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Abstract

In this study, we investigate the representation of the global mean energy balance compo-
nents in 10 atmospheric reanalyses, and compare their magnitudes with recent reference
estimates as well as the ones simulated by the latest generation of climate models from the
6th phase of the coupled model intercomparison project (CMIP6). Despite the assimila-
tion of comprehensive observational data in reanalyses, the spread amongst the magnitudes
of their global energy balance components generally remains substantial, up to more than
20 Wm™2 in some quantities, and their consistency is typically not higher than amongst
the much less observationally constrained CMIP6 models. Relative spreads are particularly
large in the reanalysis global mean latent heat fluxes (exceeding 20%) and associated inten-
sity of the global water cycle, as well as in the energy imbalances at the top-of-atmosphere
and surface. A comparison of reanalysis runs in full assimilation mode with correspond-
ing runs constrained only by sea surface temperatures reveals marginal differences in their
global mean energy balance components. This indicates that discrepancies in the global
energy balance components caused by the different model formulations amongst the rea-
nalyses are hardly alleviated by the imposed observational constraints from the assimilation
process. Similar to climate models, reanalyses overestimate the global mean surface down-
ward shortwave radiation and underestimate the surface downward longwave radiation by
3-7 Wm~2. While reanalyses are of tremendous value as references for many atmospheric
parameters, they currently may not be suited to serve as references for the magnitudes of
the global mean energy balance components.
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Article Highlights

e The global mean energy balance components of 10 different reanalyses are compared
to reference estimates and state-of-the-art climate models from CMIP6

e The spread in the global energy balance components amongst the reanalyses is substan-
tial (exceeding 20 Wm™ in some quantities) and typically not smaller than amongst the
CMIP6 models

e The spread amongst the reanalyses is particularly large in global mean latent heat fluxes
and associated intensity of the global water cycle, as well as in the representation of the
Earth energy imbalance (EEI)

e Compared to reference estimates, the reanalyses tend to overestimate the global mean
surface downward shortwave radiation, which is compensated by an underestimation of
the surface downward longwave radiation

1 Introduction

The Earth’s energy balance fundamentally determines the climatic conditions on our
planet. While the energy balance at the top-of-atmosphere (TOA), consisting of the short-
wave and longwave radiation fluxes in an out of the climate system, determines the overall
heat uptake in the climate system, the energy balance at the surface governs the thermal
changes in our environments and defines the radiative energy that drives the evaporative
flux and with it the global water cycle (e.g., Kiehl and Trenberth 1997; Wild et al. 1998,
2013; Hatzianastassiou et al. 2004; Trenberth et al. 2009; Bosilovich et al. 2011; Stephens
et al. 2012; Allan et al. 2014; L’Ecuyer et al. 2015; Hakuba et al. 2019; Wang et al. 2022).
An accurate knowledge of the magnitude of these energy fluxes is therefore essential for an
adequate quantification of the state of climate and climate change.

Atmospheric reanalyses are widely used as references for various climate parameters, as
they assimilate comprehensive amounts of in situ and space-based weather observations from
the Global Observing System (GOS) into a numerical model, which enables an observationally
constrained representation of the three-dimensional atmospheric structure (e.g., Bosilovich et al.
2013). Reanalyses are thus much more constrained by observations than “free-running” climate
models. While reanalyses provide well-accepted and widely used reference estimates for quanti-
ties like geopotential heights, sea level pressure or upper air temperature and humidity fields,
their ability to adequately represent the global energy balance components is less comprehen-
sively assessed. The representation of different global mean energy balance components in ear-
lier and individual reanalyses have been evaluated by Allan et al. (2004) in the ERA-40 reanaly-
sis, by Trenberth et al. (2009) in ERA-40 and early versions of the NCEP and JRA reanalyses, by
Berrisford et al. (2011) in the ERA-Interim reanalysis, by Bosilovich et al. (2011) and (Roberts
et al. 2012) in the MERRA reanalysis, and by Bosilovich et al. (2015) and (Stamatis et al. 2022)
in the MERRA-2 reanalysis. Net surface energy fluxes using TOA radiation measurements com-
bined with atmospheric energy transports and tendencies from reanalyses have been investigated
by Trenberth and Solomon (1994) and Liu et al. (2017).

In the present study, we will focus in the following on the global energy balance as rep-
resented in 10 different reanalyses. We will cover all radiative energy balance components
under both all-sky and clear-sky conditions, as well as the non-radiative surface energy
balance components of sensible and latent heat. We will focus on the consistency in the
magnitudes of these various energy balance components across the different reanalyses,
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and compare them to independent reference estimates as well as to the respective quanti-
ties in state-of-the-art climate models participating in the 6th phase of the Coupled Model
Intercomparison Project (CMIP6) as analyzed in Wild (2020).

2 Data

Data from 10 different reanalysis products are used in this study (Table 1). These include
the reanalyses MERRA-2 (Gelaro et al. 2017), MERRA-2 AMIP (Collow et al. 2017)
ERAS (Hersbach et al. 2020), JRA-55 (Kobayashi et al. 2015), NCEP-R2 (Kanamitsu et al.
2002), 20CRv3 (Slivinski et al. 2019), ERA20C (Poli et al. 2016), ERA20CM (Hersbach
et al. 2015), MERRA (Rienecker et al. 2011) and JRA-3Q (Kosaka et al. 2024). While
MERRA, MERRA-2, ERAS, JRA-55, JRA-3Q and NCEP-R2 consider full data assimi-
lation (i.e., as many observing platforms as the systems can assimilate including radi-
ance assimilation), ERA20C and 20CRv3 only assimilate surface observations, whereas
MERRA-2 AMIP as well as ERA20CM do not include any data assimilation except the
evolution of sea surface temperatures and sea-ice extent, which is prescribed according
to observations in all reanalysis products considered here. MERRA-2 AMIP as well as
ERA20CM use identical physical models as their counterparts MERRA-2 and ERA20C,
respectively. The only reanalysis that forces global mass conservation in the presence of
water and/or dry mass assimilation is MERRA-2. Regionally, the water vapor and mass
increments have significant magnitudes in the respective budgets (Takacs et al. 2016).

The values presented in this study are long-term global annual averages over the period
2001-2010, which is covered by all 10 reanalyses considered here. They are thus represent-
ative for the first decade of the twenty-first century. NCEP-R2 did not provide any clear-sky
fluxes. While all other reanalyses provided net clear-sky shortwave and longwave radiation
at the surface, none of them explicitly stored the related clear-sky downward components,
which can be directly compared to surface observations. The clear-sky downward short-
wave and longwave components were therefore inferred from the available quantities by
combining the clear-sky surface net shortwave radiation with the surface albedo, and the
clear-sky surface net longwave radiation with the upward longwave radiation, respectively.

With respect to reference estimates, we refer to published satellite-derived data from
CERES-EBAF for the TOA and surface radiative components under all-sky and clear-sky
conditions (Loeb et al. 2018; Kato et al. 2018), plus to independent estimates derived by
Wild et al. (2015) and L’Ecuyer et al. (2015) for the all-sky radiative and non-radiative
surface energy balance components, as well as to the clear-sky surface and atmospheric
radiative estimates derived by Wild et al. (2019). Generally, global reference estimates of
the TOA fluxes are afflicted with smaller uncertainties than their atmospheric and surface
counterparts, since they can be directly measured from space, whereas the surface and
atmospheric estimates must rely to some degree on modeling in addition to the available
direct observations. Thus, the various surface and atmospheric energy balance estimates
published over the years differed substantially. Their consistency has however improved in
recent years, yet still not reaching the level of accuracy of the TOA estimates (Wild 2017).

In addition, the results of Wild (2020) covering the representation of the global mean energy
balance components in up to 40 CMIP6 climate models are used for comparison. These stem
from “historical-all-forcings” experiments and represent the global energy balance components
as simulated in the CMIP6 models at the beginning of the twenty-first century.
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3 Results
3.1 Shortwave Components

Table 1 presents global annual means of various TOA, atmospheric and surface energy
balance components as estimated by the 10 reanalyses for the period 2001-2010, as well
as recent reference estimates. As can be inferred from the first data row of Table 1, the rea-
nalyses MERRA-2, M2AMIP, ERAS, ERA20C and ERA20CM consider the solar constant
as 1361 Wm™2. (The solar constant refers to the measured incoming shortwave radiation
at the TOA per m~2 perpendicular to the incoming beam, which is four times higher than
the same quantity per square meter on the Earth’s sphere given in Table 1.) The value of
1361 Wm™?2 is in line with the current best estimate of the solar constant based on the Solar
Radiation and Climate Experiment (SORCE, Kopp and Lean 2011). However, the earlier
reanalyses considered in this study (MERRA, JRA-55 and NCEP-R2) used an older and
slightly higher estimate for the solar constant of 1365 Wm™2 considered as best estimate at
the time of their production. The recent JRA-3Q reanalysis also still uses the older estimate
of 1365 Wm™.

Figure 1 illustrates the global annual mean net shortwave radiation at the TOA (i.e., the
total absorption of solar radiation in the climate system, upper panel), within the atmos-
phere (middle panel) and at the Earth’s surface (lower panel) as represented in 10 reanaly-
ses (red bars). Figure 1 and all subsequent bar-chart figures further include the mean over
all 10 (9 for clear-sky) reanalyses (pink bars), the CMIP6 multi-model mean as given in
Wild (2020) (green bars), observational references (black bars, taken from CERES-EBAF
(Loeb et al. 2018) for the TOA fluxes and from Wild et al. (2015, 2019) for the surface,
atmospheric and clear-sky fluxes, as well as a mean over the most recent reanalyses (blue
bars). The latter consists of the most recent reanalyses provided by each institution per-
forming reanalyses, namely the four reanalyses MERRA-2, ERA5, NCEP-R2 and JRA-
3Q. This gives an indication how the contemporary generation of reanalyses represents to
global mean energy balance components in comparison with previous generations and ref-
erence estimates.

Table 2 provides a summary of the related statistics in terms of all-reanalyses means,
standard deviations and spreads (as defined here by the difference between the largest and
smallest values). For comparison, Table 2 also contains the same statistics for the set of
more than 30 CMIP6 climate models, which have been taken from Wild (2020), as well as
the means over the 4 most recent reanalyses mentioned above (MERRA-2, ERAS, NCEP-
R2 and JRA-3Q). Generally, the means over the recent 4 reanalyses are very similar to the
means over all 10 reanalyses considered here, and within 2 Wm~2 for most of the compo-
nents (Table 2).

The spread amongst the 10 different reanalyses in their global mean TOA, atmos-
pheric and surface shortwave absorption estimates is fairly similar, between 7.5 Wm™>
(atmospheric absorption) and 10.2 Wm~? (TOA absorption). Interestingly, the standard
deviations of the reanalysis estimates for these components are not smaller than the cor-
responding ones of the CMIP6 models, or even slightly larger in case of the TOA and
atmospheric absorption (Table 2). This applies also for various other energy balance
components listed in Table 2 in terms of their climatological global means. Specifically,
in 20 out of the 36 variables in Table 2 the standard deviation amongst the reanalysis
estimates is larger than the comparable CMIP6 estimates. This suggests that the rep-
resentation of the global energy balance components is generally not more consistent

@ Springer



Surveys in Geophysics

Total shortwave absorption (Top of Atmosphere) all-sky
245

243 o4 242 241 242

240 240 240 240 240
236 237

240
234

210

Y s g B g ¢ 5 £ S § : £ 8
£ s 7 o« g & 2 & & s 5
S i & i} w o = 2
& S 0O § i < s S = c 9
w = zZ w o [
= w o
” Atmospheric shortwave absorption all-sky
79 7 80
% 7 e 77 78 77 8 % 7 76
72 72 73
70
£
60
50

ERA5
JRA-55

£
&

Surface shortwave absorption all-sky

MERRA-2
M2AMIP
NCEPR2
ERA20C
ERA20CM
MERRA
JRA3Q
Mean
Recent
CMIP6

Reference

169

o o ['e} wn o [} c e © o
& = < © « > 53 = 8 s s 2
T = o < o o o < g 3 E S
o w o w (6] w o & 3 2
w S 92 K 0§ s ° 2

=z w o 3]
= w o

Fig.1 Global annual mean shortwave all-sky radiation budgets representative for the period 2001-2010 as
simulated by 10 different reanalyses (red bars), plus the mean over all 10 reanalyses (pink bar), the mean
over the 4 most recent reanalyses (blue bar), the CMIP6 multi-model mean (green bar) and a reference
estimate (black bar): shortwave radiation absorbed in the total climate system (TOA, upper panel), within
the atmosphere (middle panel) and at the surface (lower panel). TOA reference estimates from the CERES-
EBAF dataset (Loeb et al. 2018; Kato et al. 2018), atmospheric and surface reference estimates from Wild
et al. (2015). Numbers above bars rounded to integers in Wm™>
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amongst the reanalyses than amongst the climate models. This might be somewhat sur-
prising, given the fact that the atmospheric structure in the reanalyses is strongly con-
strained by the assimilated observations (except for the AMIP-type reanalysis runs of
ERA20CM and MERRA-2 AMIP), in contrast to the “free-running” CMIP6 models,
where not even the SSTs are observationally constrained but instead calculated by the
coupled atmosphere—ocean ensemble modeling systems. Note, however, that climate
models are typically tuned to match some of the observational reference quantities on
a global mean level (Hourdin et al. 2017). This is particularly the case for their global
mean TOA fluxes, which are usually tuned to match the satellite-based reference values
from CERES-EBAF (Loeb et al. 2018). Reanalyses may also be tuned, however, while
climate models can be integrated and reintegrated until the tuning converges on climate
time scales, reanalysis systems in data assimilation mode can only be tuned for brief
periods because of the computational demand. This may result in a less effective tun-
ing, and may partly explain the similar or higher standard deviations of the reanalysis
global mean energy balance components compared to the CMIP6 models. Also, chang-
ing observing systems can introduce spurious changes over time in reanalyses, which is
not the case in free-running climate models.

In Table 2, one can further also see that the total spreads in the majority of the variables
are still larger amongst the CMIP6 models than amongst the reanalyses, but this can be
expected due to the many more CMIP6 models (33-40) than reanalyses (9-10) considered
in this analysis.

The spread and standard deviation amongst the different reanalyses with respect to their
global mean clear-sky net shortwave radiation at the TOA (i.e., the total solar absorption
in the climate system under cloud-free conditions) are lower than their all-sky equiva-
lents (Table 2, Fig. 2 upper panel). However, within the atmosphere and at the surface, the
spreads and standard deviations of their clear-sky shortwave absorption are almost as large
as the ones of their all-sky counterparts (Table 2, Fig. 2 middle and lower panels). This
suggests that uncertainties in the partitioning of the shortwave absorption between atmos-
phere and surface cause similar discrepancies under clear-sky and all-sky conditions. The
standard deviations in the shortwave clear-sky budgets of the reanalyses are also similar to
the CMIP6 climate models (Table 2). The slightly larger standard deviation in the atmos-
pheric clear-sky absorption in the reanalyses compared to the climate models might again
be somewhat surprising, given the fact that the humidity, an essential absorber of short-
wave radiation in the cloud-free atmosphere, is observationally constrained in the reanaly-
ses, in contrast to the climate models. This may suggest that differences in the formulation
of the radiation codes used in the reanalyses and climate models could be more relevant for
the discrepancies in the radiative fluxes than differences in the physical atmospheric struc-
ture entering the radiation codes. Discrepancies could further also be enhanced by different
treatments of absorbing aerosols or ozone in the reanalyses and climate models, as well as
potential differences in the observational humidity inputs in the various reanalyses.

For the 9 reanalyses which provide both all-sky and clear-sky budgets, the global mean
cloud radiative effect (CRE) can be diagnosed at the TOA, within the atmosphere and
at the surface, as the difference between the global mean all-sky and clear-sky estimates
(Tables 1, 2). The standard deviations of the global mean shortwave CREs amongst the
reanalyses are again similar to the CMIP6 models (slightly larger at the TOA and in the
atmosphere, while slightly smaller at the surface, Table 2).

With respect to the agreement with independent reference values, both the all-reanaly-
ses means and the recent-reanalyses means are close to the reference estimates for most of
their shortwave components, i.e., within 2 Wm™2 (Table 2).
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At the TOA, the absorbed all-sky solar radiation averaged over all 10 reanalyses
is in close agreement with the reference estimates from CERES-EBAF (Loeb et al.
2018), although favored by a small compensation between a slight overestimation of
TOA clear-sky absorption and a slight overestimation of the reflectivity in cloudy con-
ditions (i.e., a slightly too strong SW CRE (Table 2)). This applies even more so for
the 4 recent-reanalyses mean (Table 2). As noted in Bosilovich et al. (2015), a low
bias in the TOA all-sky shortwave absorption is evident in MERRA-2, on the order of
6 Wm™2, whereas the recent JRA-3Q shows a high bias of similar magnitude in this
quantity (Table 1, Fig. 1).

As already mentioned in Sect. 2, reference values for the shortwave absorption in
the atmosphere and at the surface are less well established, since these quantities can-
not be directly measured from satellites. Compared to our best estimate of 80 Wm™2 for
the all-sky shortwave atmospheric absorption (Wild et al. 2015), the all- and recent-
reanalyses means are, at 75.9 and 76.1 Wm~2 somewhat low, but still within the range
of the observational references (Table 2). However, the entire MERRA reanalysis fam-
ily (MERRA, MERRA-2 and MERRA-2 AMIP) tends to calculate a too transparent
atmosphere for solar radiation under all-sky conditions compared to all reference esti-
mates (Table 1). The spread in all-sky atmospheric absorption remains substantial also
amongst the most recent reanalyses, ranging from 71.5 Wm™> in MERRA-2 to 79.0
Wm™ in ERAS5 (Table 1).

Under cloud-free conditions, the atmospheric shortwave absorption in the all- and
recent-reanalyses means nearly match the reference values of 73 Wm~2 (Table 2). Note
also that the two reference estimates for this quantity in Table 2 (Kato et al. 2018; Wild
et al. 2019) perfectly agree, despite their entirely different and independent deriva-
tions. With respect to the individual reanalyses, the MERRA family also systemati-
cally underestimates the global mean clear-sky shortwave atmospheric absorption, by
3 Wm™2, whereas ERA5 overestimates this quantity by a similar amount.

When comparing the shortwave fluxes at the surface to the reference estimates, the
all-reanalyses mean tends to overestimate the all-sky downward shortwave compo-
nents, on the order of 3 Wm™2, which is reinforced by the strong overestimation of the
20CRv3 and the older MERRA reanalyses, on the order of 7 Wm~?2 (Tables 1, 2, Fig. 3
upper panel). This overestimation is partly caused by an overestimation of this quantity
under cloud-free conditions (Table 1), and an underestimated all-sky absorption in the
atmosphere (Fig. 1 middle panel) in some of the models. This applies again particu-
larly to the MERRA family, which shows excessive global mean downward clear-sky
shortwave fluxes (Table 1), in line with the overly low atmospheric clear-sky shortwave
absorption mentioned above, as well as a somewhat high TOA clear-sky shortwave
absorption (Fig. 2 upper and middle panels). In the case of MERRA-2 under all-sky
conditions, the excessive clear-sky insolation is partly compensated by an excessive
shortwave reflectance in cloudy areas (i.e., a too strong shortwave CRE, Table 1) as
mentioned above. The excessive surface insolation due to an overly transparent atmos-
phere has been a long-standing issue over the history of climate model development
(Wild et al. 1995; Wild 2008). It has been partly attributed to the lack of water vapor
absorption in the atmosphere due to deficiencies in the related spectroscopic absorp-
tion coefficients and in the formulations of the near-infrared water vapor continuum
used in the radiation codes (Morcrette 2002; Paynter and Ramaswamy 2012, 2014;
Pincus et al. 2015; Radel et al. 2015). Deficiencies in shortwave atmospheric absorp-
tion have also been noted in the CMIP5 models in DeAngelis et al. (2015), which have
been alleviated in the some of the CMIP6 models (Pendergrass 2020; Wild 2020).
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Fig.2 as Fig. 1, but for clear-sky shortwave budgets of 9 different reanalyses. TOA reference estimates
from the CERES-EBAF dataset (Loeb et al. 2018), atmospheric and surface reference estimates from Wild

et al. (2019)

Generally, compared to the CMIP6 multi-model means, the shortwave components
in the all- and recent-reanalyses means are not closer to the reference estimates neither
under all-sky nor under clear-sky conditions.
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3.2 Longwave Components

Figures 4 and 5 illustrate the global annual means of the net longwave radiation at the sur-
face (lower panel), within the atmosphere (middle panel) and at the TOA (outgoing long-
wave radiation, OLR, upper panel), under all-sky and clear-sky conditions, respectively,
as given by the different individual reanalyses, their all- and recent-reanalyses means, the
CMIP6 multi-model means and the reference estimates. As in the shortwave, several of the
longwave components including the longwave CREs determined by the reanalyses show
similar or larger standard deviations and spreads than the ones simulated by the CMIP6
models (Table 2). This applies for example to the global mean all-sky OLR, with a spread
amongst the reanalyses of as much as 24.2 Wm™2, corresponding to 10% of the absolute
magnitudes, and a standard deviation of 6.6 Wm™2. This is partly due to the exceptionally
low all-sky OLR in the 20CRv3 reanalysis (Fig. 4). Also in the TOA longwave CRE, the
spread and standard deviation is substantial, at 18.7 and 5.9 Wm™2, respectively, reinforced
by the particularly low and high TOA longwave CRE in JRA-55 and 20CRv3, respectively.
This causes the reanalysis spread to be considerably larger than amongst the many more
CMIP6 models (Table 2). This similarly applies to the longwave CRE in the atmosphere,
which shows, at 21.6 Wm™2, a much larger spread amongst the 9 reanalyses than amongst
the 33 CMIP6 models with a spread of 9.8 Wm™2.

The longwave clear-sky components, on the other hand, show generally a higher con-
sistency in the reanalyses compared to the CMIP6 models. This is likely due to the obser-
vationally constrained temperature and water vapor profiles in the former, which are par-
ticularly relevant for the determination of the longwave clear-sky fluxes.

With respect to the longwave reference estimates, at the TOA, both all- and recent-rea-
nalyses means slightly overestimate and underestimate the global mean OLR under all-
sky and clear-sky conditions, respectively, compared to the CERES-EBAF estimates. This
leads to a too weak global mean TOA longwave CRE (Table 2) in the all- and recent-
reanalyses means, on the order of 4 and 6 Wm™2, respectively. As mentioned above, the
spread amongst the individual reanalyses in this quantity is, however, substantial.

At the surface, a noteworthy feature is the somewhat low global mean downward long-
wave radiation in the all- and recent-reanalyses means compared to the reference estimates.
Specifically, compared to our best estimate (Wild et al 2013, 2015), the all-reanalyses mean
is low by 4 Wm™2, while by 3 Wm™2 for the recent-reanalysis mean (Table 2, Fig. 3 lower
panel). Also, all individual reanalyses shown in Fig. 3 (lower panel) calculate a global
mean downward longwave radiation that is up to 5 Wm™2 lower than the lowest reference
estimate, or at best equal to the lowest reference estimate (NCEP-R2 and 20CRv3 at 341
Wm™2). In some of the reanalyses, the underestimation is also evident under clear-sky con-
ditions (Table 2). The underestimation of the downward longwave radiation, similarly as
the overestimation of the downward shortwave radiation discussed in the previous section,
is a long-standing issue in numerical models of weather and climate (Wild et al. 1995,
2001). This underestimation has been partly related to uncertainties in the formulation of
the longwave water vapor continuum (Iacono et al. 2000; Paynter and Ramaswamy 2011;
Wild et al. 2001). Over generations of weather and climate models, the underestimation of
the downward longwave radiation has compensated for the overestimation of the downward
shortwave radiation, leading to a superficially correct surface net radiation in the global
mean due to error compensation (Wild et al. 1995, 2013; Wild 2008). The situation has
gradually improved over time (Wild 2020), but seems to remain an issue in some of the
reanalyses.
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Fig.3 Global annual mean all-sky downward shortwave (upper panel) and longwave (lower panel) radia-
tion at Earth’s surface representative for the period 2001-2010 as simulated by 10 different reanalyses (red
bars), plus the mean over all 10 reanalyses (pink bar), the mean over the 4 most recent reanalyses (blue bar),
the CMIP6 multi-model mean (green bar) and a reference estimate (black bar). Reference estimates from
Wild et al. (2015). Numbers above bars rounded to integers. Units Wm™?

3.3 Surface Net Radiation and Non-radiative Fluxes

Figure 6 displays the global mean surface net radiation (upper panel) as well as the non-
radiative fluxes of surface latent and sensible heat (middle and lower panel, respectively)
of the 10 reanalyses. In both all- and recent-reanalyses means, the global mean surface
net radiation (also known as surface radiation balance) perfectly matches our best esti-
mate of 104 Wm™2 (Wild et al. 2015) (Table 2). However, as noted above in Sects. 3.1 and
3.2, this overall good agreement is partly caused by an excessive downward solar radia-
tion, which is compensated by a too weak downward longwave radiation. Thereby, also
the individual reanalyses calculate magnitudes of global mean surface net radiation which
are mostly within a few Wm 2 of our estimate. The largest compensation between overes-
timated downward shortwave and underestimated downward longwave radiation is found
in the older MERRA reanalysis, with counteracting biases on the order of 8 Wm™2. The
same tendency, albeit with smaller biases is also found in JRA-55, JRA-3Q, M2AMIP,
ERA20CM and ERAS5, while NCEP2 shows hardly any biases in this respect. On the other
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Fig.4 Global annual mean longwave all-sky radiation budgets representative for the period 2001-2010 as
simulated by 10 different reanalyses (red bars), plus the mean over all 10 reanalyses (pink bar), the mean
over the 4 most recent reanalyses (blue bar), the CMIP6 multi-model mean (green bar) and a reference
estimate (black bar): longwave radiation emitted to space (upper panel), net longwave radiation within the
atmosphere (middle panel) and at the surface (lower panel). TOA reference estimates from the CERES-
EBAF dataset (Loeb et al. 2018), atmospheric and surface reference estimates from Wild et al. (2015).
Numbers above bars rounded to integers. Units Wm™>
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hand, the somewhat low surface net radiation in MERRA-2 (101 Wm™) is primarily a
consequence of a too low downward longwave radiation (336 Wm™2). At the other end of
the spectrum, the somewhat high surface net radiation of 108 Wm™2 in 20CRv3 is primar-
ily induced by a too high downward solar radiation (193 Wm~2), while the downward long-
wave radiation is, at 341 Wm™2, in line with the reference estimates.
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Despite the reasonably similar global mean surface net radiation and thus radia-
tive energy available for evaporation at the surface in the 10 reanalyses, the global mean
latent heat fluxes largely vary across the different reanalyses, in a range of as much as 18
Wm~2 (Fig. 6 middle panel). This spread is not smaller than the spread in the CMIP6 mod-
els, despite the much larger number of CMIP6 models than reanalyses considered here
(Table 2). As a consequence, also the representation of the global water cycle largely dif-
fers in the various reanalyses. Since the latent heat flux varies across the reanalyses by
21%, this implies that the global mean precipitation in the different reanalyses also var-
ies by a similar amount (i.e., by more than 20%). A similarly large spread in global mean
precipitation in earlier generation reanalyses can be inferred from Table 1 of Bosilovich
et al. (2008). Still, it is noteworthy that several of the recent reanalyses show global mean
latent heat flux values near 85 Wm™2, in reasonable agreement with the reference estimates
(Fig. 6 middle panel, Table 1).

The much larger spread and standard deviation in the latent heat flux than in the surface
net radiation also indicates that the Bowen ratio (ratio between sensible and latent heat
flux) varies considerably across the different reanalyses. Accordingly, also the global mean
sensible heat flux in the different reanalyses shows a substantial spread, of 13.3 Wm™2, cor-
responding to 75% of its absolute value (Table 2, Fig. 6 lower panel). This is largely caused
by the very low sensible heat flux in NCEP2, whereas the other reanalyses tend to cluster
around 19 Wm™2 in their global mean sensible heat fluxes. Due to the lack of widespread
long-term direct observations of sensible heat fluxes and the considerable uncertainties in
estimates from bulk parameterizations (Yu 2019), this quantity is poorly constrained and
the available global mean reference estimates differ considerably (Trenberth et al. 2009;
Berrisford et al. 2011; Wild et al. 2015). A detailed assessment of the turbulent surface
fluxes in MERRA can be found in Roberts et al. (2012).

3.4 TOA and Surface Imbalance

To keep the Earth’s climate system in equilibrium, the shortwave radiation absorbed by the
climate system should match the outgoing longwave radiation at the TOA, i.e., the radia-
tion balance at the TOA should be zero. However, due to anthropogenic climate change, a
positive imbalance (nonzero TOA radiation balance) is expected to occur, which causes an
accumulation of energy in the climate system (e.g., von Schuckmann et al. 2016; Hakuba
et al. 2019; Hakuba et al. 2021; von Schuckmann et al. 2023). This imbalance (also known
as Earth Energy Imbalance EEI) is estimated to be +0.8 Wm™2 over the period 2006-2018,
primarily inferred from measurements of the energy accumulation in the global oceans
(Forster et al. 2021). However, in contrast to coupled atmosphere—ocean GCMs, in reanaly-
ses the energy accumulation is not only governed by the TOA imbalance, but also influ-
enced by the prescribed SSTs and the assimilated observational data, which can induce
additional energy sources. Still, the examination of the imbalance in reanalyses is relevant,
considering that they aim at reproducing the physical structure of the atmosphere as real-
istic as possible, and as such may also be thought to have a potential to realistically cap-
ture the imbalance. However, in both all- and recent-reanalyses means the imbalance at the
TOA is, at— 1.5 and — 3.9 Wm™2, respectively, of opposite sign compared to any published
TOA imbalance reference estimate (Table 2). This suggests that current reanalyses may
not be able to serve as alternative pathways to better constrain the magnitude of the TOA
imbalance, despite their incorporation of comprehensive observational data. With respect
to the individual reanalyses, only ERA5 and ERA20CM simulate TOA imbalances, at 0.7
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Fig.6 Global annual mean surface net radiation (upper panel), latent heat fluxes (middle panel) and sensi-
ble heat fluxes (lower panel) representative for present-day climate as calculated by 10 different reanalyses
(red bars), plus the mean over all 10 reanalyses (pink bar), the mean over the 4 most recent reanalyses (blue
bar), the CMIP6 multi-model mean (green bar) and a reference estimate (black bar) from Wild et al. (2015).
Numbers above bars rounded to integers. Units Wm™>

and 0.4 Wm™2, respectively, which are compatible with reference estimates and associ-
ated uncertainty ranges (Fig. 7 upper panel, Table 1, see also discussion in Hersbach et al.
(2020), Sect. 6.1).
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Also, the temporal change of the TOA imbalance is not adequately represented in
the reanalyses (Fig. 8). While the annual imbalance in the CERES satellite data shows
a dramatic increase over the first two decades of the twenty-first century as pointed
out by Loeb et al. (2021) (thick black line in Fig. 8), only the JRA-3Q shows a slight
increase, yet of an order of magnitude smaller than the CERES reference trend. All
other reanalyses which cover the first two decades of the twenty-first century show
a negative trend (linear trend magnitudes given in Fig. 8) and thus fail to capture the
increasing energy imbalance in the climate system. The lack of a significant positive
global mean trend in the ERAS reanalysis and a related AMIP version is also docu-
mented in Table 1 of Loeb et al. (2022). Further with respect to ERAS, the lack of
increase has been related to the TOA shortwave reflectance, which does not show the
substantial decrease seen in CERES-EBAF, possibly related to the deficient represen-
tation of the decline in aerosol (Hodnebrog et al. 2024; Liu et al. 2020). Finally, cli-
mate models also underestimate the CERES trend by half (Schmidt et al. 2023), and
seemingly the data assimilation in reanalysis systems does not appear to overcome this
general modeling deficiency.

The lower panel of Fig. 7 shows the annual mean energy imbalance at the Earth’s
surface of the different reanalyses. This surface imbalance is deduced here from the
difference between the surface net radiation and the sum of the surface sensible and
latent heat fluxes. This roughly corresponds to the net energy flux into the oceans,
because the amount of energy going into land surface and the melting of snow and
ice are much smaller in comparison. The surface imbalance is thus quantitatively
closely related to the TOA energy imbalance discussed above, since the energy stor-
age in the atmosphere is small. In contrast to the CMIP6 models, where all 36 models
show a positive surface imbalance as expected with increasing greenhouse-gas forc-
ing (Wild 2020), 4 out of the 10 reanalyses show a negative surface imbalance (Fig. 7
lower panel). Both spread and standard deviation across the 10 reanalyses, at 22.6 and
6.4 Wm™2, respectively, are massively larger (more than an order of magnitude) than
across the 36 CMIP6 models, at 1.2 and 0.3 Wm™2, respectively. There is also limited
correlation in the reanalyses between their TOA and surface imbalances, which points
to the effect of observational assimilation, where the correction of state variables (tem-
perature and water vapor) by observations each day causes subsequent variations in the
energy balance (see also Hersbach et al. 2020).

4 Discussion and Conclusions

In this study, the global mean energy balance components of 10 atmospheric reanalyses,
representative for the period 2001-2010, have been intercompared and related to available
reference estimates. Figure 9 provides an illustrative summary of the magnitudes of the
global mean energy balance components according to the all-reanalyses mean and the cor-
responding values from the CMIP6 multi-model mean as well as the reference estimates
from Kato et al. (2018) and Wild et al. (2015, 2019). Depicted are the values for both for
all-sky and clear-sky conditions (Fig. 9 upper and lower panel, respectively).

The majority of the reanalyses considered in this study incorporate a comprehensive
observational data assimilation (including prescribed observational SSTs), whereas two
reanalysis models are only constrained by observed SSTs. To this end, it is interesting to
compare the energy balance components of MERRA-2 and MERRA-2 AMIP, where the
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Fig.7 Global annual mean energy imbalance at the TOA (upper panel) and at the Earth’s surface (lower
panel) for the period 2001-2010 estimated by 10 different reanalyses (red bars), plus the mean over all 10
reanalyses (pink bar), the mean over the 4 most recent reanalyses (blue bar), the CMIP6 multi-model mean
(green bar) and a reference estimate (black bar). TOA energy imbalance determined as difference between
absorbed shortwave radiation in the climate system (Fig. 1 upper panel) and the longwave emission to space
(Fig. 4 upper panel). Surface imbalance determined as difference between surface net radiation (Fig. 6
upper panel) and the sum of surface sensible and latent heat fluxes (Fig. 6 middle/lower panels). Reference
estimates from Forster et al. (2021). Numbers above bars rounded to integers. Units Wm™>

same model is once run in full assimilation mode (MERRA-2), and once only constrained
by the evolving SSTs (MERRA-2 AMIP). As can be inferred from Table 1 (columns 2 and
3), for most quantities the differences between the two realizations over the identical period
2001-2010 are within 2 Wm™? for their global means. Exceptions are the surface down-
ward shortwave radiation, the surface net radiation and the surface imbalance, where the
differences amount to 2.2, 2.4 and 3.5 Wm™2, respectively. The differences in the surface
downward shortwave and net radiation come primarily from a stronger shortwave cloud
radiative effect in the assimilated realization, which reduces the surface insolation, in better
agreement with the reference estimates. In this case, the assimilation of observational data
seems to have been beneficial, whereas for most other energy balance quantities the impact
of the assimilation has been negligible in the global mean. Differences in the clear-sky
fluxes between the two realizations tend to be particularly small and are typically within
a few tenths of one Wm™2. The surface imbalance in the assimilated realization is even
less realistic and more negative than in the realization constrained by SSTs only. A similar

@ Springer



Surveys in Geophysics

MERRA-2 == M2AMIP == ERA5 =JRA-55 ==NCEPR2 ==20CRv3 ==ERA20C

\}
luu

TTTT

== CERES

bt

LRI

als -
f CERES 0.40 Wm?/decade f
= ERA5  -0.04 Wm?/decade J
2F MERRA2 -0.03 Wm?/decade |
E JRA55 -0.30 Wm%/decade
£ NCEPR2 -0.26 Wm-?/decade J
E JRA3Q 0.03Wm%decade
-3 C 1 L L | L 1 1 L 1 L L L 1 L 1 L ! .|
2000 2005 2010 2015 2020

Fig. 8 Temporal evolution of the global annual mean TOA radiation balance (Earth energy imbalance EEI)
as derived from the CERES-EBAF satellite dataset (Loeb et al. 2018) (black line) and as calculated in
10 different reanalyses (colored lines) over the first two decades of the twenty-first century. Shown are
annual anomalies with respect to the beginning of the twenty-first century. Unit on vertical axis is Wm™2
Linear trend magnitudes are given for CERES and for those 5 reanalyses which cover the entire first two
decades of the twenty-first century

comparison can be made between ERA20C and ERA20CM, where ERA20C assimilates
surface observations in addition to SSTs, whereas ERA20CM is only constrained by SSTs.
Except for the net CRE at the TOA, all quantities in Table 1 differ by less than 2 Wm™>
between ERA20C and ERA20CM.

These comparisons suggest that the assimilation of observations does not substantially
modify the overall representation of the global energy balance in reanalyses. This fits to
the general picture portrayed here, in that the representation of the global energy balance
components in reanalyses, despite the assimilation of observational data, is not obvi-
ously improved compared to the less constrained CMIP6 climate models. This generally
also applies for the most recent reanalyses considered in this study (MERRA-2, ERAS,
NCEP-R2 and JRA-3Q). We also showed that the consistency between the magnitudes of
the global mean energy balance components in the different reanalyses is not necessarily
higher than in the CMIP6 models, despite the additional observational constraints. This
indicates that the magnitude of the global energy balance components in reanalysis sys-
tems, as in climate models, may depend more on the formulation of the specific param-
eterization schemes (i.e., the radiation codes for the radiative components) than on degree
of observational constraints applied to the inputs to these schemes. In this respect, the rea-
nalysis energy balance components are similarly prone to some of the well-known deficien-
cies in climate models. Specifically, we noted the tendency of an overestimated surface
downward shortwave radiation globally, compensated by an underestimated surface down-
ward longwave radiation, a long-standing issue in climate models, to be similarly present
in the reanalyses. This compensational effect between the overestimated downward short-
wave and underestimated downward longwave radiation, however, only works on a global
annual mean basis, and does not apply on regional, seasonal and diurnal scales, thereby
likely inducing biases on any of these scales. This should apply similarly to both reanalyses
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and climate models. Noteworthy is also the substantial spread in the intensity of the global
water cycle between some of the reanalyses, as indicated by their largely diverging global
mean surface latent heat fluxes. Also, current reanalyses cannot provide additional con-
straints on the magnitude of the Earth energy imbalance nor on its temporal evolution,
since their absolute magnitudes as well as the sign of their trends are mostly unrealistic.

This does not put in question in any way the tremendous value of reanalyses for a wide
range of applications. Reanalysis fields, such as geopotential height, upper air tempera-
ture, velocity or humidity fields have been most successfully used over many years as reli-
able references in countless studies. With respect to the different global energy balance
components, however, it is not recommended to rely on currently available reanalyses as
references.
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