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changes in the Northern circulation and is therefore susceptible to changes in the atmospheric circulation. We use the Community
Hemisphere Hadley cell Earth System Model and observational data to explore the response of upwelling in the California Current

and Canary Current systems to shifts in the Northern Hemisphere subtropical high-pressure systems. We
find that shifts in the North Pacific subtropical high explain a substantial fraction of both the short-term
variability and projected trend in upwelling in the California Current system during boreal summer. By
contrast, the Canary Current system is less affected by shifts of the North Atlantic subtropical high, mostly
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Accepted article online 17 JUL 2020 Anthropogenic climate change is expected to modify wind patterns in the future, and such changes could

have major impacts on eastern boundary current ecosystems (Bakun et al., 2015; Jacox et al., 2016; Xiu
et al., 2018). One possible source of such wind changes is the increase in land-sea temperature contrast with
global warming (Bakun, 1990). This increased temperature gradient could amplify existing alongshore
winds, thereby enhancing upwelling. However, attempts to detect this effect in observations or in climate
models have yielded mixed results (Belmadani et al., 2014; Brady et al., 2017; Rykaczewski et al., 2015;
Seo et al., 2012; Snyder et al., 2003; Sydeman et al., 2014; Wang et al., 2015).

In addition to this localized forcing, climate change can also drive shifts in larger-scale atmospheric circula-
tion features, such as the subtropical highs or Hadley cells. The poleward expansion of the Hadley cells is a
particularly well-studied example, and it is known to have impacts on surface-level climate (Amaya
et al., 2018; Grise et al., 2019; Lu et al., 2007; Staten et al., 2018; Vallis et al., 2015). However, in boreal sum-
mer, the Northern Hemisphere (NH) Hadley cell is quite weak, and sinking air is split into very distinct
high-pressure systems—the North Atlantic and North Pacific subtropical highs (NASH and NPSH, respec-
tively). Furthermore, the descent in these high-pressure systems during summer is largely driven by mon-
soon heating over land, rather than by the zonal-mean meridional overturning circulation (i.e., the
Hadley cell; Liu et al., 2004; Nigam & Chan, 2009; Rodwell & Hoskins, 2001). Like the Hadley cells, these
subtropical highs can also shift due to climate change (He et al., 2017; Levine & Boos, 2019; Li, Li, &
Kushnir, 2012; Li, Li, Ting, et al., 2012), and it is these shifts that are the more relevant processes for under-
standing changes to NH summer climate (Schmidt & Grise, 2019).

While the Bakun hypothesis for localized forcing of eastern boundary currents has generated considerable
©2020. American Geophysical Union. interest, few studies have investigated the impact of changes in larger-scale atmospheric circulation features,
All Rights Reserved. such as the subtropical highs, on eastern boundary current systems (with the exception of Rykaczewski
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et al., 2015). In order to fill this gap, we will address the following two questions in this study: (1) How does
upwelling respond to short-term (month-to-month) variability in the NH subtropical highs (i.e., the NASH
and NPSH)? (2) How sensitive are modeled long-term (21st century) trends in upwelling to the future evolu-
tion of the NH subtropical highs? We will also briefly compare these results with the analogous results for
the NH Hadley cell. We focus on the June-July-August (JJA) season, which roughly corresponds to the tim-
ing of peak chlorophyll in the two eastern boundary current regions of the NH (the California Current and
Canary Current systems).

We find that variability in the position and strength of the NPSH does in fact explain a significant portion of
the short-term variability in upwelling in the California Current region. Furthermore, using a large ensem-
ble of simulations from the Community Earth System Model (CESM), we find that much of the uncertainty
in 21st century upwelling trends across model ensemble members can also be attributed to uncertainty in the
future evolution of the NPSH. The Canary Current system, however, is less sensitive to variability and 21st
century trends in the position and strength of the NASH.

2. Data and Methods
2.1. Data

In this study, we use a combination of model output, observations, and reanalysis products. To study
short-term variability, we use monthly mean output from the first 500 years of a 1,800 year fully coupled con-
trol run of the CESM (Kay et al., 2015; NCAR, 2015). In particular, we use sea level pressure (SLP) to calcu-
late the positions and strengths of the subtropical highs, and upper-level meridional winds to calculate the
width and strength of the NH Hadley cell. To study variability in upwelling and the simulated marine eco-
logical response, we use the surface wind stress, surface ocean currents, upwelling at 50-60 m depth, and
total chlorophyll averaged over depths of 0-100 m. Note that the results are not sensitive to the depth at
which upwelling is examined. Chlorophyll is an indicator of nutrient availability driven by upwelling in
the upper ocean, and the 0-100 m layer should be sufficient to include the entire photic zone and therefore
essentially all chlorophyll.

To study 21st century trends, we use some of the same variables from the CESM Large Ensemble
(CESM-LENS), which contains 40 runs of the same model under identical forcings—the
Representative Concentration Pathway (RCP) 8.5 scenario from 2006 to 2100—but with differing initial
conditions to represent the effects of unforced internal variability. We note that, due to the difficulties of
modeling long-term trends in marine chlorophyll and net primary productivity (Rykaczewski &
Dunne, 2010; Taucher & Oschlies, 2011), the winds should probably be regarded as the more reliable compo-
nent of our trend analysis. Nonetheless, as we will show below, the wind and chlorophyll results are consistent
with each other.

When possible, we validate the model-derived results by comparison with data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim reanalysis data set (ERA-Interim; Dee et al., 2011;
ECMWE, 2009). One slight difference between model and reanalysis variables is that—due to data availability—
we use 10 m wind from ERA-Interim and surface wind stress from CESM. We also compare modeled chlorophyll
with observations from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) on board the SeaStar satellite.
We use monthly SeaWiFS data from January 1998 to December 2010, with a spatial resolution of 9.2 km
(NASA Goddard, 2018; O'Reilly et al., 1998).

2.2. Methods

We compute the positions of the subtropical highs following the method described in Schmidt and
Grise (2019). Briefly, we define the center of the NPSH in a given month as the centroid of the
SLP > 1,018 hPa region within the rectangle 100-180°W, 0-60°N, and the center of the NASH as the centroid
of the SLP > 1,018 hPa region within the rectangle 0-100°W, 0-60°N. Next, we define the strength of each
high as the average SLP over a 10° longitude-by-10° latitude box centered at the location defined above
(see also Song et al., 2018). We note that while these longitude, latitude, and strength indices are not com-
pletely independent, their correlations are small enough that all three are needed to characterize the state
of each high-pressure system (see supporting information Table S1).
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Figure 1. (left) Mean chlorophyll (colors) and wind (arrows) in the regions of the California Current and Canary Current, according to SeaWiFS satellite
observations for the Period 1998-2010, and 10 m mean wind for the same period, using ERA-Interim data. The bold arrow in the corner represents a wind
speed of 10 m/s, for scale. (center) Mean chlorophyll and wind stress according to the CESM coupled control run. The bold arrow represents a wind stress of
0.2 N/m>. (right) Trends in total chlorophyll and surface wind stress, for the 2006-2100 RCP 8.5 portion of the CESM large ensemble, averaged over the 40
ensemble members. The bold arrow represents a wind stress trend of 0.02 N/m” per 95 years. Stippling indicates agreement of at least 80% of ensemble
members on the sign of the trend. Note that the top right and bottom right panels have different color scales.

Four variables are relevant to understanding upwelling in eastern boundary currents: (1) surface wind stress,
(2) surface current, (3) upwelling, and (4) chlorophyll. One can think of these as a causal chain, with each
variable partly controlling the one that follows. We focus on surface wind stress and chlorophyll mostly
because they represent the beginning and end of this chain. Nonetheless, it is worthwhile to verify that each
of the four variables in this list is in fact correlated with the one that follows.

The correlations between alongshore wind stress and cross-shore surface current, or between cross-shore
surface current and upwelling, are quite strong—in the range 0.72 < |rl < 0.94—and of the expected sign
(Figure S1). In contrast, the correlation between upwelling and chlorophyll in the California Current region
is weak (r = 0.09), but this increases to r = 0.40 if chlorophyll is lagged by 1 month (i.e., June and July
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upwelling correlated with July and August chlorophyll, with all values deseasonalized). For the Canary
Current region, the correlation is strongest with no lag, at r = 0.18. Possible reasons for this delayed response
in the California Current region include a deeper maximum nutrient concentration and slower average
upwelling compared to the Canary Current, which would cause slower nutrient delivery to the surface—
and slower responses to wind changes—in the former. Indeed, the profiles of dissolved inorganic nitrate,
phosphate, and iron from the CESM control run all have peak concentrations at deeper levels in the
California Current region, and upwelling is faster in the Canary Current region (not shown). Hence, in what
follows, we apply a 1 month lag to chlorophyll for the California Current region. Without this lag, we would
find similar conclusions, but the chlorophyll regressions and congruent trends would be somewhat weaker.

We will briefly consider whether the wind and chlorophyll changes associated with the subtropical highs
could also be explained in terms of the simpler zonal-mean Hadley cell. We use a standard definition of
the Hadley cell edge as the latitude at which the 500 hPa zonal-mean meridional mass stream function
(Ws00) crosses 0 between 15°N and 45°N (see Solomon et al., 2016; Waugh et al., 2018). The strength of
the Hadley cell is the maximum value of W5y, between the equator and the edge defined above. During
the JJA season, the positions and strengths of the subtropical highs as defined above are poorly correlated
with the strength and edge latitude of the NH Hadley cell (Schmidt & Grise, 2019), so the two may be treated
to a reasonable approximation as separate processes.

3. Results

We begin by reviewing the observed and modeled climatology of the NH eastern boundary current regions.
The top row of Figure 1 shows the JJA season climatological surface winds and chlorophyll in the California
Current region according to observations (top left) and the CESM control run (top center). In both observa-
tions and CESM, the JJA climatology is characterized by northerly surface winds paralleling the coast of
California along the eastern flank of the NPSH, with enhanced regions of chlorophyll along the North
American Pacific coast and in the interior North Pacific Ocean. The modeled chlorophyll follows a similar
spatial pattern to the observations but does not capture the magnitude or meridional extent of the sharp peak
immediately off the coast—a point we will revisit later.

The bottom row of Figure 1 shows the analogous results for the Canary Current region. The observed clima-
tology shows northerly surface winds off the Iberian Peninsula and northeasterly surface winds paralleling
the African coast along the eastern flank of the NASH. The chlorophyll maximum is positioned off the
African coast. The CESM climatology is similar, with the magnitude and meridional extent of the chloro-
phyll maximum underestimated (as in the California Current system).

The right column of Figure 1 shows the CESM simulated trends in chlorophyll and wind stress over the
Period 2006-2100 under the RCP 8.5 scenario. Consistent with Figure 3 of Rykaczewski et al. (2015), a
decrease in upwelling-favorable wind is apparent in the high-chlorophyll regions just off the coast. This is
in contrast to the aforementioned Bakun hypothesis (Bakun, 1990), which would suggest an increase in
upwelling-favorable winds in the same regions. So, if the Bakun hypothesis is operating, it is not strong
enough to dominate the modeled trend. Instead, below, we investigate the role of the large-scale atmospheric
circulation in driving the trends shown in the right column of Figure 1, focusing on the role of the subtropi-
cal highs.

3.1. Short-Term Variability

To understand better the role of the subtropical highs in driving changes in chlorophyll and wind stress, we
first examine the relationship between short-term (month-to-month) variability in chlorophyll and wind
stress with the subtropical highs. To do this, we compute the regressions of modeled surface wind stress
and chlorophyll to the position and strength of the NPSH (Figure 2, top row) and NASH (Figure 2, bottom row)
in the CESM control run. The corresponding correlations are in Table S2.

Figure 2 shows that an eastward shift of the NPSH (top left panel) is associated with southerly (upwelling-
unfavorable) wind anomalies and, accordingly, negative chlorophyll anomalies. By contrast, both northward
displacement and strengthening of the NPSH (top center and top right panels) are associated with northerly
(upwelling-favorable) wind anomalies and corresponding positive anomalies in total chlorophyll. Note that
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Figure 2. Regression of surface wind stress (arrows) and total chlorophyll (colors) to the NPSH indices (top row) and NASH indices (bottom row). All data are

deseasonalized monthly means from the JJA seasons of the first 500 years of the CESM coupled control run. Sigma (o) represents the standard deviation of
the index. The bold arrow in the corner represents a wind stress regression of 0.02 (N/mz)/sigma, for scale. Stippling indicates statistical significance of the

chlorophyll regression at the p < 0.05 level. In the Pacific, chlorophyll is lagged by 1 month, whereas in the Atlantic, there is no lag, in accordance with the
differing response times of chlorophyll in these two regions.

despite the similarity of these last two patterns, the NPSH latitude and strength are only weakly correlated
(r = 0.14; Table S1).

By contrast, month-to-month variability in the NASH longitude and latitude does not have a significant
impact on the upwelling in the Canary Current system along the African coast (Figure 2, bottom row).
While shifts of the NASH position are associated with large wind anomalies, these mostly occur too far north
to strongly affect the Canary Current. (Note that the Canary Current system is located at lower latitude than
the California Current system, with a CESM chlorophyll maximum centered around 20-30°N for the former
and 35-45°N for the latter). However, strengthening of the NASH does result in relatively strong northeast-
erly wind stress anomalies much closer to the African coast and corresponding positive chlorophyll
anomalies.
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Figure 3. Trends in surface wind stress (arrows) and total chlorophyll (colors) congruent to the NPSH indices (top panels) and NASH indices (bottom panels), for
the JJA season only. The bold arrow in the corner represents a wind stress trend of 0.02 N/m?> per 95 years, for scale. As in Figure 2, chlorophyll is lagged by
1 month in the Pacific only.

We have also repeated the analysis from Figure 2 using observations and reanalysis data (Figure S2). The
model and reanalysis wind responses are generally consistent, with one exception: Wind anomalies asso-
ciated with an eastward shift of the NPSH are northerly in the reanalysis but southerly for the model
(Figure 2, top left; see also Figures 1 and 3 of Schmidt & Grise, 2019). We also note that for chlorophyll,
the observed time series is not long enough to distinguish statistically significant regression patterns
(not shown).

3.2. Trends

The regression patterns in Figure 2 quantify the sensitivity of chlorophyll and wind stress to short-term
(month-to-month) variability in the subtropical highs. Ultimately, though, we would like to know whether
long-term (centennial-scale) trends in the subtropical highs can drive trends in these upwelling-related
variables.
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surface wind stress (tauX and tauY, respectively)—as in Figure 3—as percentages of the full trends in the same
variables. All trends are averaged over the red polygons in Figure 1. As in Figures 2 and 3, chlorophyll is lagged by

1 month in the Pacific only.

To answer this question, we quantify trends associated with individual circulation drivers by using the con-
cept of a “congruent trend.” For example, if the regression slope of chlorophyll to NPSH latitude at some
location x is R(x), and the trend in NPSH latitude for some model scenario is 7, then the trend in chlorophyll
congruent to NPSH latitude would be simply T - R(x). This method makes the implicit assumption that the
same dynamics by which circulation changes modify eastern boundary currents on month-to-month time
scales also operate on the time scales of century-long trends, an assumption we will test in the next section.

During the 21st century (Years 2006-2100 in the RCP 8.5 scenario), CESM projects that the NPSH will shift
eastward and slightly southward and weaken, whereas the NASH will shift westward and slightly northward
and strengthen. These trends are fairly robust across ensemble members of CESM, but they differ substan-
tially among other CMIP5 models (see Figure 8 of Schmidt & Grise, 2019). Figure 3 shows the trends in
CESM-LENS chlorophyll and wind stress congruent with the projected trends in the longitude, latitude,
and strength of the subtropical highs. By construction, the spatial patterns are identical to those shown in
Figure 2, but they are scaled by the CESM-LENS ensemble-mean trends in the subtropical high indices.
Figure 3 (top row) shows that the eastward, southward, and weakening trend in the NPSH are all associated
with weakening of upwelling-favorable winds and reduction of chlorophyll. For the North Atlantic, the
trends congruent with the trends in NASH longitude and latitude are quite weak, but the projected 21st cen-
tury strengthening of the NASH is associated with a stronger trend toward more upwelling-favorable wind
and more chlorophyll (Figure 3, bottom row).

To put these congruent trends into context, we compare them with the full trends shown in Figure 1 (right
column). Figure 4 shows the congruent trends as fractions of the full trend, with both averaged over the red
polygons in Figure 1. The modeled trends in the NPSH longitude, latitude, and strength individually account
for 48%, 19%, and 34%, respectively, of the full chlorophyll trend in the California Current region and com-
parable or larger fractions of the surface wind stress trend. In the Canary Current region, by contrast, both
the modeled climatological chlorophyll and the modeled full trend in chlorophyll are much larger, and
changes in the NASH only account for a very small portion of the full trend—often in the wrong direction
(Figure 4, right panel).

As an aside, due to the differences between the observed and model climatology (Figure 1), the actual chlor-
ophyll response to various circulation changes may be stronger and more meridionally elongated than the
model-derived results we show here.

3.3. Correlations Across Trends

As mentioned above, one potential weakness of the “congruent trend” method is that it uses short-term sen-
sitivity as a proxy for long-term sensitivity. To test the long-term sensitivity more directly, we wish to deter-
mine whether individual ensemble members with larger subtropical high trends also have larger trends in
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wind or chlorophyll. We therefore compute the correlation and percent variance explained across the 40
CESM-LENS ensemble members of (for example) the 40 trends in chlorophyll with the 40 trends in NPSH
latitude.

For the California Current system, the three NPSH indices and three upwelling-related variables (u and v
component wind stress and chlorophyll) give nine correlations. All nine have the same signs that we would
expect from Figure 2 (top row), and most are statistically significant, with magnitudes up to about r = 0.5
(Table S3). Those relationships with statistically significant correlations each individually explain 7% to
27% of the variance in chlorophyll and wind stress trends in the California Current system.

We can draw two conclusions from this result. First, the model's long-term response to subtropical high
shifts is at least qualitatively similar to its short-term response, adding confidence to results derived from
the “congruent trend” method. Second, this result shows that a significant fraction (around 7% to 27%) of
the uncertainty in upwelling trends can be traced to uncertainty in the future evolution of the NPSH.

3.4. Comparison With the Hadley Cell

The NH Hadley cell has been studied more thoroughly than the subtropical highs, and its future trends are
better constrained. Hence, it is worth asking whether the Hadley cell could also explain much of the
short-term JJA season variability and trends in upwelling-related variables. It does not. Regressions of wind
stress and chlorophyll—as in Figure 2—to short-term variability in Hadley cell width and strength are very
weak (not shown). The congruent trends—as in Figure 4—for the Hadley cell are also very small (Figure S3).
Finally, the correlations across trends for the Hadley cell and California Current upwelling-related variables
are generally weak and not statistically significant (Table S3). We note, however, that the Hadley cell could
have more important impacts in other seasons.

4. Conclusions

In this study, we have identified a major driver—and a key source of uncertainty—of trends in the California
Current system. The projected 21st century southeastward shift and strengthening of the NPSH each explain
large fractions of the projected total trend in wind and chlorophyll off the California coast. Furthermore,
comparison across ensemble members of CESM-LENS shows that ensemble members with larger 21st cen-
tury NPSH shifts also have larger wind and chlorophyll trends. These results extend the findings of previous
studies. For example, Rykaczewski et al. (2015) reported a decrease in upwelling-favorable winds in the
California Current region in the RCP 8.5 scenario, but here we have been able to more explicitly compute
the portions of that full trend in upwelling that can be attributed to various atmospheric circulation features.
By contrast with the California Current, projected 21st century trends in the position and strength of the
NASH shifts do not explain much of the trend in the Canary Current system, and the NH Hadley cell has
little impact on either eastern boundary current system.

We emphasize that due to both model uncertainty and internal variability, the future trends in the subtro-
pical highs themselves are not well constrained (Rykaczewski et al., 2015; Schmidt & Grise, 2019; Shaw &
Voigt, 2015; Xiu et al., 2018). Hence, the results found here should not be interpreted as predictions of future
upwelling trends. Rather, what we have shown is that much of the uncertainty in the future of California
Current upwelling can be traced back to uncertainty in the future evolution of the NPSH.

Data Availability Statement

ERA-Interim data are available at http://apps.ecmwf.int/datasets/data/interim-full-moda, CESM model
outputs are available at http://www.cesm.ucar.edu/projects/community-projects/LENS, and observed
chlorophyll data are available online (at https://oceancolor.gsfc.nasa.gov/data/10.5067/ORBVIEW-2/
SEAWIFS/L3M/CHL/2018/).
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