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Role of synoptic activity on projected changes in upwelling-
favourable winds at the ocean’s eastern boundaries
Catalina Aguirre1,2,3*, Maisa Rojas1,4, René D. Garreaud1,4 and David A. Rahn5

The climate of the ocean’s eastern boundaries is strongly influenced by subtropical anticyclones, which drive a surface wind stress
that promotes coastal upwelling of nutrient-rich subsurface water that supports high primary productivity and an abundance of
food resources. Understanding the projected response of upwelling-favourable winds to climate change has broad implications for
coastal biogeochemistry, ecology, and fisheries. Here we use a reanalysis, an ensemble of global climate simulations, and an
objective algorithm to track anticyclones to investigate the projected changes in upwelling-favourable wind events at the
California, Canary, Humboldt, and Benguela coastal upwelling systems. Except for the north Pacific, we find consistent poleward
shifts of mean and upper percentile daily winds over the ocean basins. We propose that extratropical, synoptic-scale migratory
anticyclones that force intense coastal upwelling events—which become more frequent at higher latitudes and less frequent at
lower latitudes in the future—play an important role in the projected changes in upwelling-favourable wind events in these coastal
upwelling systems. These changes complement large-scale processes such as the poleward shift of the subtropical ridge (STR) and
stationary subtropical highs. Hence, both extratropical and tropical processes need to be considered to fully explain projected
changes at the coastal upwelling systems under anthropogenic climate change.
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INTRODUCTION
Subtropical anticyclones are important features that influence the
climate of the ocean eastern boundaries. These high-pressure
systems drive predominately alongshore equatorward winds1

(Fig. 1). The resulting wind stress field promotes coastal upwelling
of salty, cool, oxygen-poor, and nutrient-rich subsurface waters.
Ample nutrients support high primary productivity and an
abundance of fishery resources that impact the economy of
adjacent countries at the Humboldt, Benguela, California, and
Canary Eastern Boundaries Upwelling Systems (EBUS). Thus,
projecting the response of upwelling-favourable winds to climate
change is of particular relevance given the broad implications for
coastal biogeochemistry, ecology, and fisheries.2–5

Previous studies have investigated projected changes in EBUS
under warming climate scenarios using an ensemble of
ocean–atmosphere coupled models. They show that changes of
surface winds in a warmer climate will result in an increase of the
summer mean upwelling-favourable winds at the poleward
portions of the present-day EBUS6,7 (except in the California
system). Two physical mechanisms have been proposed to explain
those changes. The first is Bakun’s hypothesis6 in which the
temperature contrast between the land and ocean enhances the
cross-shore thermal gradient and thus the low-level pressure
gradient. Nevertheless, the increased land–ocean temperature
differences are ubiquitous in projections of future conditions,
while the increase in upwelling-favourable winds is limited to the
poleward portion of the upwelling region. The latitudinal pattern
of changes in upwelling-favourable winds along the EBUS is more
consistent with a poleward displacement of the subtropical
anticyclones and not Bakun’s hypothesis.7 These previous studies
have focused on changes of the summer mean (or median)
upwelling, but not on the change in the full distribution of daily

wind. For the Humboldt system, a single model was used to analyse
changes in upwelling-favourable winds in a warmer climate and
interpreted through changes in the full distribution. The results
indicated that there were fewer weak events and more moderate to
intense events without a significant change in the extremes.8

At synoptic time scales, the equatorward winds along the EBUS
exhibit periods of intensification that typically last 2–5 days and
are interrupted by periods of relaxed winds.9 The strong wind
stress on the ocean surface forces upward vertical velocities in the
ocean near the coast through Ekman transport and Ekman
pumping.10,11 These short lived but intense upwelling-favourable
wind events result in coastal cooling, intensified surface currents,
and low values of dissolved oxygen and pH,12–15 as well as
impacts on lower trophic level dynamics and recruitment of
different species.16,17 Thus, an analysis of climate change
projections of synoptic-scale upwelling-favourable wind events is
essential to foresee the most likely environmental changes
along EBUS.
Here we use an ensemble of simulations of the historical and

the RCP8.5 scenario from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) to investigate the projected changes of
upwelling-favourable wind stress (used as a proxy for upwelling)
for the four EBUS during summer, considering both changes in
central values and extreme events. Changes in synoptic upwelling-
favourable wind events are diagnosed by quantifying variations in
the upper part of the wind probability distributions, relating them
to projected changes in migratory anticyclones at mid-latitudes.

RESULTS
To provide a global context, Fig. 1 depicts the climatological
Subtropical Anticyclones that exist west of the four EBUS and the
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associated 10-m wind vectors and magnitudes. During
June–July–August (JJA), subtropical anticyclones extend over the
Northern Atlantic and Pacific Ocean basins with clear maxima in
wind speed along their eastern flank. During
December–January–February (DJF), the Northern Hemisphere
(NH) subtropical anticyclones become weak and winds on their
eastern flank relax. In the Southern Hemisphere (SH), the
subtropical surface pressure increases at the end of austral winter,
which corresponds to the strongest intensity of the Hadley cell.
The peak zonal asymmetry of the subtropical anticyclones in the
Southern Hemisphere occurs during austral spring and summer.18

In both hemispheres, the equatorward, upwelling-favourable
surface flow along the eastern flank of the subtropical antic-
yclones have average speeds of 7–9m s−1 during their corre-
sponding summer season. In contrast, the alongshore winds
during winter have average speeds lower than 4m s−1 and may
be even downwelling-favourable.
Figure 2a (leftmost column) shows the model distributions of

the summer wind stress corresponding to the 50th and 75th
percentile (τ50, τ75) in the historical simulations as a function of
latitude along the coast of each EBUS region. Figure 2b, c depicts
the probability difference between the future (2080–2100) and
present-day (1970–1990) daily alongshore wind stress for the
median (Δprob50) and the upper-portion of the distribution
(Δprob75). A graphical example of the method for this calculation
can be found in Supplementary Fig. 1 for a particular model (see
Methods). Changes observed in the median are consistent with
previous work6,7 and show an increase in summer upwelling-

favourable winds in the poleward portions of Humboldt,
Benguela, and Canary, and a decrease in the California System.
For Humboldt, Benguela, and Canary, the largest changes in
strong events (τ75) are observed poleward of the present-day core
upwelling region (i.e. the latitudes where the present-day wind
stress is greatest, grey horizontal bands in Fig. 2), where strong
events of upwelling will increase between 5% and 20% as
compared to the present climate. At the core of upwelling region,
little change in the occurrence of intense wind events or even a
slight decrease is projected. California exhibits a completely
different pattern with the intense wind events decreasing in the
core upwelling region (~30–40°N) and no clear signal elsewhere.
The probability difference of both the 50th and 75th percentile
(Δprob50, Δprob75) shows a similar spatial pattern in the four
eastern boundaries (Fig. 2b, c). To evaluate changes in intense
events with respect to changes in the median and to focus on
changes in the shape of the wind stress distribution, we calculated
changes in the skewness and in the values of wind stress at the
50th and 75th percentile (Δ50, Δ75) between the present and
future periods (Fig. 2d, e). A positive (negative) difference
indicates that extreme events are increasing more (less) than
the median.
In Canary, Humboldt, and Benguela, positive values of Δ75− Δ50

are found at the poleward side of the core upwelling system.
Conversely, negative values of Δ75− Δ50 are found at the present-
day core upwelling region in the California system (Fig. 2d).
Changes in skewness indicate a change in the tail of the wind
stress distribution (Fig. 2e). The positive change of skewness
observed at the poleward portions of the Humboldt and Canary
system indicates that in the future the wind stress distribution will
include more frequent occurrences of extreme events at these
latitudes. No clear and robust change in skewness is found for
California nor Benguela, where future changes in wind stress are
due to a shift in the position of the median in the probability
distribution and not its shape.
We propose that the increase in strong upwelling events is

linked to an augmented passage of migratory anticyclones. Such a
link is observed in the present day climate, when upwelling events
at a given latitude are forced by an enhanced pressure gradient
that is associated with the passage of a surface anticyclone.19 To
support this hypothesis, we calculated the present-day probability
that an upwelling-favourable wind stress above the 75th
percentile occurs along an eastern boundary when a migratory
anticyclone (identified by the tracking algorithm) resides inside
the boxes shown in Fig. 1. Reanalysis data show that when a
migratory anticyclone approaches the coast there is a high
probability (~75%) that an intense upwelling-favourable wind
event occurs along the eastern boundary (Fig. 3), similar results
are found when repeating this calculation with models. For the
Humboldt system, the calculation with models indicates that the
probability is even higher in present-day simulations with values
between 75% and 100%. In Benguela, California, and Canary
systems, the probability of a strong, upwelling-favourable wind
day when a migratory anticyclone is offshore is ~60–70%. Off
California, the probability of high wind associated with a migratory
anticyclone has a larger spread amongst the models. In general,
little change is observed in the relationship between a migratory
anticyclone and intense upwelling winds in the future climate in
Benguela, California, and Canary. Unlike these coastal systems, in
Humboldt the probability of strong wind in the presence of a
migratory anticyclone decreases in the future (~70%). To refine
the relationship, a similar analysis was repeated for the present
climate but at different latitudes (Supplementary Fig. 2). Due to
fine-scale details, including the representation of the coastline and
topography that varies among models, the overall relationship
between a migratory anticyclone and an intense wind stress event
at a particular latitude is less significant.
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Fig. 1 Subtropical highs and surface winds at the Eastern Boundary
Upwelling Systems. CSFR reanalysis climatological 10-m winds
(vectors) and magnitude (colours, ms−1) for the period 1979–2010:
a June–July–August mean, b December–January–February mean.
Black contours correspond to 1020 hPa and 1017 hPa sea-level
pressure, indicating the position of the climatological subtropical
anticyclones. White boxes indicate the regions considered to find
migratory anticyclones offshore the four coastal upwelling regions.
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Included in Fig. 2f is the future-minus-present difference in
migratory anticyclone density at the eastern boundaries. The
spatial pattern of increased anticyclone activity is consistent with
the differences in the frequency of intense wind events. In

Humboldt, Benguela, and Canary, an increase in migratory
anticyclone density occurs at the poleward boundary of the core
region of the upwelling system or at higher latitudes in the case of
Benguela where the boundary of the African continent limits
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Fig. 2 Projected changes in upwelling-favourable wind stress and migratory anticyclones by latitude. a Wind stress values at 50th (black
boxes, τ50) and 75th (red boxes, τ75) percentiles of the historical simulations in the period 1970–1990. b Difference in the probability of
occurrence of the wind stress value of 50th percentile between the future (2080–20100) and the present day (1970–1990) distributions (see
Supplementary Fig. 1a). c Difference in the probability of occurrence of the wind stress value of 75th percentile between the future
(2080–2100) and the present-day (1970–1990) distributions (see Supplementary Fig. 1b). d Difference (Δ75 –Δ50) of the changes of wind stress
values of 50th (Δ50) and 75th (Δ75) between present (1970–1990) and future (2080–2100). e Difference in skewness of the wind stress
distribution between future (2080–2100) and present (1970–1990). f Difference in the density of migratory anticyclones between future
(2080–2100) and the present (1970–1990) off the coastal upwelling regions. Circle indicates median, boxes the range 25th and 75th
percentiles, and lines extend to the most extreme data points of the 16 models. Dots are outliers. The grey horizontal bands indicate the
location of strongest wind stress in the historical simulations during the period 1970–1990.
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changes in upwelling-favourable winds. In contrast, no clear signal
emerges in the north Pacific and there is more dispersion among
the models. The future increase in the migratory anticyclone
density at the poleward portion of the Humboldt system seems to
be contradictory with the decrease in the probability of strong
wind in the presence of a migratory anticyclone. This is likely due
to the substantial reduction of the Andes height and steepness
south of ~42°S, which is also where the coastline becomes more
irregular. So, if the anticyclones migrate southward in the future,
they will encounter a much less pronounced coastal topography
that is an important factor that promotes the development of
intense wind events in this coastal boundary.19,20

To provide a large-scale picture of the circulation changes, Fig. 4
shows the difference between the future and present-day
stationary and migratory anticyclone density for the whole globe.
Included in the figure is the latitude of the maximum sea-level
pressure (SLP) and the position of the subtropical ridge (STR). Most
of the tracked anticyclones are stationary and conform to the
semi-permanent nature of the subtropical anticyclones. Eastward
propagating migratory anticyclone disturbances represent about
8% and 10% of the total number of anticyclones found by the
tracking system in the NH and SH, respectively (Supplementary
Fig. 3). There is a clear poleward shift in anticyclone tracks in the
SH and in the North Atlantic (Fig. 4), including a poleward shift of
the STR, which is a robust result offshore Humboldt, Benguela, and
Canary. The STR of the present climate is located around 34°S off
the coast of Humboldt and Benguela and a poleward displace-
ment of 2° is projected for the future. Near Canary, the STR is
found at 42°N in the present climate and is shifted 1° poleward in
the future climate (Fig. 4a). In California, there is a poleward shift
of the stationary anticyclone density, but neither the migratory
subtropical anticyclones nor the STR is projected to change
significantly. The shift in the density of disturbances in the SH is
much clearer and more well-defined than in the NH. This agrees
with previous results that show a more concentrated belt of
anticyclones in the SH and a less-defined belt in the NH.21 In the
NH, the pattern for the Atlantic basin is also a poleward shift of
these migratory anticyclones.

DISCUSSION
Climate change projections indicate a poleward shift of stationary
anticyclones at subtropical latitudes.7 A poleward shift of
subtropical anticyclones explains the strengthening (weakening)
of mean upwelling-favourable winds at high (low) latitudes of the
upwelling systems.22 This poleward migration is also consistent
with changes in the large-scale tropical atmospheric circulation,
including an expansion of the Hadley cell under global warming23

and an intensification of the subtropical highs.24 In addition, this
poleward expansion of the tropical atmospheric processes has
already been observed in recent decades for different EBUS
systems.25,26

In this work, we also found a future poleward shift in the density
of migratory anticyclones in the North Atlantic and at all
longitudes in the Southern Hemisphere. In the Canary, Humboldt,
and Benguela systems, these shifts contribute to the increase in
short-lived but strong upwelling-favourable wind events poleward
of where the present-day alongshore wind maximum occurs, and
hence provide a key mechanism for projected changes in
upwelling-favourable winds at EBUS. A recent study of long-
term anticyclone activity using reanalysis data (without the
distinction between stationary and migratory anticyclones) shows
that anticyclone variability is associated with the Southern Annular
Mode (SAM) in the Southern Hemisphere and the Arctic
Oscillation (AO) in the Northern Hemisphere.21 Furthermore, the
strongest trend over recent decades in anticyclone activity has
been observed in the Southern Hemisphere, including increases in
anticyclone frequency in the mid-latitudes and decreases for
adjacent latitudes, which are partially attributed to changes in
SAM during summer.21 This spatial pattern is similar to the
differences we found between projections and historical simula-
tions, suggesting that projected latitudinal changes in migratory
anticyclone density would be related to positive trends of SAM
and AO in climate projections.27,28 Furthermore, the poleward shift
in the density of migratory anticyclones is consistent with a
poleward shift of extratropical cyclone tracks,29 since the hemi-
spheric belts of migratory anticyclones are located equatorward of
the main mid-latitude storm tracks.21

It is important to note that the equatorward coastal wind along
the EBUS can intensify and manifest as a coastal low-level jet
(LLJ).30 LLJs occur year-round but are more frequent and intense
during the summer.9,31–33 Various climate studies of LLJs have
been performed for the present climate,30,33,34 but projections of
the responses of LLJs to climate change are still limited.35,36

Although LLJs are fine-scale phenomena and depend on
processes not resolved in coarser-resolution global circulation
models such as mesoscale responses to variations of the coastline
and topography, our results concerning changes in intense wind
events and the poleward shift of migratory anticyclones suggest
that the LLJs will also shift poleward in the Canary36 and
Humboldt systems, since the presence of an anticyclone has
been recognized as the main ingredient for the development of a
LLJ. We acknowledge that biases exist in the nearshore wind fields
and that modification of the mesoscale features of the wind near
the coast is lacking in the coarse General Circulation Models
(GCMs).37 However, we highlight that the relative changes in
synoptic patterns that force high-wind events are indeed
represented in GCMs.
Near California, the summer trends of coastal winds only depict

a decrease of upwelling between ~30 and 40°N with no clear
signal elsewhere. This is consistent with previous works that show
future decreases in summertime wind stress in the California
system. However, models project upwelling intensification during
April and May at a portion of the central and northern California
coastline.7,38 Furthermore, the California region also demonstrates
a more diffuse belt of anticyclones and a large variability of the
relationship between high-wind events and migratory
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Fig. 3 Relationship between migratory anticyclones and intense
upwelling winds. Probability that a wind stress greater than the 75th
percentile occurs together with a migratory anticyclone inside of
the boxes defined in Fig. 1, for reanalysis CFSR and models for
historical period (1970–1990) and projections under the
RCP8.5 scenario (2080–2100). Circle indicates median, boxes the
range 25th and 75th percentiles, and lines extend to the most
extreme data points of the 16 models.
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anticyclones amongst the 16 models, which also contributes to
more ambiguous results.
In summary, three of the four main EBUS of the world will

experience a substantial increase in the occurrence of short-lived
but strong upwelling-favourable wind events, superimposed on a
general increase in the seasonal mean alongshore wind. Both
changes (mean and intense events) are caused by an overall
poleward shift of the large-scale climatological circulation features
in the Southern Hemisphere, and to a lesser extent in the Northern
Hemisphere, including stationary subtropical anticyclones and
migratory anticyclones along the mid-latitudes.
Finally, this study analyses changes in upwelling-favourable

winds in EBUS, but not upwelling directly, and hence not the
direct impact to marine life. Other variables, such as ocean
stratification39 for example, need to be considered in order to
resolve the dynamics of upwelling in a warming climate and
assess its ecological and socioeconomic impacts.

METHODS
Daily and monthly SLP and 10-m winds were obtained from the Climate
Forecast System Reanalysis (CFSR)40 and from 16 CMIP5 model simulations
using the historical (1970–2005) and the RCP8.5 scenario (2006–2100)
experiments (Supplementary Table 1). Compared to the total set of
Representative Concentration Pathways (RCPs), the RCP8.5 scenario
corresponds to the pathway with the highest greenhouse gas emissions
and is named according to the equivalent effect in the radiative forcing in
the year 2100, relative to preindustrial period (i.e.+8.5 Wm−2).41 When

more than one simulation existed for a given experiment, only the first
ensemble member (r1i1p1) was considered.
Given the nonuniform model resolution in CMIP5, each model’s

landmask and wind data were extracted and only the wind from grid
points over the ocean were used to interpolate to a standard 1° × 1°
horizontal grid. The interpolated 10-m wind is then used to calculate the
alongshore wind with respect to the adjacent coastal direction following
the angles defined in Wang et al.6 These alongshore winds are defined as
“upwelling-favourable winds” when directed equatorward. We calculate
alongshore wind stress based on Smith42 from daily 10-m wind data using
the air–sea package developed by Rich Pawlowicz and Bob Beardsley
(available at https://www.usgs.gov/software/sea-mat-matlab-tools-
oceanographic-analysis) with a constant air temperature of 10 °C. Here,
the wind stress is used as a proxy for the actual coastal upwelling through
Ekman transport.6 Note, however, that coastal upwelling could also be
modified by curl-driven processes via Ekman pumping11,43 and by other
processes such as changes to thermal stratification or remote ocean
forcing.39

Throughout the whole study, we focus on the summer season, JJA for
the Northern Hemisphere and DJF for the Southern Hemisphere. Changes
to the spring onset of the upwelling season can have important
phenological impacts,44 but we are limiting this study to only the summer
months following previous research that examine changes in upwelling
systems using CMIP5 data.6,7

Our approach to investigate the changes of intense alongshore wind
stress considers changes of the median (50th) and the upper quartile
(75th) of the daily wind stress distributions. To consider changes in the
upwelling events, we construct the cumulative frequency distribution for
the period 1970–1990 (adopted here as the baseline for present-day
climate) and for the period 2080–2100 of the RCP8.5 scenario at the near-
coastal points along the upwelling systems. Supplementary Fig. 1

 180oW  120oW    0o 60oW  60o  120o  180oEEE

 180oW  120oW    0o 60oW  60o  120o  180oEEE

Fig. 4 Projected changes in anticyclone density. CMIP5 ensemble mean difference of anticyclone density between periods 2080–2100 and
1970–1990. Colours: anticyclone density difference (anticyc area−1 year−1), for summer in respective hemisphere. a Stationary anticyclones, b
migratory anticyclones. Magenta line: position of the subtropical ridge for the period 1970–1990, green line: position of the subtropical ridge
for the period 2080–2100. Green line is thick where at least 70% of the models exhibit a poleward position of the subtropical ridge in the
future.
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illustrates how the difference of probability of 50th and 75th percentiles
(Δprob50 and Δprob75, respectively) are obtained. Supplementary Fig. 1
also shows the differences between the future and present-day wind stress
values for the 50th percentile (Δ50) and 75th percentile (Δ75). This method
is applied to all 16 models and results are presented as the distribution of
probability obtained from the different simulations, where circles indicate
the median, boxes indicate the range of the 25th and 75th percentiles, and
the lines extend to the most extreme data points. Outliers (dots) are
defined as greater than q3+ 1.5 (q3 – q1) or less than q1 – 1.5 (q3 – q1),
where q1 and q3 are the 25th and 75th percentiles of the sample data,
respectively.
Daily SLP is interpolated onto a 2.5° × 2.5° horizontal grid and used as

input to a cyclone-tracking scheme developed and implemented at the
University of Melbourne.45 This method has been widely used for tracking
both cyclones and anticyclones.21,46 We locate and track high-pressure
systems. From the total number of anticyclones identified, we separate
stationary and migratory anticyclones. Migratory anticyclones are defined
as anticyclones that last at least 3 days and move eastward faster than
about 3°/day. The cyclone-tracking scheme was run for all 16 models for
the summer months in each hemisphere and for the two analysis periods.
Monthly SLP data were also used to identify the climatological subtropical
anticyclones. The same procedure was made using CFSR 6-hourly SLP data
in the period 1979–2010.
We use a Monte Carlo method for the estimation of statistical

significance in the relationship between intense alongshore winds stress
(upper quartile) and migratory anticyclones (Supplementary Fig. 2). One-
hundred synthetic time series of randomized samples of the wind stress
were performed at each latitude. Then, the probability occurrence of an
intense wind stress in the presence of a migratory anticyclone was
obtained for each time series. Finally, if the probability of the original wind
stress data is larger than the 90th percentile of the randomly generated
probability, we consider the relationship between intense wind stress and
migratory anticyclone significant.
The position of the STR corresponds to the latitude of maximum SLP in

each model and then the model mean is calculated. Longitudes where
more than 70% of the models show a poleward shift of the STR in the
future are shown in bold.

DATA AVAILABILITY
The datasets analysed in this study are available on-line. CMIP5 data can be
downloaded from https://esgf-node.llnl.gov/projects/cmip5/ and CFSR data can be
downloaded from https://rda.ucar.edu/pub/cfsr.html.

CODE AVAILABILITY
The cyclone tracking software used in this study is freely available and may be
obtained by contacting Professor Ian Simmonds from the University of Melbourne
(simmonds@unimelb.edu.au).
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