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Abstract Coastal winds in the California Current System (CCS) are credited with the high productivity
of its planktonic ecosystem and the shallow hypoxic and corrosive waters that structure diverse
macrofaunal habitats. These winds thus are considered a leading mediator of climate change impacts in the
CCS and other Eastern Boundary Upwelling systems. We use an eddy‐permitting regional model to
downscale the response of the CCS to three of the major distinct climate changes commonly projected by
global Earth System Models: regional winds, ocean warming and stratification, and remote water chemical
properties. An increase in alongshore winds intensifies spring upwelling across the CCS, but this response is
muted by increased stratification, especially during summer. Despite the seasonal shift in regional
wind‐driven upwelling, basin‐scale changes are the decisive factor in the response of marine ecosystem
properties including temperature, nutrients, productivity, and oxygen. Downscaled temperature increases
and dissolved oxygen decreases are broadly consistent with coarse resolution Earth System Models, and
these projected changes are large and well constrained across the models, whereas nutrient and productivity
changes are small compared to the intermodel spread. These results imply that global models with poor
resolution of coastal processes nevertheless yield important information about the dominant climate
impacts on coastal ecosystems.

1. Introduction

The California Current System (CCS) is a physically dynamic and biologically productive eastern‐boundary
upwelling system (Harvey et al., 2017; Levin & Schwing, 2011). It is also expected to be a hotspot for ocean
oxygen loss (Long et al., 2016) and ocean acidification (Gruber et al., 2012; Hauri et al., 2013) over the next
century, with potentially dramatic consequences formarine ecosystems (Fabry et al., 2008; Keller et al., 2017;
Koslow et al., 2011). A key limitation in forecasting climate change impacts in the CCS is uncertainty in
determining how changes in ocean biogeochemistry imported from the broader Pacific basin may be ame-
liorated or exacerbated by regional forcing by winds or other coastal processes (Bakun et al., 2015; Di
Lorenzo et al., 2005).

Seasonal alongshore winds contribute to upwelling of nutrient‐rich water that not only supports high pro-
ductivity in the CCS but also creates biologically stressful conditions for many organisms by drawing low dis-
solved oxygen and acidified water onto the continental shelf (Adams et al., 2013; Chan et al., 2008; Feely
et al., 2008). Because of the potential impact of changing winds on upwelling and coastal biogeochemistry,
changes to the intensity and timing of alongshore winds have been a major focus of prior work on climate
change in the CCS. Much of this work stems from the hypothesis that differential warming over land versus
ocean will enhance surface pressure gradients and the alongshore wind stress that is favorable for coastal
upwelling (Bakun, 1990). Subsequent analyses of observational data and global Earth System Model
(ESM) output in eastern boundary upwelling systems globally have largely focused on refining and testing
this hypothesis, leading to the expectation of poleward shifts in the peak intensity of alongshore winds
(Rykaczewski et al., 2015; Sydeman et al., 2014). However, in the CCS in particular, shifts in
upwelling‐favorable winds by 2100 may be less significant than in other eastern boundary systems
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(Wang et al., 2015), and apparent trends in the observational record may represent natural variability rather
than evidence of shifting wind patterns (Brady et al., 2017).

Despite this longstanding emphasis on coastal winds, the response of physical, biogeochemical, and ecosys-
tem properties to climate change in the CCS remains ambiguous. The cross‐shore wind drop‐off has a sub-
stantial influence on coastal productivity and can modulate regional rates over time even if peak off‐shore
winds remain unchanged (Renault, Deutsch, et al., 2016). The seasonal cycle of winds may also be changing;
when upwelling velocity is evaluated directly in ESM output, spring intensification may be counterbalanced
by decreases across the rest of the upwelling season (Brady et al., 2017). Increasing stratification with rising
temperatures may offset increases in upwelling‐favorable winds (García‐Reyes et al., 2015) and alter basin
scale nutrient distributions such that nutrient supply to the surface CCS may be enhanced (Rykaczewski
& Dunne, 2010; Xiu et al., 2018). In general, the contributions of multiple drivers to changing CCS biogeo-
chemistry have not been individually quantified. Further, while climate forcings from individual ESMs have
been downscaled into regional models which resolve some coastal processes (Gruber et al., 2012; Hauri
et al., 2013; Xiu et al., 2018), biogeochemical responses are highly variable across commonly used ESMs,
more so than the internal climate variability within individual ESMs (Alexander et al., 2018; Brady
et al., 2017). Thus, downscaled results from a single ESMmay not represent a robust or representative future
projection.

In this work, we assess the biogeochemical response of the CCS to distinct climate change forcings across
five dynamically downscaled ESMs. Specifically, we conduct experiments to isolate the effects on CCS cli-
mate responses of three major drivers of coastal change: (1) remote (basin scale) changes in biogeochemical
variables (nutrients and O2), (2) density stratification by both remote and regional surface heat and fresh-
water fluxes, and (3) regional winds within the CCS. The global scale ESM climate forcings are downscaled
through a single high‐resolution Regional Ocean Modeling System framework (Shchepetkin &
McWilliams, 2005). Biogeochemical responses are linked through a shared ecosystem model, the
Biogeochemical Elemental Cycling model (Moore et al., 2002)—hereafter the ROMS‐BEC model. We eval-
uate model output for upwelling velocity (w), temperature (T), dissolved nitrate (NO3

−) and oxygen (O2)
concentrations, and net primary productivity (NPP; rates of net autotrophic production available to support
the CCS ecosystem). O2 in particular is a key ecosystem variable and biogeochemical tracer that is rarely
evaluated in regional simulations of the future CCS (Dussin et al., 2019; Howard et al., 2020). We take this
approach in order to distinguish which mechanisms are most important in driving changing biogeochemis-
try and to identify whether changes in the specific evaluated variables are well constrained in the future
CCS.

2. Methods
2.1. Configuration

The ROMS‐BEC simulations span the Northeast Pacific ocean from 15°N to 60°N and from the North
American coast to roughly 4,000 km offshore, with hindcast years 1994–2007 at monthly resolution. The
model grid has 322 offshore cells and 450 alongshore cells for a horizontal resolution of 12 km and 42 vertical
levels with terrain (i.e., bathymetry) following coordinates. The numerical models, configuration, and
boundary conditions are as described in Renault et al. (2020) and Deutsch et al. (2020); the 4 km model pre-
sented in those works covers a subset of the 12 km model domain presented here.

In brief, horizontal boundary and initial conditions for temperature, salinity, horizontal velocity, and sea
surface elevation are taken from the Mercator global ocean reanalysis (GLORYS2V3; http://marine.coperni-
cus.eu/) and interpolated to the ROMS‐BEC model grid as a function of depth. Surface evaporation, heat,
and momentum fluxes are estimated from bulk formulae (Large, 2006), and atmospheric conditions includ-
ing air‐temperature at the sea surface, precipitation, and downwelling radiation are derived from uncoupled
Weather Research Forecast model output (c3.6.1; Skamarock et al., 2008) as in Renault, Hall, et al. (2016)
and Renault et al. (2020). Feedbacks between winds and mesoscale currents are parameterized as a linear
function of the surface wind stress as in Renault, Molemaker, et al. (2016) in order to avoid the computa-
tional cost of a fully coupled ocean‐atmosphere model. This linear relationship is observationally supported
in the CCS (Renault et al., 2017). River runoff is derived from Dai et al. (2009) and is added offline as surface
precipitation at the coast. While rivers and estuarine exchange circulation north of ~40°N are important
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physical and biogeochemical features of the nearshore CCS (Davis et al., 2014; MacCready et al., 2009;
Siedlecki et al., 2014), the 12 km ROMS‐BEC model does not include detailed representation of individual
river plumes and associated biogeochemical fluxes or water exchanges with the Salish Sea, potentially lead-
ing to underestimation of local stratification and lateral nutrient inputs in the northern CCS.

The model representation of the planktonic ecosystem and associated biogeochemical transformations
includes three phytoplankton functional groups, a single class of zooplankton, and particulate and dissolved
organic matter, nitrogen, silica, phosphorus, and iron coupled via fixed phytoplankton stoichiometry. The
ecosystem model is linked to an ocean biogeochemistry module that includes water column and sediment
biogeochemical cycling, including that of carbon and oxygen. Parameterizations for particle remineraliza-
tion, gas exchange, sediment fluxes, and other fluxes are detailed in Deutsch et al. (2020).

2.2. Validation

The 12 km resolution model hindcasts are in good agreement with climatological observations from the
World Ocean Atlas (Figure S1; Garcia et al., 2013a, 2013b; Locarnini et al., 2013; Zweng et al., 2013). Both
mesoscale and submesoscale processes play important roles in modulating nutrient supply and primary pro-
ductivity in the coastal CCS. In particular, mesoscale filaments and eddies lead to subduction and offshore
transport of offshore waters (Gruber et al., 2011; Nagai et al., 2015), which can limit nearshore NPP.
Submesoscale mixing similarly enhances eddy removal of nearshore nutrients and organic matter during
seasonal upwelling, but by redistributing nutrients offshore and enhancing vertical transport can stimulate
offshore production (Kessouri et al., 2020; Li et al., 2012). We report results averaged from 0–200 km off-
shore, broadly encompassing the range over which these processes may reduce the offshore gradients in
nutrient supply and NPP and resulting vertical redistribution of biogeochemical variables by the biological
pump. Biases related to resolution of these (sub)mesoscale processes are shared across the downscaled
ESMs.

While few data sets exist at the appropriate scales of space and time to evaluate the impact of missing (sub)
mesoscale processes across the CCS model domain (Capet et al., 2008), the closely related 4 km resolution
ROMS‐BEC model has been extensively validated against available observational data for a broad suite of
ocean physical and biogeochemical fields. It demonstrates a high fidelity in reproducing observations of
the mean state, variability, and trends of key tracers including temperature, nutrient concentrations, NPP,
and dissolved O2 (Deutsch et al., 2020; Renault et al., 2020). Beyond the broad agreement between observa-
tions and both the 4 and 12 km resolution hindcasts, downscaled climate projections from both model reso-
lutions agree well. Differences are dominated by mesoscale variability rather than systematic spatial
differences (Figure S1). An exception is NPP, which has a broader band of nearshore productivity in the
12 km model than in the 4 km model; for example, near Cape Mendocino where this difference is largest,
surface NPP in the 12 km resolution hindcast is roughly 35% lower nearshore and 20% higher offshore than
in the 4 km hindcast (Figure S2). However, comparisons of the 4 km resolution hindcast with a nested 1 km
model in the central CCS suggest that permitting submesoscale processes may dampen the offshore produc-
tivity gradient (Kessouri et al., 2020), which would largely compensate the observed differences between the
12 and 4 km models. The weaker 12 km model productivity gradient may contribute to projected stronger
summer decreases offshore, with the result that depth‐integrated NPP is 3.5% lower (0–200 km offshore)
in the 12 km projections than in the equivalent 4 km projection (Figure S2). Regardless of this caveat, the
regional 100 year climate anomalies for all variables, including NPP, are not significantly different between
resolutions (Figure S3; Table S2). This agreement suggests that we can capture key downscaled climate
responses through the less computationally expensive 12 km resolution model, which also covers a greater
latitudinal range than the 4 km domain.

2.3. Downscaling

To downscale the climate change signals in the CCS, we rerun the hindcast simulations with the addition of
climate forcing anomalies. The anomalies are generally constructed from epoch differences between
2071–2100 and 1971–2000 climatological conditions (hereafter referred to as 2100–2000) from the coarse
resolution global fields of tracers and surface forcings from five ESMs (Table 1) from the Coupled Model
Intercomparison Project (CMIP5; Taylor et al., 2012) using Representative Concentration Pathway 8.5
(“business as usual”). Boundary forcings are interpolated to the ROMS‐BEC model grid, and downscaled
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future projections are initialized with the 100‐year climate anomalies added to WOA climatological initial
conditions within the model grid. No spin‐up period was used—including or removing the first 1–4 years
of model output does not affect upper ocean climatologies considered in this work, nor do the ESM and
downscaling anomalies systematically diverge over the time span of the run in the upper ocean and
coastal portions of the model domain we present. This consistency indicates that ROMS‐BEC interior
conditions rapidly respond to external forcings, and the downscaling duration is sufficiently long to detect
climatological differences in model responses.

Changes in the lateral boundary conditions from each ESM include climatological anomalies in salinity, tem-
perature, nutrient and oxygen concentrations, and carbonate system parameters (Table 1). Changes in sur-
face forcings expected to alter stratification include long‐wave and short‐wave radiation, and sensible and
latent heat estimated from anomalies in near‐surface air temperature and evaporation via bulk formulae
as in the hindcast (Large, 2006). Radiative forcing changes only were derived from the epoch ratio instead
of differences.

We do not apply changes to precipitation or river freshwater inputs as surface forcings within the
ROMS‐BEC domain but do apply salinity boundary forcing anomalies that result in part from basin scale
hydrologic cycle changes in the ESMs. Local climate and human use driven changes in freshwater inputs
to the CCS are poorly constrained (particularly river inputs; e.g., Arora & Boer, 2001; Ferrari et al., 2007;
Morrison et al., 2002; Naik & Jay, 2011; Pytlak et al., 2018), and we expect basin scale anomalies and local
warming to drive greater density and stratification changes over the CCS (Capotandi et al., 2012) than

Table 1
Description and Abbreviations of Earth System Models, Climate Forcing Experiments, and Variables Presented in This Work

Earth System Model (ESM) Abbreviation

National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics Laboratory, GFDL‐ESM2M GFDL
Met Office Hadley Centre and Insituto Nacional de Pesquisas Espaciais, HadGEM2‐ES HAD
Institut Pierre‐Simon Laplace, IPSL‐CM5A‐LR IPSL
Max‐Planck‐Institut für Meteorologie, MPI‐ESM‐LR MPI
National Science Foundation ‐ Department of Energy ‐ National Center for Atmospheric Research, CESM1(BGC) NCAR
Average response across ESMs Avg
Response from multi‐model ensemble mean of ESM forcings Ens

Climate forcings

Interpolated:
ESM outputs interpolated
onto ROMS‐BEC grid

Downscaled:
ESM 2071–2100 to 1971–2000 anomalies added (✓) to ROMS‐BEC hindcast
Fully forced, SBW: Stratification, S: Biogeochemistry, B: Winds, W:

Lateral boundary forcings and initial interior conditions
(1) T, S ✓ ✓

(2) Nutrients, O2,
carbonate systema

✓ ✓

Atmospheric forcings
(4) pCO2 ✓ ✓

(5) Radiation, humidity,
T, heat fluxesb

✓ ✓

(6) Windspeedc ✓ ✓

Climate projections and anomalies in physical and biogeochemical variables presented

Upwelling Salinity Temperature Photosynthetically available radiation Nitrate Net primary productivity Oxygen
w S T PAR N NPP O

aSpecifically, biogeochemical anomalies include concentrations of dissolved nitrate, phosphate, silicate, iron, oxygen, dissolved inorganic carbon, and total alka-
linity. The HADmodel does not report changes in phosphate; because phosphate does not limit productivity in the CCS, this forcing was estimated as 1/15th the
change in nitrate. bRadiation fluxes include long and shortwave radiation, and changes are expressed as ratios of 2100/2000 fluxes instead of differences.
Evaporation, latent heat flux, and sensible heat flux are calculated from other property anomalies using bulk formulae (Large, 2006; Renault et al., 2020). No
precipitation anomalies are applied; changes in precipitation and the freshwater balance are poorly constrained across ESMs, and associated freshwater fluxes
are consistent in direction with evaporation but too small in magnitude to significantly affect the downscaling results. cNo wind changes are applied for the
NCAR downscaling; NCAR wind fields are reported as wind stress only, and conversion of wind stress to wind speed is anticipated to result in additional uncer-
tainties without qualitatively changing the results of the analysis.
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local river and precipitation changes. Neglecting freshwater input changes could underestimate increased
stratification, particularly in the northern coastal CCS, but downscaled salinity changes are not significantly
less negative than the CMIP5 anomalies including local hydrologic changes (Supporting Information S1).

In order to evaluate biologically relevant differences in light fields, surface downwelling shortwave radiation
is multiplied by a factor of 0.45 to convert to photosynthetically available radiation (PAR; e.g., Gould
et al., 2019). Changes in surface momentum fluxes associated with winds are included for four of the five
ESMs. NCAR model output in the CMIP5 archive includes wind stress but not the windspeed fields used
to force circulation and other processes in the ROMS‐BECmodel. Thus, the NCARmodel forcings are down-
scaled without any 100 year change in winds, but the downscaling approach is otherwise identical to the
other ESMs. In addition to downscaling individual global ESMs, we average climate forcings across all five
ESMs and apply this average to generate a downscaled multimodel ensemble mean‐forcing case (hereafter
“ensemble”) projection. These dynamically downscaled results are compared to ESM results directly inter-
polated to the ROMS‐BEC model grid without downscaling.

2.4. Experimental Design

Downscaled projections are generated from all the climate forcings from each ESM, including changes in
heat and freshwater fluxes that collectively contribute to altered density structure and upper
water‐column stratification, basin scale changes in biogeochemistry, which propagate into the CCS, and
changing near‐surface winds (Table 1). Projections with the combined effects of these climate forcings are
referred to as the stratification, biogeochemistry, and winds (SBW) case. In order to isolate and attribute
changes due to each of these, we separately conduct the following three experiments: First, only the bound-
ary conditions and surface forcings impacting stratification are varied according to the ESM 2100–2000 cli-
mate anomalies (S case), and other boundary and interior conditions remain as in the hindcast. Second, only
remote biogeochemical boundary conditions, including nutrients and O2, are changed (B case). Finally, only
surface winds are changed (W case). As with the SBW projection, each experiment is conducted separately
for the five ESMs evaluated as well as the ensemble case in which the downscaling is driven by the averaged
climate forcings across ESMs (six simulations per case). Additionally, the remote (lateral boundary and
initial interior conditions) and local (atmospheric forcing over the model domain) contributions to stratifi-
cation are separately evaluated for the ensemble average case.

2.5. Averaging

Monthly climatologies of the hindcast, projections, and 100 year differences are generated from the 14‐year
time series for each model cell and variable. Regional averages for the CCS are then calculated from
0–200 km offshore, normal to the coast. This offshore range is comparable to prior work on the influence
of coastal upwelling and offshore transport on biogeochemical fluxes (100 to >500 km; Brady et al., 2017;
Gruber et al., 2011; Nagai et al., 2015; Wang et al., 2015; Xiu et al., 2018) and encompasses key physical
and ecosystem bounds over most of the CCS, including the continental shelf and observed offshore limits
of many coastal species. Restricting the analysis to closer to shore (e.g., 100 and 50 km) shifts the magnitude
of projected changes, but not the general conclusions of this work with regard to the significance of those
changes and the key underlying climate forcings.

We analyze the CCS region extending from the southern tip of the Baja California Peninsula to the southern
tip of the Haida Gwaii Archipelago, 22.9–52°N. We report results for the southern CCS (22.9–34.45°N, Point
Conception), the central CCS (34.45–40.44°N, CapeMendocino), and the northern CCS (40.44–52°N). These
latitudinal ranges are operationally defined based on geographical features and the variable extent of the
California Current and California Undercurrent (e.g., Gómez‐Valdivia et al., 2015; Lynn & Simpson, 1987;
Sydeman et al., 2011; Supporting Information S1).

2.6. Statistical Tests

We evaluate whether the projections differ from the hindcasts across the range of global scale and down-
scaled ESMs (null hypothesis of no difference between projections and hindcasts). We also evaluate whether
the 100 year changes diverge between ESMs and downscalings (null hypothesis of no difference between
interpolated and downscaled ESMs). We use the nonparametric pairedWilcoxon signed‐rank test to identify
differences in the intermodel median that are potentially robust across the intermodel range
(α = 6.25 × 10−2, the minimum value possible with n = 5). While deviations from normal error
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distributions cannot be reliably assessed (for n = 5), we also calculate the paired Student's t test for each
comparison—in nearly all comparisons with pW = 6.25 × 10−2 from the nonparametric test, pt ≤ 5 × 10−2

from the parametric test. Cases where the two tests agree are identified as robust climate anomalies.
These are presented in the results (pt is reported), while every regional and CCS‐wide test is presented in
full in Table S1. Nonparametric confidence intervals are not distinguishable from the intermodel range, so
the mean and range of 100‐year anomalies are reported.

3. Results and Analysis

We first present upwelling velocity at 50 m depth (w50m, m s−1), as this variable has been an important focus
of prior research on the climate response of the CCS. We next present results for temperature at 100 m

Figure 1. Upwelling velocity at 50 m depth (w50m). (a) Map of hindcast (1994–2007) annual average from ROMS‐BEC.
Black alongshore contours indicate 0–200 km offshore regions of the California Current System (CCS) averaged
for remaining panels. (b) 2100–2000 change (Δ) in spring (March–May), averaged over the coastal CCS, for global Earth
System Models (ESMs) and downscalings: These include both the average response across individual models (Avg)
and the separate multimodel ensemble mean forcing case (Ens). See Table 1 for full description of abbreviation
for models (x‐axis groups) and climate forcings (colored bars within groups). Regional wind forcing (W; blue) is generally
large enough to explain the overall springtime response of w50m (SBW; black) in the multimodel ensemble forcing
as well as the individual downscaled ESMs, but stratification (S; red) can moderate the overall response in some models.
(c) Summer (June–August) Δ. On average, stratification forcing is similar in magnitude to wind forcing.
(d–f) Monthly climatologies of hindcast and downscalings with full climate forcing (SBW), for the northern, central,
and southern CCS regions. The intermodel range of the downscalings is shaded (red).
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(T100m, °C) and NO3
− at 100 m (N100m, mmol m−3); a depth of 100 m is below the base of the surface mixed

layer (seasonally roughly 10–70 m) and near the base of the seasonal nutricline over most of the coastal CCS.
Thus, changes in N100m are expected to primarily reflect climate forcings which change the supply of
nutrients to the surface during upwelling, rather than the influence of primary production at shallower
depths. Fourth, we present NPP integrated over the euphotic zone (NPPz, mmol C m−2 y−1; to depth of
1% of incident PAR. Finally, we present O2 at 200 m (O200m, mmol m−3), which is influenced by both the
physical and ecosystem dynamics of the system and has rarely been examined in simulations of the future
CCS. A 200 m depth approximates the outer continental shelf and base of the oxycline over much of the
CCS. Salinity and PAR changes are small. PAR is discussed briefly in the context of changing NPP, and
these results are otherwise included in Figures S4 and S5.

For each variable, we present climatological annual mean maps of downscaled projected centennial climate
anomalies, hereafter denotedΔ (such thatΔX=X

_
projection−X

_
hindcast, where themonthly climatologies from

the hindcast and projections are averaged to generate a mean climatological year for each period). The
exception is upwelling—Δw50m is small on an annual basis, and so we illustrate spatial variability in the
hindcast. We also plot the CCS‐average anomalies (0–200 km offshore) for each experimental case, as well
as regional monthly climatologies of hindcast and projected conditions.

Figure 2. Temperature at 100‐m depth (T100m). (a) Map of 2100–2000 change (Δ), annual average in ensemble mean
forcing case. (b) Annual average 2100–2000 change (Δ), averaged over the coastal CCS. The stratification forcings
(S; red), including heating changes, are large enough to explain the overall response of T100m (SBW; black), but regional
winds have a minor cooling effect (W; blue). (c–e) Regional monthly climatologies of hindcast and downscalings with
full climate forcing (SBW).
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3.1. Upwelling Velocity

Hindcast w50m (Figure 1a) and projected w50m vary latitudinally across the CCS, with the most seasonally
uniform rates to the south and greater seasonality and later annual peaks in upwelling farther north
(Figures 1d–1f). The Δw50m are small on an annual basis (mean 0.005 m d−1, −0.010 to 0.023 m d−1 range
across downscaled models) and similar between the interpolated (global scale) and downscaled ESM results
(Figures 1b and 1c) from 0 to 200 km offshore. Models are also compared for the 0–100 km offshore area
where wind stress driven upwelling is strongest and wind stress curl less important (Figure S6; comparable
to the 1° longitude limits used by Wang et al., 2015, and Brady et al., 2017).

As expected from prior work, our results identify springtime intensification of upwelling by 2100 in the cen-
tral and northern CCS (Figures 1d and 1e)—peak upwelling shifts earlier in the year. However, compensat-
ing decreases in upwelling in the summertime central CCS and increased winter downwelling in the
northern CCS lead to little change in net annual velocities compared to the intermodel variability; no robust
intermodel climate anomalies in net annual upwelling are identified anywhere in the coastal CCS.

Comparing forcing mechanisms, wind changes (W) are an important driver of enhanced springtime upwel-
ling. On an annual basis, and in spring in particular, the results of the full forcing SBW downscalings are on

Figure 3. Nitrate concentrations at 100‐m depth (N100m). (a) Map of 2100–2000 change (Δ), annual average in ensemble
mean forcing case. (b) Annual average 2100–2000 change (Δ), averaged over the coastal CCS. Biogeochemical boundary
conditions (B; gray) and stratification (S) generally cause changes as large as or larger than winds (W). (c–e) Regional
monthly climatologies of hindcast and downscalings with full climate forcing (SBW).
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average within 5% of those from wind forcing alone (Figure 1b). However, increasing stratification (S) is an
important compensating factor that generally decreases upwelling in the summertime northern and
southern CCS and both spring and summer in the central CCS, even when the analysis is restricted to
nearshore areas with the greatest wind stress driven upwelling (0–100 km offshore; Figure S6). Both
regionally and CCS wide, the SBW projections are roughly equivalent to the sum of the W and S
anomalies for the four downscaled models in which the W case is evaluated, suggesting that those two
forcings interact in a nearly linear manner to force the overall climate response.

3.2. Temperature

Projected ΔT100m are similar throughout the year and increase with latitude in the coastal CCS (Figure 2).
Temperature increases are significant compared to the intermodel variability for both the ESMs (mean
1.5°C, 0.9–2.0°C range across models; pt= 7.9 × 10−4) and downscaledmodels (mean 2.0°C, 1.2–2.9°C range;
pt= 1.9 × 10−3). The downscaled results are 0.5°C (33%) warmer than the interpolated results; while this dif-
ference between the interpolated and downscaled results is potentially robust across models over the entire
CCS (pt= 1.4 × 10−2), the difference is not significant relative to the intermodel range in any subregions such
as the central CCS. Increased heating (the S case) is sufficient to explain ΔT100m in the downscaled results,

Figure 4. Net primary productivity integrated over the euphotic zone (to 1% of incident photosynthetically available
radiation; NPPz). (a) Map of 2100–2000 change (Δ), annual average in ensemble mean forcing case. (b) 2100–2000
change (Δ) in spring (March–May) and (c) summer (June–August), averaged over the coastal CCS. Biogeochemical
boundary conditions (B) and stratification (S) generally cause changes as large as or larger than winds (W); stratification
changes generally increase spring productivity and decrease summer productivity. (d–f) Regional monthly
climatologies of hindcast and downscalings with full climate forcing (SBW).
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with a minor cooling effect fromwind changes (Figure 2b). Restricting the
analysis to the nearshore areas with greatest wind stress driven upwelling
slightly increases the local cooling effect from entrainment of deeper
waters. Over the 0–200 km offshore coastal CCS, two thirds of the
ΔT100m is attributable to remote heating imported through boundary
anomalies and the remaining third to heating within the CCS.

3.3. Nitrate Concentration

Downscaled ΔN100m are less than 5% of the hindcast mean concentra-
tions and vary in direction and magnitude across models (mean
−0.1 mmol N m−3, −2.3 to 2.3 mmol N m−3 range across models;
Figure 3). Thus, there are no significant climate anomalies in projected
N100m relative to the intermodel range of the downscalings (or across the
interpolated ESMs, despite large shifts in individual models). Wind (W)
and stratification (S) driven changes are broadly similar in magnitude
and act to increase nutrient concentrations at 100 m, while biogeochem-
ical changes (B) counteract this effect and depress N100m in most of the
downscaled models. This decrease reflects basin scale vertical redistribu-
tion of NO3

− in the ESMs, including decreased concentrations in the sub-
polar gyre and northern source waters of the California Current, and
increased concentrations below 100 m depth in the subtropical gyre and
southern source waters of the California Undercurrent; these signals pro-
pagate into the CCS at the model boundaries (Figure S8). Biogeochemical
cycling along the circulation within the model domain subsequently
increases N100m in the 0–200 km coastal region, making the overall Δ less
negative than at the model boundaries for most downscaled models. The
interplay of these factors varies across ESM forcings, which diverge more
than most other variables considered here. But in general, the ensemble
and average SBW downscalings reflect nonlinear combinations of the
S, B, and W forcing experiments (Figure 3b).

3.4. Net Primary Productivity

Changes in NPPz follow a similar seasonal cycle and regional pattern to
Δw50m, peaking later at higher latitude and reaching their highest rates
and seasonal variability in the central CCS (Figure 4). Like projected
upwelling anomalies, ΔNPPz is not significant compared to the intermo-
del range of interpolated ESMs (mean −1.0 mmol C m−2 y−1, −3.8 to
0.9 mmol C m−2 y−1 intermodel range) or downscaled models (mean
−0.8 mmol C m−2 y−1, −3.6 to 2.1 mmol C m−2 y−1 range). There is little
agreement across models with respect to the overall magnitude and direc-
tion of change over the coastal CCS. In the climate forcing experiments,
the S and B forcing cases generally lead to decreased productivity in the

downscaled projections, while the W forcing usually increases NPPz. However, the full climate forcing
SBW downscalings result in ΔNPPz that is not generally a linear combination of projected changes from
the individual (S, B, W) climate forcing cases (Figures 4b and 4c).

While annual‐average climate anomalies are not robust across models in any subregion of the CCS, there are
regionally coherent patterns of seasonal change in the ensemble results (Figure S8). In particular, the overall
annual response is broadly consistent with increased productivity in the northern CCS in winter and spring,
and summer and fall decreases in the central CCS, with small but consistent year‐round decreases over the
southern CCS (Figures 4d–4f). We evaluate whether changing PAR (at the sea surface) and nutrient supply
(coarsely approximated as vertical transport of NO3

− at 100 m depth, w100m × N100m) are sufficient to drive
seasonal, regional NPP anomalies closer to the coast (0–100 km offshore; Figure 5). On an annual average,
PAR changes are small (<1%) and not significant across models, though spring increases in the central

Figure 5. Fractional 2100–2000 change (Δ) in euphotic zone integrated net
primary productivity (NPPz), photosynthetically available radiation at the
ocean surface (PAR0m), nitrate concentrations at 100 m depth (N100m),
upwelling velocity at 100 m depth (w100m), and the product of upwelling
and nitrate concentrations at 100 m depth, an approximation of vertical
advective nutrient supply. Each variable is integrated from 0–100 km
offshore, and Δ is normalized to the hindcast (1994–2007) mean in each
region, season, and model, then averaged across individual models and
signed (larger absolute Δ is not necessarily larger relative Δ, but the
absolute direction of the average change across models is preserved).
Changing light (white) is, in general, more predictive of ΔNPPz (black) than
changes in vertical advective nutrient supply (gray).
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CCS and summer decreases of a few percent across the CCS are coherent across models. This may represent
an intensification of the existing cloud seasonality (Klein & Hartmann, 1993) driven by ocean warming and
intensified surface temperature gradients in the models (Qu et al., 2014); the former suppresses low marine
clouds, while the latter may enhance summertime marine fog.

In general, ΔNPPz in the northern CCS is associated with changing light, while in the central CCS, ΔNPPz is
associated with concurrent increases and decreases in both light and nutrient supply via vertical transport.
The weak sensitivities to changing light and upwelling coupled with small and variable changes in these dri-
vers may contribute to the lack of robust NPP response across models. In the southern CCS, NPPz does not
increase with increased upwelling. Upwelling velocity and productivity are partially decoupled over the
shallow continental shelf because of vertical and lateral nutrient transport by eddies (Renault, Deutsch,
et al., 2016), which may contribute to this latter result. While the 12 km resolution model we use for down-
scaling underestimates eddy kinetic activity, partially resolved eddy activity could nonetheless contribute to

Figure 6. Oxygen concentrations at 200 m depth (O200m). (a) Map of 2100–2000 change (Δ), annual average in ensemble
mean forcing case. (b) Annual average 2100–2000 change (Δ), averaged over the coastal CCS, for ΔO200m. The fraction
of ΔO200m and ΔO100m attributable to changing oxygen solubility of source waters is plotted in yellow, superimposed
on the interpolated 1° Earth System Models (interpolated) and full climate forcing downscalings (SBW) cases of the
ensemble mean forcing response (Ens), as well as the average response across the individual models (Avg). (c) ΔO100m,
for comparison. At 200 m, biogeochemical boundary conditions (B) are large enough to full forcing response (SBW),
while at 100 m, stratification (S) is similarly important in the overall response. Wind‐driven changes (W) are small
compared to the other forcings. (d–f) Regional monthly climatologies of hindcast and downscalings with full climate
forcing (SBW).
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the apparent mismatch between projected changes in productivity and nutrient supply via upwelling in the
southern CCS.

3.5. Oxygen Concentration

The climate driven O2 decrease, ΔO200m (Figure 6), is robust across the downscaled models (mean
−19 mmol O m−3, −36 to −4 mmol O m−3 intermodal range; pt = 3.6 × 10−2). Decreases are broadly similar
over the coastal CCS, though slightly larger in the northern CCS (Figures 6a and 6d). The ΔO200m interpo-
lated from the global scale models is more negative than from the downscalings (Figure 6b), while at shal-
lower depths, ΔO is more negative in the downscalings than in the interpolated ESMs. However, those
differences in magnitude of deoxygenation are never significant relative to the range of responses across
models. At shallower depths, for example 100 m (Figure 6c), both interpolated and downscaled responses
have significant climate anomalies (interpolated ESM mean −17 mmol O m−3, −31 to −4 mmol O m−3

range, pt = 3.4 × 10−2; downscaled mean −18 mmol O m−3, −29 to −5 mmol O m−3 range, pt = 1.4 × 10−2).

Assuming O2 was near saturation concentrations when a water parcel was last outcropped, changing O2

solubility of source waters can explain up to 32% of the oxygen decrease at 200 m in the interpolated
ESMs and 55% of oxygen decrease in the downscalings (intermodel averages), while increased apparent oxy-
gen utilization is inferred to account for the remainder (the solubility effect is superimposed on the ensemble
and average cases in Figure 6b).

The S, B, and W climate forcing projections all decrease O2 (Figures 6b and 6c). While the relative contribu-
tion of each set of climate forcings to the overall SBW response varies across downscaled ESMs, the changing
biogeographic boundary conditions are a key contributing factor in eachmodel, altering source water O2 and
resulting fluxes within the CCS. At 200 m depth, these changes dominate the overall response of O2 in the
coastal CCS, while wind and stratification changes are generally small contributors to the projected concen-
tration decreases. At 100 m depth, the S and B forcing contributions are more similar, and winds remain a
minor contributor.

4. Conclusions

We focus here on two key findings resulting from the downscaling of a suite of ESM climate forcings through
the eddy‐permitting ROMS‐BEC model of the coastal CCS. First, the 2100–2000 differences in key physical
and biogeochemical variables are, overall, broadly similar between the global resolution ESMs and the
downscaled models. Differences remain in the hindcast and projected properties between the coarser and
higher resolution models, particularly nearshore where seasonal coastal upwelling plays an important role
in shaping environmental properties. But the lack of explicit incorporation of coastal processes does not pre-
vent the ESMs from capturing major 2100–2000 climate changes, up to the 12 kmmodel resolution explored
—even for those ESMs that poorly reproduce the mean state of the CCS.

The global scale ESMs broadly agree on significant increases in temperature and decreases in oxygen in the
coastal Northeast Pacific. Similarly, in the downscaled models these changes are large compared to the inter-
model range, consistent across models, and of similar magnitude to the ESM results. Thus these change
expectations are robust, despite less certain changes in upwelling, light, nutrients, and primary productivity.
Changes in the latter variables are small compared to the intermodel range and, on an annual basis, do not
shift systematically across ESMs or downscaled models; whether at a global scale or downscaled through a
regional model, the magnitude of these changes derived from a single model may be idiosyncratic to the
ESM chosen. For example, recent analyses of CCS nutrient changes based on climate forcings from a single
ESM (the GFDL ESM2Mmodel) have focused on how changing regional biogeochemical distributions may
change nutrient concentrations and resulting nutrient supply (Rykaczewski & Dunne, 2010; Xiu et al., 2018)
and the volume of lowO2 water (Dussin et al., 2019). This particular ESM forcing leads to greater increases in
NO3

− below the surface mixed layer and greater decreases in O2 at 100–200 m than any of the other down-
scaled models in our analysis, suggesting that model choice could be an important factor in interpreting the
results of such analyses. While the magnitude of changes in upwelling velocity, PAR, and NPP may be sen-
sitive to model choice, in the central CCS there are nonetheless consistent seasonal shifts across both global
ESMs and downscaled models. This may have important consequences for ecosystem phenology.
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There is an important corollary to the dependence of NPP on divergent boundary conditions and forcings
across the ESMs, and resulting uncertainty in the magnitude and direction of change for this key parameter:
More realistic (complex) model ecosystem representation in the regional model will not, by itself, improve
predictive skill for the climate sensitivity of NPP.

Overall, these results imply that global models with poor resolution of coastal processes nevertheless yield
important information about the dominant climate impacts on the coastal CCS. Further, downscaling does
not avoid the imperative to consider an ensemble of models when evaluating the robustness of future
projections.

Our second key finding is that the major role of basin scale processes underlies this agreement between
downscaled and global models. We find remote forcing, including regional biogeochemical redistribution
and stratification, to be as or more important than the local wind changes in driving the climate response
of all of the evaluated hydrographic variables—and seasonal stratification and wind‐driven changes can
be of similar magnitude even for upwelling velocity. Recent work has pointed to the potential importance
of basin scale processes in predicting biogeochemical changes to the coastal CCS. For example, over the
observational record subsurface oxygen dynamics have been closely linked to decade‐scale propagation of
anomalies from the North Pacific Gyre to the coastal CCS (Pozo Buil & Di Lorenzo, 2017). Basin scale pro-
cesses were also found to play a key role in the projected climate response of oxygen in the CCS (Dussin
et al., 2019), based on boundary conditions from one ESM and idealized wind and temperature perturba-
tions; our analysis emphasizes that, using realistic climate forcings, this finding is broadly true across
ESMs. Thus, despite the substantial body of research focused on testing the Bakun hypothesis and evaluating
changes in winds, shifting winds are likely not the dominant or decisive factor controlling changes in the key
biogeochemical variables in the coastal CCS that have long motivated study of the sensitivity of wind‐driven
upwelling to climate change.

An important caveat to these finding is that the 12 km resolution ROMS‐BEC model we used does not fully
resolve mesoscale or submesoscale processes that could lead to greater divergence (or convergence) of down-
scaled results. More highly resolved wind‐ocean coupling (e.g., Renault et al., 2018; Renault, Deutsch,
et al., 2016) could also play a key role in modulating the importance of local wind forcings compared to basin
scale stratification and biogeochemical redistribution. PAR changes in particular are consistent with spring
decreases and summer increases in marine cloud cover, the drivers and effects of which might be more
robustly explored with dynamically coupled ocean‐atmosphere downscalings.

Future work on changing biogeochemistry in the CCS will likely be productively focused on identifying
changes that are driven by basin scale mechanisms and are robust across the range of ESMs. To the degree
that projected changes are determined to be robust across multiple models (e.g., in temperature and oxygen),
we found that a single ensemble‐forced downscaling provides an accurate approximation of the average
response across multiple downscalings and offers a low‐resource option for further applications. Analysis
of individual downscaled projections will still be useful in elucidating the coupling of fine scale physical
and biogeochemical processes to local forcings, and demonstrating whether climate sensitivity of those pro-
cesses could lead to important biogeochemical effects relative to basin scale forcings in nearshore environ-
ments. For example, one key application for future downscalings is assessing how local pollution sources
such as urban wastewater affect regional responses to changing climate.
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