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Model biases in the atmosphere/ocean partitioning of
poleward energy transport are persistent across three
model generations.
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Key Points:

» Observational estimates of poleward heat transport and its partitioning between
the ocean and atmosphere are compared to that in three different generations of
coupled climate modes. Model biases are found to be persistent across model gen-
erations.

* Models simulate too little poleward heat transport in the ocean in both hemispheres
and too much poleward heat transport by the atmosphere in the Northern Hemi-
sphere

« Stronger than observed evaporation in models removes energy from the tropical
ocean and adds energy to the tropical atmosphere to drive atmospheric energy trans-
port at the expense of ocean heat transport. This mechanism explains the major-
ity of model biases in heat transport partitioning
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Abstract

Observational estimates of the partitioning of poleward meridional heat transport (MHT)
between the atmospheric heat transport (AHT) and ocean heat transport (OHT) are com-
pared to that in coupled climate models across three generations of the coupled model
inter-comparison project (CMIP3, CMIP5, CMIP6). Observational estimates of MHT

are derived from satellite based top of atmosphere radiation data, AHT is calculated from
high spatio-temporal resolution atmospheric reanalysis and OHT is derived as a resid-
ual. Model MHT is similarly constrained by top of atmosphere radiation, OHT is cal-
culated from the net surface heat flux and AHT is derived as a residual. We demonstrate
these contrasting methods of AHT/OHT partitioning give nearly identical results in a
single model which justifies the comparison between AHT /OHT partioning in models

and observations. Poleward OHT is biased low in both hemispheres in the models with
largest magnitude biases in the Southern Hemisphere extratropics. Poleward AHT is bi-
ased high in the Northern Hemisphere especially in the vicinity of the peak poleward heat
transport near 40°N. These model biases are significant and persistent across the three
model generations and are consistent across observational MHT derived from three dif-
ferent estimates of satellite based TOA radiation and observational AHT derived from
three different atmospheric reanalysis. The model biases in AHT and OHT are consis-
tent with model biases in the spatial structure of processes that add and remove energy
from the atmosphere. Specifically, larger then observed model evaporation in the trop-

ics adds excess energy to the atmosphere to drive nearly hemispherically symmetric en-
hanced poleward AHT at the expense of weaker OHT whereas the weaker than observed
equator-to-pole gradient in absorbed solar radiation in the models manifests as weaker
OHT in the Southern Hemisphere.

Plain Language Summary
1 Introduction

The combined poleward meridional heat transport (MHT) by the ocean and at-
mosphere plays a fundamental role in moderating temperatures on Earth. In the absence
of MHT, the equator-to-pole temperature gradient would be approximately three times
greater than observed (Pierrehumbert, 2010) — based on radiative considerations alone
— rendering the tropics uninhabitably warm and the high latitudes uninhabitably cold.
Early observational estimates of the partitioning of MHT in the Northern Hemisphere
(NH) into ocean heat transport (OHT) and atmospheric heat transport (AHT) found
that poleward OHT was a factor of two greater than AHT equatorward of 20°N and that
AHT comprises the vast majority of total MHT in the extratropics (Vonder Haar & Oort,
1973; Oort & Haar, 1976). More recent observational estimates of global MHT partition-
ing find that poleward OHT exceeds AHT in the deep tropics of both hemispheres (equa-
torward of 10°) and AHT dominates total poleward MHT in the mid and high latitudes
of both hemispheres (Trenberth & Caron, 2001; J. Mayer et al., 2021). Additionally, the
observed MHT partitioning features a modest but climatically impactful hemispheric asym-
metry of OHT that moves energy northward across the equator and into the NH mid-
latitudes. This cross-equatorial OHT causes the NH to be warmer than the SH (Kang
et al., 2014), the intertropical convergence zone to reside in the NH in the annual mean
(D. Frierson et al., 2013; Marshall et al., 2013) and is generally understood to be asso-
ciated with the Atlantic meridional overturning circulation (Broecker et al., 1985). Cou-
pled climate model simulations of the present day climate system have significant (or-
der 20%) inter-model spread in the total MHT (Donohoe & Battisti, 2012) but gener-
ally agree that MHT is dominated by AHT in the extratropics and is primarily due to
OHT in the deep tropics (Yang et al., 2015; Wu et al., 2011; Donohoe et al., 2020). Model’s
are biased in their cross equatorial MHT and its partitioning between AHT and OHT
(Hwang & Frierson, 2013) which impact the tropical mean state. Are model’s also bi-
ased in the partitioning of MHT outside the deep tropics? A quantitative comparison
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of the MHT/AHT /OHT partitioning between models and observations at the global scale
is lacking in the literature and is the task of this manuscript.

We begin by discussing whether the partioning of MHT between AHT and OHT
matters for the mean climate state and climate change. The same quantities of OHT and
AHT potentially have unequal impacts on surface climate for the following reason: the
convergence of OHT in the extratropics is inherently linked to the surface energy bud-
get and thus demands a surface temperature response whereas; the convergence of the
same quantity of AHT in the upper atmosphere can be radiated to space with minimal
impact on surface climate. Stated otherwise, while AHT and OHT are treated as equals
in diagnostics of the vertically integrated energy budget of the climate system such as
the commonly used climate feedback framework (Roe, 2009; Forster et al., 2021), the ver-
tical structure of AHT fundamentally sets the climatological lapse rate (Hahn et al., 2020)
and its changes with climate state (Fajber et al., 2021). Thus, AHT and OHT have dis-
proportionate impacts on surface climate and its changes by way of their control on the
vertical structure of atmospheric temperature. High latitude surface climate is partic-
ularly sensitive to the partitioning of MHT between OHT and AHT due to the substan-
tial (= 20%) contribution of the stratospheric circulation to AHT (Overland & Turet,
1994) that make a negligible contribution to the surface energy budget (Cardinale et al.,
2020).

Previous work has demonstrated that (idealized and coupled) climate states with
similar total MHT can have significantly different surface temperatures and sea ice ex-
tents due to the disproportionate impact of OHT and AHT on surface climate (Ender-
ton & Marshall, 2009). Similarly, forced changes in surface temperature are sensitive to
the spatial pattern of OHT (and ocean heat storage Rose & Ferreira, 2013) whereas changes
in AHT tend to spatially homogenize the climate impact of radiative changes (Feldl &
Roe, 2013).

The partitioning of MHT between AHT and OHT also has implications for the hy-
drological cycle due to the unequal impact of OHT and AHT on surface evaporation: OHT
convergence is primarily balanced by evaporative heat loss whereas; AHT convergence
above the surface stabilizes the atmospheric column and, thus, suppresses evaporation.

As discussed previously, MHT /AHT /OHT biases in the deep tropics have been linked

to biases in the ITCZ location (D. M. W. Frierson & Hwang, 2012) and its seasonal range
(Kim et al., 2020) which impact the meridional width of the tropical precipitation (Dono-
hoe et al., 2019). Similarly, the hemispheric asymmetry of OHT is argued to play an es-
sential role in the magnitude and location of the mid-latitude storm tracks which are re-
sponsible for the majority of extratropical precipitation (Shaw et al., 2018).

Given the dependence of climate on the AHT/OHT partitioning we ask here: are
climate models biased relative to observations in the partitioning of poleward heat trans-
port between the atmosphere and ocean? Identification of mean state model biases in
AHT/OHT partitioning likely has implications for future climate change as any model
misrepresentation of energy exchange between the atmosphere and the ocean will im-
pact both the mean state and future changes in temperature and hydrology. This ques-
tion has not been previously addressed, in part, because the standard methodology for
partitioning MHT between AHT and OHT differs between observations and models due
to the contrasting reliability and availability of the climate fields used to calculate AHT
and OHT. Total MHT is constrained by top of atmosphere radiation at each latitude —
as the combined AHT and OHT required to balance the local net radiative imbalance
at equilibrium timescales. Thus satellite radiation data and standard climatological model
output allow a like-for-like comparison of MHT between models and observations (Dono-
hoe & Battisti, 2012). A similar approach is used to constrain OHT in models from the
net surface heat flux whereas this approach leads to insurmountable uncertainty in ob-
servations (Wunsch, 2005) due to sparsity of observed surface turbulent energy flux es-
timates and the substantial global surface energy budget imbalance (Stephens et al., 2012).



Therefore, observational estimates of OHT are most commonly derived from the differ-
ence between total MHT inferred from TOA radiation and AHT calculated from the ver-
tical and zonal integral of atmospheric (moist static) energy fluxes estimated from high
spatio-temporal resolution atmospheric reanalysis as pioneered by Trenberth & Caron
(2001). The disparate methodologies and underlying climate fields used to calculate the
AHT/OHT in observations versus models prohibit and like-for-like comparison of MHT
partitioning between models and observations and is likely the reason that the compar-
ison has not been made in the literature to date.

The methodology for calculating AHT from observational reanalysis can be applied
to high frequency three-dimensional atmospheric model output to facilitate a like-for-
like comparison of observational and model AHT. However, this approach is both com-
putationally expensive and requires careful treatment of atmospheric mass and moisture
budgets(M. Mayer et al., 2017) to provide an AHT calculation that is self consistent with
the coupled energy budget of the modeled climate system. Such an analysis across a multi-
model ensemble is possible but would require substantial computational resources and
an intricate knowledge of the model specific atmospheric energy budget or lack thereof
(Lucarini & Ragone, 2011). Instead, the approach we use here is to export high frequency
three-dimensional atmospheric data — akin to observational reanalysis— from a single model
and then calculate the AHT using the same methodology that is used on the observa-
tional reanalysis. We demonstrate that the resultant AHT from this calculation is nearly
identical to the AHT calculated from the standard model output (TOA and surface en-
ergy fluxes). This results suggest a comparison between model and observational esti-
mates of MHT partitioning is physically meaningful despite the differing underlying method-
ologies and potentially will identify genuine model biases in the partioning of MHT.

This manuscript is organized as follows. In Section 2 we provide an overview of the
observational and model methodologies for partitioning MHT into AHT and OHT, in-
troduce the underlying data sets used for the calculations and demonstrate the near equiv-
alence of these two approaches in a single coupled model. In section 3 we compare the
observational and model MHT partitioning across three different model generation (CMIP3,
CMIP5 and CMIP6) and additionally analyze the sensitivity of our finding to different
underlying observational data sets used the partition MHT. In Section 4 we consider an
alternative method for comparing AHT/OHT partioning in models and observations from
the processes that contribute to spatial gradients in input to the atmopshere and ocean.

A summary and discussion follows.

2 Methods for partitioning MHT into AHT/OHT in observations and
coupled models

The methodology used here to partition MHT into AHT and OHT in coupled cli-
mate models and observations is described in detail in Donohoe et al. (2020) and here
we summarize the conceptual approach. We emphasize that the AHT/OHT partition-
ing method differs between models and observations due to the availability and reliabil-
ity of the climate fields required for the calculations and we highlight below reasons the
contrasting approaches might yield different results. Additionally, we demonstrate that
the two methods produce nearly identical results in a single climate model in which the
climate fields used for the observational calculation are exported from the model.

2.1 MHT partitioning in coupled models
2.1.1 Method

The combined heat transport by the atmosphere and ocean (MHT) is calculated
from the TOA radiation as the energy flux through a given latitude circle required to



balance the net radiative deficit spatially integrated over the polar cap bounded by that
latitude:

90
MHT(©) = —27ra2/9 RADZo 4(0)cos(6)db. (1)

The * quantity represents an anomaly from the global mean. This approach removes
any global mean radiative imbalance — which have a typical magnitude of order 1 W m~2
in pre-industrial model simulations (Lucarini & Ragone, 2011) — by using a spatially in-
variant additive adjustment, thus ensuring MHT is insensitive to whether the integral
is calculated from south to north (as written) of from north to south (Donohoe & Bat-
tisti, 2012). The negative sign in front of the integral in Eq. 1 demands that MHT is pos-
itive (Northward) when there is a net radiative deficit (RAD%.,4 < 0) over the North-
ern polar cap.

The ocean heat transport (OHT) is similarly calculated from the net surface heat
flux (SHF = radiative plus turbulent flux into the ocean) as the energy flux through a
given latitude circle required to balance the surface heat loss integrated over the polar
cap bounded by that latitude:

OHT(©) = —27a® " SHF*(0)cos(0)do. (2)
e

The removal of the global mean SHF from SHF* is equivalent to making a spatially
invariant additive adjustment to conserve the global mean ocean energy budget. This
approach assumes that, in the absence of any knowledge of the spatial structure of non
energy conserving processes in the climate model, non-conservative processes are spa-
tially homogeneous.

The atmospheric energy transport is calculated as the difference between MHT and
OHT. Equivalently, AHT is calculated as the energy flux into the polar cap needed to
balance spatial integral of the deficit in net atmospheric heating with the latter equal
to RADY 4 — SHF™.

2.1.2 Coupled models analyzed

We analyze pre-industrial (PI) control simulations in coupled climate models that
represent the equilibrium response to fixed green house gas concentrations. We analyze
66 model simulations from three different generations of the coupled climate model inter-
comparison project (CMIP): CMIP3 (Meehl et al., 2007) which ran from 2005-2006 (14
simulations); CMIP5 (Taylor et al., 2012) which ran from 2010-2014 (20 simulations) and,;
CMIP6 (Eyring et al., 2016) which ran from 2014-2020 (32 simulations). All calculations
discussed here use annual mean long term climatologies calculated from the last 50 of
available years of the PI simulation. We additionally analyze 12 CMIP5 historical sim-
ulations to evaluate the differences between the MHT/AHT /OHT in the PI simulations
and historical era which may impact the observational-model comparison.

2.2 Observational partitioning of MHT
2.2.1 Method for calculating MHT partitioning from observational data

Observational MHT is calculated from satellite derived TOA radiation using the
same method that is used for the model calculation of MHT (Eq. 1). Removal of the global
mean TOA radiative imbalance from RAD7., 4 ensures that the global mean MHT di-
vergence is zero and is equivalent to assuming that the measurement uncertainty and/or
actual energy imbalances in the climate system (i.e. storage in the ocean and atmosphere)



are spatially homogeneous. We return to the impact of this assumption on observation-
ally derived MHT in the results section.

In contrast to coupled climate models where the surface energy budget is (nearly)
closed, the sparsity and uncertainty of observational surface radiative and turbulent en-
ergy flux measurements results in an unrealistically large (>10 W m~2) global mean sur-
face energy imbalance (Stephens et al., 2012; Trenberth et al., 2009). The root cause and
structural uncertainty in this imbalance is unclear and render the observational estimate
of OHT via Eq. 2 untenable. Instead, the following conceptual approach is used follow-
ing Vonder Haar & Oort (1973) and Trenberth & Caron (2001): AHT at each latitude
is calculated from the time average of the vertically and zonally integrated meridional
energy flux in the atmosphere derived from high temporal frequency atmospheric reanal-
ysis and; OHT is then calculated as the residual of satellite derived MHT and reanal-
ysis derived AHT. This method can equivalently be thought of as deriving the SHF as
the residual of satellite estimated RAD71o 4 and atmospheric heat flux divergence (Tren-
berth, 1997; Liu et al., 2015) and then calculating OHT via Eq. 2.

The mass budget of the atmosphere must be balanced prior to the calculation of
AHT from atmospheric reanalysis as discussed at length in Trenberth & Stepaniak (2003).
We implicitly balance the mass budget by removing the vertically averaged zonal mean
MSE at each latitude following Donohoe & Battisti (2013), Cardinale et al. (2020) and
Donohoe et al. (2020). This approach renders the AHT /OHT partitioning insensitive
to the reference energy state used (M. Mayer et al., 2017) and has been argued to be phys-
ically interpretable as the heating of the atmospheric columns resulting from atmospheric
transport (Liang et al., 2018).

2.2.2 Observational datasets used
Top of atmosphere radiation

Observational MHT is primarily calculated using satellite derived RAD71o 4 from
the Clouds and Earth’s Radiant Energy System (CERES) Energy Balanced and Filled
(EBAF) product version 4.0 (Loeb & Coauthors, 2018). This product is a gridded re-
trieval of net longwave and shortwave radiation at the TOA derived from instruments
on the Aqua and Terra satellites. The retrieved RADr0o 4 is subsequently adjusted to
satisfy Earth’s global energy imbalance of 0.71 4 0.10 W m~2 constrained by long-term
changes in global ocean heat content changes (Johnson et al., 2016). This adjustment
is accomplished via modification of uncertain parameters in the retrieval algorithm (e.g.
radiative transfer model) used to produce the gridded product and primarily involves
adjustment of the absolute calibration of the shortwave and longwave fluxes which have
a combined uncertainty (95% confidence interval) of 4.2 W m~2 (Loeb et al., 2009). We
also analyze unadjusted gridded CERES data from single scanner footprints (SSF) to
diagnose the impact of the EBAF adjustment on MHT. The average of four (FM1 and
FM2 on Terra and FM3 and FM4 and Aqua) SSF RADro4 data sets is analyzed. The
climatological average RAD1o4 over the 3/2001-12/2018 period is used to calculate MHT
from all CERES products with the exception of the Aqua SSF data which begin in 7/2002.
We also use RAD1o 4 from the Earth Radiation Budget Experiment (ERBE Barkstrom
& Hall, 1982). Climatological ERBE RADro4 over the 11/1984-3/1990 period is used
to calculate an additional observational estimate of MHT.

Atmospheric reanalysis

AHT is derived from the time average of the vertical and zonal integral of the merid-
ional flux of moist static energy calculated from high spatial-temporal resolution atmo-
spheric reanalysis. Our analysis primarily focuses on AHT estimates calculated from the
European Center for Medium Range Forecasting’s (ECMWF) ERAS5 reanalysis (Hers-
bach et al., 2020). We use instantaneous 6-hourly ERA5 data on 37 pressure levels and



a horizontal resolution of 0.5°. Additional AHT calculations are performed and analyzed
using two other sets of 6-hourly instantaneous atmospheric reanalysis: 1. ECMWEF’s ERA-
interim reanalysis which has 37 vertical levels and horizontal resolution of 1.5° (Dee et

al., 2011) and; 2. the National Center for Atmospheric Research’s (NCEP) reanalysis
which has 17 vertical levels and a horizontal spectral resolution of T62.

The following four-dimensional (pressure level, latitude,longitude, time) atmospheric
fields are used to calculate AHT; meridional velocity (V), temperature (T), specific hu-
midity (Q) and geopotential height (Z). The climatological surface pressure is used to
set the bounds of the vertical integration. AHT calculations are preformed for each month
then the results are averaged to produce a long-term average climatology. AHT clima-
tologies are computed over the corresponding time period of the radiation data: 3/2001-
12/2018 when used in conjunction with CERES data and 11/1984-2/1990 when used in
conjunction with ERBE data.

2.3 Comparison of the "observational" and "model" MHT partitioning
methods in a single model

Given the disparate methods and climate fields that we use to partition MHT in
models and observations, we now ask: do the differing MHT partitioning methods pro-
duce the same results? We ask this questions in a single model — a NCAR CESM cou-
pled pre-industrial simulation— in which we partition the MHT into AHT/OHT using
both the standard model approach (from TOA and SHF) and using the "observational
approach" where AHT is calculated from high frequency 4-dimensional atmospheric data
and OHT is derived as a residual. The two approaches give nearly identical partition-
ing of MHT into AHT and OHT in NCAR CESM (c.f the dashed and solid red and blue
lines in Fig. 1) with a root mean squared difference AHT (and OHT) between the two
methods of 0.07 PW.

The specifics of the NCAR CESM AHT calculation are discussed in Donohoe et
al. (2020) and here we highlight the pertinent details for the purpose of comparing the
observational and model approaches to MHT partitioning. AHT is calculated from the
time-averaged product of instantaneous meridional velocity times temperature (VT), spe-
cific humidity (VQ) and geopotential (VZ). The time average of these products are used
in conjunction with the time average of the fields independently (V, T, Q and Z) to back
out the temporal co-variances which can then be used (along with the time mean fields)
to calculate AHT (Donohoe et al., 2020) in a mathematically equivalent calculation to
the method used to calculate observational AHT. These products (VZ, VT, VQ) are in-
terpolated from the native model grid to an output grid with 30 pressure levels and a
horizontal resolution of 1.25° which is coarser than observational reanalysis we use to
calculate observational AHT. We note that model output is the product of fields at the
model time-step as opposed to instantaneous 6-hourly data used in the observational AHT
calculation. However, we note that instantaneous 6-hourly data resolves co-variances at
frequencies greater than ——— with the exception of the discrete harmonics of the sam-

6hours

pling period. We return to this point in Section 3.0.2.

We interpret the close correspondence of the two approaches to partitioning MHT
into AHT and OHT in NCAR CESM as validation that the "observational" and "model"
approaches we use here to partition MHT are directly comparable and use this result to
justify the examination of potential model biases in MHT partitioning.

3 Results: model biases in MHT partitioning

Model biases in MHT partitioning are analyzed using three different generations
of model ensembles and several different sets of underlying observational data sets. The
presentation of our results is organized as follows: Section 3.1 uses a single observational



estimate of MHT partitioning — using the most contemporary and high resolution data—
compared against three different generations of coupled climate model ensembles; Sec-
tion 3.2 analyzes the sensitivity of our results to the observational data used by compar-
ing 6 different observational estimates of MHT partitioning against the multi-generation
model ensemble mean. The overarching conclusion is that the directionality and spatial
structure of model biases in MHT partitioning are consistent across model generation
and observational data sets used..

3.0.1 Consistent model biases in AHT/OHT partitioning across three
generations of coupled model ensembles

The primary observational MHT partitioning used in this section is derived from
the combination CERES EBAF TOA radiation and ERA5 atmospheric reanalysis. This
observational estimate (solid line) is compared against a different generation of coupled
climate model ensembles (dashed lines with ensemble average shown by the thick dashed
line) in the different rows of Fig. 2.

The peak poleward MHT in both hemispheres is near 35° in both models and ob-
servations consistent with constraints due to Earth-Sun geometry whereby RAD7, 4 is
dominated by the second order Legendre polynomial (equator-to-pole scale) as discussed
by Stone (1978). However, the amplitude of poleward MHT in models is biased low in
the mid-latitudes of both hemispheres relative to observations across all three CMIP gen-
erations. The maximum poleward MHT in the SH is 5.7 PW in observations and exceeds
the ensemble mean of CMIP3 (5.2 PW), CMIP5 (5.3 PW) and CMIP6 (5.4). The en-
semble mean SH MHT is significantly different from the observational estimate (as mea-
sured by the 95% confidence of the ensemble mean spread) in all three model genera-
tions. The maximum poleward MHT in the NH is 5.8 PW in observations and exceeds
the ensemble mean of CMIP3 (5.6 PW), CMIP5 (5.5 PW) and CMIP6 (5.7). The en-
semble mean maximum NH MHT is only significantly different from the observational
estimate in CMIP5. The inter-model spread in peak SH MHT (2 standard deviations)
is as large as 23% of the ensemble mean and has values of 1.2 PW in CMIP3, 0.8 OW
in CMIP5 and 0.8 PW in CMIP6. The inter-model spread in peak NH is smaller than
its SH counterpart but is substantial in magnitude with values of 0.8 PW in CMIP3, 0.6
PW in CMIP5 and 0.6 PW in CMIP6. Trenberth & Fasullo (2010); Donohoe & Battisti
(2011) demonstrated that the the inter-model spread and bias in MHT in CMIP3 results
from biases and spread in the albedo of clouds which impact the equator-to-pole gradi-
ent of absorbed solar radiation. The bias and spread in MHT is only slightly reduced
in CMIP5 and CMIP6 and also results primarily from model differences in mean-state
shortwave cloud radiative effects (not shown).

In the NH, the model ensemble mean is significantly biased toward too little pole-
ward OHT and too much poleward AHT (relative to our primary observational estimate)
across all three model generations. The observational estimate of peak NH AHT is 4.4
PW as compared to in 4.7 PW in CMIP3, 4.7 PW in CMIP5 and 4.8 PW in CMIP6.

The peak NH OHT occurs more equatorward in both observations and models but has
significantly higher values in observations (2.0 PW) as compared to model ensemble means
(1.7 PW in CMIP3, 1.8 PW in CMIP5 and 1.7 PW in CMIP6). The bias toward too lit-
tle OHT extends poleward to the extratropics and the Arctic where OHT has been demon-
strated to have large impacts on sea ice extent (Holland et al., 2006).

In the Southern Hemisphere, poleward OHT is significantly (at the 95% confidence
interval) biased low relative to observations in all three model generations. The largest
magnitude biases in OHT are found the vicinity of 40S where the equatorward trans-
port of cold water in the oceanic Deacon cell (Marshall & Speer, 2012) manifests as sur-
face energy fluxes into the ocean and thus a kink in the spatial structure of OHT that
otherwise decreases in magnitude toward the pole. At 40S, the observational OHT is -



0.7 PW whereas the ensemble mean OHT at that latitude is -0.3 + 0.2 PW | -0.2 4+ 0.1
PW and -0.1 & 0.1 PW in CMIP3, CMIP5 and CMIP6 respectively where the stated
uncertainty is 2 standard deviations of the ensemble mean. The observational estimate
of poleward OHT is only exceeded in 3 model simulations (2 in CMIP3 and 1 in CMIP5).
In contrast, the poleward AHT in the SH is very similar between the models and obser-
vational estimates; the ensemble mean maximum poleward AHT in the SH is not sig-
nificantly different from the observations in any model generation nor in all three model
generations considered collectively.

These results suggest that the majority of the model biases in SH MHT are a re-
sult in biases in OHT whereas in the NH the models generally simulate too much pole-
ward AHT and too little poleward OHT. Alternatively, the fraction of MHT carried by
AHT/OHT (i.e. normalizing each model by the model specific MHT) is biased toward
too much poleward AHT and too little poleward OHT in both hemispheres with biases
that are nearly hemispherically symmetric between the two hemispheres (not shown).
Importantly, the directionality and spatial structure of model biases in MHT/AHT /OHT
are remarkably consistent across three model generations spanning over 15 years of progress
in climate modeling.

3.0.2 Sensitivity of results to observational data used

The previous section demonstrated that model are biases in the partitioning of AHT/OHT

are consistent across three CMIP model generations when compared to our primary ob-
servational estimate (CERES EBAF and ERA5 based) of MHT, AHT and OHT. We now
ask how sensitive these conclusions are to the choice of observational data sets of TOA
radiation, atmospheric reanalysis and time period used. We use the ensemble model mean
across all three CMIP generations (weighted by the number of models in each genera-
tion) as a reference for all analysis in this subsection.

We begin by analyzing the sensitivity of our results to choice of observational TOA
radiation by analyzing the MHT /AHT/OHT derived from two additional satellite de-
rived observational estimates of TOA radiation: the unadjusted CERES SSF data and
the ERBE satellite data (left panels of Fig. 3). In these three panels, the varying choice
of TOA radiation product alters the calculated observational MHT (solid black line) and,
because the observational OHT is calculated from the difference of MHT and AHT, the
observational OHT estimate (solid blue line) also varies across panels. In contrast, the
observational AHT is derived from ERAD reanalysis in all panels and, thus, is consistent
between panels with the minor exception that the climatological average in the middle
panel is calculated over the 1984-1990 ERBE period as opposed to the 2001-2018 CERES
period for all other panels (which makes a negligible impact). Calculated observational
poleward MHT is consistently larger than the model mean in both hemispheres for all
three TOA radiation data sets. Observational poleward MHT — and, thus, the magni-
tude of model biases— is largest in the CERES SSF product in both hemispheres and small-
est in the ERBE product. The model ensemble mean OHT is biased low as compared
to that derived from all three TOA radiation datasets with largest magnitude biases in
the CERES SSF based calculations especially in the Southern Hemisphere. These results
suggest that the model biases in AHT/OHT are insensitive to observational TOA radi-
ation data sets used.

Given that the global mean net TOA radiative imbalance ranges from 7.0 W m~2
(3.6 PW globally) in the unadjusted CERES dataset to 4.9 W m~2 (2.5 PW) in ERBE
dataset (see table 1 of Loeb et al., 2009) to 0.7 W m~2 (0.4 PW) in the CERES EBAF
dataset (Johnson et al., 2016), it is perhaps surprising that the calculated MHT only dif-
fers by of order 0.1 PW across these data sets. We interpret this result to imply that the
largest differences between the TOA radiation data sets is the absolute calibration (ad-
dition of a spatially invariant constant) of the shortwave and longwave fluxes which are



the stated largest source of uncertainty in the data sets (Loeb & Coauthors, 2018) and
make no impact on the derived MHT calculated here via removal of the global mean value.
Stated otherwise, the spatial gradients in net TOA radiation are less uncertain (or at least
consistent between datasets) as compared to the global means.

We next analyze the sensitivity of our results to the choice of atmospheric reanal-
ysis used to calculate the AHT (Fig. 3 panels A, B and D). In these panels, the MHT
is calculated from the CERES EBAF data consistently across all three panels, whereas
the AHT is calculated from the ERA5, ERA interim and NCEP reanalysis respectively.
Since OHT is calculated from the residual of MHT and AHT, the OHT difference be-
tween the three panels are equal and opposite the inter-panel differences in AHT. The
model bias toward too much poleward AHT and too little poleward OHT is consistent
across all three estimates of observational AHT. Poleward AHT is largest in the ERA5
based calculations followed by ERA interim whereas NCEP based calculations have the
smallest poleward AHT with the most notable difference near the peak in the SH at 40S.
Therefore, model biases in the AHT/OHT partitioning are smallest in magnitude in the
ERAS5 based estimates and largest in the NCEP based estimates. These results suggest
that the directionality and spatial structure of model biases in AHT/OHT partitioning
are consistent across atmospheric reanalysis datasets whereas the magnitude of the bias
differs between the different reanalysis.

Given that the ERAS reanalysis is the highest spatial resolution considered here
and produces the largest poleward AHT, the reader may be suspicious of whether the
reanalysis are of sufficient spatial and temporal resolution (on the model output grid)
to capture the processes responsible for AHT. We address the potential limitation of the
6-hourly instantaneous temporal resolution of the data first. Instantaneous data does not
alias the variance (or co-variance) at any frequency with the exception of the discrete
harmonics of the sampling period (periods of 6 hours, 3 hours, 1.5 hours, etc) which should
be negligible in a continuous spectra. To test this conclusion, we sub-sampled random
(white noise) 1 minute data at 6 hourly intervals and found the variance was reduced
by less than 0.01% over 100,000 Monte-Carlo realizations. To evaluate the potential lim-
itation of the horizontal resolution of the reanalysis, we calculate the cross-spectra of merid-
ional velocity and temperature/humidity at 40N, 700 hPa during DJF, the location and
season of global maximum climatological poleward AHT (supplemental Fig. 3). Both
moist and dry AHT are primarily accomplished by wavenumbers less than 15 with neg-
ligible contributions from wavenumbers greater than 90 (corresponding to the smallest
resolved wave at 2° longitude grid spacing). Therefore, reducing the resolution of the re-
analysis from 0.5 degrees to 2 degrees is equivalent to spectrally truncating the co-spectra
at wavenumber 90 which results in a loss of covariance (AHT) of 0.009 % for the dry AHT
and 0.021 % for the moisture transport. Stated otherwise, the enhanced horizontal res-
olution of the ERAS reanalysis (relative to the resolution of the NCEP reanalysis) makes
a negligible contribution to the derived AHT. This analysis does not preclude the pos-
sibility that spatial structures smaller than the 0.5° resolution of the ERA5 reanalysis
contribute to AHT but does suggest that the enhanced resolution of the ERA5 reanal-
ysis relative to the NCEP reanalysis makes a negligible contribution to the calculated
AHT. This conclusion is consistent with the near equivalence of two different AHT cal-
culations in the NCEP CESM simulation shown in Section 2.3; the AHT calculated (dy-
namically) from the vertical and zonal integral of the product of meridional velocity and
temperature /humidity on the 1.25° and 30 vertical level output grid matches that in-
ferred from (energy conservation) of TOA radiation and surface fluxes (Fig. 1).

Finally, we evaluate if energy accumulation due to the transient response to anthro-
pogenic forcing impacts our observational estimates of OHT. Earth is not in equilibrium
but, rather, is accumulating energy at a decadal and global mean rate of 0.71 W m™2
(Johnson et al., 2016). The vast majority of this energy accumulation is stored in the
ocean (Von Schuckmann et al., 2016) and it is possible that the spatial structure of this
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energy storage projects onto our diagnoses of observational OHT since the latter is cal-
culated from the spatial integral of inferred (TOA radiation minus AHT divergence) sur-
face heat fluxes. We diagnose the impact of observed ocean heat uptake on implied OHT
from the UK Hadley Center EN4 objective ocean analysis (Good et al., 2013) as follows:
1. the ocean column integral of potential temperature times density is computed at each
(monthly) time step and grid-point; 2. de-seasonalized anomalies from the 2000-2018 pe-
riod are computed; 3. the column energy tendency is calculated as the centered differ-
ence finite difference at each time step; 4. the time average tendency over the 2000-2018
time period is zonally averaged. The result is the rate of ocean heat uptake (STORAGE)
in W m~2 in each latitude averaged over the CERES era. We convert this to an implied
OHT due to ocean heat storage (OHTsroracr) by spatially integrating the local de-
parture STORAGE from the global mean over the polar cap:

90

OHT(@)STORAGE = 27ra2/ —STORAGE*CO?(Q)dH (3)
e

OHTsrorAcE is the implied” OHT that would be calculated from the surface heat fluxes
needed to balance the local storage in the absence of ocean transport. If ocean heat up-

take was preferentially in the high latitudes, the associated downward extratropical sur-

face fluxes would be diagnosed as an equatorward ’implied” OHT and our observational
based estimate of poleward OHT from the inferred surface fluxes would be biased low
relative to an equilibrium climate system with no STORAGE. We remove the OHT sroArcE
from the ’implied’ observational OHT (calculated from Eq. 2) to isolate the ’dynamic’

OHT that would need to be transported laterally in the ocean to balance the sum of STORAGE*

and SHF*. OHT sroracE is very small (< 0.1 PW) and, thus, the diagnosed ’dynamic’
OHT (solid teal line in Fig. 3F) is visually indistinguishable from the observational ’'im-
plied” OHT (solid blue line). We note that, as described in the above example, high lat-
itude ocean heat uptake would reduce our observational estimate of OHT and therefore
model biases toward too little poleward OHT would be larger in magnitude than reported
here even if ocean heat uptake was underestimated by EN4.

The negligible importance of ocean heat storage over the historical period are con-
sistent with the small (< 0.1 PW) differences between OHT in the ensemble mean of his-
torical CMIP5 simulations averaged over the 2000-2018 time period as compared the pre-
industrial simulations in the same models (Supplemental Fig. 3). The historical simu-
lations have slightly weaker poleward OHT into the Southern Ocean compared to their
PI counterparts (c.f. the dashed and solid lines in Supplemental Fig. 3) — which is con-
sistent with the expectations discussed above based on preferential STORAGE in the
Southern Ocean — and enhanced poleward AHT in the SH as one would expect from down-
gradient energy transport under delayed Southern Ocean warming (Armour et al., 2019).
In addition to the differences in the AHT /OHT partitioning between the pre-industrial
and historical simulations being small in magnitude (relative to the model biases) these
results suggest that the model bias toward too much poleward AHT and too little pole-
ward OHT in the SH would be larger in magnitude if observations over the historical pe-
riod were compared to the historical (as opposed to PI) simulations.

Collectively, these results suggest that the directionality of model biases in AHT/OHT
partioning is robust to choice of observational estimates of satellite derived TOA radi-
ation used to calculate MHT, atmospheric reanalysis used to calculated AHT and ac-
counting for the impact of (the spatial pattern of) transient heat uptake by the ocean
on inferred OHT. The magnitude of the model bias in AHT/OHT partitioning does vary
with datasets used. In this regard, the use of CERES EBAF and ERAS5 data for our pri-
mary analysis is a more conservative (only the ERBE and ERA5 data finds a smaller OHT
bias) estimate of model biases in AHT /OHT partitioning.
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4 Biases in energy input to the atmosphere and ocean and inferred AHT/OHT

biases

Here we seek alternative estimates of model biases in AHT/OHT from the fields
that contribute regional scale energy input into the ocean and atmosphere. Starting in
the ocean, the SHF in Eq. 2 is decomposed into the individual fluxes that contribute to
SHEF:

SHF = RADsyrp — SENS — L,E (4)

where RADgy grr is the net surface radiation into the ocean, SENS is the sensible heat
flux from the ocean to the atmosphere and L, E is the latent heat flux from the ocean
to the atmosphere which is expressed here as the evaporation (E) times the latent heat
of vaporization of water (L,). Substitution of Eq. 4 into 2 gives:

90
OHT(0) = —2ma® / (RAD%ypp — SENS* — L,E*) cos()d#, (5)
S}

where, similar to Eq. 1 and 2, the * represents the local anomaly from the global ocean
domain average. Each term is presented here as the zonal average over the ocean grid-
points at that latitude and the values at each latitude are weighted by the fractional area
of the ocean at that latitude in order to calculate the OHT. Following Fajber et al. (2022),
we decompose the OHT in Eq. 5 into the three processes that contribute to spatial gra-
dients in energy input to the ocean:

OHT = OHTgap,surr + OHTsgns + OHTE, (6)
where, for example the OHT due to evaporation is

90
OHT(®)g = 27ra2/e L,E*cos(6)deb. (7)

Equivalent expressions for the OHT rap surr and OHT sgpns are defined by replacing
L,E* in Eq. 7 with RAD%;;p» and SENS* receptively. These equations: 1. exactly repli-
cate the OHT calculated in climate models via EQ. 2; 2) allow an alternative estima-
tion of model biases in OHT from a comparison of the spatial structure of surface ra-
diation and turbulent fluxes in models and observations and; 3) are independent of the
global mean surface energy imbalance since only the global anomalies of each term con-
tribute to OHT.

Observational estimates of F and SENS are taken from the WHOI OA flux (Yu
et al., 2004) and SURFgrap estimates from the CERES EBAF surface product (Kato
& Coauthors, 2018). Zonal averages over the ocean domain in both observations and mod-
els are shown in Fig. 4C. In both models and observations, there is a net energy input
to the ocean in the tropics and energy loss at the high latitudes (black lines in Fig. 4C)
which demands poleward OHT. Energetically, the equator-to-pole gradient in energy in-
put to the ocean is driven by surface radiation (primarily due to stronger solar fluxes in
the low latitudes — Supplemental Fig. 2E,F) and is primarily damped by stronger evap-
orative energy loss in the tropics and subtropics. Thus, the climatological equator-to-
pole gradient in evaporation reduces the demand for OHT (relative to that required in
the absence of exchange with the atmosphere).

Evaporation is biased high in models (relative to the observational estimate) at all
latitudes except the Arctic (Supplemental Fig. 1). Evaporation biases are largest (> 20
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W m~2) in the subtropics of both hemispheres and are much smaller in the high lati-
tudes. Stated otherwise, the equator-to-pole gradient in evaporation is much stronger

in the models compared to that in observations which manifests as stronger global anoma-
lies of evaporative loss from the low latitude ocean in models (E* is more negative in mod-
els in Fig. 4C) and stronger extratropical energy gain in the models due to global anoma-
lies in evaporation (more positive E*). Fig. 4D shows the biases in implied OHT due to
evaporation (green line) defined as OHT g calculated from the observational estimates

of evaporation in Eq. 7 minus OHT g calculated from the same equation using the model
ensemble mean evaporation. Poleward OHT g is stronger in the observations as compared
to that in models by approximately 0.4 PW. This result is consistent with a weaker ob-
servational E* gradients leaving more energy in the low-latitude ocean in the observa-
tions and, thus, demanding more OHT.

The observational RADY;,  has a stronger equator-to-pole gradient than that in
climate models (c.f. the solid and dashed orange lines in Fig. 4C) especially in the SH.
Model biases in RADY;, p are associated with greater than observed downwelling so-
lar radiation into the extratropical Southern Ocean (50S to 80S) in models due to sim-
ulated clouds that are too shortwave transparent and weaker than observed surface long-
wave cooling in the model simulations of the Arctic (Supplemental Fig. 2E). As a result,
observed poleward OHT pap surr is larger than that in models with larger magnitude
(0.4 PW) biases in the SH and a modest contribution to southward biased OHT at the
equator. The model biases in OHT rap,syrF mimic the impact of TOA radiation bi-
ases on MHT (left panels of Figure 2) including the partitioning between shortwave and
longwave biases within each hemisphere (Donohoe & Battisti, 2012) which suggests that
model biases in MHT and OHT in the SH are due to biases in shortwave absorption whereas
those in the NH are due to biases in OLR and net surface longwave (Supplemental Fig.

B and F). Sensible heat loss from the ocean is fairly spatially homogeneous in both mod-
els and observations (the red SENS* lines in Fig. 4C are small in magnitude) and, thus,
OHTgsgngs is small in magnitude. There is a modest model bias toward weaker (than
the global mean) sensible heat loss from the ocean surface in the Arctic which results

in stronger observational poleward OHT sgn s into the Arctic as compared to that in the
models. The sum of model biases OHTE7 OHTRAD,SURF and OHTSENS (SOlid black
line in Fig. 4D) demonstrates that biases in spatial structure of energy input into the
ocean demand stronger poleward OHT of 0.6 PW in the NH and 0.8 PW in the SH pri-
marily due to nearly hemispherically symmetric (in the poleward sense) OHT g which

is enhanced by poleward OHTgrap syrr in the SH. The bias in implied OHT (inferred
from surface flux biases) matches the spatial structure but exceeds the magnitude of OHT
biases identified in Section 2 from the residual of (CERES EBAF) TOA radiation con-
strained MHT and (ERAS5) atmospheric reanalysis constrained AHT which is shown by
the dashed black line in Fig. 4D. We note that there is no reason these two calculations
of OHT biases should match as the two calculations use different conceptual approaches
and rely on completely independent observational climate fields. Specifically, the turbu-
lent energy fluxes and surface radiation used in the implied OHT are completely inde-
pendent data sets to the atmospheric reanalysis used in Section 2. Nonetheless, the con-
sistency of the direction, spatial pattern and magnitude of the identified biases in OHT
approaches suggest that the model biases in surface energy fluxes are more than large
enough to account for the AHT /OHT partitioning biases inferred from the residual TOA
radiation and AHT estimates.

A similar (to the above OHT analysis) calculation of the model biases in implied
AHT from the spatial structure of energy input to the atmosphere can be used to com-
pute an alternative estimate of AHT biases — to be compared to the high frequency ob-
servational reanalysis based AHT calculation from Section 2. The AHT analog to Eq.
6 is:

AHT = AHTrap, armos + AHTspns + AHTE, (8)
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where the atmospheric analog to Eq. 7 for the AHT due to evaporation is

90
AHT(O)g = 27ra2/e —L,E*cos(0)d6. 9)

The zonal mean in the integrand (and the global mean that has been removed from) of
Eq. 9 is computed over the combined ocean and land domains. Equivalent expressions

for the AHT rap. armos and AHT gy are defined by replacing -L, E* in Eq. 7 with
RADY 05 and -SENS* respectively. Here RAD o705 is the net radiative heating of
the atmospheric column which is equivalent to the net radiation at TOA minus RADsygrr
or, alternatively, the shortwave absorption within the atmospheric column minus the long-
wave radiative divergence integrated over the atmospheric column.

Fajber et al. (2022) demonstrated that poleward AHT is primarily determined by
evaporation (AHT ~ AHTg) because E* dominates the spatial structure of energy in-

put to the atmosphere. Furthermore, the AHT g calculated by Eq. 9 is physically intepretable

as the heat transport driven by the hydrologic cycle by way of E* directly demanding
atmospheric moisture transport and the subsequent hand off of this energy to dry at-
mospheric heat transport where the atmosphere is condensationally heated due to mois-
ture precipitating out of the atmospheric column (Fajber & Kushner, 2021). We note
that E* (and SENS*) spatially integrated over the ocean domain has opposing impacts
on AHTg versus OHT g (and AHTsgns versus OHT sgng) which can be understood
as follows: excess evaporation over the low latitudes (E* > 0) adds energy to the atmo-
sphere to enhance the demand for poleward AHT at the expense of removing energy from
the low latitude ocean to reduce the demand for poleward OHT. Eq. 9 is written from
the perspective of the (Northern) polar cap such that a deficit of evaporation over the
extratropics (E* < 0) enhances the demand for poleward AHT via the minus sign in the
integrand.

To more clearly see the compensation between biases in AHT/OHT due to model
biases in E* (and SENS*) over the ocean domain we take the following approach to com-
paring models and observations of AHT via Eqs. 8,9: 1) AHTg and AHTggng are cal-
culated from the observational WHOI OA evaporation and sensible heat flux data over
the ocean domain only and are compared to analogous model calculations over the ocean
domain as was done to calculate model biases in OHT g and OHTsgns (green lines in
Fig. 4A,B); 2) AHTrap, armos is calculated from the CERES EBAF TOA and surface
data over the global domain and is compared to the analogous global domain calcula-
tion in models (orange lines in Fig. 4A,B) and; 3) the contribution of turbulent energy
fluxes over land to the combined AHT g and AHT ggns is estimated from the CERES
EBAF net surface radiation spatially integrated over land as compared to analogous cal-
culation in the models. This strategy circumvents the lack of reliable observational es-
timates of turbulent energy fluxes over land by directly comparing model and observa-
tional estimates of turbulent energy fluxes over the ocean domain only and inferring the
former from the assumption that surface energy balance over land requires that RADgyrr
is balanced by upward turbulent fluxes from the land to the atmosphere. The latter as-
sumption is very nearly satisfied in all climate models considered here. We note that for
all calculations in Section, only like climate fields (ocean domain turbulent fluxes and
land domain RADgy gr) in observations and models are compared. Additionally, by con-
struction, biases in AHT g and OHTg oppose one another (the green lines in Fig. 4B
and 4D are vertical mirror images of one another) since both are defined from the same
observational and model data over the ocean domain only.

Model biases in AHT g compose the vast majority biases of AHT biases diagnosed
from Eq. 8 (c.f. the green and solid black lines in Fig. 4C) and suggest that the stronger
than observed poleward AHT in models is driven by an enhanced equator-to-pole gra-
dient in evaporation. Model RAD% 1), is more negative in the deep tropics as com-
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pared to models (due to stronger longwave cooling in the models— supplemental Fig. 2C)
which contributes to weaker AHT rap, armos export from the tropics in the models that
generally opposes the low latitude biases in AHTg (orange line in Fig. 4B). Weaker than
observed atmospheric longwave cooling over the Antarctic continent results in more pole-
ward AHT rap armos into the Antarctic continent in observations. Interestingly, short-
wave absorption in the atmosphere is biased low in the models which reduces the demand
for poleward AHT by nearly 0.4 PW in both hemispheres (red line inf Supplemental Fig.
2D) but this model deficit in atmospheric heating of the tropics is nearly compensated

for by weaker than observed longwave cooling of the atmosphere in models such that there
is almost no bias in AHT rap aTmos at the equator-to-pole scale. Turbulent energy fluxes
over the land inferred from net surface radiation have substantial latitudinal structure
which contributes to poleward AHT. However, these physics are fairly consistent in mod-
els and observations and make little contribution to model biases in AHT (purple line

in Fig. 4B).

These calculations demonstrate that the model biases in the partitioning of pole-
ward heat transport between AHT and OHT that were inferred in Section 2 are consis-
tent (in directionality, spatial structure and magnitude) with the model biases in energy
input into the atmosphere and ocean by radiative fluxes and turbulent exchange between
the atmosphere and ocean. Stronger than observed evaporation in the models contributes
to enhanced poleward AHT at the expense of reduced OHT that is nearly hemispher-
ically symmetric whereas radiative biases due to thinner than observed clouds in the ex-
tratropical Southern Ocean results in too weak poleward MHT that is primarily man-
ifested in the surface energy budget and implied OHT bias.

5 Summary and discussion

Coupled climate models are biased toward too little poleward OHT in both hemi-
spheres and too much AHT in the Northern Hemisphere. These model biases are remark-
ably consistent across three generations of coupled model ensembles (CMIP3, CMIP5
and CMIP6). The model biases are also consistent across the observational TOA radi-
ation dataset used to derive MHT and the atmospheric reanalysis used to calculate AHT.
We have demonstrated that the differing methods used here to calculate AHT /OHT par-
titioning in models versus observations give nearly identical results when applied to a
single model where AHT is calculated from high frequency atmospheric data on the model
output grid — akin to the observational calculation of AHT from instantaneous reanal-
ysis data. This result suggest that the comparison between observational and modeled
AHT/OHT partioning is meaningful and is a statement that the methods we use for cal-
culating MHT, AHT, OHT approximately balance the energy budget of the atmosphere
and ocean.

We briefly reflect on the assumptions that we have made in our calculations of AHT
and OHT to highlight places that our calculation may have gone wrong or otherwise dif-
fers from the methodology used elsewhere in the literature. Our calculation of MHT from
satellite derived TOA radiation first removes a global mean energy imbalance via an ad-
ditive adjustment at each latitude which is equivalent to assuming that the global en-
ergy imbalance (or lack of energy conservation) is spatially homogeneous. This choice
is motivated in part because the largest uncertainty in the CERES and ERBE satellite
radiation data is the absolute calibration of shortwave and longwave irradiances which
would be represented by a global additive offset. The calculation of MHT (and OHT)
in models also requires removal of the global mean radiative (and surface heat flux) im-
balance even in the pre-industrial simulations where aphysical (i.e. non energy conserv-
ing) global mean energy imbalances of order 1 W m~2 would be associated with an MHT
of order 0.5 PW through the South Pole via the conventions used in Eq. 1. Removal of
a spatially invariant global mean imbalance from the model MHT and OHT calculation
appears pervasive in the literature dating back to at least (Trenberth & Fasullo, 2010)
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and it is unclear if this method has a formal justification or has been tested extensively

in an ensemble of models. For lack of a better understanding of the spatial structure of

non-conservative processes, the spatially homogenous adjustment seems like a good first
step but this approach deserves more attention regarding the possible impact on derived
MHT and OHT (Wunsch, 2005).

The method used here to calculate MHT, AHT and inferred OHT is inherently zonal
mean and makes no distinction between energy balances separated into ocean basins and
land domains. Two dimensional (lat, lon) based observational estimates (Trenberth &
Caron, 2001) of AHT and OHT adjust the radiation over the land domain to balance
the AHT divergence (assuming no energy storage and land), compute the OHT from the
derived surface fluxes over the ocean only and adjust the OHT to match models in the
high latitude Southern Ocean. Such approaches are motivated by known deficiencies and
or inconsistencies (i.e. lack of energy and water mass conservation) across different ob-
servational datasets. The satisfaction of additional constraints physical constraints comes
at the expense of: 1. more complicated methodologies for calculating MHT /AHT /OHT
that may be difficult to replicate identically (i.e. depend on exactly how the additional
constraints are satisfied) and 2. the additional complication of understanding whether
model biases in, for example MHT, stem from biases in the TOA radiation or, alterna-
tively, the adjustment of the satellite radiation over land needed to satisfy no energy flux
into the land surface. Our approach here is to trust the most observationally constrained
data, apply no adjustments beyond the removal of global means and compare the de-
rived AHT/OHT to that in models. This approach is easily reproducible and we hope
it will provide insights into the processes that control MHT/AHT /OHT including the
inter-model spread and bias.

The method used here to balance the mass budget of the atmospheric reanalysis
differs from that used in the work of Trenberth & Stepaniak (2004) and M. Mayer et al.
(2017). Specifically, we implicitly assume zero net atmospheric mass flux through a given
latitude circle whereas other works adjust the mass flux to balance the polar cap spa-
tial integral of the surface pressure tendency and evaporation minus precipitation. Our
choice stems from defining the energy budget with respect to a fixed mass of atmosphere.
The AHT associated with the surface pressure tendency vanishes on climatological time
scales and has been shown to be aphysical on shorter timescales (Liang et al., 2018). The
AHT associated with the mass flux due to evaporation minus precipitation is primar-
ily compensated for a return flow of mass and energy in the ocean and requires a con-
sistent treatment of the energy fluxes through the atmosphere, surface and ocean (M. Mayer
et al., 2017) that depends on the choice of zero point energy (e.g. the units used for tem-
perature). Physically, a poleward (water) mass flux in the atmosphere is balanced by a
mass flux into the extratropical ocean and subsequent return flow in the ocean. The en-
ergy flux of each of these mass fluxes is the product of mass flux and mean energy of the
fluid and is of order 0.2 PW for each leg. The standard definition of SHF in climate mod-
els does not include the sensible heat of this net (water) mass flux across the air/sea in-
terface and we believe including this term would create an inconsistency between the model
derived and observationally inferred OHT. Our interpretation is supported by the near
equivalence of the AHT calculated in CESM via the "observational" and "model" ap-
proaches where inclusion of a net mass flux in the AHT creates a substantial mismatch
between the two calculations (not shown). We emphasize that all choices made here were
aimed at creating a consistent way to compare observational and model MHT/AHT /OHT
despite the different climate fields that go into each calculation.

Remarkably, if we trust the validity of the OHT inferred from satellite TOA radi-
ation and reanalysis based AHT, we infer a model OHT bias that is in descent agree-
ment with model biases in the energy exchange between the ocean and atmosphere. The
latter bias is due primarily to stronger than observed evaporation in the models. We note
that the community has been reluctant to diagnose observational OHT and it biases from
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the surface energy balance due to uncertainty in the turbulent energy fluxes, yet, our anal-
ysis paints a consistent picture of the model biases in turbulent energy fluxes whether
these are inferred from the residual of TOA radiation and AHT or from bulk formula.

We also note that observational estimates of global mean evaporation and its equator-
to-pole gradient vary substantially (Stephens et al., 2012) with reanalysis products gen-
erally having more evaporation and the bulk formula based estimates such as the WHOI
OA flux (Yu et al., 2004) and SEAFLUX (Curry et al., 2004) having less evaporation.

We chose to use the WHOI OA flux for the analysis in Section 4 because the bulk for-
mula in this product are optimized to match buoy observations — making it the most ob-
servationally constrained estimate of evaporation. Additionally, the global constraint of
evaporation balancing precipitation is nearly satisfied from the combination of the WHOI
OA FLUX evaporation over the ocean (XX W m~2) plus the ERA5 reanalysis land evap-
oration over land (YY W m~2 for a global total evaporation of ZZ W m~2) nearly bal-
ancing the best observational estimate of global mean precipitation (WW W m~2) from
the NOAA GPCP (Adler et al., 2018). The lack of closure of the observed global mean
surface energy budget suggest either observational surface radiation and/or turbulent
energy fluxes are poorly constrained and one hypothesized solution is that both global
mean evaporation and precipitation are substantially underestimated (Stephens et al.,
2012). Our analysis circumvents this debate by removing global mean quantities and sug-
gests that equator-to-pole gradient of surface energy fluxes is consistent with those in-
ferred from TOA radiation and AHT divergence. We caution the reader that if there are
genuine uncertainties and /or structural biases on observational evaporation products then
there is likely also uncertainty in the equator-to-pole gradient of evaporation and the im-
plied OHT/AHT due to evaporation (AHTg) that needs further examination. We hope
that consideration of the meridional structure of surface energy fluxes constrained by TOA
radiation and AHT can be used in conjunction with global mean imbalances to give an
additional degree of freedom for reconciling which terms in the observed surface energy
budget are most uncertain and/or biased.

Our work here has focused on model biases in the vertical zonal and time integral
of atmospheric moist static energy fluxes that comprise AHT without regard for biases
in the underlying atmospheric circulations and associated temperature and humidity struc-
tures of the atmosphere. Donohoe et al. (2020) demonstrated that model biases in pole-
ward AHT primarily result from stronger than observed dry (sensible) heat transport
by transient eddies in the mid-latitudes of both hemisphere (there Fig. 4D) whereas AHT
by stationary eddies in the NH is weaker than observed and moisture (latent heat) trans-
port has negligible biases. Model biases in evaporation are expected to be manifested
as biases in both moist and dry AHT for the following reason: dry AHT is set by the
spatial pattern of condensational heating of the atmosphere which represents the por-
tion of AHTg that is not transported poleward as latent heat (Fajber et al., 2022). Thus,
while spatial patterns of evaporation directly demand poleward moist AHT, the energy
input to the atmosphere via evaporation is handed off to dry AHT where precipitation
forms and the atmosphere is heated condensationally. Therefore, our speculation that
model biases toward too much AHT result from stronger than observed evaporation is
not inconsistent with the AHT biases primarily being sensible heat transport biases.

The analysis here has only diagnosed OHT from the spatial pattern of surface en-
ergy fluxes as opposed to an analysis of the energy transport in different oceanic circu-
lations. An observational /model comparison of OHT by basin and decomposed into gyre
and overturning circulations would help to elucidate if the model biases identified here
are consistent with model biases in the ocean circulation.
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Validation of “observational” vs. “model” partioning
methods comparision in NCAR CESM1

6  Total heat transport (MHT) .
TOA radiation (in both methods)

al Atmospheric heat transport (AHT)
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Figure 1. Comparison of the MHT/AHT/OHT partitioning method used for the observa-
tions versus that used for the models in an NCAR CESM1 simulation in which the atmospheric
fields used to calculate AHT were exported akin to the atmospheric reanalysis. MHT (black) is
calculated from the TOA radiation integrated over the polar cap in both methods. AHT (red)

is calculated from the time averaged vertical and zonal integral of the product of atmospheric
MSE and meridional velocity in the observational approach (solid) and from the spatial integral
over the polar cap of TOa radiation minus the surface flux in the model approach (dashed). OHT
(blue) is calculated from the residual of MHT and AHT in the observational methodology (solid)

and from the spatial integral over the polar cap of the surface heat flux in the model methodol-
ogy (dashed).
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Model biases in meridional heat transport partitioning across CMIP generations
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Figure 2. Comparison of meridional heat transport partioning in the atmosphere and ocean
between observations and models. The left panels show the total (atmosphere plus ocean) merid-
ional heat transport (MHT) in models (dashed lines with ensemble mean shown by the thicker
dashed line) and observations (solid) line. The right panels show the atmospheric heat transport
(AHT) in red and ocean heat transport (OHT) in blue. The top panel shows CMIP3 models.

The middle panel shows CMIP5 models. The bottom panel shows CMIP6 models.
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Observational AHT/OHT partitioning in different radiation and reanalysis datasets
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Figure 3. Six different observational estimates of meridional heat transport (black solid) par-
titioned into atmospheric (AHT, red) and oceanic (OHT, blue) contributions. The model mean
from CMIP3, CMIP5 and CMIP6
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Figure 4. Model and observational estimates of the energy input into the atmopshere and
ocean and the implied AHT and OHT biases resulting from each input. (A) Global anomaly
energy input into the atmosphere in models (dashed) and observations (solid). See text for defini-
tion of terms. (B) Implied AHT bias (observations minus models) due to each energy input. The
solid black line shows the sum of all terms and the dashed black line shows the bias inferred from
CERES and ERA5 data. (C) As in A but for the energy input to the ocean. (D) As in B but for
the implied OHT bias.
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Figure S1. Comparison between evaporation over the ocean in models (ensemble mean) and

observations (WHOI OA flux). All values show the annual mean average over the ocean domain

and are expressed as latent heat fluxes in W m 2.

Appendix A Open Research

AGU requires an Availability Statement for the underlying data needed to under-
stand, evaluate, and build upon the reported research at the time of peer review and pub-
lication.

Authors should include an Availability Statement for the software that has a sig-
nificant impact on the research. Details and templates are in the Availability Statement
section of the Data and Software for Authors Guidance: https://www.agu.org/Publish
-with-AGU/Publish/Author-Resources/Data-and-Software-for-Authors#availability

It is important to cite individual datasets in this section and, and they must be in-
cluded in your bibliography. Please use the type field in your bibtex file to specify the
type of data cited. Some options include Dataset, Software, Collection, Computation-
alNotebook. Ex:
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