Geophysical Fluid
Dynamics Laboratory, USA

NASA / Goddard Institute for
Space Studies, USA

Meteorological Institute of the
University of Bonn, Germany

Meteorological Research
Institute, JAPAN

Hadley Centre for Climate
Prediction, Met Office, UK

Meétéo-France / Centre National
de Recherches Météorologiques

Institute for Numerical
Mathematics, Russia

T63 (~1.875° lat-lon), L18

2.0° lat X 2.5° lon, L24

3.75% 1at x 2.5° lon, L19

T42 (~2.8° lat-lon), L20

3.75° lat x 2.5° lon, L19

T42 (~2.8° lat-lon), L20

T63 (1.875lon x 1.875]at),
L16

T47 (~3.8° lat-lon), L31

2.0° lat X 2.5° lon, L24

4.0° lat x 5.0° lon

2.0° lat X 2.5° lon, L24

T42 ( ~2.8° lat-lon), L20

3.75° lat x 2.5° lon, L19

T42 (~2.8° lat-lon), L45

4.0° lat X 5.0° lon, .21

a decrease at higher latitudes (e.g. Meehl et al., 2007b).
Such ASLP pattern is evident in all seasons (with minor
differences in the position of the largest ASLP), and it
has been linked with both an expansion of the Hadley
circulation (Lu et al., 2007) and a pole-ward shift of the
SH storm track (Yin, 2005; Bengtsson et al., 2006). Of
particular relevance to our study are the changes over
the south Pacific eastern boundary (e.g. ASLP along
80°W). In all the models, the difference is greatest
(~2.5 hPa) at about 45°S and vanishes to the north of
25°S, leading to an increase in the meridional pressure
gradient (SLPy) along much of the subtropical west
coast of South America. The increase takes places where
SLP, is weak in current climate, and therefore, it would
lead to stronger southerlies because of the ageostrophic
balance that prevails along the coast. For instance, during
spring/summer, the observed relationship between the
meridional pressure gradient and surface wind speed
established at inter-annual timescales (Figure 3), the
projected change in SLP, suggests AW, ~1 ms~! off

Copyright © 2008 Royal Meteorological Society

central Chile, well in agreement with the changes inferred
from direct examination of the GCM winds.

4. Coastal winds in the PRECIS regional climate
model

4.1. Model setup

The PRECIS-RCM was developed by the Hadley Centre
on the basis of the atmospheric component of Hadley
Centre Coupled Model, version 3 (HadCM3) (Gordon
et al., 2000) to generate high-resolution climate change
scenarios as described in detail in Jones et al. (2004). It
solves a hydrostatic version of the full primitive equations
on a spherical-polar grid in the horizontal and a hybrid
vertical coordinate with 19 levels. The PRECIS-RCM
uses physical parameterization to account for the effect
of clouds and precipitation, radiation and gravity wave
drag upon large-scale, free-atmosphere dynamics (Jones
et al., 2004). Additionally, up to the bottom five model

Int. J. Climatol. (2008)
DOI: 10.1002/joc
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(2)

Baseline conditions: SLP, winds and meridional speed (SONDJF)
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Figure 4. (a) Multi-model average of spring/summer (September to February) mean surface winds (arrows), meridional wind speed (shaded) and
SLP (contours: 1012.5 and 1017.5 hPa) for the 20C experiment (1961-1990). (b) Multi-model average of spring/summer surface winds (arrows)
and SLP (shaded) difference between experiments A2 (2071-2100) and 20C (1961-1990). Colour scale and vector scale are at the bottom of
the figure for both panels (a) and (b). The multi-model average was obtained by interpolating the outputs from 15 coupled GCMs runs performed
for CMIP3 (see Table I for details) to a uniform 2.5° x 2.5° lat—lon grid, and subsequently averaging the long-term mean of each model.

layers can be occupied by the boundary layer, where a
first-order turbulent mixing scheme is used (Smith, 1990).
The energy, momentum and water exchanges between
the surface and the atmosphere are calculated using the
Met Office Surface Exchange Scheme (MOSES, Cox
et al., 1999).

Three simulations were performed, on a domain with
25 km grid spacing that extends from 18°S to 57°S
and from 85°W to 62°W (Figures 1, 2 and 8 show
only part of the domain). Simulation R20C spans from
1961 to 1990 and intends to represent present-day con-
ditions. Lateral boundary conditions were obtained from
the 20C integration of the HadAM3. HadAM3 is an atmo-
spheric GCM with a relatively high horizontal resolution
(1.25° x 1.87° lat—lon grid spacing) and improved phys-
ical parameterization (Pope et al., 2001). Comparison
between HadAM3 and observations reveals that the
model properly simulates the large-scale atmospheric

Copyright © 2008 Royal Meteorological Society

features that shape the climate of the west coast of
South America (Fuenzalida et al., 2007). Surface bound-
ary conditions (SST and sea ice extent) were derived from
HadISST1, a global dataset created by the Hadley Centre
by blending in-situ sea surface observations and satel-
lite estimates (Rayner et al., 2003). Simulations RA2 and
RB2 span from 2071-2100 and were laterally forced by
results from the A2 and B2 integrations of HadAM3,
respectively. Future (2071-2100) SST and sea ice extent
were obtained from the observed (1961-1990) HadISST1
values (that is, the inter-annual variability of the two peri-
ods is the same) plus a change and linear trend (during
2071-2100) derived from the corresponding HadCM3
runs (Jones et al., 2004).

4.2. Present-day conditions

Although there is no temporal overlap between the PRE-
CIS R20C simulation (1961-1990) and the QuikScat

Int. J. Climatol. (2008)
DOI: 10.1002/joc
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(b) winter (June, July, August). For reference, we placed vertical, dotted lines at Vi =0 ms ™! (southerly/northerly flow) and Vi = 10 ms ™!

(above that value, the wind field off central Chile often exhibits a strong coastal jet — see text). The frequency distributions were obtained for

the QuikScat data (dashed line, period: 2000—-2005), PRECIS R20C simulation (thick line, period: 1961-1990) and PRECIS RA2 simulation
(thin line, period: 2071-2100).

observations (2000-2005), the absence of a signifi-
cant trend in the coastal wind during the late 20th
century allows us to compare both datasets. To this
effect, Figures 1(a), (b)and 2(a), (b) show the observed
and simulated spring/summer (fall/winter) mean surface
winds. Overall, the simulated and observed Vi and Wi
fields compare very well, with the anomaly correla-
tions of monthly fields always above 0.7. During the
‘jet season’, coastal southerlies extend down to 42°S,
both in the observations and the R20C simulation. The
simulated seasonal mean wind field exhibits a coastal
jet structure (delimited by the 6.5 ms~! isotach) with
an intensity, position and spatial extent very similar
to the observations. During fall and winter, simulated
coastal southerlies weaken, do not form a coastal jet
and are restricted to the north of 36°S, in agreement
with the observations. To further compare the long-term
monthly means, we determine the southern extent of the

Copyright © 2008 Royal Meteorological Society

southerlies (¢o) within the coastal strip. The observed
and simulated ¢ track within 1° throughout the year,
(Figure 5).

The R20C daily coastal wind fields exhibit structures
and variability that also compare well with the obser-
vations. The seasonal standard deviation of simulated
daily Vj is relatively modest (2 ms™!) off northern Chile
and increases (6 ms™!) farther south, similar to the pat-
tern derived from QuikScat observations (not shown). In
GMOS5, coastal jet days were objectively identified using
a cluster analysis applied upon the wind speed field. It
turned out that nearly all days in which V, > 10 ms~!
along the subtropical coast were associated with strong
jet events. In this work, we did not perform a cluster
analysis, but Figure 6 shows the histograms of daily V; at
33°S-74°W for both QuikScat and R20C during spring
and winter. In both seasons, the frequency distributions
are very similar, and both suggest that strong jets are

Int. J. Climatol. (2008)
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present about 20% (10%) of days during the spring
(winter).

4.3.

The spring/summer mean surface winds for the RA2
simulation are shown in Figure 1(c), and their differences
with R20C are shown in Figure 1(d); the fall/winter fields
are shown in Figure 2(c—d) Consistent with the GCMs
results, future PRECIS fields show a spin-up of the anti-
cyclonic circulation over the SE Pacific in the future and
an increase in surface wind speed (AW, ~1 ms™!) at
subtropical latitudes in all seasons. In the coastal zone,
the projected increase in wind speed is largely produced
by stronger southerlies off central (southern) Chile during
fall/winter (spring/summer). The spatial pattern of AW
for RB2 is very similar to RA2, but with an amplitude
about 25% smaller (not shown).

The future climate not only exhibits stronger souther-
lies along the subtropical coast, but the upwelling-
favourable region extends farther south, or, alternatively,
there is an extended upwelling-favourable season at
southern latitudes. The spatial perspective is presented
in Figure 5, where the monthly mean ¢, is plotted
for each simulation. The pole-ward limit of the coastal

Future conditions

=

southerlies reaches its southernmost position (46°S) in
December/January in all cases. In current conditions, the
equator-ward displacement of ¢y begins in March, reach-
ing 36°S in June. In simulation RA2, the equator-ward
displacement of ¢p is delayed until April and is more
gradual, with ¢y only reaching 38°S in June. The spring
migration of ¢y to southern Chile in RA2 also occurs
earlier than in R20C, so that Agy ~4° ~450 km around
April and September. The temporal perspective is por-
trayed in Figure 7(a) by the time series of V; at a coastal
point in southern Chile (39°S-75°W). The upwelling
season (Vy > 0) is about 2 months longer in RA2 com-
pared with R20C due to an earlier onset and later demise.
In Figure 7(a) a strengthening of the southerlies is also
evident, with the largest AV ~1.5 ms~! at the height of
the summer. We used a one-tailed Student ¢-test to gauge
AVs, which results statistically different from O at the
95% level from September to February at this southern
location.

Let us turn our attention to north-central Chile.
Figure 7(b) shows the time series of V; at 33°S—73°W.
Here, AV, > 0 is statistically significant from April
to November and is greatest in mid-winter (2 ms™').
Considering V; > 6 ms~! as indicative of jet conditions,
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Figure 7. Mean annual cycle of the surface meridional wind at (a) 39°S—75°W and (b) 33°S—73 °W. Results for the three PRECIS simulations
are shown: R20C (thick line, 1961-1990), RB2 (dashed line, 2071-2100) and RA2 (thin line, 2071-2100). Grey bars at the bottom indicate
months in which AVy > 0 is statistically significant at the 95% confidence level according to a one-tailed Student’s #-test.
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Figure 8. Bi-monthly maps of the ‘mean’ jet, defined as the region with V; > 6 ms™! (see text), for the three PRECIS simulations: R20C
(shaded area), RB2 (area enclosed by the thin line) and RA2 (area enclosed by the thick line). From left to right, the months are (a) June, July,
(b) August, September, (c) October, November, (d) December, January, (e) February, March, and (f) April, May.

the jet season at subtropical latitudes also will extend
for about two extra months in RA2. To visualize the
‘mean’ jet, the area enclosed by V; = 6 ms~! is shown
in Figure 8. In the future (both RA2 and RB2), the mean
jet prevails through the year, albeit smaller in winter,
in contrast with the present-day conditions when the jet
is absent in fall/winter. Note that in December, January,
February and March the mean jet roughly covers the same
area and has the same intensity in R20C, RA2 and RB2
(Figures 7(b) and 8(d—e)). The level-off of AV at the
height of the ‘jet season’ could be partially associated
with the dynamical nature of the coastal jet in which the
meridional pressure gradient is balanced by the frictional
force, roughly proportional to V;.

The increment in V off the subtropical coast during
winter/spring is related with changes in distribution and
variability of daily values, partially illustrated by the
histograms of V; at 33°S-74°W (Figure 6). During
spring, the RA?2 distribution is shifted to the right of the
R20C distribution, so the frequency of strong jet days
(Vs > 10 ms™!) increases up to 33% (20% in R20C) at
the expense of a reduction of northerly flow days. Future
jet events become longer (typically 7—15 days) but no
more intense than current events. In winter, the RA2
distribution exhibits a significant reduction of the days
in which Vs < 0 with respect to R20C, but no major
increase in the frequency of jet events, consistent with
a marked reduction in the day-to-day standard deviation
of V, noted in this season.

5. Discussion

The geographic pattern of projected surface air tem-
perature change (Figure 9) shows an area of minimum
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warming over the southern ocean that extends equator-
ward along the west coast of South America — as far
north as 20°S — and even intensifies westward over the
SE Pacific. Considering the 2071-2100 period under
the A2 scenario, the CMIP3 multi-model mean surface
warming is 3.5 + 0.45°C for the whole globe, but
only 1 £ 0.1°C for the southern ocean and parts of
the SE Pacific (Figure 9, see also Meehl et al., 2007b).
The warming off central Chile is three times lower than
its counterpart over the adjacent South American conti-
nent, reflecting in part the relatively high thermal inertia
of the ocean but still two times lower than the mean
warming over oceanic areas at the same latitude, sug-
gesting the action of a regional-scale mechanism. We
hypothesize here that such a mechanism could involve a
wind-driven SST cooling along the Chilean coast and the
subsequent offshore spread of the cold waters through-
out near-surface horizontal advection. Alternative mech-
anisms, including cloud-induced changes in the radia-
tion balance in this stratocumulus-capped region will be
investigated elsewhere. Further, the projected changes in
surface winds, upwelling and SST are likely to trigger
changes in the marine environment that would eventually
affect the regional fishery industry.

The projected strengthening of the southerly winds
along the coast can modify the energy balance of the
oceanic mixed layer in several ways. First, stronger winds
will increase the latent heat flux (LHF), a major term
of the balance off central Chile (e.g. Yu and Weller,
2007). At 33°S-73°W, for instance, LHF changes from
—70 Wm™? in R20C to —100 Wm™? in RA2. The
PRECIS results also suggest a future increase in net
shortwave radiation (from 207 to 220 Wm™2), consistent
with less cloudy conditions during jet events (GMOS),
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Figure 9. (a) Multi-model average of annual mean surface air temperature difference between A2 (2071-2100) and 20C (1961-1990) simulations,
shaded according to the scale at the bottom. The multi-model average was obtained by interpolating the outputs from 15 coupled GCMs runs

performed for CMIP3 (see Table I for details) to a uniform 2.5° x 2.
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Figure 10. Scatter plot between spring (September, October, November) mean values of NCEP-NCAR reanalysis surface meridional wind
(horizontal axis) and sea surface temperature at 36°S—74°W, considering the period 1958-2002. SST time series was obtained from the
extended-reconstructed SST dataset (Smith and Reynolds, 2004).

that combined with ALHF and minor changes in sen-
sible heat flux and longwave radiation, leads to a 50%
reduction of the net energy in the ocean. Recall that PRE-
CIS fluxes were calculated using prescribed SST, so these
numbers are preliminary.

The effect of the stronger coastal southerlies upon
advection and diffusion within the mixed layer are
more difficult to evaluate, because we do not have
high-resolution predictions of the changes in the ocean
thermal structure. Coupled ocean—atmosphere RCM
simulations are necessary to obtain such predictions. Nev-
ertheless, the increase in Ekman transport and Ekman
pumping, in response to the stronger southerlies, will
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likely lead to an additional surface cooling given the
marked stratification and shallow mixed layer of the sub-
tropical SE Pacific. The coupled GCMs do capture all
the aforementioned atmospheric and oceanic effects, but
given their coarse resolution, they may underestimate the
magnitude of the relative SST cooling.

An alternative, preliminary estimate of the wind-driven
changes can be obtained using historical information.
Figure 10 shows the scatter plot between September-
October-November averages of meridional wind and SST
off central Chile for the period 1958-2002. It indi-
cates that inter-annual variations in local wind explain
roughly 50% of the variance in SST (we do not have
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a reason to expect a SST control on local winds at this
timescale). Similarly significant, albeit weaker, correla-
tions are found in other seasons. The scatter in Figure 10
is likely caused by the non-local processes that modulate
SST, such as intra-seasonal wave activity trapped against
the coast (Hormazabal et al., 2001). The observed linear
relationship (dSST/dV, ~ —0.5°C/ms~!) and the pre-
dicted increase in coastal winds (AVy ~1.5 ms~!) imply
ASST ~ —0.7°C. This value roughly coincides with
cooling anomaly of the SE Pacific with respect to the
rest of the subtropical oceans.

6. Conclusions

On the basis of 15 coupled GCM and high-resolution
RCM simulations, we have examined the changes in
surface wind off the western coast of subtropical South
America (north-central and southern Chile) projected for
the end of the 21st century under the A2 and B2 IPCC
scenarios. Our main findings are as follows:

e Near-coastal wind speed in the A2 scenario will
increase ~1 ms~! (~15%) with respect to the present-
day conditions. This signal is very consistent among
the GCMs, occurs throughout the year, and is largely
produced by a strengthening of the coastal southerlies.
The seasonal patterns of coastal wind change are very
similar when considering B2, but with amplitudes
about 25% less than their A2 counterparts.

e Consistent among the GCMs is a marked increase in
SLP (2-3 hPa) at mid-latitudes across much of the
oceans in the SH. In contrast, SLP does not change
significantly at subtropical latitudes, thus producing an
enhanced meridional pressure gradient conducive to a
strengthening of the low-level coastal jet.

e The PRECIS-RCM high-resolution simulation of the
20th century was capable of capturing the seasonal and
synoptic variability of the coastal winds off western
subtropical South America, including an accurate rep-
resentation of the seasonality, frequency and structure
of the coastal jet events.

e The PRECIS results confirm the strengthening of the
coastal wind speed and allow a more detailed evalu-
ation of the changes. During spring and summer, the
largest increments in meridional wind occur between
37°S and 41 °S, just to the south of the seasonal coastal
jet. During fall and winter, the strengthening of the
southerlies occurs at subtropical latitudes, maintaining
a seasonal jet year-round. Off southern Chile, (around
40°S) the upwelling-favourable season is about two
months longer in the future. Future coastal jet events
during spring are more frequent and last longer than
present-day events.

e Stronger winds lead to SST cooling along the Chilean
coast because of enhanced surface fluxes and prob-
ably because of more active upwelling. Cold waters
can spread offshore through near-surface horizontal
advection and enhanced oceanic eddy activity. CMIP3-
coupled GCMs already indicate of such relative
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regional cooling in a global-warming context, but cou-
pled RCM simulations are needed to capture the true
impact of enhanced southerlies in SST.
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