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Abstract Impacts of model horizontal resolution on sea surface temperature (SST) biases are studied using
high-resolution (HR) and low-resolution (LR) simulations with the Community Earth System Model (CESM)
where the nominal resolutions are 0.1° for ocean and sea-ice and 0.25° for atmosphere and land in HR, and 1°
for all component models in LR, respectively. Results show that, except within eastern boundary upwelling
systems, SST is warmer in HR than LR. Globally averaged surface ocean heat budget analysis indicates that
1°C warmer global-mean SST in HR is mainly attributable to stronger nonlocal vertical mixing and shortwave
heat flux, with the former prevailing over the latter in eddy-active regions. In the tropics, nonlocal vertical
mixing is slightly more important than shortwave heat flux for the warmer SST in HR. Further analysis

shows that the stronger nonlocal mixing in HR can be attributed to differences in both the surface heat flux
and shape function strength used in the parameterization. In addition, the shape function shows a nonlinear
relationship with surface heat flux in HR and LR, modulated by the eddy-induced vertical heat transport. The
stronger shortwave heat flux in HR, on the other hand, is mainly caused by fewer clouds in the tropics. Finally,
investigation of ocean advection reveals that the improved western boundary currents in HR also contribute to
the reduction of SST biases in eddy-active regions.

Plain Language Summary Sea surface temperature (SST) is a key climate variable, through
which the atmosphere and ocean are coupled. However, current generation climate models that have nominal
horizontal resolutions of ~1° generally produce colder-than-observation SST over much of the tropics and
midlatitudes. Increasing model resolution to 0.25° or finer can help reduce this cold bias, but the underlying
physics is not well understood. By analyzing high-resolution (HR) and low-resolution (LR) Community Earth
System Model (CESM) simulations, we find that vertical turbulent processes, particularly the convective
component, show dominant contributions to the improved SST bias in the tropics and midlatitudes. The
difference in the convective flux between HR and LR CESM is partially attributable to the difference in the
surface heat flux, and the other important contributing factor is the warmer subsurface temperature in HR
CESM driven by the vertical eddy heat transport. Overall, this study highlights the importance of improving
representation of ocean eddy and turbulent processes in climate models.

1. Introduction

Sea surface temperature (SST) is a critical field to get right in simulations of the climate system because it is the
key variable linking changes in the ocean to the atmosphere. SST anomalies associated with the El Nifio-Southern
Oscillation (ENSO), the Pacific Decadal Variability (PDV) and the Atlantic Multidecadal Variability (AMV)
are all capable of modulating extreme weather globally (Di Lorenzo & Mantua, 2016; McCabe et al., 2004;
McPhaden et al., 2006). The mesoscale SST anomalies in the northwestern Pacific can also influence heavy rain-
fall in western North America (Liu et al., 2021). To date, SST is also among the best measured climate fields, with
long-term, global coverage obtained by ships (Smith et al., 2019; Woodruff et al., 2005), mooring buoys (TAO/
TRITON, PIRATA, RAMA), Argo floats (Roemmich et al., 2009), and satellites (Reynolds & Smith, 1994).

Despite the fact that SST data sets are extremely useful for understanding global climate, it is still challenging to
decipher the physical processes that govern SST, such as the relative roles of ocean mixing and advection, which
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Figure 1. Sea surface temperature biases in (a) CMIP5 and (b) CMIP6, (c) HighResMIP low-resolution, and (d) high-resolution simulations. CMIP5 and CMIP6 biases
are from the pre-industrial control simulations, usually 500 years long. For HighResMIP, 100-year-long 1950-control simulations are used. Climatological SST of
HadISST1.0 (Rayner et al., 2003) for 1870-1900 and 1940-1970 is used in (a, b) and (c, d), respectively. (e) SST differences between HighResMIP high-resolution and
low-resolution simulations (ASST). HadGEM3-GC3.1, ECMWF-IFS, CNRM-CM6-1, EC-Earth3P, CESM1.3, and AWI-CM1.1in HighResMIP are used. Stippling in
(e) indicates that at least 4 out of 6 HighResMIP models agree on the sign of ASST. CMIP5 and CMIP6 models used here are listed in Tables S2 and S3 in Supporting

Information S1.

are related to poorly observed details of ocean circulation and eddy formation. Numerical models have therefore
become extremely important tools to study SST mechanisms. SST bias, defined as the departure of simulated
long-term mean SST from observations, is an important metric to assess model performance. The Coupled Model
Intercomparison Project (CMIP), which began in 1995, provides a platform to compare simulated climate across
different models (https://www.wcrp-climate.org/wgcm-cmip). The climate models participating in CMIP Phase
5 (CMIP5), most of which have ocean and atmosphere horizontal resolutions of ~1°, show common biases in
simulated climatological mean SST (Figure 1a). The biases can be divided into two groups: warm biases that
primarily occur in the eastern boundary upwelling systems (EBUS), the Antarctic Circumpolar Current (ACC)
region, and the east coasts of the U.S. and Japan; and cold biases that occur mainly in the Tropics (also known as
the cold tongue bias) and midlatitudes.

The impacts of SST bias on the simulated climate system have been extensively studied in recent decades (Ashfaq
et al., 2011; Camargo, 2013; Dutheil et al., 2020; He & Soden, 2016; Hsu et al., 2019; Garfinkel et al., 2020;
Johnson et al., 2020; Large & Danabasoglu, 2006; Lee et al., 2018; McGregor et al., 2018). These studies show
that climatological SST biases can strongly affect global precipitation distributions, as well as future projec-
tions of precipitation over ocean and land (Ashfaq et al., 2011; He & Soden, 2016; Johnson et al., 2020). In
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addition, biases in tropical cyclone frequency, location, and intensity are strongly impacted by SST in the Tropics
(Camargo, 2013; Dutheil et al., 2020; Hsu et al., 2019). Hsu et al. (2019) found that warm biases in the Pacific
and cold biases in the Atlantic both can lead to overrepresentation of tropical cyclones in the Pacific. McGregor
et al. (2018) also suggested that SST biases in the Atlantic basin can affect the wind and surface temperature in
the Pacific via atmospheric teleconnections. Furthermore, the warm SST bias in the eastern tropical Pacific tends
to cause a biased midlatitude stationary wave in the Southern Hemisphere through erroneous double Intertropical
Convergence Zone (ITCZ) (Garfinkel et al., 2020). Lee et al. (2018) demonstrated that the SST bias in the Gulf
Stream region can induce Rossby wave responses in the troposphere in the Northern Hemisphere. Moreover,
Ying et al. (2019) showed that cold biases in the central equatorial Pacific can lead to La Nifia-like warming
patterns. Therefore, understanding the source of SST biases in models is vital for improving climate simulations
and projections.

Gent et al. (2010) showed that warm biases in EBUS are significantly reduced after increasing the atmospheric
resolution from 2° to 0.5° in the Community Climate System Model version 3.5 (CCSM3.5), pointing to the
importance of atmospheric resolution in improving SST simulations in the upwelling regions. Xu et al. (2014)
revealed that realistic coastal winds are important to reduce SST biases in the southeastern Atlantic. Based on
three CCSM4 experiments with different atmospheric resolutions (0.5°, 1°, 2°), Small et al. (2015) showed that
coastal wind stress curl is a dominant factor controlling SST biases via Sverdrup transport in EBUS, through
its influence on poleward flow of warm tropical water. It was found that wind stress curl in 0.5° CCSM4 has a
narrower coastal extent than in 1° and 2° CCSM4, leading to weaker poleward Sverdrup transport in 0.5° CCSM4
compared to 1° and 2° CCSM4 (Small et al., 2015). Kurian et al. (2021) demonstrated that improving the magni-
tude and spatial pattern of the Benguela coastal low-level jet plays a primary role in reducing SST biases in the
Benguela upwelling region. In addition, coastal mountain topography, especially Andes, can also impact SST
biases through low-level jet (Ma et al., 2019).

In contrast to the warm SST bias in EBUS, the source of cold SST biases in the tropics is still unclear. Song and
Zhang (2009) found that SST biases are reduced after the convection schemes are modified in CCSM3, imply-
ing an important role for atmospheric convection processes. Li and Xie (2012) also argued that misrepresented
cloud cover may be the main source of tropical SST biases in CMIP3 and CMIP5 models. Woelfle et al. (2018)
presented evidence that the equatorial cold SST biases are directly generated by anomalous ocean advection
driven by surface winds, which are sensitive to the underlying convection parameterization in the Community
Earth System Model version 1 (CESM1). On the other hand, Moum et al. (2013) proposed that vertical ocean
mixing can also modulate SST biases in the equatorial Pacific. Moreover, Vanniere et al. (2014) argued that the
tropical cold SST biases are advected into the tropics from extratropics. Burls et al. (2017) further showed that it
is the subtropical cell that brings cold SST biases to the tropics.

Studies of cold biases in the midlatitudes, especially western boundary regions, are more recent and still remain
sparse. Kirtman et al. (2012) illustrated that CCSM3.5 generates warmer SST in the western boundary current
regions and Southern Ocean after increasing ocean resolution from 1° to 0.1° with the same atmosphere resolu-
tion of 0.5°. Small, Bacmeister, et al. (2014) performed high-resolution CESM simulations with atmosphere reso-
lution of 0.25° and ocean resolution of 0.1° (hereafter HR), and found that SST biases in the western boundary
currents are substantially reduced compared with low-resolution CESM with ocean and atmosphere resolution
of 1° (hereafter LR). The reduced SST bias is mainly due to the finer ocean resolution (Small, pers. comm.).
The ongoing High-Resolution Model intercomparison Project (HighResMIP, Haarsma et al., 2016) of CMIP6
is designed to further shed light on the impact of horizontal model resolution on climate simulations. Models
participating in HighResMIP have ocean resolution finer than 0.25° and atmosphere resolution finer than 0.5°.
Gutjahr et al. (2019) conducted a suite of experiments using the Max Planck Institute Earth System Model
(MPI-ESM1.2) contribution to HighResMIP and showed that increasing atmosphere resolution tends to decrease
SST almost globally while increasing ocean resolution tends to increase SST everywhere except in the upwelling
regions. These results are consistent with previous studies using CCSM and CESM (Gent et al., 2010; Kirtman
et al., 2012; Small, Bacmeister, et al., 2014; Small et al., 2015) as well as the Hadley Centre Global Environment
Model 3—Global Coupled version 3.1 (HadGEM3-GC3.1; Roberts et al., 2019). However, the underlying mech-
anisms for midlatitude SST changes in HR models are still unclear, especially in eddy-active regions.

This study aims to investigate the impacts of model horizontal resolution on the representation of SST in the tropics
and midlatitudes using a set of CESM simulations produced by the International Laboratory for High-resolution
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Table 1
Models Participating in HighResMIP
CMCC-
ECMWF- CM2-(V)
Model HadGEM3-GC3.1 IFS CNRM-CM6-1 EC-Earth3P HR4 MPI-ESM1.2 CESM1.3 AWI-CM1.1
Resolution names LL, HM, HH LR, HR LR, HR LR, HR HR4, VHR4 HR, XR LR, HR LR, HR
Atmosphere model MetUM-HadGEM3-GA7.1 IFScy43rl ARPEGE 6.3  IFS cy36r4 CAM4 ECHAMG6.3 CAMS.2 ECHAMS6.3.04pl
Atmospheric horizontal 2.5°,0.5° 0.5° 0.5°,0.25° 2.5°1° 1°,0.5° 1°,0.25° 1°,0.5° 1°,0.25° 2.5°1°
resolution
Atmosphere levels 91 91 91 26 95 30 47,95
Ocean model NEMO-HadGEM3-G0O6.0 NEMO3.4 NEMO3.6 NEMO3.6 NEMO3.6 MPIOM1.63 POP2 FESOM1.4
Oceanic horizontal 1°,0.25°, 1/12° 1°,0.25° 1°,0.25° 1°,0.25° 0.25°, 0.25° 0.5°,0.5° 1°,0.1° 0.5°,0.25°
resolution
Ocean levels 75 75 75 50 40 60, 62 46

Note. Resolution names are defined independently across models.

Earth System Prediction (GHESP), as well as seven other HighResMIP models. The CESM simulations follow the
HighResMIP protocol (Haarsma et al., 2016) and represent CESM's contributions to HighResMIP. This manu-
script is organized as follows. Models and methods are described in Section 2. SST biases in HR models are
shown in Section 3. Section 4 presents a surface ocean heat budget analysis in HR and LR followed by an analysis
of ocean mixing and advection in Section 5. Summary and discussion are given in Section 6.

2. Models and Methods
2.1. HighResMIP Simulations

In HighResMIP, ocean and sea-ice component models are all at least 0.25°, and atmosphere and land component
models are almost all at least 0.5°. Among the eight participating models, there are six running at 0.25° in ocean
and two running at 0.1° or finer (Table 1). Following the HighResMIP protocol, each of these models was used
for two fully coupled simulations: (a) spinup-1950 (hereafter, SPIN)—a short (30-50 years) simulation starting
from January ocean temperature and salinity (EN4.0; Good et al., 2013) averaged over the period of 1950-1954,
(b) control-1950 (hereafter, CNTL)—a longer than 100-year continuation of SPIN with the same climate forcing
corresponding to 1950 conditions (for details, refer to Figure 1 of Roberts et al., 2019). The following analysis
will be mainly based on CNTL to investigate climatological SST biases.

HighResMIP models used in this study are: CMCC-CM2-(V)HR4 (Cherchi et al., 2019), ECMWE-IFS (Roberts
et al., 2018), CNRM-CM6-1 (Voldoire et al., 2019), EC-Earth3P (Haarsma et al., 2020), HadGEM3-GC3.1
(Roberts et al., 2019), MPI-ESM1.2 (Gutjahr et al., 2019), CESM1.3 (Danabasoglu et al., 2012; Meehl et al., 2019;
Small, Bacmeister, et al., 2014), and AWI-CM1.1 (Semmler et al., 2017). Resolutions of each model are shown in
Table 1. Six of the eight HighResMIP models (HadGEM3-GC3.1, ECMWEF-IFS, CNRM-CM6-1, EC-Earth3P,
CESM1.3, and AWI-CM1.1) have configurations with different oceanic resolutions, which can be used to assess
the role of ocean resolution in improving SST biases.

2.2. CESM

Given that we have access to full model output only from CESM but not from other models in HighResMIP, we
will primarily analyze HR and LR CESM to address our scientific questions. In the following, we will particularly
use HR and LR to refer to CESM simulations. CESM1.3 is an open source fully coupled climate model developed
by the National Center for Atmospheric Research (NCAR). CESM1.3 is comprised of the Community Atmos-
phere Model version 5 (CAMS; Neale et al., 2010), the Parallel Ocean Program version 2 (POP2; Danabasoglu
et al., 2012; Smith et al., 2010), the Community Land Model version 4 (CLM4; Lawrence et al., 2011) and the
Community Ice Code version 4 (CICE4; Hunke & Lipscomb, 2008). As in Small, Bacmeister, et al. (2014), HR
has a nominal resolution of 0.1° for POP2 and CICE4 and 0.25° for CAMS and CLM4. In POP2, vertical mixing
is represented by the K-Profile Parameterization (hereafter KPP; Large et al., 1994), which includes both local
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and nonlocal mixing components. For more detailed descriptions of CESM1.3, we refer the reader to earlier stud-
ies (Chang et al., 2020; Danabasoglu et al., 2012; Meehl et al., 2019; Small, Bacmeister, et al., 2014).

LR is used for comparison with HR. LR has a nominal horizontal resolution of 1° for all component models,
and the effects of mesoscale (10-100 km) and submesoscale (<10 km) eddies are included using the Gent and
Mcwilliams (1990; hereafter GM90) and the Fox-Kemper et al. (2008; hereafter FK08) parameterizations in
POP2. Both GM90 and FKOS are turned off in HR, however the same KPP vertical mixing is used in both HR
and LR.

The 54-year HR SPIN simulation included an initial tuning phase of radiation imbalance at the top of atmosphere
followed by several decades of integration, in accordance with the HighResMIP protocol. More information of
model tuning process can be found in Chang et al. (2020). CNTL is a continuation of SPIN from year 55 to year
160 (hereafter CNTL-HR). For LR, only 30 years are used for SPIN, and CNTL is integrated from year 31 to
year 181. To save on storage, only the first 20 years of SPIN output in HR (SPIN-HR) and LR (SPIN-LR) are
saved. Since both SPIN-HR and SPIN-LR start from the same EN4.0 data set, comparing SPIN-HR and SPIN-LR
allows us to examine the development of SST differences between HR and LR.

Because 20-year output of SPIN-HR and SPIN-LR is short to study the development of the SST biases, we
performed a parallel 106-year LR integration to compare directly with CNTL-HR. This simulation was initial-
ized by ocean temperature and salinity fields obtained from the first day of CNTL-HR, and thus is referred to
as CNTL-LR-HRIC. Note that CNTL-HR and CNTL-LR-HRIC have the same initial condition for tempera-
ture and salinity. Therefore, we can examine the development of SST differences by comparing CNTL-HR and
CNTL-LR-HRIC.

2.3. Methods

CESM employs a free surface configuration with a variable-thickness surface layer. As shown in the Chapter
5.2.1 of Smith et al. (2010), the temperature equation of the model surface layer is expressed as

T|- et — SW|_
a<1+_>T__M_M+w|H+Q‘ |—u
ot H ox dy H cppoH

2 Ky (0T
+ —+ — T——’(——x>, + gwTw, M
i <6x2 ay2> a oz ~7) b HawTw

where 7 is sea surface height (SSH); T is potential temperature; u, v, and w are velocity along x, y, and z axes,
respectively; H = 10 m; Q,, is the net surface heat flux including latent, sensible, longwave and shortwave heat
flux at the surface, and the sign convention is that positive denotes heat flux into the ocean; SW|_y represents
penetrative shortwave flux at z = —H; cp is the ocean heat capacity taken as 3,996 J/kg/°C; py is the density of sea
water taken as 1,026 kg/m?; ky and k, are spatially varying horizontal and vertical diffusivity; and y, represents
nonlocal turbulent heat transport in KPP. As eddies are not resolved in LR, total heat transport (uT, vT, wT) is
taken as the sum of resolved transport and parameterized transport by GM90 and FKO08.

To obtain Equation 1, the following approximations are employed: (a) the advective and diffusive horizontal
fluxes between z = 0 and z = 5 are set to zero; (b) there is no advection of temperature across the surface
with vertical velocity; (c) the freshwater flux is able to advect temperature across the surface (g Ty ). We have
confirmed closure of Equation 1 budget, where the SSH term is much smaller than heat flux and mixing terms
(see Figure S1 in Supporting Information S1). Therefore, it is reasonable to lump the SSH term together with
mixing as the residual in the heat budget analyses if mixing is unavailable in the model output.

2.3.1. Spatial Surface Ocean Heat Budget

After integrating Equation 1 in time, the evolution of SST can be expressed as

t t
ouT ovT WTl Qnel SWI / 02 02
T(t) - T(0) = _al t t L+ L ) rar
(1) = T(0) /0< oy )d +/ T Lo ZO R e+ (5t 5 T

- / K (‘;T yx> dr - ”(’)T(t) "(O)T(O)] ©)
0 z
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Similar to Kurian et al. (2021), the equation of climatological mean SST can be obtained as

L[" L[ / “( oul _ovT  wT|-m *?
— Ttdz—TO:— _— - —+ + — + — | Tdtdt
to/O © © _/ 0x dy H 1\ ox 0y?

di di

Qnel SWl / / Kl
= 72 e de — = ¥x
/ _/ cppH T 7/) -H

/ [@T(I) - @T(O)] dt, 3)

where 1, is the length of the period of interest. Because the long-term mean of horizontal mixing is generally quite

small compared with other near-surface terms, it will be lumped with the advection term together. The balance in
Equation 3 will be referred to as the spatial surface ocean heat budget. The first two terms on the right-hand side
comprise the ocean heat transport convergence (OHTC) followed by the atmospheric flux convergence (AFC)
and ocean vertical mixing flux convergence (VMFC), as well as the SSH effect. VMFC is not available from
CNTL-HR output, but it is available from SPIN-HR. Therefore, VMFC, along with the SSH term, will be calcu-
lated as the residual in CNTL-HR. To gain a complete understanding of ocean mixing in HR and LR, SPIN-HR
and SPIN-LR will be used to discuss VMFC in detail.

2.3.2. Globally Averaged Surface Heat Budget

After taking a global average of Equation 2, the globally averaged SST can be expressed as

) - o) = [Ty [(@= O, [ ()|

(-],

where angle bracket < > represents a global average. The heat balance in Equation 4 is a function of time only

because horizontal processes are eliminated by the global average. Globally averaged SST is controlled by the
globally averaged: (a) vertical heat transport (VHTC), (b) AFC, (c) VMFC, and (d) SSH effect. Similar to the
surface heat budget, the VMFC and SSH terms will be calculated as the residual due to their unavailability in
CNTL-HR. Note that VMFC dominates the residual, which can be seen in the SPIN analyses in Section 4.

3. Mean SST in HighResMIP

Figures 1a and 1b show SST biases in CMIP5 and CMIP6 piControl simulations, where observed SST is taken
from HadISST1.0 averaged over 1870-1900. This analysis includes 28 CMIP5 models and 34 CMIP6 models,
whose information is shown in Tables S1 and S2 in Supporting Information S1, respectively. Most CMIP6 models
have similar horizontal resolutions as their CMIP5 counterparts, around 1° in both atmosphere and ocean. It is
evident that SST simulations show very little improvement from CMIP5 to CMIP6, and if anything a degradation,
consistent with little change in model horizontal resolution.

Figure 1c shows the averaged SST biases from low-resolution versions of HadGEM3-GC3.1, ECMWEF-IFS,
CNRM-CM6-1, EC-Earth3P, CESM1.3 and AWI-CM1.1, where the first 100 years of CNTL are used. The
observational benchmark used in Figure Ic is taken from HadISST1.0 averaged from 1940 to 1970, to match
the 1950 forcing of the HighResMIP protocol. The results show similar bias patterns and magnitudes compared
to the CMIP5 and CMIP6 piControl simulations, indicating that the climatological SST biases are not strongly
sensitive to the choice of historical window.

Multi-model SST biases computed from 6 HighResMIP high-resolution simulations and the corresponding difference
distributions between high-resolution and low-resolution simulations are shown in Figures 1d and le, respectively.
It is evident that cold SST biases are reduced in most regions of the tropics and midlatitudes, but the bias turns from
negative to positive in the high latitude North Pacific as well as near the equatorial Pacific and the equatorial Indian
Ocean (Figure 1d), indicating overcorrections of SST biases in these regions. In addition, SST still shows warm biases
in EBUS in high-resolution models (Figure 1d), even though the magnitude of the warm bias is significantly reduced in
high-resolution models (Figure 1e), suggesting a positive impact of resolution increase on SST biases in all EBUS. As
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discussed in Small et al. (2015) and Kurian et al. (2021), the bias improvements in EBUS mainly result from improved
representation of the alongshore wind structures due to atmospheric resolution increase. Additionally, there is a notice-
able improvement of SST biases in eddy-active regions, including the Kuroshio extension (KE), Gulf Stream extension
(GSE), Agulhas current, and Brazil current regions (Figure le). Finally, the warm SST biases in the SubAntarctic
region becomes worse in high-resolution models (Figures 1d and 1e), which may be related to net surface flux changes,
especially cloud-related shortwave fluxes (Hyder et al., 2018). Overall, the RMS of SST has decreased from 0.78 in
HighResMIP low-resolution simulations to 0.52 in the corresponding high-resolution simulations.

The magnitudes of cold bias in low-resolution simulations can be more than 4°C in the North Atlantic
(Figures la—1c). As shown in Danabasoglu et al. (2010), SST in the North Atlantic is warmer in CCSM4 with
Nordic Sea overflow parameterization than without overflow parameterization. Zhang et al. (2011) also pointed
out that stronger Nordic Sea overflow can lead to warmer SST in the subpolar Atlantic, underscoring the impor-
tance of overflow representation for SST. Studies also showed positive correlation between SST bias in the North
Atlantic and AMOC in CMIPS5, implying smaller cold SST biases with stronger AMOC (Wang et al., 2014;
Zhang & Zhao, 2015). Consistent with HighResMIP simulation, Marzocchi et al. (2015) also found better simu-
lated SST in the North Atlantic in their 0.12° simulation than 0.25° and 1° simulations. The reduced cold SST
bias in the North Atlantic could further reduce the deep ocean biases (Rackow et al., 2019). In addition, the warm
SST biases off the east coasts of the U.S. and Japan, associated with incorrect paths of the Gulf Stream and Kuro-
shio currents, respectively, are largely improved in high-resolution models (Figures 1c and 1d).

As presented in Figure S2 in Supporting Information S1, HighResMIP models still show large variations in SST
improvements with resolution. All show improvements of SST in EBUS after increasing the atmosphere horizontal
resolution, especially MPI-ESM1-2 and CMCC-CM2. By contrast, only four of the six models with different oceanic
resolution configurations (CESM1.3, HadGEM3-GC3.1, ECMWF-IFS, and AWI-CM1.1) have warmer SST in
the Tropics and western boundary regions of midlatitudes. In addition, the magnitudes of SST difference between
high-resolution and low-resolution simulations vary from model to model in the KE and GSE regions, ranging from
about 0.5°C in ECMWEF-IFS to 3°C in CESM1.3. CESM1.3 and AWI-CM1.1 share similar spatial pattern of SST
differences between the high-resolution and low-resolution configurations, with large values in the Tropics and
midlatitudes. In contrast, the largest impacts of horizontal model resolutions in HadGEM2-GC3.1 and ECMWF-IFS
occur in the North Atlantic and the North Pacific. However, we can still see improvements of SST in the Tropics
and midlatitudes in HaddGEM2-GC3.1 and ECMWE-IFS. Given the consistency of impacts of horizonal resolutions
on SST in the Tropics and midlatitudes across CESM1.3, HadGEM3-GC3.1, ECMWF-IFS, and AWI-CM1.1, it is
appropriate to use CESM1.3 to study SST changes from LR to HR in the Tropics and midlatitudes.

Figure 2a shows SST difference between CNTL-HR and CNTL-LR-HRIC which is consistent with that shown in
Figure S2 in Supporting Information S1. Globally averaged SST in CNTL-HR and CNTL-LR-HRIC are shown
in Figure 2c. The global SST in CNTL-LR-HRIC (blue) is about 1°C cooler than CNTL-HR (red) after 30 years
of integration. By the end of year 106, CNTL-LR-HRIC reaches a stable state with global-mean SST oscillat-
ing between 17.7 and 17.9°C, while CNTL-HR still shows a warming trend of ~0.2°C per century. As shown in
Equations 2 and 4, SST is determined by Q. and other oceanic processes. The Q,, difference between CNTL-HR
and CNTL-LR-HRIC is shown in Figure 2b. Note that there is more heat loss from the ocean in CNTL-HR in the
eddy-active regions. This strongly suggests that the warmer SST in CNTL-HR is mainly associated with oceanic
processes instead of Q, ., in eddy-active regions. But Q, ., can be a candidate to explain the warmer SST in the Tropics.
The 106-year mean of globally averaged Q, ., is about 0.4 W/m? in CNTL-HR and 0.51 W/m? in CNTL-LR-HRIC

(Figure 2d), indicating that the warmer globally averaged SST in CNTL-HR is due to oceanic processes.

net

SST and Q, , differences between SPIN-HR and SPIN-LR (Figure S3 in Supporting Information S1) are consist-
ent with those between CNTL-HR and CNTL-LR-HRIC in the tropics and midlatitudes (Figures 2a and 2b),
indicating robust SST bias is already generated within 20 years of integration. However, the negative SST differ-
ences are larger and broader in the 20-year SPIN experiments in the subpolar Pacific and SubAntarctic regions,
suggesting that the system is still under adjustment.

Note that the temperature difference between CNTL-HR and CNTL-LR-HRIC is larger at 45 m than the surface
(Figure S4 in Supporting Information S1). Therefore, it is better to take SST as the temperature at the first level of
model instead of the average over the upper 50 m or so to study SST differences. To investigate the details of the
physical processes controlling SST in the tropics and midlatitudes, heat budget analysis described in Section 2.3
will be applied to HR and LR in the next section.
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Figure 2. Differences of (a) sea surface temperature (SST) and (b) Q,, between CNTL-HR and CNTL-LR-HRIC (106 years mean); globally averaged (c) SST and (d)
0, in CNTL-HR (red) and CNTL-LR-HRIC (blue). Numbers in brackets in (d) are the time mean of Q,,. Units: °C in (a) and W/m? in (b).
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4. Heat Balance in CNTL-HR and CNTL-LR-HRIC
4.1. Globally Averaged Surface Heat Budget

To diagnose the causes of the 1°C warmer global-mean SST in CNTL-HR than in CNTL-LR-HRIC (Figure 2c),
globally averaged surface ocean heat budget analysis (Equation 4) is conducted. As mentioned in Section 2, VMFC is
calculated as the residual in CNTL-HR, as well as in CNTL-LR-HRIC for consistency. The residual should include
both VMFC and SSH term, but be dominated by the former as discussed in Section 2.3. Therefore, the residual will be
discussed as VMFC in the following. As shown in Figure 3a, the leading-order balance is between VMFC and AFC
in CNTL-HR, with the latter broken down into non-shortwave heat flux AFC_tur (including sensible, latent, and long-
wave heat flux) and shortwave heat flux AFC_SW. Averaged over 106 years, AFC tends to cool down SST by 1916°C
while VMFC and VHTC tend to warm up SST by 1,815 and 101°C, respectively (Figure 3a). The decomposition of
AFC indicates that AFC_tur tends to cool down SST by 7,180°C, and this is partially compensated by AFC_SW with
5,264°C warming. Furthermore, the cooling induced by AFC_tur is mainly attributable to the heat release by evapo-
ration (See Figure S5 in Supporting Information S1). Since the amplitude of SST change is much smaller than other
terms, it is plotted in Figure 3 with a scaling factor of 10 to visually check its sign.

Figure 3b shows the difference of each term in the globally averaged heat balance (Equation 4) between CNTL-HR
and CNTL-LR-HRIC. Averaged over the 106 years, global-mean SST in CNTL-HR is 0.86°C warmer than
CNTL-LR-HRIC. It is also clear that the warming effects of VMFC and AFC_SW are stronger in CNTL-HR than
CNTL-LR-HRIC, generating 104.58 and 148.31°C warmer SST in CNTL-HR, respectively. The differences in
VMEFC and AFC_SW account for 5.8% and 2.8% of the respective amplitude in CNTL-HR. In contrast, AFC_tur
generates 237.36°C more cooling in CNTL-HR than CNTL-LR-HRIC, about 3.3% of cooling in CNTL-HR. The
warming effect of VHTC is 14.68°C weaker in CNTL-HR than CNTL-LR-HRIC, showing a negative contribu-
tion to warmer global-mean SST in CNTL-HR. Therefore, vertical mixing is more important than other processes
in generating warmer SST in CNTL-HR.
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Figure 3. Heat budget of globally averaged sea surface temperature (SST) in (a) CNTL-HR, (b) CNTL-HR minus CNTL-LR-HRIC, (c) SPIN-HR, and (d) SPIN-HR
minus SPIN-LR. Red for SST changes, black for VHTC, cyan for AFC_tur, green for AFC_SW, solid blue for VMFC, dashed blue for VMFC_nonlc, and dot-dashed
blue for VMFC_Ic. Units are °C. VMFC in (a, b) is obtained as the residual including SSH term, but not in (c, d). SSH term is absent in (c, d) because it is quite small.
1°C = 4.10 x 10° J/m3, assuming a sea-water density of 1,026 kg/m? and specific heat of 3,996 J/kg/°C over a 10 m upper ocean.

As shown in Large et al. (1994), vertical mixing parameterized by KPP includes local mixing (i.e., diffusive mixing,
VMEC_Ic) and nonlocal mixing (i.e., convective mixing, VMFC_nonlc). Diffusive mixing is proportional to the
local vertical temperature gradient, while convective mixing is induced by convective instability within the bound-
ary layer, which is nonzero only with unstable surface forcing. Therefore, the stronger warming induced by vertical
mixing in HR is the net effect of the local and nonlocal mixing. To study the details of VMFC, the same globally
averaged SST heat budget is also applied to the 20-year SPIN-HR and SPIN-LR (Figures 3¢ and 3d), in which the
local and nonlocal KPP mixing terms were saved as model output. Solid lines in Figures 3c and 3d are exactly
balanced and the two components of VMFC are represented by blue dashed lines. SPIN-HR and SPIN-LR essen-
tially reproduce the results of CNTL-HR and CNTL-LR-HRIC, suggesting that we can use the shorter simulations
from SPIN-HR and SPIN-LR to further decompose vertical mixing into local and nonlocal components and investi-
gate the detailed processes contributing to the SST difference between HR and LR.

In SPIN-HR (Figure 3c), one can see that nonlocal vertical mixing (i.e., VMFC_nonlc) tends to warm up SST,
but local vertical mixing (i.e., VMFC_Ic) tends to cool down SST. Physically, VMFC_nonlc corresponds to
convection when dense (cold) water is above lighter (warmer) water. Hence it tends to have a warming effect at
the surface. VMFC_Ic is primarily associated with diffusion of warm surface waters into the colder thermocline
(hence a cooling effect). Compared with SPIN-LR, VMFC_nonlc and VMFC_Ic are both stronger in SPIN-HR

Table 2
Twenty-Year Average of Each Term in the Globally Averaged Heat Budget of SPIN-HR and SPIN-LR (Unit: °C)
VMEC
SSH
ASST VHTC Local Nonlocal AFC_SW AFC_tur term
HR 0.32 17.31 —296.44 618.70 945.46 —1284.69 —-0.02
LR —0.18 20.05 —286.21 596.48 923.81 —1254.28 —-0.03
HR-LR 0.50 -2.74 —10.23 22.22 21.65 -30.41 0.01
XU ET AL. 9 of 25
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(Figure 3d). Table 2 shows the 20-year average of heat balance in SPIN-HR and SPIN-LR. SST in SPIN-HR is
0.5°C warmer than SPIN-LR, which is attributed to stronger VMFC_nonlc and AFC_SW. Contributions to the
warmer SST from VMFC_nonlc and AFC_SW are 22.22 and 21.65°C, respectively, which account for 3.6% and
2.3% of the respective warming in SPIN-HR. Therefore, nonlocal vertical mixing is slightly more important than
shortwave heat flux in generating warmer SST in HR simulations from a global average perspective. Further
details of why nonlocal vertical mixing differs between HR and LR will be discussed in Section 5.

4.2. Spatial Surface Ocean Heat Budget

Looking at spatial distributions of surface ocean heat budget contributors is useful to examine how the balance among
various terms governing SST differences between HR and LR varies across geographic locations. Similar to the glob-
ally averaged heat budget, there are three main factors contributing to the evolution of the SST heat budget (Equation 3):
ocean advection (i.e., OHTC), atmosphere flux (i.e., AFC) and vertical mixing (i.e., VMFC). OHTC here includes
both vertical and horizontal advection processes. Each term in Equation 3 (with £, as 106 years) in CNTL-HR and
CNTL-LR-HRIC are shown in Figure 4, where VMFC is calculated as the residual with the small SSH term included.

As shown in Figure 4a, SST changes relative to the first year in CNTL-HR are small (less than 1°C) in 106 years.
Consistent with the global-average heat budget (Figure 3a), the balance in spatial surface ocean heat budget is
dominated by atmosphere forcing (Figure 4c) and vertical mixing (Figure 4d) over most of the global ocean.
Ocean advection, OHTC, only shows large contributions in eddy-active regions (Figure 4b). Heat loss within
the upper 10 m of the ocean occurs everywhere, except in the equatorial regions, EBUS, and some SubAntarctic
regions (Figure 4c). The heat loss indicates that the net shortwave heat flux within the upper 10 m is less than the
outgoing non-shortwave heat fluxes. Due to the large compensation among OHTC, AFC, and VMFC, the scale
of SST change is much smaller than the other three, similar to the global-average heat budget.

The differences between CNTL-HR and CNTL-LR-HRIC are demonstrated in Figures 4e—4h. In much of the west-
ern and tropical basins, SST is warmer in CNTL-HR, especially in the eddy-active regions where the differences
can reach 4°C (Figure 4e). The cooling induced by atmosphere flux is stronger in CNTL-HR in the eddy-active
regions (Figure 4g), which is mainly contributed by the non-shortwave component AFC_tur (Figure 5b). On the
other hand, shortwave heating (i.e., AFC_SW) is larger in CNTL-HR in the tropical and polar regions, but smaller
in the EBUS and the Southern Ocean (Figure 5a), which is similar to the SST difference pattern in Figure 4e.
The spatial correlation coefficient of SST difference (Figure 4e) and AFC_SW difference (Figure 5a) is 0.48,
indicating that the shortwave heat flux and SST differences are closely related, but that other terms are involved.
Like AFC_SW, ocean advection also shows stronger warming in CNTL-HR in eddy-active regions (Figure 4f).
Vertical mixing differences (Figure 4h), which are the net effect of local and nonlocal components, show a nearly
opposite pattern from atmosphere forcing (Figure 4g), with the pattern correlation coefficient of —0.9.

The relative importance of nonlocal versus local vertical mixing in the SST difference between HR and LR can
be further investigated using direct model output from SPIN-HR and SPIN-LR. Figure S6 in Supporting Infor-
mation S1 shows the results of a similar spatial surface ocean heat budget analysis using the 20-year simulations
from SPIN-HR and SPIN-LR. Despite the shorter simulation length, the heat balance in SPIN-HR and SPIN-LR
shows a very similar structure to that of CNTL-HR and CNTL-LR-HRIC. In both cases, ocean advection and
vertical mixing are primarily responsible for the warmer SST in HR in eddy-active regions (Figure S6 in Support-
ing Information S1, Figure 4), and AFC_SW and VMEC for the warmer SST in tropical regions (Figure 5c). As
in the globally averaged heat budget, the short SPIN simulations can offer insight into the spatial surface ocean
heat budget differences seen in the CNTL simulations.

In SPIN-HR, local vertical mixing (i.e., VMFC_Ic) tends to cool surface temperature except in high-latitude
regions, and the strongest cooling occurs in equatorial regions (Figure 6a). In contrast, nonlocal vertical mixing
(i.e., VMFC_nonlc) tends to warm up the surface layer, with large amplitudes in eddy-active regions (Figure 6b).
An examination of the differences of these two terms between SPIN-HR and SPIN-LR shows that VMFC_nonlc
is stronger in SPIN-HR in eddy-active and tropical regions, while the difference of VMFC_Ic shows generally
opposite sign to that of VMFC_nonlc (Figures 6¢ and 6d).

Figure 7a shows 20-year mean of area-averaged heat balance in four eddy-active regions shown by boxes in Figure 4f.
Ocean advection (i.e., OHTC), nonlocal vertical mixing (i.e., VMFC_nonlc), and shortwave heating (i.e., AFC_SW) all
work to warm the ocean surface in SPIN-HR (cyan) and SPIN-LR (blue), while local vertical mixing (i.e., VMFC_Ic)
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Figure 4. 106-year mean changes in CNTL-HR of (a) SST; (b) OHTC; (c) AFC; (d) VMFC. (e-h) similar to (a—d) but for CNTL-HR minus CNTL-LR-HRIC. Units
are °C. The scale of (a) and (e) is smaller than other panels. Four boxes in (f) indicates eddy-active regions with large OHTC differences. 1°C = 4.10 x 10° J/m?,
assuming a sea-water density of 1,026 kg/m? and specific heat of 3,996 J/kg/°C over a 10 m upper ocean.
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Figure 5. Difference of (a) AFC_SW and (b) AFC_tur between CNTL-HR and CNTL-LR-HRIC; (¢) AFC_SW and (d) AFC_tur between SPIN-HR and SPIN-LR.

Units: °C.

and non-shortwave heat flux (i.e., AFC_tur) work to cool it. SST is about 1.6°C warmer in SPIN-HR than SPIN-LR
in these eddy-active regions (red in Figure 7a), which is considerably larger than the globally averaged difference of
0.5°C. The stronger non-shortwave heat flux in SPIN-HR tends to decrease SST, which is counterbalanced by the
stronger nonlocal mixing, stronger ocean advection, stronger shortwave heating, and weaker local mixing. Again, SSH
contributes to the SST difference much less than other processes. As a result, ocean advection and nonlocal vertical
mixing are the two most dominant factors in generating warmer SST in eddy-active regions, while shortwave heating
plays a secondary role. This result also holds in each eddy-active region as shown in Figure S7 in Supporting Informa-
tion S1. Similar results from 106-year CNTL-HR and CNTL-LR-HRIC are shown in Figure S8a in Supporting Infor-
mation S1, confirming that vertical mixing and advection are the most important for warmer SST in the eddy-active
regions in HR. Zhu et al. (2020) found that SST in the North Pacific will get warmer after increasing the strength of
convective mixing in the LR ocean-only Modular Ocean Model version 5 (MOMS), which supports the finding that
convective mixing is important to reduce the cold SST biases.

In the tropics (30°S-30°N), ocean advection shows the smallest contribution to the heat budget in both SPIN-HR
(cyan) and SPIN-LR (blue, Figure 7b). The SST in SPIN-HR is about 0.5°C warmer than SPIN-LR (red in
Figure 7b), comparable to the global average of 0.5°C. Different from eddy-active regions, local vertical mixing
is stronger in SPIN-HR than SPIN-LR in the tropics, generating cooler SST of 39.9°C, which is comparable with
—53.4°C induced by stronger non-shortwave heat flux. In addition, nonlocal vertical mixing and shortwave heat-
ing are the only two processes contributing to warmer SST in SPIN-HR, producing 45.5 and 53.7°C warming,
respectively. They account for 5.6% and 4.3% of the corresponding value in SPIN-HR. Therefore, nonlocal vertical
mixing is relatively more important than shortwave heating for the warmer SST in the tropics in HR. On the other
hand, because there is strong compensation between local vertical mixing (—39.9°C) and nonlocal vertical mixing
(45.5°C), the net warming effect of vertical mixing is only 5.6°C, which is much smaller than shortwave heating.
This is consistent with CNTL-HR and CNTL-LR-HRIC results shown in Figure S8b in Supporting Information S1.
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Figure 6. Breakdown of VMFC into (a) local and (b) nonlocal components in SPIN-HR. Difference of (¢) VMFC_lc and (d) VMFC_nonlc between SPIN-HR and

SPIN-LR. Units: °C.

As shown in Figure S9 in Supporting Information S1, there are less low cloud in regions where shortwave heat
flux is larger in HR (Figures 5a and 5c), which may be related to impacts of model resolution on deep and shallow
convection schemes in CAMS. We note that convection-related parameters in HR are kept the same as those in
LR, which may be responsible for higher tropical precipitation in HR (Chang et al., 2020). Future exploration,
which is beyond the scope of this work, is needed to investigate differences in parameterized clouds between
HR and LR. In the next section, we will focus more on the causes of upper ocean vertical mixing and advection
differences between SPIN-HR and SPIN-LR.

5. Vertical Mixing and Advection
5.1. Vertical Mixing
5.1.1. Importance of Shape Function

As shown in Large et al. (1994) and Van Roekel et al. (2018), nonlocal KPP flux is parameterized as
Kz¥x = Ca k(cske) 3G(o-)(wT)st, where C,, k, ¢;, and ¢ are constants defined in Large et al. (1994). In the follow-

VAR

ing discussion, C.k(c;x€)"/” is expressed as C for convenience. The nonlocal KPP flux is non-zero only in regions

of unstable stratification caused by surface buoyancy flux. Under the assumption that heat flux dominates surface
buoyancy flux, unstable conditions in CESM occur when the net heat flux absorbed in the boundary layer is
negative, indicating a net heat loss from the surface. msfc
the net longwave heat flux, sensible and latent heat flux (refer to Equation A2c in Large et al., 1994; hereafter,

is the active surface kinematic fluxes, including

referred to as Q). In theory, shortwave radiation absorbed in the boundary layer (SWBL) can also contribute to
the nonlocal KPP flux. Unfortunately, SWBL is not saved in SPIN-HR. However, Van Roekel et al. (2018) found
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Figure 7. Twenty-year mean of heat balance (a) in 4 eddy-active regions labeled by black boxes in Figures 4f and (b) tropical
regions (30°S—30°N). Blue for SPIN-LR, cyan for SPIN-HR and red for SPIN-HR minus SPIN-LR.
that nonlocal KPP flux is not sensitive to SWBL. Therefore, the nonlocal KPP flux will be discussed in terms of
O, in the following, and can be simply rewritten as
kzyx = CG(0)Ohs. (5)
G (o) is the shape function expressed as a cubic polynomial
G(0) = ¢1 + €20 + €307 + ¢s0°, (6)
whereo = —2, ¢, =0, e = 1, e3 = =2+ 3G(1) - ‘;—G) ,C4=1—2G(1)+<‘;—0) , his the boundary layer
o /o=l o/ o=1
thickness (HBLT) and ¢ varies from O to 1. The boundary conditions of the shape function at ¢ = 1 are deter-
mined by the mixing below the boundary layer (see details in Large et al. (1994) and Appendix B in Van Roekel
etal. (2018)).
From Equation 5, the response of nonlocal KPP flux to surface heat forcing can be broken down into a direct
response through Q,s and an indirect response through the shape function G(o). To diagnose the differences
of direct and indirect response between HR and LR, we can rewrite the shape function and Q,s in HR as
G = AG + G, and Qpsh = AQxs + Ong, Where h and [ represent HR and LR, respectively, and A(-) denotes the
difference between HR and LR. Therefore, the difference of nonlocal KPP flux between HR and LR can be
expressed as
XUET AL. 14 of 25
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Figure 8. (a) Breakdown of VMFC_nonlc difference between SPIN-HR and SPIN-LR as shown in Figure 3d, blue dashed for VMFC_nonlc, green dashed for direct
impact (VMFC_nonlcQ), red dashed for indirect impact (VMFC_nonlcG); (b) Ratio of VMFC_nonlcQ (green) and VMFC_nonlcG (red) over VMFC_nonlc difference
between SPIN-HR and SPIN-LR. VMFC_nonlc is exactly the summation of VMFC_nonlcQ and VMFC_nonlcG.

(kzyx)p = (kz¥x); = CI(AG + Gi) (AQxs + Ong)] = CG1Qng = CIAGOhsh + G1AQOxs] - @)

On the right side of Equation 7, the first term represents the impact of changes of shape function in HR from
LR, which includes the negligible cross term (indirect response, hereafter VMFC_nonlcG), and the second term
represents the impact of differences of non-shortwave heat flux (direct response, hereafter VMFC_nonlcQ).

Figure 8a presents the breakdown of globally averaged VMFC_nonlc differences between SPIN-HR and
SPIN-LR, clearly showing that the direct response (i.e., VMFC_nonlcQ) is larger than the indirect response (i.e.,
VMEFC_nonlcG). The 20-year mean of VMFC_nonlcQ is 14.01°C, accounting for 63% of the total VMFC_nonlc
difference. The ratio of VMFC_nonlcQ and VMFC_nonlcG over VMFC_nonlc are shown in Figure 8b with
green and red dashed lines, respectively. The contribution of VMFC_nonlcQ to VMFC_nonlc is between 60%
and 70%.

Figures 9a and 9b display spatial patterns of the ratios of VMFC_nonlcQ over VMFC_nonlc and VMFC_nonlcG
over VMFC_nonlc, respectively, for SPIN-HR minus SPIN-LR difference. In the eddy-active regions, VMFC_
nonlcQ can explain more than 90% of VMFC_nonlc differences. However, in the regions where the Gulf Stream
separates from the U.S. coast, contributions of VMFC_nonlcQ and VMFC_nonlcG to VMFC_nonlc are simi-
lar (50%). In the tropics, VMFC_nonlcQ and VMFC_nonlcG both play an important role, accounting for 60%
and 40% of VMFC_nonlc differences, respectively. These results reveal that impacts of shape function cannot
be neglected when we study the nonlocal KPP flux differences between HR and LR, indicating that oceanic
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regions with positive difference of VMFC_nonlc between SPIN-HR and SPIN-LR (Figure 6d) are shown.
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processes are also important in modulating nonlocal KPP fluxes. In the following, we will investigate how the
shape function can differ between HR and LR.

As shown in Equation 6, the shape function is modulated by the boundary layer thickness, which is defined as
the shallowest depth where the bulk Richardson number Ri, (refer to Equation 21 in Large et al., 1994) reaches
0.3. By definition, Ri, can be influenced by the surface buoyancy forcing including freshwater and heat fluxes,
indicating a nonlinear relationship between nonlocal KPP flux and surface heat flux. The shape function at 10 m
can be estimated as ratio of the nonlocal KPP flux over the non-shortwave heat flux using monthly model output.
It is clearly shown that the shape function varies strongly with respect to non-shortwave heat flux in both the
tropics and eddy-active regions (Figures 10a—10c), confirming that nonlocal KPP flux is not a nonlinear function
of non-shortwave heat flux.

To mathematically quantify the nonlinearity, binned averages of the estimated shape function in the three regions
are shown as dots with bin width of 5 W/m? in Figures 10d—10f, and solid lines are the corresponding quartic fits
to the data. The fitting coefficients are labeled in the legends in each panel. Results indicate that shape function
is highly nonlinear in the large Q, regime (>200 W/m?) in both HR (red) and LR (blue). It is also shown that
LR is less capable of simulating extremely strong Qs in the tropics (=750 W/m?) and KE (>800 W/m?). In these
extreme Q, regimes, the shape function shows higher values in HR than LR, suggesting large contribution of
shape function to nonlocal KPP flux difference between HR and LR. The possible oceanic processes that give
rise to this nonlinearity will be discussed in the following section.

5.1.2. Role of Eddies in Nonlocal KPP Mixing

The fitting polynomial shown in Figure 10 is a mathematical approximation of the relationship between the
shape function and non-shortwave heat flux, and so it likely differs from the shape function computed in CESM.
Nevertheless, this simple analysis shows that the shape function is a nonlinear function of non-shortwave heat
flux, indicating that it is difficult to precisely decompose nonlocal KPP flux differences into contributions from
the shape function and the surface heat flux. However, as shown in Equation 6, the shape function is modulated
by HBLT, which is determined by the bulk Richardson number, indicating that oceanic processes can modulate
the nonlinear relationship of shape function and Q,  through local heat distributions. Vertical heat transport
(VHT) in the ocean acts to redistribute heat, which impacts the bulk Richardson number. As shown in Wolfe
et al. (2008), mean-flow induced vertical heat transport (MVHT) is downward and eddy-induced vertical heat
transport (EVHT) is upward in the global average, a result also seen in other studies (Brierley et al., 2010; Griffies
et al., 2015; Hieronymus & Nycander, 2013; Jing et al., 2020; Su et al., 2018, 2020; von Storch et al., 2016). To
shed light on the influence of VHT on nonlocal KPP flux, we conducted sensitivity experiments by changing the
strength of the submesoscale parameterization in LR CESM. In this parameterization, a parameter that controls
the strength of submesoscale parameterization is the horizontal length scale (HLS) of the fronts (Fox-Kemper
et al., 2011). Experiments with smaller HLS have stronger submesoscale eddy fluxes in the extratropics. The
default value is 5 km (EXP5km), and we conducted two sensitivity experiments with HLS reduced to 3 km
for 50 years (EXP3km) and 800 m (EXP800m) for 20 years. Both of these runs started from the first day of
CNTL-LR and other model settings were kept the same.

The 50-year averaged results in EXP5km and EXP3km are shown in Figure 11. As demonstrated in Figure 11a,
MVHT averaged over the combined KE (145°—170°E, 34°-39°N) and GSE (65°-50°W, 33°—41°N) region
is slightly changed from EXP5km to EXP3km, but EVHT shows a significant increase with a maximum of
12.69 W/m? at 60 m (about 29.7% of EVHT in EXP5km). Figure 11b shows nonlocal KPP flux, Q,,, shortwave
heat flux (SW), and HBLT in KE and GSE in EXP5km (blue) and EXP3km (cyan) on the left y-axis, as well
as their difference (red) on the right y-axis. Nonlocal KPP flux is increased by 4% (4.16 W/m?), and HBLT is
decreased by 7% (3.99 m) from EXP5km to EXP3km. Similar results for 20-year mean in EXPSkm, EXP3km,
and EXP800m are shown in Figure S10 in Supporting Information S1. Nonlocal KPP flux (HBLT) keeps increas-
ing (decreasing) from EXPS5km, EXP3km to EXP800, indicating that the response of nonlocal KPP flux and
HBLT to EVHT are monotonic. In contrast, Q, ., is strengthened by about 2% (Figure 11b) or 3% (Figure S10b in
Supporting Information S1) from EXP5km to EXP3km, but it is weakened by 3.6% (Figure S10b in Supporting
Information S1) from EXP3km to EXP800m. In addition, SW shows little changes across three experiments.
Therefore, the atmospheric response to submesoscale parameterization is weaker.
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Figure 10. Shape function at 10 m as a function of Q, in (a) tropics, (b) Kuroshio extension (KE), and (c) Gulf Stream extension (GSE); heat flux-binned shape
function in (d) tropics, (¢) KE, and (f) GSE, each bin with width of 5 W/m?. Dots for CESM results, solid lines for quartic fitting. Red for SPIN-HR and blue for
SPIN-LR.
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Figure 11. Fifty-year averaged (a) MVHT (solid) and EVHT (dashed) from EXP5km (blue), EXP3km (cyan), and EXP3km minus EXP5km (red); (b) nonlocal KPP
flux, Q,.., SW at the surface, and HBLT from EXP5km (blue) and EXP3km (cyan) on the left y-axis, and EXP3km minus EXP5km (red) on the right y-axis. Results are
combined over KE (145°—170°E, 34°-39°N) and GSE (65°-50°W, 33°-41°N). Units are shown in brackets following each variable.

The EVHT and nonlocal KPP flux changes can be connected as follows. From Figure 11a, it is clear that there is
a stronger VHT-induced local warming above 60 m and stronger VHT-induced local cooling below 60 m from
EXP5km to EXP3km because the difference of EVHT reaches maximum at 60 m, indicating a more thermally
stratified upper ocean in EXP3km. Therefore, HBLT is shallower in EXP3km than EXP5km. This result also
holds at 20 years for these simulations as well as between EXP3km and EXP800m shown in Figure S10a. As a
consequence, the stronger warming between 10 and 60 m in EXP3km and EXP800m can provide more heat to
the top 10 m for nonlocal KPP mixing.

Although HBLT is not saved in the output in CNTL-HR and CNTL-LR-HRIC, we can check the difference in
temperature at 45 m (T45m) between CNTL-HR and CNTL-LR-HRIC as shown in Figure 12a. It is clear that the
T45m is warmer in CNTL-HR than CNTL-LR-HRIC in most regions, especially in eddy-active regions (also true
in SPIN-HR and SPIN-LR, Figure S11 in Supporting Information S1), indicating there is more heat for nonlocal
KPP mixing to move into the upper 10 m in HR than LR. In line with the finding in Jing et al. (2020), we propose
the mechanism of nonlocal KPP mixing modulating SST as follows. As shown in Figure 12b, the surface heat loss
will lead to strong eddy vertical heat transport (w'T’) based on the theory in Jing et al. (2020). Since w'T’ peaks
around 50 m (Jing et al., 2020) and decreases to zero at the sea surface, the heat convergence by w'T” is greatest
between 10 and 50 m, which can be regarded as a heat reservoir for the upper 10 m. Based on Figures 4g and 12b,
the cooling at the surface and the warming below 10 m are both stronger in HR than LR, which feeds a stronger

(b) schematic of role of nonlocal KPP mixing

(a) T45m difference

6.4 .
L Surface cooling
80°N R 48
Z —
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40°N 1
1.6 =
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Figure 12. (a) T45m (°C) difference between CNTL-HR and CNTL-LR-HRIC; (b) schematic of role of nonlocal KPP mixing in modulating SST.
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Figure 13. Mean-flow and eddy-induced components of Ocean Heat Transport Convergence in SPIN-HR (first column), SPIN-LR (second column), and their
differences SPIN-HR minus SPIN-LR (third column). (a—f) for Kuroshio extension, (g-1) for Gulf Stream extension. Units for MOHTC and EOHTC: °C.

nonlocal KPP flux, bringing more heat to the upper 10 m. Although nonlocal KPP flux is parametrized in CESM,
the determination of HBLT is essentially a reflection of this physical process.

5.2. Ocean Advection

OHTC, including horizontal and vertical components, is the second largest factor in generating warmer SST in
HR in eddy-active regions (Figure 7a), corresponding to 62% of the contribution from VMFC_nonlc. OHTC
is further decomposed into mean-flow-induced OHTC (MOHTC) and eddy-induced OHTC (EOHTC), where
eddies are defined as the deviation from the monthly mean in HR and as parameterized eddies in LR. Since KE
and GSE are the two largest eddy-active regions, analysis in this section will be mainly focused on KE and GSE.

Differences of MOHTC and EOHTC between SPIN-HR and SPIN-LR in KE and GSE are shown in Figure 13.
As in Figure 4, the boxes delineate regions where OHTC in HR and LR show large differences. In KE, the warm-
ing induced by MOHTC extends more northward and eastward compared with LR (Figures 13a and 13b), leading
to warmer MOHTC-related SST difference between HR and LR in the boxed region (Figure 13c). In contrast,
EOHTC in HR and LR shares a similar spatial pattern in KE (Figures 13d and 13e), but produces a stronger
warming in HR in the region where the Kuroshio current separates from Japan (Figure 13f). In the boxed region,
MOHTC tends to generate 69.51°C warmer SST in SPIN-HR than SPIN-LR, which is more than 8 times larger
than the contribution from EOHTC (8.42°C).

In GSE, MOHTC and EOHTC in LR both reflect a more severe overshoot of the Gulf Stream (Figures 13j
and 13k) compared with HR (Figures 13g and 13h) (see also Small, Bacmeister, et al., 2014). The improved
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Figure 14. Sea surface height in (a) and (b) Kuroshio extension and in (c) and (d) Gulf Stream extension from SPIN-HR and SPIN-LR. Units: m.

Gulf Stream in HR explains the dipole pattern in the differences of MOHTC and EOHTC between HR and LR
(Figures 13i and 131). In contrast to KE, MOHTC in the GSE box only contributes to warmer SST by 32.75°C
(Figure 13i), which is smaller than the contribution from EOHTC (58.27°C, Figure 131).

To investigate in more detail the mean circulation in KE and GSE, SSH is shown in Figure 14. In KE, the
boundary between the subpolar and subtropical gyres is along 42°N in SPIN-HR, which is to the north of that
in SPIN-LR (zero lines in Figures 14a and 14b). In addition, the strength of currents offshore of Japan is greater
in SPIN-HR than SPIN-LR, as is the strength of recirculation flow. These differences lead to more warm water
advected into the boxed region in SPIN-HR than SPIN-LR. In GSE, the recirculation in SPIN-HR is stronger and
extends further eastward than in SPIN-LR. The overshoot problem is improved in SPIN-HR, which is consistent
with the advection patterns in Figures 13j and 13k. The improvement of the Gulf Stream in POP2 simulations has
also been noted by Bryan et al. (2007) by increasing horizontal resolution to 0.1°. They showed that the separa-
tion of the GS is sensitive to dissipation parameter choices. As summarized in Chassignet and Marshall (2008),
there are many other factors that can influence the GS separation, for instance, subpolar gyre strength, Deep
western boundary current, and representation of topography.

6. Summary and Discussion
6.1. Summary

A recent study by Ma et al. (2021) showed that CMIP6 models share the same SST biases as previous CMIP5
models. Given that these two generations of climate models have similar horizontal resolution of ~1°, it raises the
question of how SST biases are related to model resolution in these climate models. The present study attempts
to address this question by analyzing the HighResMIP multi-model ensemble, which is a new model intercom-
parison project endorsed by CMIP6, aimed at assessing the impacts of climate model horizontal resolution
on climate simulations. We particularly focus on examination of a set of HighResMIP simulations conducted
by iHESP using CESM1.3, which includes a pair of 106-year high- and low-resolution control simulations
(CNTL-HR and CNTL-LR-HRIC), and another pair of 20-year high- and low-resolution spin-up simulations
(SPIN-HR and SPIN-LR). In each pair, the simulations have the same temperature and salinity initial conditions,
so that initial state differences will not have an impact on ocean heat budget analysis. Seven other eddy-resolving
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and eddy-permitting models in the HighResMIP ensemble, including HadGEM3-GC3.1, AWI-CM-1-1, and
ECMWE-IFS, are also analyzed and compared to CESM1.3. The results confirm that increasing model resolution
can substantially reduce SST biases, including the warm bias in EBUS and cold bias in the western basins and
tropics. The focus of this study is on the cold bias as it has not been thoroughly investigated by previous studies.

To investigate SST bias differences between HR and LR, both globally averaged and spatial surface ocean heat
budget analyses are applied to the simulations. The globally averaged heat budget analysis reveals that the heat
balance in the uppermost 10 m is mainly between atmospheric fluxes (i.e., AFC) and oceanic vertical mixing
(i.e., VMFC) in both HR and LR, while vertical advection (i.e., VHTC) plays a secondary role. At the surface,
non-shortwave heat flux cools the ocean. The solar radiation absorbed in the top 10 m cannot completely compen-
sate the cooling induced by non-shortwave heat flux. Therefore, vertical mixing is important to close the budget
by generating warming in the upper 10 m. Further decomposition indicates that it is the convective heat flux that
accounts for the warming in the top 10 m through nonlocal vertical mixing from the subsurface to the uppermost
layer. The differences of heat budget terms between HR and LR suggest that it is shortwave heat flux and nonlocal
vertical mixing that account for the 1°C warmer global SST in HR.

Spatial surface ocean heat budget analysis demonstrates that stronger nonlocal KPP mixing (i.e., VMFC_nonlc)
and shortwave heat flux (i.e., AFC_SW) in HR are mainly located in the eddy-active regions and the tropics, but
the dominant term differs between eddy-active regions and the tropics. In the eddy-active regions, VMFC_nonlc
(160.1°C) contributes the most to warmer SST in HR, followed by OHTC (98.9°C) and AFC_SW (23.6°C),
and the importance of the latter is different from the globally averaged results. Further analysis shows that the
stronger VMFC_nonlc in eddy-active regions in HR is mainly induced by the direct impact of non-shortwave
heat flux instead of indirect impact via changes in the shape function. Regarding OHTC, it is found that the
improvements in the strengths and positions of the western boundary currents favor warmer SST in HR, espe-
cially in KE and GSE. In the tropics, VMFC_nonlc and AFC_SW both contribute to warmer SST in HR by 45.5
and 53.7°C, respectively, consistent with the globally averaged results. The stronger AFC_SW is likely induced
by fewer clouds in HR, which may be related to model resolution impacts on cloud parameterizations. In contrast
to eddy-active regions, both the direct and indirect impact of non-shortwave heat flux on nonlocal KPP flux
contribute to the warmer SST in HR, accounting for 60% and 40%, respectively, of the nonlocal VMFC difference
between HR and LR. It is also confirmed that the shape function responds to surface heat flux forcing in a nonlin-
ear manner in both eddy-active regions and tropics, indicating that oceanic processes can strongly modulate the
shape function. Based on three submesoscale parameterization sensitivity experiments, we proposed that the
eddy induced vertical heat transport below 10 m can modulate nonlocal KPP mixing in the top 10 m.

6.2. Discussion

The comparison between HR and LR demonstrates that increasing horizontal resolutions can lead to SST bias
reduction. One new result from this study is the important role of nonlocal KPP mixing in reducing the cold SST
bias over much of the tropical and midlatitude oceans as model horizontal resolution increases. This is somewhat
unexpected, as KPP is a vertical mixing parameterization. As such, it is expected that KPP is sensitive to vertical
resolutions (Jia et al., 2021), but not necessarily horizontal resolution. With a finer vertical resolution, SST in the
central equatorial Pacific is found to get warmer due to changes in vertical diffusivity (Jia et al., 2021). However,
the vertical resolution is kept the same in HR and LR CESM, indicating that KPP also depends on horizontal
resolutions. As model horizontal resolution increases, mesoscale features, including fronts and eddies, are explic-
itly represented in HR, which can have an impact on boundary layer thickness, and thus the non-local KPP. This
then raises a question of whether KPP needs to be re-tuned when model horizontal resolution is changed while
keeping vertical resolution intact. This issue needs to further be investigated by conducting model sensitivity
experiments with HR configuration to better understand the role of KPP in simulating realistic SST. It is also
worth noting that, based on a recent study by Van Roekel et al. (2018), the nonlocal KPP needs further improve-
ments. Therefore, the role of the non-local KPP in SST simulations may be changed as its parameterization is
improved.

Although HadGEM3-GC3.1, AWI-CM-1.1, and ECMWF-IFS show SST differences between high-resolution
and low-resolution simulations that are consistent with CESM, only AWI-CM-1.1 employs the same vertical
mixing parameterization as in CESM while the other two use a turbulent kinetic energy (TKE) parameterization.
In the TKE scheme, turbulent tracer flux is nonzero only with nonzero vertical gradient of mean quantities, which
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is not determined by the surface buoyancy forcing at all (Pandey & Dwivedi, 2021). Therefore, more analysis
should be conducted to confirm the impact of vertical mixing on the SST difference between high-resolution
and low-resolution HadGEM3-GC3.1 and ECMWF-IFS. The dominant component of non-shortwave heat flux
difference between LR and HR is the latent heat flux, especially in the midlatitudes. Wu et al. (2019) showed
that the latent heat flux becomes stronger in the midlatitudes as they increase the atmosphere resolution from
130, 60, 25 km using the atmosphere component of Met Office's Unified Model. Minobe et al. (2008) pointed
out that sharp SST gradients are vital to generate surface wind convergence which induces a stronger latent heat
flux. Small, Tomas, and Bryan (2014) also confirmed that SST fronts can modulate turbulent heat fluxes through
changes of the surface stability using CAM4. Although previous studies were based on atmosphere only experi-
ments, they provide hints that differences of turbulent heat fluxes between LR and HR are highly associated with
SST fronts in the midlatitudes, which needs more analyses in future work.

In the Southern Ocean, changes in SST from LR to HR (Figure 4) cannot be explained by nonlocal KPP mixing
(Figure 6). There, a strong compensation between vertical mixing and non-shortwave heat flux is found with
complex spatial structures in HR (Figure 4g and 4h). In CMIP5 models, the warm SST biases have been attributed
to cloud errors over the Southern Ocean (Hyder et al., 2018). In LR, the shortwave cloud-SST feedback is positive
almost everywhere in the Southern Ocean (Bacmeister et al., 2020), but in HR it is weaker and more complex
(Figure S12 in Supporting Information S1). The positive feedback in HR is found in a region east of 180° in the
Pacific sector with reduced strength compared to LR. HR also shows negative feedback between SST and clouds
in the Indian and Atlantic sector, which is fundamentally different from LR. Therefore, increasing horizontal
resolution in CESM does have significant impacts on the SST-cloud feedback in the Southern Ocean. Given that
the positive shortwave cloud-SST feedback is reduced in HR, it is possible that the larger positive SST bias in HR
may be caused by the reduced cooling effect of the shortwave cloud forcing on SST. However, a future in-depth
investigation is needed to further understand the SST bias difference between HR and LR in the Southern Ocean.

As discussed in Chang et al. (2020), it is a more formidable challenge to tune model parameters in HR than in LR
due to the combined factor of the exceedingly high computational cost and the need for many iterations of order
30-50-year simulations with small adjustments in model parameters. For this reason, the HR presented in this
study has not been extensively tuned, particularly, the parameterizations related to atmospheric deep convection
and cloud processes that directly impact the shortwave radiation, and thus SST bias. It is entirely possible that
some of the SST biases, such as those in the Southern Ocean, can be reduced by re-tuning model's cuamulus and
cloud parameterizations.

Though the Gulf Stream path is improved from LR to HR CESM, it is still not realistic in HR. A recent
inter-model comparation study by Chassignet et al. (2020) shows this problem is not unique to POP2. Chassignet
and Xu (2017) argue that the horizontal resolution of 0.1° may not be sufficient to fully resolve the Rossby radius
of deformation at two grid points (Hallberg, 2013), thereby baroclinic instability. A horizontal resolution of 0.02°
is required to fully resolve dynamical processes associated with submesoscale eddies, leading to a more realistic
simulation of the Gulf Stream (Chassignet & Xu, 2017). For global Earth system models, such a high horizontal
resolution at 0.02° will carry prohibitively high computational cost. Therefore, it will be necessary to further
optimize sub-grid parameterizations, including vertical mixing and submesoscale eddy parameterizations, in
mesoscale-eddy-resolving models.

Data Availability Statement

CNTL-HR is available at http://esgf-data.dkrz.de/search/cmip6-dkrz/?mip_era=CMIP6&activity_id=High-
ResMIP&institution_id=NCAR&source_id=CESM1-CAMS5-SE-HR&experiment_id=control-1950.
CNTL-LR-HRIC, SPIN-HR and SPIN-LR are available from the authors on request. Analyses are conducted
using NCL and Matlab.
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