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Key Points:

e The warm SST bias in the Subtropical Eastern North Pacific is ubiquitous and
not sensitive to resolution in E3SM and HighResMIP models.

« A mixed-layer heat budget analysis shows that errors in surface radiative fluxes
and horizontal advection both contribute to the SST bias.

+ A larger CMIP6 inter-model correlation of biases in SST with surface winds than
radiation highlights the role of large-scale circulation.
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Abstract

This study systematically evaluates the warm SST bias in the Subtropical Eastern North
Pacific (SENP), a problem plaguing most CMIP6 models, using the Energy Exascale Earth
System Model version 1 (E3SM). Compared to the model at its standard resolution (1°
atmosphere, 30-60 km ocean), the SST bias improves in several regions at high resolu-
tion (0.25° atmosphere, 18-6 km ocean) except in subtropical eastern boundary regions,
such as the SENP. A mixed layer heat budget analysis reveals that errors in the surface
radiative fluxes and horizontal heat advection are primarily responsible for the bias. Anal-
ysis of HighResMIP models indicates that the lack of improvement in the SENP SST

bias with resolution is not native to E3SM alone. A larger CMIP6 inter-model correla-
tion of SST bias with biases in surface winds than radiation highlights the important role
of large-scale circulation biases in the SENP SST bias in coupled models.

Plain Language Summary

Most coupled climate models suffer from warm sea surface temperature (SST) bi-
ases near subtropical eastern boundary regions in the global oceans. Despite numerous
improvements in models over time, these problems have persisted. While several previ-
ous studies focused on understanding the bias in the Southeast Atlantic and Southeast
Pacific, a systematic evaluation of the bias for the Subtropical Eastern North Pacific (SENP)
region has not been performed. In this study, we address this issue using fully-coupled
and forced simulations, at different resolutions, based on the Energy Exascale Earth Sys-
tem Model version 1 (E3SM). Compared to the model at its standard resolution (1° at-
mosphere, 30-60 km ocean), the SENP SST bias does not improve significantly at high
resolution (0.25° atmosphere, 18-6 km ocean). Analysis reveals that errors in surface ra-
diative fluxes due to misrepresentation of stratus clouds, and errors in horizontal heat
advection associated with biases in surface winds are primarily responsible for the SENP
SST bias. Finally, the behavior noted in E3SM can also be extended to other climate
models, highlighting the broad nature of these results and the important role of large-
scale circulation biases in the SENP bias in coupled models.

1 Introduction

The subtropical eastern boundary regions in the global oceans play a key role in
the climate of the earth system. These are regions with shallow marine stratocumulus
cloud decks that modulate the planet’s greenhouse gas forcing, and consequently, the ra-
diative balance (Richter, 2015). Stratus clouds are maintained partly by cold sea sur-
face temperatures (SSTs) associated with the equatorward flowing eastern boundary cur-
rents that form the eastern branch of subtropical gyres (Kessler, 2006). Also, these cur-
rents induce Ekman divergence along the coast (Bakun & Nelson, 1991), causing the up-
welling of cold nutrient-rich waters making these regions some of the most biologically
productive globally (Chavez & Messié, 2009). This makes modeling of these processes
really important not only for improving our understanding of them but also to accurately
project their response under climate change (Richter, 2015; Ashfaq et al., 2011; Garcia-
Reyes et al., 2015).

However, most coupled climate models incorrectly simulate various processes oc-
curring in these regions and suffer from warm SST biases (Richter, 2015). Misrepresen-
tation of stratocumulus clouds has been identified as one of the primary reasons for this
bias. Model inability to produce stratocumulus decks can lead to absorption of exces-
sive shortwave radiation in the upper-ocean and anomalously warm SSTs, which in turn
induces a positive feedback to the initial error (Richter, 2015; Zuidema et al., 2016). Fur-
ther, model resolution and errors in surface winds could also play a role through their
impact on turbulent fluxes, coastal upwelling and offshore Ekman transport. (Gent et
al., 2010; Richter, 2015; Zuidema et al., 2016; Richter et al., 2016; J. Ma et al., 2019).
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Several previous studies examined the processes responsible for warm SST biases near
eastern boundaries. However, they predominantly focused on the African coast in the
Southeast Atlantic (Richter & Xie, 2008; Balaguru et al., 2012; Xu, Chang, et al., 2014;
Xu, Li, et al., 2014; Small et al., 2015; Harla8 et al., 2018; Kurian et al., 2021) and the
South American coast in the Southeast Pacific (Xie et al., 2007; Zheng et al., 2011; J. Ma
et al., 2019; da Silveira et al., 2019), prompting the need for an evaluation of the bias

in the Subtropical Eastern North Pacific (SENP) region.

To this end, we performed a suite of numerical experiments with the Energy Ex-
ascale Earth System Model (E3SM) (Golaz et al., 2019) to further understand the pro-
cesses responsible for warm SST biases in the SENP region. Both coupled and uncou-
pled simulations, at the standard and high-resolutions, are used. A mixed-layer heat bud-
get analysis is performed to understand the relative contribution of various processes to
the bias. Finally, to understand the broad applicability of these results, we perform an
analysis of multiple models from the Coupled Model Intercomparison Project Phase 6
(CMIP6), including models in HighResMIP with both low- and high-resolution simula-
tions. The main questions we want to address through this analysis are: What processes
are responsible for the SENP SST bias in E3SM? Does the bias improve with model spa-
tial resolution? Does the behavior of SENP SST bias found in E3SM occur in other mod-
els? The rest of the paper is organized as follows. Data, model simulations and calcu-
lations are described in section 2. Results are presented in section 3 and finally, a dis-
cussion of the main conclusions is provided in section 4.

2 Methods
2.1 Data

NOAA monthly mean optimum interpolation SST analysis (Reynolds et al., 2002),
obtained for the period 1980-2014 from https://psl.noaa.gov/data/gridded/data
.noaa.oisst.v2.highres.html, are used to compute the mean observed SST. Monthly
mean SST and meridional wind stress from 24 different climate models belonging to CMIP6
(Meinshausen et al., 2017) are obtained from https://esgf-node.llnl.gov/projects/
esgf-11nl/ and used to examine model biases in SST and meridional winds in the SENP
region. While NOAA SST is used to compute model SST bias, the bias in meridional
winds are computed based on ECMWF ORAS5 (Zuo et al., 2019) monthly mean merid-
ional wind stress obtained for the same period from https://www.ecmwf.int/en/forecasts/
dataset/ocean-reanalysis-system-5. We also obtain top-of-atmosphere upwelling clear-
sky shortwave radiation and the top-of-atmosphere upwelling all-sky radiation to calcu-
late the shortwave cloud radiative effect (SWCRE) in different models. The SWCRE anoma-
lies in models are estimated with respect to CERES-EBAF Ed4.0 observations (Loeb et
al., 2009), obtained from https://ceres.larc.nasa.gov. Monthly mean SST data are
also obtained from 8 models belonging to HighResMIP (Haarsma et al., 2016). These
data, at both high and low-resolution model configurations, are used to determine if the
effect of resolution on SENP SST bias in E3SM occurs in other models. 35-years (1980-
2014) of output from a single ensemble member realization of a historical simulation are
used for each model. The list of various models used is provided in the supplement (Ta-
ble S1).

OAFlux monthly mean objectively analyzed air-sea fluxes (Yu & Weller, 2007) for
the period 1984-2009, obtained from http://oaflux.whoi.edu, are used to compute the
role of surface fluxes in the mixed layer heat budget analysis for the SENP region. Grid-
ded monthly mean ocean temperature and salinity based on Argo floats (Roemmich et
al., 2009), obtained from http://apdrc.soest.hawaii.edu/projects/Argo/data/gridded/
On_standard_levels/index-1.html for the period 2005-2019, are combined with OS-
CAR 5-day mean ocean surface currents (Dohan & Maximenko, 2010), obtained from
https://podaac.jpl.nasa.gov/dataset/0SCAR_L4_0C_third-deg for the same period,
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to estimate the temperature time and horizontal advection tendency terms. Note that
the OSCAR product provides currents averaged over the upper-30 m of the ocean and
we approximate them as the mixed layer-averaged velocities. Note that there are differ-
ences in periods for various products used to estimate the observed mixed layer heat bud-
get. However, a similar mixed layer heat budget based on SODA3 ocean reanalysis (not
shown) reveals that the differences in periods do not have a significant impact and our
estimates are robust. We obtained AVISO monthly mean multi-satellite merged sea level
anomalies for the period 1993-2009 from https://www.aviso.altimetry.fr/en/home
.html to estimate the observed eddy kinetic energy in the ocean. The altimeter prod-
ucts were produced by the CLS Space Oceanography Division as part of the Environ-
ment and Climate EU ENACT project (EVK2-CT2001-00117) and with support from
CNES.

2.2 Model

We performed and analyzed fully-coupled and uncoupled simulations using version
1 of E3SM (Leung et al., 2020). Simulations at both the low and high-resolutions are
used. The standard resolution configuration of the model (E3SM_LR) has a horizontal
resolution of approximately 1° in the atmosphere with 72 vertical levels. The ocean com-
ponent has a spatial resolution varying between 30 and 60 km with 60 vertical levels and

a top layer thickness of 10 m(Golaz et al., 2019). In the high resolution configuration (E3SM_HR),

the horizontal resolution increases to approximately 0.25° in the atmosphere. The ocean
component of the E3SM_HR has a horizontal resolution varying between 18 and 6 km
with 80 vertical levels and a top layer thickness of 2 m (Caldwell et al., 2019). The at-
mospheric component of E3SM uses a spectral element dynamical core with notable im-
provements in physics and vertical resolution when compared to its predecessor (Rasch
et al., 2019). The ocean component of E3SM, which is the Model for Prediction Across
Scales-Ocean (Petersen et al., 2019), uses a centroidal Voronoi tesselation grid with a z-
star coordinate system in the vertical.

For E3SM_LR, we use data from 30 years of a historical simulation covering the
period 1985-2014. This simulation is part of the E3SM project’s contribution to CMIP6.
For further information related to this simulation, see Golaz et al. (2019). For E3SM_HR,
the simulation uses a time-invariant 1950s forcing following the HighResMIP protocol
(Haarsma et al., 2016). Similar to E3SM_LR, we use 30 years of model simulations from
E3SM_HR. For more details regarding the E3SM_HR simulation, see Caldwell et al. (2019).
Besides these coupled simulations, we also use uncoupled ocean and sea ice-only simu-
lations where the ocean and sea-ice models are forced by a data atmosphere based on
the CORE forcing (Large & Yeager, 2009). We use 30 years of the uncoupled simula~
tion at the standard resolution (denoted as E3SM_LR_DA) and 20 years of uncoupled
simulation at the high-resolution (denoted as E3SM_HR_DA).

2.3 Calculations

We compute the mixed layer heat budget as follows

aT —
pCph e ==pCphV.VT + Qeurs + Quert (1)

Here, p is the seawater density, C, is the specific heat capacity (4000 J Kg=* K=1) of
seawater, h is the mixed layer depth, T is the mixed layer-averaged temperature, V is
the mixed layer-averaged horizontal velocity vector, Qgury is the net surface heat flux
at the top of the ocean surface and Q..+ represents vertical processes at the base of the
mixed layer, including advection and mixing. Qs.,y is simply estimated as the sum of
incoming shortwave, outgoing longwave, latent and sensible heat fluxes, and corrected

for penetration of shortwave flux at the base of the mixed layer. For observations, the
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Quert term is estimated as a 'residual’ assuming that the equation is approximately in
balance. Also, for observations, we assume an albedo of 6% and the absorption of short-
wave radiation in the upper-ocean is based on the Jerlov type II scheme (Kara et al., 2005),
which is consistent with the model simulations.

Following Jia et al. (2011), the eddy kinetic energy (EKE) in the ocean is computed
as

_1g® om0,
EKE = B F((@> + (%) ) (2)

Here, g is the acceleration due to gravity, f is the Coriolis parameter, 7 is the sea sur-
face height and the prime denotes a deviation from the long-term mean.

The SWCRE is estimated as the difference between the top-of-atmosphere upwelling
clear-sky shortwave radiation and the top-of-atmosphere upwelling all-sky radiation.

3 Results

The annual mean SST bias from the CMIP6 multi-model ensemble, shown in Fig.
1A, is consistent with the well-known pattern (Large & Danabasoglu, 2006; Richter, 2015;
Richter et al., 2016). In the tropics and subtropics, we have cold biases in most regions
except near the eastern boundaries, which are characterized by warm SST biases. Sig-
nificant warm biases can also be found in much of the Southern Ocean. The spatial pat-
tern of SST bias in E3SM_LR (Fig. 1B) is largely similar to that in the CMIP6 multi-
model ensemble. However, there are also some notable differences. For instance, the cold
bias in the sub-polar North Atlantic is considerably stronger, which was attributed to
excessive sea ice formation in the Labrador Sea (Golaz et al., 2019). Also, the warm bias
in the Southern Ocean was found to be larger, likely due to an overly aggressive mesoscale
eddy parameterization (Golaz et al., 2019). Compared to E3SM_LR, the mean SST bias
improves considerably in E3SM_HR (Fig. 1C). The most significant improvement is in
the Labrador Sea region due to an improved representation of sea ice and ocean mesoscale
eddies (Caldwell et al., 2019). Biases also improve in the western boundary current re-
gions of the Northwest Pacific and Atlantic, and in the Southern Ocean, likely due to
more realistic eddy activity simulated in those regions (Fig. S1). However, the warm bi-
ases in the eastern boundaries are less affected by an increase in resolution. In fact, the
two most prominent regions of SST bias in E3SM_HR are the regions of warm bias near
the Benguela Current in the Southeast Atlantic and the Subtropical Eastern North Pa-
cific (SENP).

We now take a closer look at the SST bias in SENP. The warm SST bias in the CMIP6
multi-model ensemble (Fig. 1D), exceeding several degrees, mainly occurs along the coast
between 20°N and 40°N, and gradually decreases southwestwards. In E3SM_LR (Fig.
1E), the bias along the coast is similar to that in CMIP6. The bias in the offshore re-
gion however is slightly stronger (about 1.5°C) and centered near 120°W and 25°N. Un-
like E3SM_LR, in E3SM_HR (Fig. 1F) the strongest bias, exceeding 2°C, is away from
the coastline and centered near 120°W and 25°N. Note that the offshore bias in E3SM_LR
and E3SM_HR are nearly co-located. Next, to understand the impact of coupling on SST
biases, we consider the mean SST bias in E3SM_LR_DA and E3SM_HR_DA (Fig. S2),
where the ocean is forced by a data atmosphere. The bias improves substantially in many
regions with the warm bias almost disappearing in the subtropical eastern boundary re-
gions. These results probably suggest that the SENP warm bias mainly results from cou-
pling and is less sensitive to an increase in resolution, which leads us to the following ques-
tions: What processes are responsible for the SENP SST bias? Why doesn’t an increase
in resolution help improve it?



208 To address these questions, we now examine the observed mixed layer heat bud-

200 get in detail to determine the various processes responsible for the SST bias in the SENP.
210 The observed climatology of various terms, averaged over the peak warm bias region of
on 125°W-120°W and 25°N-30°N, is shown in Fig. 2A. Note that the heat budget is not

212 very sensitive to the exact area over which the terms are averaged. The primary balance
213 is between the net surface heat flux and vertical advection and mixing with relatively

214 less contribution from horizontal advection. We next consider the heat budget in the un-
215 coupled E3SM_LR_DA (solid lines in Fig. 2A). To verify that our computation of the

216 budget in the model is correct, we estimated the temperature tendency term as the sum
217 of other terms in the heat budget equation besides directly calculating it using the mixed
218 layer-averaged temperature. The close correspondence between the two suggests that our
219 estimates of the various terms in the budget equation are reasonably accurate. Even in
220 E3SM_LR_DA, the balance is mainly between surface fluxes and vertical processes as in
21 observations but with small differences. For instance, the heating of the mixed layer from
22 the net surface heat flux term is slightly stronger in observations than in E3SM_LR_DA
223 with maximum values of 1.4e-6 °Cs™! and 1.1e-6 °Cs~! respectively. Also, in observa-
204 tions, the vertical processes tend to cool the mixed layer the most in July. On the other

225 hand, in E3SM_LR_DA, the maximum cooling from vertical processes is shifted slightly
226 to August. Despite this, the budget from E3SM_LR_DA is broadly consistent with the
227 observed budget and, consequently, we use the E3SM_LR_DA as the baseline for com-
28 parison in the rest of the paper.

220 In both E3SM_LR (Fig. 2B) and E3SM_HR (Fig. 2C), the surface fluxes tend to
230 heat the mixed layer more than in E3SM_LR_DA (Fig. 2A). To understand this further,
231 we separate the various terms constituting the net surface heat flux. While the short-

22 wave flux peaks at about 216 Wm™2 in E3SM_LR_DA (Fig. 2D), its maximum is nearly
233 50 Wm~? larger in E3SM_LR (Fig. 2E) and E3SM_HR (Fig. 2F). Despite a stronger

234 longwave flux out of the ocean, the net effect of radiative fluxes is to heat up the mixed

235 layer more strongly in E3SM_LR and E3SM_HR. While the mean tendency due to ra-

236 diative fluxes is 1.25e-6 °Cs~! in E3SM_LR_DA, its value in E3SM_LR and E3SM_HR

237 are 1.75e-6 °Cs~! and 2.1e-6 °Cs~! respectively. The excess shortwave flux in the model
238 is related to the poor simulation of marine stratocumulus clouds (Golaz et al., 2019; Cald-
239 well et al., 2019), a problem affecting most coupled models (Stockdale et al., 1994; C.-

240 C. Ma et al., 1996; Richter, 2015; Richter et al., 2016). The latent and sensible heat fluxes
2m tend to cool the ocean more in E3SM_LR and E3SM_HR when compared to E3SM_LR_DA.
212 The mean tendency due to these in E3SM_LR and E3SM_HR are -1.1e-6 °Cs~! and -

23 1.5e-6 °Cs~! respectively, and are stronger than that in E3SM_LR_DA (-0.9 e-6 °Cs™1).

244 This is especially the case during Boreal Fall. To understand the bias in surface turbu-

25 lent fluxes, we examine the change in mean surface winds. Compared to E3SM_LR_DA

246 (Fig. 2G), the circulation is weaker in both E3SM_LR (Fig. 2H) and E3SM_HR (Fig.

oa7 2I). Thus, we suggest that the excessive latent and sensible heat flux out of the ocean

218 in the coupled simulations is likely due to a warmer ocean surface.

249 When considering the tendency due to horizontal advection, the contribution is more

250 positive in both E3SM_LR (Fig. 2B) and E3SM_HR (Fig. 2C) compared to E3SM_LR_DA
251 (Fig. 2A), especially between June and August. While the tendency remains below 0.03e-
252 6 °Cs~! in E3SM_LR_DA, the maximum value reaches 0.4e-6 °Cs~! and 1.1e-6 °Cs™!

253 in E3SM_LR and E3SM_HR respectively. This increase is caused by errors in surface winds.

254 As seen earlier, the surface winds are weaker in the coupled simulations (Figs. 2H and
255 2I) and it appears that there is an anomalous convergence over the region of warm bias.
256 This is substantiated by considering the differences in upper-ocean convergence in E3SM_LR

257 relative to E3SM_LR_DA (Fig. 3A). Strong negative values are found over the region 130°W-
258 120°W and 23°N-33°N, which is the main region of warm bias. Averaged over this re-

259 gion, the convergence decreases to nearly -3.5e-8 s~! in E3SM_LR and -4.5¢-8 s~! in E3SM_HR,
260 indicating enhanced upper-ocean convergence compared to the uncoupled simulation (Fig.

261 3B). The seasonal timing of the increase in convergence is also consistent with that in
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the tendency due to horizontal advection (Figs. 2B and 2C). This suggests that errors
in upper-ocean convergence caused by those in surface winds are mainly responsible for
the anomalous horizontal advection in E3SM_LR and E3SM_HR.

Finally, vertical processes tend to cool the mixed layer more strongly in E3SM_LR
(Fig. 2B) and E3SM_HR (Fig. 2C), compared to the uncoupled E3SM_LR_DA (Fig. 2A).
To understand this, let us consider vertical mixing for instance. The contribution from
vertical mixing to temperature change is proportional to k %—Z, where £ is the vertical
thermal eddy diffusivity and ‘g—f is the vertical temperature gradient. Compared to E3SM_LR_DA,
the maximum magnitude of x decreases by nearly 0.005 m? s~! in E3SM_LR (Fig. 3C),
indicating a reduction in mixing strength in the coupled simulation. On the other hand,
at a depth of 30-40 m, the difference in the vertical temperature gradient is nearly -0.15
°C between E3SM_LR and E3SM_LR_DA, indicating a significantly larger thermal strat-
ification in the coupled simulation (Fig. 3D). Also, the maximum difference in the ver-
tical temperature gradient occurs around September and is consistent with the bias in
the SST seasonal cycle (Fig. S3). Thus, the vertical mixing process tends to cool the mixed
layer more in E3SM_LR due to a stronger vertical temperature gradient induced by a
warmer SST.

When going from a relatively coarse to a high resolution in the fully-coupled E3SM,
we found that while the SST bias improves in many regions, the warm bias in the SENP
is largely unaffected. Though surprising, these results are consistent with a previous study
using a General Circulation Model configured at a similar eddy-resolving horizontal res-
olution (Zheng et al., 2010). Albeit in a different region, some other studies showed that
an increase in resolution can lead to an improvement in the warm bias. For instance, J. Ma
et al. (2019) show that an increase in resolution can potentially reduce the bias through
an improved simulation of coastal upwelling. Even in our simulations using E3SM, the
representation of upwelling processes along the coast improves in E3SM_HR, compared
to E3SM_LR (Fig. S4). The thermocline rises more sharply near the coast in E3SM_HR
causing a reduction of the near-shore SST bias in the high-resolution simulation. Despite
this, the offshore SST bias is stronger in E3SM_HR compared to E3SM_LR (Fig. 1).

To put these results based on E3SM in perspective, we evaluated the SST bias from
the HighResMIP suite of models. Consistent with results from E3SM, in the low-resolution
configuration of the models, the multi-model mean SENP bias, exceeding several degrees
in magnitude, is concentrated along the coastline between 25°N and 40°N (Fig. 4A). On
the other hand, the coastal SENP SST bias is substantially reduced in the high-resolution
configuration of these models (Fig. 4B). Also, consistent with E3SM, the offshore bias
in the high-resolution configuration is larger than that in the low-resolution configura-
tion. The peak warm bias is about 1°C and is centered at approximately 120°W and 25°N.
Further, the warm bias in the high-resolution configuration also extends southwestwards.
Thus, the lack of significant improvement in the SENP SST bias with an increase in model
resolution is not native to E3SM alone but is also seen in other models.

A possible reason for the SENP SST bias that we suggested previously was the weaker
anticyclonic surface wind circulation in the fully-coupled simulations, suggestive of a weaker
subtropical high in the coupled simulations relative to observations (Fig. 2). An anoma-
lous southerly wind can simultaneously reduce upwelling along the coast and hinder the
offshore Ekman transport of cold water. To understand this further, we plotted the merid-
ional wind stress bias against the SST bias, averaged over the region between 130°W-
115°W and 20°N-30°N, from CMIP6 models (Fig. 4C). In general, models with larger
surface wind biases also tend to be models with stronger SST biases. The correlation co-
efficient is about 0.47, significant at the 95% level. Further, to understand the relative
significance of the bias in surface winds, we plotted errors in shortwave cloud forcing (SWCRE)
against the SST bias from the same models (Fig. 4D). The correlation, significant at more
than 90%, is about 0.31. Also, the biases in SWCRE and meridional winds are uncor-
related (about 0.13). These results suggest that inter-model differences in SST biases in
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the SENP region are related more to the biases in surface winds than to the biases in
stratus cloud in the simulations. While biases in surface winds can lead to those in SSTs,
warm SSTs may induce wind convergence and reinforce the initial wind bias through a
positive feedback. To clarify the connection between the wind and SST biases, the cor-
relation between meridional wind and SST averaged over the SENP warm bias region
(130°W-115°W and 20°N-30°N) is 0.34 £ 0.06 at zero lag. However, the correlation in-
creases to 0.42 + 0.05 with winds leading SST by a month, and the correlation drops to
0.09 £ 0.06 vice versa. Based on this, we suggest that SST is mostly responding to the
wind bias, even though the SST anomaly may also play a role in enhancing the wind bias.

4 Discussion

Although we looked at the surface wind circulation from an annual mean perspec-
tive, seasonal averages (Fig. S5) indicate that the biases are persistent across the var-
ious seasons, especially to the south of 30°N. The anomalous southerly winds in the sub-
tropics likely indicate a weaker subtropical high, which we speculate may in turn be re-
lated to biases in Hadley circulation or remote circulation features with tropical or ex-
tratropical origins in models (Li & Xie, 2014). To further delineate the role of remote
and local processes in the SENP SST error, a promising approach that could be employed
is the use of ‘initial SST tendency’ experiments (Toniazzo et al., 2010; H.-Y. Ma et al.,
2015).

Besides the processes examined thus far in the study, one other possibility is the
error in the mixed layer depth. In both E3SM_LR and E3SM_HR, model simulated mixed
layers are shallower than those in the uncoupled E3SM_LR_DA (Fig. S6), which can then
amplify the bias in the mixed layer-averaged temperature. While the weaker winds can
certainly be a cause, errors in mean precipitation could also contribute to the bias in mixed
layers. In the fully-coupled configuration, the model tends to produce excessive rainfall
along and in the near-shore of the North American west coast (Golaz et al., 2019; Cald-
well et al., 2019). This can subsequently induce errors in the mixed layer through its ef-
fect on upper-ocean salinity stratification. Thus, beyond an accurate representation of
surface winds, improving precipitation processes in coupled climate models could also
be a key to alleviate the SENP warm SST bias.

Overall, our results based on E3SM, HighResMIP, and CMIP6 simulations suggest
common sources of the SENP biases that largely remain in models from coarse resolu-
tion to relatively high resolution. This emphasizes the need to improve coupled model
skill through improvements in physics parameterizations and develop metrics that bet-
ter relate the SENP bias to its sources to guide model development.
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A) E3SM_LR_DA, B) E3SM_LR and C) E3SM_HR. The time tendency of mixed layer-averaged
temperature is in blue, the tendency due to net surface heat flux is in green, the tendency due
to horizontal advection is in red, and the tendency due to vertical processes is in black. In panel
A, the budget terms from Observations are shown as dotted lines. In panel B, the time tendency
of mixed layer-averaged temperature, estimated indirectly as a sum of other terms of the heat
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