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ABSTRACT: The wind-driven circulation is an important driver of upwelling in the California Current System, a key
factor in maintaining a productive ecosystem. In summer, the North Pacific high (NPH) dominates the atmospheric circula-
tion, including the nearshore winds. The impact of the NPH on the surface winds along the North American west coast
during summer is examined using the ECMWF Reanalysis v5 (ERAS5) and the Community Earth System Model version 1
(CESM1) large ensemble of simulations. The strength, latitude, and longitude of the sea level pressure (SLP) and subsi-
dence at 500 hPa are used to assess the NPH and its variability. While both the surface high pressure cell and subsidence
are related to the interannual variability of the surface winds over the North Pacific, the strength of subsidence has a much
larger effect on the coastal winds than the variability in SLP. Based on the mean of the 40 CESM simulations, future
changes in upwelling also more strongly coincide with changes in subsidence than in SLP. Subsidence and southward
upwelling-favorable winds increase off the Canadian coast, with the reverse occurring off the U.S. West Coast, by the end
of the twenty-first century. In particular, the intermember correlation between the changes in the nearshore surface winds
and the 500-hPa pressure vertical velocity reaches 0.75 and 0.87 in the southern and northern portions of the northeast
Pacific, respectively. The effect of the subsidence on upwelling winds in the future is confirmed by the CESM2 large
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1. Introduction

The California Current System (CCS) spans the West Coast of
the United States and is one of the world’s major eastern bound-
ary upwelling systems (EBUS). The CCS is located on the eastern
flank of the North Pacific high (NPH, e.g., Rodwell and Hoskins
2001; Seager et al. 2003; Liu et al. 2004; Miyasaka and Nakamura
2003; Li et al. 2012; He et al. 2017) and underlies the NPH-related
large-scale subsidence (e.g., Richter 2015). During summer, the
equatorward (“upwelling favorable”) winds prevail along a
large part of North America west coast and yield extensive
upwelling within ~100 km of the coast due to offshore
Ekman transport since the coast is primarily meridionally
oriented (e.g., Bakun 1973; Huyer 1983). The coastal up-
welling is a key factor for the CCS because it delivers cold
nutrient-rich water to the sunlit surface layer, providing
nutrients for phytoplankton that subsequently feeds higher
trophic levels (Mann and Lazier 2013). The coastal upwelling
is also affected by other factors, for example, cross-shore geo-
strophic currents, ocean stratification, and source waters con-
tent (e.g., Jacox et al. 2018; Ding et al. 2021).

Anthropogenic climate change is expected to induce changes
in coastal upwelling in the CCS and other EBUSs during
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summer (e.g., Bakun 1990; Brady et al. 2017). A conceptual un-
derstanding of upwelling-favorable alongshore surface winds
(u,) is that they arise from a geostrophic balance with the local
cross-shore sea level pressure (SLP) gradient, which is due to
higher pressure over the ocean and a thermal low over the adja-
cent continent. The pressure gradient is assumed to be due to
the large surface air temperature difference between the rela-
tively cool ocean and warm continents in summer (Bakun 1973,
1975). Bakun (1990) noted a long-term trend toward an increas-
ing cross-shore SLP gradient and therefore intensifying u,. The
conceptual understanding inspired Bakun (1990) to attribute
the trend to ongoing greenhouse gas forcing, since surface air
temperature is anticipated to increase more over land than
over the adjacent oceans (e.g., Manabe et al. 1991). Bakun
(1990) suggested that the higher warming rate over continents
would deepen the thermal low and increase the land-sea SLP
gradient, inducing the intensification of u, in the CCS and other
EBUSs.

The potential response of u, to greenhouse gas forcing has
been studied extensively during the past three decades, in-
cluding identifying the externally forced response from histor-
ical trends (e.g., Garcia-Reyes et al. 2015). For the CCS,
Garcia-Reyes and Largier (2010) identified a positive trend in
u, during March—July over the years 1982-2008 in the central
part of the California coast. Narayan et al. (2010) found an
intensification of the upwelling-favorable alongshore wind
stress over the years 1960-2001 along most of the California
coast. Sydeman et al. (2014) conducted a meta-analysis of
22 published articles, which each used more than 20 years of
observations or model output, and found significant trends
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FIG. 1. Climatological mean (a),(c) sea level pressure and (b),(d) 500-hPa pressure vertical velocity (shading) and
1000-hPa wind fields (vectors) during boreal summer (JJA) calculated from (a),(b) ERAS and (c),(d) the CESM-LE,
respectively. The unit of 1000-hPa winds is m s~!. The contour intervals of SLP and pressure vertical velocity are

3 hPa and 0.01 Pas™!, respectively.

of increased upwelling at higher latitudes of the CCS and other
eastern boundary currents during the warm season. However,
historical trends can be influenced by low-frequency variability
internal to the climate system and may not be due to green-
house gas forcing (e.g., Chhak and Di Lorenzo 2007; Brady et al.
2017).

The response of coastal upwelling in the CCS and other
EBUS:s to greenhouse gas forcing has been investigated using
coupled atmosphere—ocean general circulation models (CGCMs;
e.g., Hsieh and Boer 1992; Mote and Mantua 2002; Wang et al.
2010; Belmadani et al. 2014; Rykaczewski et al. 2015; Wang et al.
2015; Brady et al. 2017; Schmidt et al. 2020). The studies differed
on the response of alongshore winds to anthropogenic climate
change, and did not support Bakun’s hypothesis. For example,
two simulations over the years 1990-2080 were conducted using
different CGCMs and neither of them showed significant changes
in sea level pressure or upwelling-favorable alongshore wind
stress (7,) in response to external forcing (Mote and Mantua
2002). A majority of CGCMs available from phase 3 of the Cou-
pled Model Intercomparison Project (CMIP3) projected an inten-
sified 7, off the coast of Oregon (Wang et al. 2010). In contrast,
Wang et al. (2015) found that CMIP5 models project a
strengthening of alongshore winds in the high-latitude parts of
all other EBUSs (i.e., the Canary, Benguela, and Humboldt
Currents) except the CCS. They further attributed the high-
latitude intensification to Bakun’s hypothesis, but did not in-
vestigate the deepening of the continental thermal low and
the resulting intensification of the cross-shore SLP gradient.
Rykaczewski et al. (2015) found that increased land-sea tem-
perature differences were insufficient to generate increased

SLP gradients and concluded that the mechanism proposed
by Bakun (1990) was not the dominant process influencing an-
thropogenic changes in 7,. Belmadani et al. (2014) reached a
similar conclusion for the Humboldt EBUS.

As noted in previous studies (e.g., Seager et al. 2003), the
North Pacific high (NPH) occupies nearly the entire North
Pacific in summer. The NPH is centered in the middle of
the basin (Fig. 1a), with basinwide anticyclonic circulation
at the surface (Fig. Sla in the online supplemental material).
On the eastern flank of the anticyclone, strong equatorward
winds occur, which yield extensive coastal upwelling by off-
shore Ekman transport in the upper ocean (e.g., Huyer 1983).
Several studies (Seager 2003; He et al. 2017) note that the
NPH features large-scale subsidence in the midtroposphere,
which covers a large part of the subtropical North Pacific and
peaks near the coast of California (shading in Fig. 1b). The
descending motion is fundamentally driven by diabatic
heating of the monsoon system (Rodwell and Hoskins 2001;
Karnauskas and Ummenhofer 2014). Subsidence is an indis-
pensable component of local ocean—atmosphere coupling
in the EBUSs (Richter 2015). It warms the troposphere,
stabilizing the atmosphere together with the cold surface
temperature below and favoring the formation of shallow
stratocumulus. Further, the subsidence is also closely related
to surface winds. Figure 1b shows that the equatorward
winds tend to occur in the region with subsidence (Fig. 1b),
consistent with Sverdrup balance Bv ~ fw, which arises from
vorticity balance in the atmosphere (Rodwell and Hoskins
2001). Here, v is the meridional velocity,  the pressure vertical
velocity, f the Coriolis force parameter, and 3 the derivative of
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fover latitude. Links between w and the dynamics of midlat-
itude atmospheric systems are examined in detail in Hoskins
et al. (2003).

Previous studies have examined the link between subtropi-
cal highs and coastal upwelling in EBUSs on interannual time
scales (Garcia-Reyes et al. 2013; Schroeder et al. 2013) and on
longer time scales in response to greenhouse gas forcing
(Schmidt et al. 2020). Future changes in the North Pacific sub-
tropical high during summer have been projected to occur in
response to greenhouse gas forcing (Li et al. 2012; He et al.
2017). Corresponding changes in the atmospheric ridge over
the Pacific-North America region can modulate the surface
climate, including the temperature and precipitation over the
western United States (Loikith et al. 2022). Based on CMIP5
multimodel simulations, Rykaczewski et al. (2015) found that
in summer u, weakened (intensified) on the equatorward
(poleward) side of the four EBUSs, in response to greenhouse
gas forcing. They attributed the pattern of change in u, to the
poleward displacement of the subtropical highs in each ocean
basin. In addition, using the CESM1 large ensemble, Schmidt
et al. (2020) argued that a substantial fraction of the reduced
u, near the California coast was explained by the externally
forced trend in the NPH. These studies only considered the
surface pressure when examining the impact of the subtropi-
cal highs on u,.

Here, we examine the impact of the NPH on u, along the
west coast of North America during summer (i.e., JJA) on
both interannual and centennial time scales, where the latter
is likely influenced by anthropogenic climate change. In addi-
tion to a SLP metric, we also define a subsidence metric to
measure the NPH, since subsidence may play a critical role in
relating the circulation to u,. We examine the potential re-
sponse of the CCS upwelling to anthropogenic climate change
using a large ensemble of climate model simulations. The rest
of the paper is organized as follows. Section 2 describes the
reanalysis dataset, model simulations, and methods used to
examine internal and forced variability. In section 3, we present
results on the atmospheric mean state, interannual variability of
u,, and the externally forced changes in the subtropical high and
surface winds over the North Pacific during summer. A summary
and discussion are presented in section 4.

2. Data and method
a. Data and analysis method

We use monthly mean data from the European Centre for
Medium-Range Weather Forecasts Reanalysis version 5 (ERAS;
Hersbach et al. 2020) over the years 1979-2020, and monthly
mean data from the NCAR Community Earth System Model
version 1 (CESM1) large ensemble (CESM-LE; Kay et al. 2015).
The CESM-LE includes 40 members, differing only slightly in
their initial atmospheric conditions in January 1920. All the mem-
bers are subject to the identical historical radiative forcing over
the years 19202005 and then RCP8.5 radiative forcing over the
years 20062100 (Riahi et al. 2011). The atmospheric model com-
ponent has a horizontal resolution of approximately 1° X 1° in
longitude and latitude and 30 vertical levels; the ocean model
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component has a horizontal resolution of approximately 1° X 1°.
Data from the CESM-LE have been widely used in climate stud-
ies (e.g., Deser et al. 2016; Lovenduski et al. 2016; Brady et al.
2017, Schmidt et al. 2020).

We also examined future changes near the North America
west coast, for which the CESM2 large ensemble (hereafter
CESM2-LE; Danabasoglu et al. 2020) is employed. The CESM2-
LE consists of 100 members covering the years 1850-2014
subject to CMIP6 historical forcing and 2015-2100 SSP370
future radiative forcing scenarios, respectively. We employed
80 members of the ensemble due to data availability. To ex-
amine future changes in the CESM2-LE, the epoch difference
is calculated by comparing the later epoch over years 2071—
2100 against the earlier epoch over years 1925-54, consis-
tent with CESM-LE.

The ERAS data are used 1) to evaluate the fidelity of the
CESM-LE in simulating the present-day climate over the years
1979-2020 and then 2) to examine the impact of the NPH on
the interannual variability of u, along the west coast of North
America. Due to data availability, surface (i.e., at a height of
10 m) winds and surface wind stress are employed from the
ERAS and the CESM-LE, respectively, when examining the
impact of the NPH on the coastal upwelling. Following Brady
et al. (2017), the summer mean over the years 2071-2100 from
the RCP8.5 experiment is compared with that over the years
1925-54 from the historical experiment to obtain an epoch
difference X', where i indicates ensemble member and X can be
any variable of interest. Greenhouse gas forcing induced
changes are given by the ensemble mean, while internal vari-
ability is obtained from the spread of the members (Kay et al.
2015; Brady et al. 2017). The signal-to-noise ratio SNR = X/a,
where X = (Zfi 1 X")/N, N is the number of ensemble members
and the internal variability, and o is given by the standard devia-
tion of the ensemble members. For CESM-LE and CESM2-LE,
N equals 40 and 80, respectively. A SNR of 2 or greater indicates
that the forced change X is significant at the 95% confidence
level, derived from the ¢ test (Deser et al. 2014; Brady et al.
2017).

b. The North Pacific high metrics

We adopt two sets of metrics to measure the strength and
position of the North Pacific high (NPH), which are obtained
from the SLP and 500-hPa pressure vertical velocity, respec-
tively. Hereafter, we use o to represent pressure vertical ve-
locity (i.e., o = dP/dt); positive w values indicate descending
motion. Each set of metrics includes strength, longitude, and
latitude. The SLP metric is calculated using a method similar to
Schroeder et al. (2013) and Schmidt et al. (2020). Time series of
the position are given by SLP value-weighted longitude and lati-
tude within the 1020-hPa isobar in the North Pacific bounded
by 10°-60°N, 150°E-100°W: x{P = (X./pi X lon!)/X,; pi and
yiP = (X pi X lat))/Y pi. Accordingly, the amplitude is given
by (zlnp; )/n, which is the SLP mean value in the same domain
as the position metric. Here, lon! and lat’ are the longitude and
latitude at time ¢ and grid cell i, p! is the SLP value at (lonf, latf),
and 7 is the total number of grid cells in the domain. Likewise,
for the pressure vertical velocity metric (hereafter w500),
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FIG. 2. The shading indicates summer mean meridional wind while vectors indicate the meridional wind together
with pressure vertical velocity (omega) at a pressure and latitude along the west coast of North America, calculated
from (a) ERAS and (b) CESM-LE. In both panels, omega is scaled by —1 X [max value(v)/max value(omega)] from

the ERAS, which approximately equals 106. The contour interval of the meridional windisinms™ .

strength and position are given by (X, w X lon))/Y,; w and
(X o X lath)/Y, o and (X, w)n, respectively, within the
contour of 0.03 Pa s~ ! in a domain bounded by 15°-60°N,
150°-100°W, where w is taken from 500 hPa.

3. Results
a. The North Pacific high and coastal winds

A height and latitude cross section along the west coast of
North America shows the relationship between meridional
winds and pressure vertical velocity (vectors in Fig. 2a). Subsi-
dence occurs in the troposphere from 200 to ~900 hPa be-
tween 20° and 50°N and then transitions to equatorward flow
near the surface, consistent with the Sverdrup balance. North-
erly winds are collocated with the subsidence along the coast
with the maximum at about 38°N. Northerly winds occur only
in a shallow layer below 800 hPa while southerly winds pri-
marily occur above 400 hPa (shading in Fig. 2a). We obtain
similar results when the cross section is taken along a fixed
longitude at 130°W (Fig. S2a), which is the approximate loca-
tion of the maximum subsidence at 500 hPa during summer.
Thus, the NPH may modulate coastal winds via changes in
large-scale subsidence.

In general, the CESM-LE accurately reproduces the sum-
mer mean atmospheric state over the Pacific-North American
region including the surface high pressure cell (Fig. 1c) and at-
mospheric circulation in the lower troposphere (Fig. S1).
However, the CESM-LE overestimates the magnitude of the
surface high pressure cell by about 6 hPa (Fig. S3a). The
model also captures the low over the southwestern United
States. Comparing vectors in Figs. 1b and 1d indicates that the
CESM-LE closely matches the observed near-surface wind
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fields in the coastal region adjacent to North America (Fig. S3b),
despite the coarse horizontal resolution of the atmospheric model
(section 2). The CESM-LE reproduces the subsidence at 500 hPa
near 40°N in the eastern Pacific. One deficiency is that the de-
scending motion in the model extends farther north than in
ERAS (Figs. 1b,d), with a positive bias centered around 50°N
(Fig. S3b). The CESM-LE also reproduces the relationship be-
tween subsidence and meridional wind along the west coast
(Fig. 2b) and at 130°W (Fig. S2b). The fidelity of reproducing
the mean state and the relationship between subsidence and
v-wind increases the confidence for examining future changes
using the CESM-LE.

b. The impact of the NPH on interannual variability of
surface winds

We examine the interannual variability of the NPH, as
measured by the standard deviation of the components of the
two metrics. Table 1 shows that the atmospheric high pressure
cell, represented by the SLP metric, is very stable in strength
and position, consistent with Schroeder et al. (2013). The stan-
dard deviation of the SLP strength is only about 0.55 hPa. In
addition, the longitude and latitude components of the SLP
metric have standard deviations of 2.9° and 1.1°, respectively.
They indicate relatively small displacements given that the
center of the NPH-related high pressure cell is in the middle
of the North Pacific and located far away from the west coast
of North America. Schroeder et al. (2013) also found the posi-
tion of the summer high-pressure cell shifted only slightly
year by year while the strength component exhibited little
variability in all seasons. By contrast, the standard deviation
of the strength component of the w300 metric is 0.003 Pas ™!,
a substantial deviation from the summer mean (7.5%). In
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TABLE 1. Climatological summer (JJA) means and standard deviations of the strength, longitude, and latitude of the SLP and the
®500 metrics of the North Pacific high. An asterisk (*) denotes 95% significance in the epoch difference (2071-2100 minus 1925-54).
Positive/negative longitude (latitude) differences in the rightmost column indicate eastward/westward (northward/southward)

displacement.
ERA5S CESM-LE
Mean Std dev Mean Std dev Epoch difference

SLP metric
Strength (unit: hPa) 1022 0.55 1024 0.6 0.14
Longitude 150°W 2.9° 158°W 1.8° —0.58°
Latitude 37°N 1.1° 39°N 1.1° 0.1°

500 metric
Strength (unit: 1072 Pa s~ %) 4 0.3 44 0.3 —0.2%
Longitude 131°W 1.8° 131°W 1.6° 0.18°
Latitude 34°N 1.96° 36°N 1.9° 2.4°%%

addition, the position has a standard deviation of 1.8° longi-
tude and 1.96° latitude, which represent considerable displace-
ments given that the maximum subsidence is located next to
the coast.

The two metrics are related to each other to some extent
since they both represent aspects of the NPH. The correlation
between the strength components of the two metrics is 0.48,
which is significant at the 95% confidence level. This is be-
cause the subsidence accumulates atmospheric mass below
and adds to the high pressure cell in the eastern subtropical
Pacific (not shown). Likewise, the correlation between the lat-
itude component of the two metrics is 0.64, significant at the
95% confidence level. This is because subsidence increases
the surface pressure and thus the northward displacement of
the subsidence results in the northward shift of the high pres-
sure cell. By contrast, the correlation between the longitude
component of the two metrics is only 0.21, which is not signifi-
cant. While these two aspects of the NPH are related to some
degree they may differ in their influence on surface winds
along the U.S. West Coast.

To investigate how the NPH affects coastal upwelling, we
calculate the correlation between surface meridional wind
and the three components of the two NPH metrics using
ERAS5 data (Fig. 3). Several studies have adopted the meridi-
onal wind as the upwelling-favorable alongshore wind directly
(e.g., Rykaczewski et al. 2015). Nevertheless, the linkage of
the NPH to surface zonal wind is also shown in Fig. 4 given
that zonal and meridional winds are equally efficient for in-
ducing coastal upwelling north of ~50°N. In addition, the two
NPH metrics are related to the upwelling-favorable compo-
nent (Fig. S4), which is calculated by projecting the zonal and
meridional winds from the first offshore grid cells onto an esti-
mate of the angle of the coastline based on three consecutive
grid cells.

We begin with the SLP metric. The strength of the NPH is
only weakly correlated with northerly (upwelling-favorable)
wind anomalies along the west coast with a correlation value
of about —0.3 between 34° and 40°N (Fig. 3a), but has negligi-
ble impact on surface zonal wind anomalies (Fig. 4a). The
strength has a modest correlation with u,, at the coast between
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32° and 40°N, with values of about 0.3-0.4 (Fig. S4). The mid-
dle column shows that the eastward shift of the high pressure
cell induces southerly wind anomalies (Fig. 3b) and easterly
wind anomalies (Fig. 4b) in a small coastal region near 34°N,
both of which are unfavorable for upwelling. The effects on
both surface wind components amount to a correlation of —0.
5 with u, at ~34°N at the coast (Fig. S4). By contrast, the
northward shift of the high pressure cell is associated with
northerly wind anomalies between 45° and 55°N (Fig. 3c) and
westerly wind anomalies between 50° and 55°N at the coast
(Fig. 4c) with a correlation value of about —0.5 around 50°N,
125°W (Fig. 3c), both of which are favorable for upwelling. In
total, the meridional position of the high pressure cell has a
significant correlation with u, between 42° and 58°N with a
maximum value of 0.6 at about 51°N (Fig. S4). These results
are consistent with the findings in Schmidt et al. (2020).

We now turn to the »500 metric. Figure 3d shows that the
strength of the NPH-related subsidence is highly correlated
with northerly wind anomalies along the west coast with cor-
relation values of —0.6 to —0.7 between 35° and 42°N. Fur-
thermore, the strength is also highly correlated (~0.5) with
westerly wind anomalies at about 40°N (Fig. 4d), although the
zonal wind has little effect on upwelling given that the coast is
nearly meridional at this latitude. The two effects amount to a
correlation value of more than 0.7 with u, at about 38°N (Fig.
S4). The eastward shift of the subsidence induces southerly
wind anomalies between 26° and 32°N (Fig. 3e), but the im-
pact of the shift on surface zonal winds is negligible (Fig. 4¢).
The longitude component of the w500 metric has an anomaly
correlation of approximately —0.4 with u, from 26° to 32°N
(Fig. S4). The northward shift of the subsidence is associated
with northerly wind anomalies (Fig. 3f) and westerly wind
anomalies (Fig. 4f) with the maximum correlation value of
about —0.5 (Fig. 3f) and 0.5 (Fig. 4f) at ~50°N, both of which
are favorable for upwelling. The latitude component of the
®500 metric has significant anomaly correlations (0.4-0.6)
with u, between 49° and 59°N (Fig. S4).

There are some key differences in the SLP and «500 NPH
metrics, in terms of their relationship to surface winds in the
CCS. In particular, the strength of the high pressure cell is
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Relating the SLP metric to meridional surface wind
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FIG. 3. Anomaly correlation between surface (10-m) meridional wind and the strength, longitude, and latitude of the (a)—(c) SLP metric
and (d)—(f) 500 metric, calculated from the ERAS. Data are detrended prior to calculating the correlation.

marginally related to the winds near the coast, while the subsi-
dence strength explains a substantial fraction (a maximum of
50%) of the coastal wind variability between 35° and 42°N.
The strength of the subsidence is highly correlated (0.72) with
the maximum u,. The role of subsidence on upwelling in the
CCS has been overlooked in previous studies. The zonal dis-
placements of the high pressure cell and the subsidence affect
u, at different latitudes (Fig. S4b), while the northward shift
of the subsidence affects surface winds in a similar way as that
of the high pressure cell as the two latitude components are
highly correlated with each other.

We also calculated the correlation between meridional
(Fig. 5) and zonal (Fig. S5) wind stress and the three compo-
nents of the two NPH metrics using the CESM-LE data. The
model generally reproduces the impact of the strength com-
ponents of the two metrics on surface winds in the coastal re-
gion as seen by comparing the CESM fields (Figs. 5a,d and
Figs. S5a,d) with those from the ERAS (Figs. 3a,d and 4a,d).
For example, the CESM-LE simulates the impact of w500
strength on the meridional wind around 40°N. However, the
effect of the longitude components on the winds is weaker in
the model and the placement of the correlation centers differs
for some of the metrics. The CESM-LE generally reproduces
the latitude component of the SLP metric on the meridional

and zonal winds near the coast, although it underestimates
the magnitude of the correlations. The latitude component of
the w500 metric in the CESM-LE affects surface winds in dif-
ferent regions than those in ERAS.

c¢. The impact of the NPH on coastal winds due to
anthropogenic climate change

The projected changes in SLP are shown in Fig. 6a. SLP in-
creases slightly in response to the external forcing in the mid-
dle of the NPH-related high pressure cell between 30° and
40°N, but none of the strength, longitude, or latitude compo-
nents of the SLP metric changes significantly (Table 1). The
high pressure cell shows no obvious displacement in the fu-
ture climate as shown by the contours of 1020 hPa from the
historical and RCP8.5 experiments. The NPH does expand
slightly along its northern and southern flanks, but the two
contours are nearly coincident with each other along its east-
ern flank, indicating that the high pressure cell does not
change along the west coast of North America. Surprisingly,
SLP is projected to increase significantly in the western part
of North America. The increased SLP even reduces the sea—
land SLP gradient between 20° and 45°N, although the surface
air temperature is projected to increase more over the conti-
nent than the ocean (not shown). Future changes in surface
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Relating the SLP metrics of NPH to zonal surface wind
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Relating the w500 metrics of NPH to zonal surface wind

(d) Correlation: u10 vs Strength

(e) Correlation: u10 vs Lon

(f) Correlation: u10 vs Lat
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FIG. 4. Anomaly correlation between surface (i.e., 10-m) zonal wind and the strength, longitude, and latitude of the (a)-(c) SLP metric
and (d)-(f) @500 metric, calculated from the ERAS. Data are detrended prior to calculating correlation.

pressure closely resemble those in SLP, including an increase
in pressure over western North America (not shown).

The projected changes in SLP, calculated from the CESM2-
LE, are shown in Fig. 6b. In general, the CESM2-LE exhibits
changes consistent with those in the CESM-LE (Fig. 6a), es-
pecially near the west coast of North America. For example,
the SLP increases significantly over the northern and southern
parts of the eastern North Pacific, but with little or no increase
in between, similar to the CESM-LE, indicating similar
changes in the SLP gradient between the two models in the
eastern North Pacific and thus consistent geostrophic circula-
tion near the surface. He and Zhou (2022) noted that both the
rotational and divergent intensity of NPH are projected to
weaken based on multiple scenarios of both CMIP5 and
CMIP6 models, which is consistent with our results based on
the SLP gradient and omega metrics (see below). There are
also similar changes in the position of the subtropical high, as
indicated by the dashed and solid lines in Fig. 6. The significant
increase in SLP over western North America in the CESM2-
LE concurs with CESM-LE. The primary difference in SLP
occurs in the central North Pacific, where CESM2-LE exhibits
a decrease in pressure, while it slightly increases in CESM-LE.

The mean states over the two epochs and their epoch dif-
ferences in 500-hPa w and surface wind stress are shown in

Fig. 7. The mean subsidence weakens in the future, but the
area of subsidence expands farther north (Figs. 7a,b). Indeed,
the projected changes in the 500-hPa w are characterized by
significant negative anomalies of —0.005 Pa s™' (i.e., ascend-
ing motion) from about 135°W to the U.S. West Coast and be-
tween 30° and 40°N (Fig. 7c), reducing the climatological
subsidence (Fig. 1) and weakening NPH in the future. The
area with strong subsidence (w of 0.04 Pa s~ ') shrinks zonally
and shifts northward, as also indicated by the reduced strength
and meridional displacement (2.4°) of the »500 metric. Near
the coast, significant positive anomalies of 0.002-0.005 Pa s~ !
occur between approximately 48° and 55°N and form a dipole
pattern with the negative anomalies of —0.01 Pa s~ ! located
between 30° and 45°N (Fig. 7c). The anomalous subsidence re-
duces the ascending motion along the west coast of Alaska
and Canada (Fig. 1).

The projected surface wind stress changes are characterized
by cyclonic (anticyclonic) circulation south (north) of ~45°N
(Fig. 7d). A similar circulation change was noted in the CMIPS
multimodel ensemble mean (He et al. 2017). The westward sur-
face wind stress change around 40°-50°N is also consistent with
narrowing low-level zonal wind distribution (Brewer and Mass
2016). The Laplacian of SLP, which is an approximation of the
rotational wind component, indicates cyclonic and anticyclonic
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FIG. 5. Anomaly correlation between meridional wind stress and the strength, longitude, and latitude of the (a)—(c) SLP metric and

(d)—(f) ®500 metric, calculated from the CESM-LE. D

circulation changes in the southern and northern part of the
eastern North Pacific, respectively (not shown), consistent
with the changes in surface wind stress. On the eastern flank
of the anomalous cyclone, poleward surface wind stress
anomalies occur near the California coast, reducing the cli-
matological mean 7, there (Figs. 1 and 7a). Like u,, 7, is cal-
culated by projecting zonal and meridional wind stress from
the first offshore grid cells onto the estimate of the angle of

(a) SLP (CESM-LE)

ata are detrended prior to calculating the correlation.

the coastline. This weakening of 7, is related to the weaker-
than-normal NPH-related subsidence above (Fig. 7c) consis-
tent with the Sverdrup balance. Likewise, the intensification
of 7, north of ~45°N is also associated with the anomalous
descent in the northeastern North Pacific. The area of sur-
face wind stress that is directed toward the southeast ex-
pands slightly north extending along the coastal to 55°N
(Fig. 7b). The surface westerly changes in this area were

(b) SLP (CESM2-LE)
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FI1G. 6. The epoch difference (2071-2100 minus 1925-54) in SLP, calculated from (a) CESM-LE and (b) CESM2-LE.

Dots indicate 95% confidence level where the signal-to-noise ratio =2; dashed and solid lines show the contours
of 1020 hPa for summer mean calculated over the years 1925-54 and 2071-2100, respectively. The units in each
panel are hPa.
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and (b) 2071-2100 and the epoch difference (2071-2100 minus 1925-54) in (c) the 500-hPa pressure vertical velocity
and (d) the surface wind stress. Dots in (c) and green shading in (d) indicate 95% significance. In (c), dashed and solid
lines show the contours of 0.04 Pa s~ ! for summer means calculated over the years 1925-54 and 2071-2100, respec-
tively. The units for vertical pressure velocity and wind stress are Pa s~ ' and N m ™2, respectively.

also noted by Mass et al. (2022) using a high-resolution re-
gional model simulation.

We used the CESM2-LE to test the robustness of future
changes in the vertical velocity and surface wind stress. The pro-
jected changes in 500-hPa w and surface wind stress in the
CESM2-LE (Figs. 8c,d) closely resemble those in the CESM-LE
(Figs. 7c,d). The projected changes in the 500-hPa w are charac-
terized by significant negative anomalies of —0.01 Pas ' (ie., as-
cending motion) near the California coast between 30° and 40°N
(Fig. 8c), reducing the climatological subsidence there (Fig. 8a).
Accordingly, northward surface wind stress changes occur along
the coast (Fig. 8d), which are unfavorable for upwelling as in the
CESM-LE (Fig. 7d). One difference from the CESM-LE is that
the NPH-related subsidence weakens over a larger area in the
CESM2-LE. Accordingly, northward surface wind stress changes
are also stronger than in the CESM-LE near the California coast.
Significant positive anomalies of 0.002-0.005 Pa s~ ' occur near

the coast north of ~48°N, which reduces the climatological as-
cending motion along the west coast of Alaska and Canada
(Fig. 8a), consistent with those in the CESM-LE (Fig. 7c). The
southeastward surface wind stress changes also occur along
the coast in the CESM2-LE, but are weaker than those in the
CESM-LE. The difference from the CESM-LE is associated
with a smaller area with anomalous subsidence in the Gulf of
Alaska in the CESM2-LE compared to the CESM-LE.

The link between the forced changes in 500-hPa pressure
vertical velocity and meridional wind are illustrated in Fig. 9a
using a height and latitude cross section along the west coast
of North America. Southerly wind and ascending anomalies
are located between 32° and 40°N. Farther north, northerly
wind and descending anomalies occur from 43° to 59°N. To-
gether they form an anomalous clockwise circulation, where
7, is weakened (strengthened) in the southern (northern) part
of the domain (Fig. 9b). In general, the interface between
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FIG. 8. As in Fig. 7, but using the CESM2-LE.

weakened and intensified 7, in the anomalous clockwise circu-
lation is approximately located at 42°N. In addition, there is
another interface in the south around 29°N for opposite
changes in 7, Figure 9c shows the percentage of forced
changes in 7, relative to the summer mean state calculated
from the first epoch over the years 1925-54. At 23°-24°N, 7,
increases by about 8%. Near the Californian coast between
34° and 39°N, 7, weakens by 10%-12%. To the north of 47°N,
7, changes significantly toward being favorable for coastal up-
welling, and the percentage increases from 10% around 47°N
to 150% around 59°N (Fig. 9c). Farther north, the percentage
is about 150%, but with the opposite sign. These large per-
centage changes result from the mean 7, being close to zero
near the northern part of the domain. An examination of the
zonal and meridional components of wind stress indicates that
both components change significantly along the North American
west coast (not shown).

We further examine the link between the externally forced
changes in 500-hPa pressure vertical velocity and 7, using the
40 independent members in the CESM-LE. A scatterplot of

the epoch differences of the strength component of the w500
metric (abscissa) and 7, (ordinate) averaged over latitudes
of 34.5° and 40.5°N for all ensemble members is shown in
Fig. 10a; 7, displays significant weakening over this latitude
range (Fig. 9b). All members show reduced subsidence and 7,
(negative values for both) in a changing climate. There is a
clear linear relationship between the two quantities with an
intermember correlation value of 0.75, which is significant at
the 95% confidence level. The linear relationship suggests
that a decrease in subsidence leads to a proportional decrease
in 7,. The correlation value of 0.75 indicates that about 60%
of changes in 7, are explained by changes in the NPH-related
subsidence. The relationship between the epoch differences in
7, and the position components of the w500 metric was also
examined, but no significant relationship was found (not
shown). The anomalous subsidence in the north part of the
domain is strongly related to the intensification of 7, along
the west coast of Canada and Alaska (Fig. 10b). The inter-
member correlation is 0.87, suggesting that about 70% inten-
sification of 7, is due to the anomalous subsidence above.

Boulder Labs Library | Unauthenticated | Downloaded 11/20/23 07:36 PM UTC



Brought to you by U.S.

1 DECEMBER 2023

(a) v/lomega at lat/pressure section
200

3
—

250 —f - eun |, IReference Vector

w LR 7 7, W

300 — » » » xR A ) L L B SN Y W L e i e

AN Ry WA 22585 7 A SN NN W6 e« e
............ e e L e
............ N 203 SN e e v v

,,,,,,,,,,, AN 72773k v« v ¢
........... a7 NN« v «

.......... 4/7/'// Ay « « ¢

. N NI ¢ « ¢ ¢

700 - - s AR AN ¢ « ¢ ¢
. vaas [ v

97 AN < ¢ ¢

12007 %‘h.u«.{/ )

S

t . 4

AP B P PP
Y U T I Yo I
;8% 0 e e P M e R U U e e B B
Latitude of coastal grids
(b) upwelling-favorable alongshore wind stress

Pressure level (mb)
o  a
s 8
] 1

==
=

IBUREBEBUBE BB

T T T
R 9y 5 90 0 U %o % D> %o 5 % 9 %

T
%,
'S,

; T
%
@
Q"9 Gy G Sy e < 0 0 G Gy B B0 < A % % 9 9

(c) Future change and mean state in upwelling wind stress

200 20
E 7
& 50 - r e
e 40 Fi1o 2
£ 30 A r &
= 20 - = =)
o 10 — r z
2 0 — -0 g
< -10 — r =
S :%8 - 100% x (Future change) / (mean state) r k7
g -40 — Mean state F-10 &
=T y 2
50 F

-200 T -20

SBanEnEn
R %
0 Gy Gy

R,
Latitude of coastal grids

FiG. 9. Epoch difference (2071-2100 minus 1925-54) in the
CESM-LE (a) meridional wind (v) and pressure vertical velocity
(omega) in pressure and latitude cross section along the west coast
of North America and (b) upwelling-favorable alongshore wind
stress and (c) the mean state (1925-54; right axis) and percent fu-
ture change (2071-2100; left axis) of upwelling-favorable along-
shore wind stress. Hatching in (a) and dots in (b) and (c) indicate
95% significance. In (a), the changes in omega are scaled by
—1 X [max value(changes ofv)/max value(changes of omega)].

d. The possible mechanism for future changes in
the NPH

Using multimodel CMIP5 simulations, He et al. (2017) also
found that the summer NPH displayed significant changes in re-
sponse to greenhouse gas forcing, including anomalous ascent/
cyclone in the southern and anomalous descent/anticyclone in
the northern part of the North Pacific. They suggested that the
changes in the NPH were due to the combined effects of in-
creased tropospheric static stability and changes in diabatic
heating by conducting numerical simulations using a simple at-
mospheric model, consistent with forced changes in precipita-
tion inducing significant changes in w in the future (Nie et al.
2018). The response of the atmospheric model to increased
static stability featured a cyclone and an anticyclone in the sub-
tropical and northern North Pacific, respectively. The model
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also displayed an anticyclonic response in the North Pacific to
the changes in diabatic heating, which were dominated by posi-
tive heating anomalies in the northwestern tropical Pacific and
negative anomalies in the North Atlantic. Wills et al. (2019)
found weakening of both descent and ascent at 500 hPa in the
Northern Hemisphere and tropics in response to greenhouse
gas forcing in CMIPS simulations. This included reduced de-
scent and ascent in the southern and the northern part of the
eastern North Pacific, respectively. They ascribed the slowing
down of vertical velocity to decreased global convective mass
flux due to a slower increase of precipitation compared with
faster increase of water vapor in the atmosphere (Vecchi and
Soden 2007). A third possible explanation for the changes in
midtroposphere o result from externally forced changes in the
upper troposphere (Blackmon et al. 1977). Figure 11a shows
the greenhouse gas—forced changes in 250-hPa atmospheric
circulation, which tend to weaken the summer westerly jet in
the subtropical North Pacific (Fig. S6b). The deceleration is
likely due to the reduced meridional temperature gradient (e.g.,
Coumou et al. 2018). The anomalous anticyclonic circulation
over the Columbia River basin in Fig. 11a was also noted by
Rupp et al. (2017) based on the CMIP5 multimodel ensemble
mean. The changes in the atmospheric circulation at 250 hPa
are associated with anomalous divergence around 40°N near
the California coast and anomalous convergence farther north
near the Canadian west coast (Fig. 11b), consistent with weak-
ened subsidence and ascent below in the midtroposphere
(Fig. 7c). Figure 11b also indicates that the greenhouse gas—
forced changes are nearly opposite to and thus weaken the cli-
matological mean state (i.e., contours). It is worth noting that
the CESM-LE represents the westerly jet at 250 hPa reasonably
well (Fig. S6). In addition to the differing hypotheses for changes
in the NPH, a consensus has not been reached on how it may
evolve in the future. For example, Li et al. (2012) found that the
NPH-related anticyclone in the lower troposphere would intensify
in the future, attributing the response to increased land-sea ther-
mal contrasts and corresponding changes in diabatic heating.

Several recent studies noted that the NPH exhibits a dis-
tinct response to global warming compared with the North
Atlantic subtropical high (NAH), which was attributed to the
asymmetric continental distribution between the Eastern and
Western Hemispheres and the change in SST pattern (Shaw
and Voigt 2015; He and Zhou 2022). The associated change in
surface winds over the North Atlantic could impact coastal up-
welling associated with the Canary Current (e.g., Rykaczewski
et al. 2015; Wang et al. 2015).

4. Summary and discussion

In this study, we have examined the influence of the North
Pacific high (NPH) on surface winds in the North Pacific eastern
boundary in summer (JJA), the primary upwelling season. In ad-
dition to defining a SLP metric to measure the NPH-related sur-
face high pressure cell, we also defined an ®500 metric to
represent the NPH-related large-scale subsidence with the maxi-
mum occurring in the eastern boundary region (Fig. 1; Seager
et al. 2003). This is because the subsidence is related to meridional
wind according to Sverdrup balance (Rodwell and Hoskins 2001),
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(v axis) are 10 Pas™ ! and 107? N m ™2, respectively.

and the meridional wind is the primary component of winds that
induce coastal upwelling. Further, the effect of the descent has
not been examined in previous studies of the influence of the
NPH on coastal upwelling.
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The NPH-related high pressure cell and subsidence, as
measured by their strength, longitude, and latitude, both af-
fect upwelling-favorable alongshore surface winds (u,). The
key difference is that the strength component of the w500
metric is strongly correlated to u, near California coast while
that of the SLP metric is only marginally related to u,. Both
the longitude components of the two metrics are related to u,,
along the southern California coast, but at different latitudes.
The latitude components of the two metrics exert similar im-
pacts on u, along the west coast of Canada and Alaska. A
likely mechanism is that the subsidence adds atmospheric
mass to the high pressure cell and thus the meridional shift of
the subsidence induces the same meridional displacement of
the high pressure cell (not shown).

The NPH-related surface high pressure cell and subsidence
exhibit distinct changes in response to greenhouse gas forcing
according to the CESM-LE. The three components of the SLP
metric change only slightly in the future climate (Table 1). By
contrast, the subsidence is substantially reduced (Table 1),
which contributes to the reduction in 7, near the California
coast consistent with Sverdrup balance. Further, the uncer-
tainty of future change in the subsidence is also consistent with
the uncertainty in the change of 7, in the future climate, which
is indicated by an intermember correlation value of 0.75 be-
tween them. The intermember spread of future changes in the
subsidence is likely associated with the interdecadal Pacific
oscillation/Pacific decadal oscillation (Johnson et al. 2020)
low-frequency fluctuations internal to the climate system.
Note that 7, intensifies along the west coast of Canada and
Alaska, which is largely due to the weakened ascent in the
northeast Pacific. The intermember correlation between the
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anomalous subsidence and intensified 7, reaches 0.87, suggest-
ing that the anomalous subsidence explains 75% of the change
in 7, in the northern part of the west coast of North America.
The future changes in the NPH-related subsidence and its ef-
fect on 7, along the North America west coast, obtained from
the CESM-LE, have been largely confirmed by 80 indepen-
dent ensemble members from the CESM2 large ensemble.

Both the SLP and surface pressure over the western United
States increase considerably in response to greenhouse gas
forcing in both the CESM and CESM2 large ensembles,
which in turn, weakens the mean land-sea pressure gradient.
This is opposite to the Bakun (1990) hypothesis. Rykaczewski
et al. (2015) also find limited evidence for intensified sea—land
cross-shore pressure gradient in response to increasing land—
sea temperature differences in the future using multiple
CMIP5 models. Changes in water vapor also influence SLP
and water vapor content is projected to increase in response
to greenhouse gas forcing (Yang et al. 2016). Indeed, the wa-
ter vapor content significantly increases globally in the
CESM-LE (not shown). Changes in SLP over the continent
and the reason why it occurs, including changes in water va-
por, warrant further examination. In addition, while previous
studies have examined greenhouse gas—driven changes in the
four EBUSs (e.g., Rykaczewski et al. 2015; Wang et al. 2015),
comparative analyses across systems, including the role of
subsidence, may enhance our understanding of the key pro-
cesses driving changes in upwelling.
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cesm2le.output.html.
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