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1Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, AZ, USA, 2T-3, Fluid Dynamics
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Abstract Ocean barrier layers (BLs) separate the mixed layer from the top of the thermocline and are
able to insulate the mixed layer from entrainment of cold thermocline water. Here, we provide the first
global BL assessment in E3SMv1 and two other Earth system models. Compared to observations, models
reproduce the global distributions as semipermanent features in some tropical regions and seasonal
features elsewhere. However, model BLs are generally too thin in tropical regions and too thick in higher
latitudes. BLs' ability to insulate the ocean surface from entrainment of cold thermocline water is most
apparent in the tropics. Thus, E3SMv1s BL thickness biases most affect entrainment here. Tropical BLT
biases appear driven by atmosphere biases, mainly through the effect of precipitation minus evaporation
on mixed layer depth. At higher latitudes BL thickness biases are dominated by thermocline depth errors
related to ocean circulation and vertical mixing.

Plain Language Summary Most regions of the Earth's oceans exhibit a thermocline, separating
relatively warm surface water from colder water below. In some regions, salinity varies sharply within the
warm layer, displaying a fresh layer at the surface and a salty warm layer, termed a barrier layer, between
the surface layer and the thermocline. Here we assess barrier layers in three Earth system models, focusing
on the Energy Exascale Earth System Model. We show the following: Earth system models can capture
barrier layers, albeit with errors in thickness; barrier layers affect exchange of water and heat between
the surface and the thermocline in the tropics, but not at midlatitudes; and barrier layer model errors
are not purely due to the ocean model component but are caused by several model components (ocean,
atmosphere, land, and river runoff) and interactions between them.

1. Introduction
Barrier layers (BLs) were first analyzed around 30 years ago, using observations from the tropical West Pacific
(Godfrey & Lindstrom, 1989; Lukas & Lindstrom, 1991). These initial studies showed that the ocean mixed
layer (defined by near-constant density) can be vertically separated from the top of the thermocline by a near
isothermal but salt-stratified layer—the BL. In addition, it was recognized (Anderson et al., 1996; Lukas &
Lindstrom, 1991) that BLs could insulate the upper ocean from entrainment of relatively cold, deep ocean
water. Since these initial studies, BLs have been studied in other tropical oceans (e.g., Sprintall & Tomczak,
1992) and higher latitudes (e.g., Kara et al., 2000; Pan et al., 2018; Sato et al., 2006), and a diverse range of
formation mechanisms have been identified (de Boyer Montégut et al., 2007; Mignot et al., 2007).

The role of the BL insulation effect in tropical ocean-atmosphere interactions has received much attention
(e.g., Balaguru, Chang, Saravanan, and Jang 2012; Drushka et al., 2014; Foltz & McPhaden, 2009; Maes et al.,
2005). Away from the tropics the possible BL insulation effect has not been widely discussed in the literature,
though associated salinity stratification has been shown to affect sea ice evolution (e.g., Duffy & Caldeira,
1997; Nguyen et al., 2009; Steele & Boyd, 1998). Because extratropical mixed layers can be deeper, and BLs
thicker, the strength of the insulation effect remains an open question.

Earth system models (ESMs) have been used to investigate BL formation (e.g., Balaguru, Chang, Saravanan,
Leung, et al. 2012; Mignot et al., 2012) and BL effects on global and regional climate (e.g., Maes et al., 2002,
2005; Vialard & Delecluse, 1998; Zhu et al., 2014). Some of these studies have included brief validation of
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model BL characteristics, while more in-depth regional assessments of model BLs were performed by Zhi
et al. (2016) in the West Pacific, and Breugem et al. (2008) and Balaguru, Chang, Saravanan, Leung, et al.
(2012) in the tropical Atlantic. However, a global picture of model BLs is lacking, and here we present what
is, to our knowledge, the first ESM assessment of global BLs.

We also examine possible causes of model BL biases. Since tropical BLs were first observed, freshwater input
due to intense convective rainfall has been recognized as an important BL forcing (e.g., Lukas & Lindstrom,
1991; Sprintall & Tomczak, 1992; You, 1998). Thus, model biases in precipitation may contribute to BL biases,
at least regionally. However, the size of this potential contribution is unclear, because precipitation usually
acts in tandem with other forcings (Bosc et al., 2009; Mignot et al., 2007), including ocean advective processes
(e.g., Cronin & McPhaden, 2002) and freshwater input from river runoff (Foltz et al., 2004; Pailler et al.,
1999; Shenoi et al., 2002). Furthermore, there are regions where BL formation is almost entirely due to
ocean circulation, such as the Southern Ocean (Pan et al., 2018), subtropical gyres (Sato et al., 2006), and
the southeastern Arabian Sea (de Boyer Montégut et al., 2014).

Our assessment aims to answer three questions: (1) How well are BLs simulated in three leading ESMs?
(2) What effect do BL thickness (BLT) biases have on upper ocean heat budgets? (3) Are model BLT biases
caused by deficiencies in the ocean model, the atmosphere model, or coupled model interactions?

2. Data and Methods
2.1. Model Output
The ESM we focus on here is the recently released Energy Exascale Earth System Model version 1 (E3SMv1;
E3SM Project, 2018). E3SMv1 is being developed by the U.S. Department of Energy to simulate and predict
long-term changes in the climate system, with the goal of informing energy sector decision making. It is
descended from the Community Earth System Model version 1 (CESM; Hurrell et al., 2013) but has diverged
in several components, including some that have never before been used in a fully coupled ESM. Notably,
E3SMv1 uses the Model for Prediction Across Scales Ocean model (MPAS-O; Petersen et al., 2019). Further
details of E3SMv1 and the preindustrial control run used here are given in Golaz et al. (2019) and references
therein. Our investigations during the development of E3SMv1 exposed biases in western equatorial Pacific
salinity stratification, and the present work has grown from these investigations.

We use monthly output from two E3SMv1 model runs: the E3SMv1 coupled preindustrial control run
(denoted here as E3SM-C); an E3SMv1 ocean-sea ice run (denoted here as E3SM-O) forced with COREv2
atmospheric reanalysis data (Large & Yeager, 2009), which includes surface salinity restoring with a one
year timescale. We also include the Community Earth System Model version 2.0.0 (CESM2; National
Center for Atmospheric Research (NCAR), 2018) coupled preindustrial control run; and the Geophysical
Fluid Dynamics Laboratory (GFDL) Ensemble Coupled Data Assimilation version 3.1 (GFDL-ECDA-v3.1;
Chang et al., 2013; Geophysical Fluid Dynamics Laboratory, 2013). The motivations for comparing E3SM-C
to these particular models are as follows: CESM2 is the same type of simulation (coupled preindustrial con-
trol) using a similar class of model; GFDL-ECDA-v3.1 may be seen as a limit of how accurate a coupled ESM
can be when constrained by historical observations (despite remaining MLD biases pertinent to BL simu-
lation; Chang et al., 2013); and E3SM-O sheds light on the behavior of MPAS-O without the confounding
influence of biases from other components and from coupling.

We assess these four model runs using the same observational climatologies even though the comparison
is not entirely fair. The difference in phasing of internal climate variability is a potential source of apparent
bias in (fully coupled) E3SM-C and CESM2 that is not present in GFDL-ECDA-v3.1 and E3SM-O. How-
ever, analysis of E3SM-C suggests that differences (as a fraction of mean value) in BLT climatology from
nonoverlapping 30-year periods are small, so internal variability is not expected to be a major contributor
to mean biases.

Further details on the model data are given in the supporting information, but we note here that the grid
spacing of ocean models in all four model runs is comparable: of order 1◦ × 1◦ in the horizontal and 10
m in the vertical for the first 15–20 model levels, increasing with depth. Potential temperature, salinity,
and (where available) potential density are used from all four model runs. Conversion between oceano-
graphic quantities is performed using the Gibbs Seawater Oceanographic Toolbox of the Thermodynamic
Equation of State 2010 (TEOS-10; McDougall & Barker, 2011; TEOS-10 Project, 2017). Precipitation, evapo-
ration, and the wind stress magnitude are used from E3SM-C, CESM2, and GFDL-ECDA-v3.1. Long-term
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averages used in most of our analysis are based on 60-year means for E3SM-C, E3SM-O, and CESM2. For
GFDL-ECDA-v3.1, we found that tropical Pacific BLs had a discontinuity around 1980, possibly related to
changes in the number and type of assimilated observations, so we use 1981–2010 means.

2.2. Calculation of BLT
BLT is calculated, as in de Boyer Montégut et al. (2007), from the top of thermocline depth (TTD) and the
mixed layer depth (MLD) using BLT = TTD−MLD. TTD is calculated as the depth where potential temper-
ature first falls below 𝜃1 − Δ𝜃, where 𝜃1 is the potential temperature of the top model layer and Δ𝜃 = 0.2◦C
(consistent with de Boyer Montégut et al., 2007). MLD is calculated as the depth where potential density first
exceeds 𝜎1 + Δ𝜎. Here, Δ𝜎 is a variable density threshold corresponding to the fixed temperature thresh-
old used in TTD: Δ𝜎 = 𝜎(𝜃1 − 0.2, S1) − 𝜎(𝜃1, S1), where S1 is the absolute salinity of the top model layer.
𝜃 and 𝜎 are linearly interpolated between middepths of model levels (see schematic in Figure S1). In con-
trast with the method of de Boyer Montégut et al. (2007), to ensure consistency between different models,
here we calculate BLT from monthly mean temperature, salinity, and density fields, rather than calculating
BLT at each time step and then averaging. Comparison between the two methods for isothermal layer depth
(ILD; the depth where potential temperature first falls outside of 𝜃1 ± Δ𝜃), the only comparable variable in
the E3SM-C output, results in mean absolute error of ∼4 m. Basing this error quantification on ILD instead
of MLD may slightly underestimate the error (as MLD can vary more in time than ILD), but the order of
magnitude is probably correct.

2.3. Gridded Observations
Model BLT, MLD, and TTD are compared with the IFREMER observation-based climatology (de Boyer
Montégut et al., 2007, 2009; Mignot et al., 2009). This climatology is based on ocean profiles from a range of
instrument types (de Boyer Montégut et al., 2007) over the period 1961 to 2008. IFREMER includes several
years of Argo data, but the number of Argo profiles has greatly increased (and their vertical resolution has
improved) since this data set was created. The newer Scripps MLD climatology (Holte et al., 2017) is based
on Argo data from 2000 to 2018 and so is potentially more representative. However, it does not include the
TTD quantity as calculated in de Boyer Montégut et al. (2007) and instead provides ILD: using this (instead
of TTD) to calculate BLT results in significant differences where ocean temperature inversions occur (mostly
midlatitudes, but also some tropical regions; de Boyer Montégut et al., 2007). Nonetheless, the comparison
of these two observational climatologies is a useful check: The two agree closely in tropical regions (mean
BLT difference = 0.3 m; see Table S1 and Figure S2), suggesting that the inclusion of more Argo data does
not significantly affect BLT here. The midlatitude BLT difference is larger (Figure S2). The relatively good
agreement in midlatitude MLD from the two data sets (Figure S3) suggests that BLT differences here are
likely due to the inversion issue mentioned previously.

Model precipitation and evaporation are combined to give (P-E), which is compared with an estimate of
mean 1981-2010 (P-E) from GPCP precipitation (which combines microwave and infrared satellite data with
rain gauge observations; Adler et al., 2003, 2017) and OAFlux evaporation (which applies a bulk flux algo-
rithm to near-surface variables from satellite and reanalysis data; Yu & Weller, 2007; Yu et al., 2006). Model
wind stress is compared with the 1977–2006 mean from COREv2 (which is based on satellite-adjusted reanal-
ysis data; Large & Yeager, 2009; Yeager & Large, 2008). Further details of the observational data sets are given
in the supporting information. To allow comparison of different data sets and variables, all observations and
model output (with the exception of E3SM entrainment estimates; see below) are bilinearly interpolated to
the 2◦ × 2◦ IFREMER grid. Throughout our results, the term bias indicates model minus observations, and
the term difference indicates model minus model. Comparisons are limited to the region between 60◦ S and
60◦ N and further masked to exclude regions where E3SM-C sea ice extends into this latitude range.

2.4. E3SM Entrainment Cooling
For E3SM-C and E3SM-O, ocean model potential temperature tendencies were saved as part of the model
output. This includes tendencies due to horizontal and vertical advection, surface heat fluxes, transmission
of short-wave radiation below the surface, and separate local and nonlocal vertical turbulent mixing terms.
We use the monthly mean temperature tendency due to local vertical mixing, taking a depth-weighted aver-
age over all model levels in the mixed layer, to calculate entrainment cooling of this layer. The nonlocal
vertical mixing is found to be small over the majority of the oceans and is thus ignored in this analysis. This
part of the analysis, including comparison with model BLT, is performed on the native MPAS-O grid.
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Figure 1. (a) Annual mean barrier layer thickness from IFREMER climatology, and biases relative to this of (b)
GFDL-ECDA-v3.1, (c) E3SM-C, (d) CESM2, and (e) E3SM-O; (f) difference between annual mean barrier layer
thickness (BLT) in E3SM-C and E3SM-O (equivalently, panel c minus e). In panels (b), (c), (d), and (f), contour lines
show the bias of (precipitation minus evaporation) with solid contours at +1.0 and +2.0 mm/day, and dashed contours
at −1.0 and −2.0 mm/day. In (a), positive values show BLs and negative values show compensated layers. Panels (c)–(f)
use the same color scale as (b). Units are meters.

3. Results
3.1. Model-Simulated Mean BLT
The main features of the annual mean BLT (Figure 1a) from the IFREMER climatology are thick barrier
layers in midlatitudes (30–60◦, both hemispheres) and thinner BLs in the tropics (30◦ S–30◦ N). Note that the
negative values in the northeast Atlantic and the northern periphery of the Southern Ocean are referred to
as compensated layers (de Boyer Montégut et al., 2004); as this is not a focus of this work, we do not address
these further. The ESMs generally have positive BLT biases (BLs too thick) in the midlatitudes and negative
biases (BLs too thin) in the tropics (Figure 1). On average, midlatitude biases are of larger magnitude than
tropical biases. In the case of E3SM-C (and, to a lesser extent, E3SM-O) midlatitude BLs extend too far
equatorward. Notable exceptions to the general pattern are the positive biases around the maritime continent
in all three coupled model runs, and negative biases in some parts of the Southern Ocean in CESM2.

To quantify biases, we consider grid points with observed annual mean BLT greater than 5 m. Such a thin
BL could not be robustly portrayed by the models in this study, which have upper ocean vertical resolution
∼10 m, but this threshold is used to capture BLs that occur intermittently due to seasonal and interannual
variability. The mean bias between 30◦ S and 30◦ N is −3.1 m for the E3SM-C (Table S1; the other model
runs vary from −2.0 to −3.6 m). Midlatitude biases are much larger (e.g., +257 m for E3SM-C between
30◦ S and 60◦ S; see Table S1) and indicate that model BLs can be more than twice as thick as observed.
Figure 1 shows that the region south of 50◦ S has particularly large biases in all model runs. In most regions,
GFDL-ECDA-v3.1 has the smallest mean bias and mean absolute error (Figure 1; Table S1), suggesting that
the data assimilation is having a positive impact on the representation of near-surface temperature, salinity,
and density.

Seasonal climatologies (e.g., Figure S4) demonstrate that the tropical BLs are present throughout the year,
while the midlatitude BLs are mostly limited to the winter hemisphere. The ESMs capture this seasonal
variation, and accordingly have biases in the tropics throughout the year and biases in midlatitudes mostly
limited to the winter hemisphere.

REEVES EYRE ET AL. 8237
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Figure 2. Long-term annual mean contribution of vertical mixing to the temperature tendency of the mixed layer:
(a) E3SM-C; (b) E3SM-O; (c) difference (E3SM-C minus E3SM-O). Contour lines overlaid in (a) and (b) are long-term
annual mean BLT at 10, 20, and 50 m. Contour lines overlaid in (c) are long-term annual mean BLT difference (coupled
minus ocean-sea ice) at −5 m (thin dashed), 0 (thick solid), and 5 m (thin solid). In addition, areas with BLT difference
< −5 m are hatched and areas with BLT difference >5 m are stippled.

The BLT biases can be thought of as the superposition of biases in MLD (i.e., BL top) and TTD (i.e, BL
bottom). For TTD (Figure S5), E3SM-C and GFDL-ECDA-v3.1 have negative biases (TTD too shallow) in the
tropics, and positive biases (TTD too deep) in midlatitudes, similar to the BLT biases. The pattern of TTD
biases for CESM2 is more complicated but again bears a strong resemblance to the BLT bias in Figure 1d. For
MLD (Figure S6), E3SM-C and GFDL-ECDA-v3.1 generally have biases that are the opposite sense to TTD
in midlatitudes (and therefore combine to give larger BLT biases), but the same sense in the tropics (and
therefore partially cancel to give smaller BLT biases). For CESM2, MLD biases and TTD biases are largely
of the same sign in both midlatitudes and tropics, leading to partial cancellation in BLT biases.

3.2. Effects on Mixed Layer Entrainment
Much of the early interest in BLs stemmed from their ability to reduce entrainment of cold water from
the thermocline into the mixed layer. We examine model representation of this process by looking at the
mixed layer (i.e., from the ocean surface to MLD) heat budgets of E3SM-C and E3SM-O. Figure 2 shows the
long-term annual mean potential temperature tendency in the mixed layer due to vertical mixing from the
two runs, and their difference. As expected, the tendencies are negative at the vast majority of grid points
where cold thermocline water is mixed into the mixed layer, though a few grid points have positive values
likely due to persistent temperature inversions. 60◦ S–60◦ N mean values are −0.021 ◦ C/day in E3SM-C and
−0.016 ◦ C/day in E3SM-O. Tropical regions with BLs have relatively low rates of entrainment cooling but
are not the only such regions (especially in E3SM-O). Spatial correlations between BLT and entrainment
cooling are 0.25 for E3SM-C and 0.18 for E3SM-O. These modest correlations, and the even lower values
in midlatitudes, suggest that the presence, or otherwise, of a BL is not the dominant control on the spatial
pattern of entrainment cooling.
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The differences in entrainment cooling between E3SM-C and E3SM-O (Figure 2c; mean absolute difference
0.008 ◦ C/day) bear some resemblance to the differences in BLT between the two runs (contours in Figure 2c).
In particular, tropical regions with a negative BLT difference (i.e., thinner in the coupled run) have negative
entrainment cooling differences (more entrainment in the coupled run). Likewise, some tropical regions
with positive BLT difference have positive entrainment differences. The South Pacific convergence zone
(SPCZ) is a notable exception to this—it has positive BLT difference but close to zero difference in entrain-
ment cooling. In several regions, especially in midlatitudes, there is some difference in the entrainment
cooling between the runs that cannot be explained by BLT differences—including, of course, in regions
where BLs do not generally occur. Nonetheless, the correlation coefficient between tropical (30◦ S to 30◦ N)
BLT difference and entrainment cooling difference is 0.56 (only considering grid points where either model
run has absolute value of annual mean BLT> 5.0 m). This result shows that BLs play an important role in the
heat budget of the upper tropical oceans, and model deficiencies in simulating BLs can result in erroneous
simulation of heat exchange across the thermocline.

3.3. Attribution of BLT Biases
Next, we attempt to attribute BLT biases in E3SM-C to different components. To do this, we focus on
E3SM-O, which has active ocean and sea ice model components, forced by CORE2 atmospheric and river
runoff reanalysis (Large & Yeager, 2009). Under the assumption that the CORE2 forcing does not include
major observational errors, it follows that the biases in E3SM-O (Figure 1e) are primarily due to the ocean
and sea ice models. The difference between E3SM-C and E3SM-O should then show the biases intro-
duced primarily by the other model components (particularly the atmosphere model) and by coupling
effects. The assumption about CORE2 is not unreasonable, because CORE2 is derived from various obser-
vations and reanalysis. However, the assumption is not totally valid, which causes biases introduced by
CORE2 to be misattributed to E3SM's ocean model and complicates interpretation of biases caused by other
model components.

Comparison of Figures 1c and 1e shows that much of the midlatitude and part of the tropical BLT biases
are common to both runs and thus suggests that these biases are caused by the ocean and sea ice models.
However, there are clear differences in some regions, shown more clearly in Figure 1f. We note in particular
differences in both the tropics (the Maritime Continent and West Pacific warm pool, the Bay of Bengal, the
SPCZ, the Caribbean Sea, and the mouth of the Amazon) and the midlatitudes (particularly south of 50◦ S,
where E3SM-O has significantly larger positive biases than E3SM-C). It is likely that atmosphere (through
fluxes of freshwater, momentum, and heat) and land (through runoff) model biases, or complex interactions
between model components, have an effect on BLT biases in these regions.

Salinity restoring in E3SM-O slightly complicates the above comparison between E3SM-C and E3SM-O.
However, comparison of salinity restoring magnitude with surface freshwater fluxes (Figure S7) suggests
that salinity restoring is the dominant freshwater forcing only in coastal regions and the North Atlantic and
that it is relatively unimportant in the tropics. Therefore, of the tropical regions noted in the previous para-
graph, salinity restoring likely has the largest effect on BLT differences around the mouth of the Amazon,
in the Bay of Bengal, and to a lesser extent in the Caribbean Sea. However, the fact that E3SM-C has around
30% less Amazon runoff than E3SM-O (Figure S8) suggests that salinity restoring is not the only cause of
these differences and that atmosphere and land model biases make a nontrivial contribution. Some parts of
the Southern Ocean have moderately strong salinity restoring too. However, because there is no clear spa-
tial correspondence between salinity restoring and BLT differences (as was the case for, e.g., the Amazon),
it is unclear if salinity restoring affects E3SM-O BLs here.

We expect the atmospheric model to contribute to BLT biases via freshwater input (precipitation minus
evaporation, denoted P-E) and wind stress magnitude (𝜏). (These quantities are related: Wind speed strongly
affects both 𝜏 and evaporation. Both are analyzed as they affect upper ocean stratification in different ways
and their relative importance may differ regionally.) P-E biases are shown for the three coupled model runs
in Figure 1 (black contour lines), with the largest biases in the tropics. In all models, positive biases of BLT
and P-E coincide in the Maritime Continent region, and negative biases of BLT and P-E coincide in the
equatorial west Pacific. However, there are regions with large P-E biases and only small BLT biases (e.g.,
the tropical Atlantic in E3SM-C), and in the South Pacific Convergence Zone we even see negative BLT bias
coincident with positive P-E bias—opposite to what is expected. Given that E3SM-O also shows a negative
BLT bias, it is likely that ocean dynamics are the dominant cause of the BLT bias in the SPCZ. In fact, the
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Figure 3. Scatter plots of long term annual mean biases in E3SM-C: BLT (left), MLD (middle), and TTD (right) bias
versus P-E (first and third rows) and 𝜏 (second and fourth rows) bias. Panels (a)–(f) are for the tropics, and (g)–(l) are
for midlatitudes. Black dots show individual grid point values, while red circles represent median values of bin
quantities and lines represent 10th and 90th percentiles. Regression statistics shown for each plot are based on the
individual grid points (black dots). This analysis includes only grid points that have absolute value of observed long
term annual mean barrier layer thickness of 5 m or greater.

magnitude of bias is larger (Figure 1f) in E3SM-O than E3SM-C, suggesting that the P-E bias acts in the
expected direction.

Figure 3a shows the relationship between P-E and BLT biases more clearly: While there is noise in the rela-
tionship, tropical annual mean P-E biases are positively correlated with annual mean BLT biases. Results for
CESM2 (Figure S9a) and GFDL-ECDA-v3.1 (Figure S10a) are similar, with surprisingly consistent regression
slopes of around 1 m/(mm/day). The relationship between tropical wind stress (𝜏) biases and BLT (Figure 3d)
is not as clear: neither correlation coefficients nor visual inspection suggest a significant relationship. The
same holds for CESM2 (Figure S9d), though there is a suggestion of some correlation between 𝜏 and BLT
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biases for GFDL-ECDA-v3.1 (Figure S10d). Note that analyses in Figures 3, S9, and S10 are limited to grid
points with long-term annual mean observed BLT greater than 5 m.

The greatest influence of atmosphere model biases on tropical BLT is mediated by the negative relationship
between MLD and P-E biases (Figure 3b) . This is partially canceled by a weak negative relationship between
P-E and TTD biases (Figure 3c), resulting in the positive relationship seen in Figure 3a. As with BLT, the
relationships between MLD/TTD and 𝜏 biases (Figures 3e and 3f) are weaker than with P-E. Between 30◦ and
60◦ latitude (in both hemispheres), BLT biases are dominated by large positive TTD biases, which occur with
negative P-E biases (Figures 3g and 3i). As in the tropics, there is a moderately strong negative relationship
between MLD and P-E biases (Figure 3h). In addition, there is a weak (but significant) positive relationship
between MLD and 𝜏 biases (Figure 3k), though this has limited influence on the BLT-𝜏 relationship because
of the dominance of TTD biases in midlatitudes. The results shown in Figure 3 are similar to results from
CESM2 and GFDL-ECDA-v3.1 (Figures S9 and S10).

4. Summary and Discussion
We have compared mean BLT from E3SMv1 (i.e., E3SM-C and E3SM-O) with an observation-based cli-
matology. In general, E3SMv1 captures the observed spatial distribution and seasonality of BLs. This is an
encouraging result for model fidelity, particularly when considering the relatively coarse model vertical res-
olution in comparison to tropical BLTs. However, model BLT biases do exist: E3SMv1 has semipermanent
tropical BLs too thin, and seasonally occurring midlatitude BLs too thick and extending too far equator-
ward. CESM2 and the GFDL-ECDA-v3.1 have broadly similar biases. Notably, though, GFDL-ECDA-v3.1
has smaller biases in the tropical Pacific, and the smallest globally averaged mean BLT bias. Data assim-
ilation used in GFDL-ECDA-v3.1 likely contributes to its relatively good performance, though we cannot
say this conclusively without assessment of a free-running variant of the GFDL model. For E3SMv1, large
midlatitude BLT biases have contributions from both MLD and TTD biases, while in many tropical regions
MLD and TTD biases are of the same sense and therefore partially cancel in the BLT bias. Notably, this
cancellation does not occur for E3SMv1 in the equatorial Pacific, resulting in relatively large BLT biases.

Through analysis of the E3SMv1 ocean model mixed layer temperature tendency, we have shown that the
insulation effect of BLs is more apparent in the tropics than at higher latitudes. In the tropics, differences
(between coupled and ocean-sea ice runs) in entrainment cooling correspond to differences in BLT. This
confirms that biases in BLT are able to affect transfer of heat across the thermocline. Whether this effect
is important enough to affect simulations of long-term surface temperature change is worth investigation.
Indeed, we suggest that BLT should be routinely analyzed in models contributing to the upcoming Coupled
Model Intercomparison Project phase six—both in model development and in data released for the various
experiments. The present work marks a starting point for understanding how BLs can mediate links between
biases in different model components—especially atmosphere and ocean.

Comparison between coupled and ocean-sea ice runs of E3SMv1 suggests that part of the tropical BLT bias
in the coupled run comes from atmosphere, land, or river-routing components or coupling between compo-
nents. Comparison of coupled model BLT, MLD, and TTD biases with P-E and wind stress biases shows that
the dominant contribution in the tropics comes from P-E effects on MLD. Despite significant relationships,
however, the atmospheric model contribution is only a fraction of the total BLT bias (as suggested by the
noise in Figure 3). In midlatitudes, both P-E and wind stress biases affect MLD biases, but similarity of mid-
latitude BLT biases between E3SM-C and E3SM-O suggests that systematic ocean model biases dominate
poleward of 30◦ (e.g., large positive TTD biases related to subsurface temperature biases).

The above analysis of BLT, MLD, and TTD links to P-E and wind stress assumes that the observed correla-
tions occur due to local effects, for example, erroneously strong winds causing an in situ positive MLD bias.
However, it is also possible that non-local effects may contribute to the relationships seen here. For example,
in the Southern Ocean where BLs are caused by complex interactions of different water masses (Pan et al.,
2018), wind stress biases over the entire region may affect BLs at a particular location, through model mis-
representation of ocean circulation. Nonetheless, we feel that the correlations presented here are indicative
of local linkages of model bias in many regions, particularly in the tropics where observational evidence of
relevant processes exists (e.g., Anderson et al., 1996; Lukas & Lindstrom, 1991).
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We end by noting that most of the model biases we have investigated relate to two or more model com-
ponents, and so reducing the biases is more difficult than addressing issues in individually forced model
configurations. We advocate several areas of model sensitivity tests that could aid in the process: ocean
model sensitivity to precipitation variation (to confirm our attribution of BLT biases and assess resulting
SST effects); atmosphere model precipitation sensitivity to SST variation (to assess whether a feedback can
exist between BLT, SST, and precipitation); and ocean model sensitivity to river discharge and salinity restor-
ing (to test the assumption that E3SM-O biases are due only to the ocean model, rather than these quite
uncertain aspects of the forcing).
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