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Abstract
Accurate diagnosis of regional atmospheric and surface energy budgets is critical for under-
standing the spatial distribution of heat uptake associated with the Earth’s energy imbal-
ance (EEI). This contribution discusses frameworks and methods for consistent evaluation 
of key quantities of those budgets using observationally constrained data sets. It thereby 
touches upon assumptions made in data products which have implications for these evalu-
ations. We evaluate 2001–2020 average regional total (TE) and dry static energy (DSE) 
budgets using satellite-based and reanalysis data. For the first time, a consistent framework 
is applied to the ensemble of the 5th generation European Reanalysis (ERA5), version 2 
of modern-era retrospective analysis for research and applications (MERRA-2), and the 
Japanese 55-year Reanalysis (JRA55). Uncertainties of the computed budgets are assessed 
through inter-product spread and evaluation of physical constraints. Furthermore, we use 
the TE budget to infer fields of net surface energy flux. Results indicate biases < 1 W/m2 
on the global, < 5 W/m2 on the continental, and ~ 15 W/m2 on the regional scale. Inferred 
net surface energy fluxes exhibit reduced large-scale biases compared to surface flux data 
based on remote sensing and models. We use the DSE budget to infer atmospheric diaba-
tic heating from condensational processes. Comparison to observation-based precipitation 
data indicates larger uncertainties (10–15 Wm−2 globally) in the DSE budget compared to 
the TE budget, which is reflected by increased spread in reanalysis-based fields. Continued 
validation efforts of atmospheric energy budgets are needed to document progress in new 
and upcoming observational products, and to understand their limitations when performing 
EEI research.

Keywords  Energy budget · Earth’s energy imbalance · Surface energy flux · Reanalysis · 
Remote sensing
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Article Highlights

•	 Consistent frameworks to evaluate atmospheric energy budgets from observationally 
constrained data sets are presented

•	 Total and dry static energy budgets are used to infer net surface energy flux and diabatic 
heating from precipitation, respectively

•	 Uncertainties of inferred net surface energy flux are demonstrably lower than those 
based on remote sensing products

1  Introduction

The atmosphere redistributes petawatts of energy globally, with annual mean zonally inte-
grated poleward transports peaking over 4 petawatts in both hemispheres (e.g., Mayer et al. 
2021). It thereby accomplishes a large fraction of planetary heat transport from the tropics 
to the poles (e.g., Trenberth et al. 2019), as required by latitudinal changes in net energy 
input at the top-of-atmosphere (TOA) associated with Earth’s spherical geometry (Peix-
oto and Oort 1992). Furthermore, regional patterns of the divergence of atmospheric total 
energy transports are related to net surface energy fluxes into and out of the ocean: Cli-
matological convergence (divergence) tends to occur over regions of enhanced ocean heat 
uptake (release), such as the equatorial cold tongues (Western Boundary Currents) (Tren-
berth and Stepaniak 2003). In the context of Earth’s energy imbalance (EEI), divergent 
atmospheric energy transports determine how spatial variations and trends of net radiation 
at the TOA are redistributed, and thereby how heat input at the ocean surface is modulated. 
The atmospheric divergence is thus a critical quantity for understanding regional patterns 
of ocean heat uptake. Indeed, decadal changes in atmospheric circulation and/or gradi-
ents lead to pronounced decadal variations in divergent atmospheric energy transport and 
largely determine spatial patterns of decadal trends in net surface energy flux (Loeb et al. 
2022).

As opposed to TOA, where high-quality observations exist, most notably products from 
the Clouds and the Earth’s Radiant Energy System (CERES) program (Loeb et al. 2018), 
there do not exist in situ observations of atmospheric energy transports on a global scale, 
and direct measurements of air–sea fluxes are scarce. Atmospheric energy transports are 
typically diagnosed from reanalyses, which comes with several caveats regarding meth-
ods and data (Trenberth 1991; Mayer et al. 2017; Trenberth and Fasullo 2018; Kato et al. 
2021). In the absence of direct measurements, e.g., through eddy covariance methods 
(which themselves exhibit large uncertainties, see Mauder et al. 2020 for a recent review), 
air–sea fluxes can be estimated using bulk formulae, using meteorological input data based 
on models or remotely sensed data, but such estimates exhibit considerable uncertainties, 
leading to large global imbalances of the obtained fluxes in this way (Yu 2019). An alterna-
tive approach infers net surface energy flux from the atmospheric energy budget, which has 
some advantages compared to the “direct” approach and has been followed in numerous 
studies (e.g., Trenberth and Fasullo 2017; Cheng et al. 2019; Mayer et al. 2022).

The focus of this paper is twofold. We first discuss in detail the practical evaluation of 
atmospheric total and dry static energy budgets from observationally constrained products. 
For this, we begin from a complete formulation of the total atmospheric energy budget, 
derivation of which has been presented elsewhere (e.g., Bannon 2002; Lauritzen et  al. 
2018; Kato et  al 2021; Lauritzen et  al. 2022). We then discuss simplifications typically 
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made in models underlying reanalysis products to provide a framework for practical 
evaluation of atmospheric energy budgets and discuss pragmatic choices made in the 
data products and the diagnostic framework. This includes discussion of technical aspects 
such as mass corrections. The formulation of diagnostic atmospheric energy budgets has 
received some attention in recent years, i.e., because data quality has become sufficient to 
reveal biases in previously employed frameworks (Mayer et al. 2017). In this context, we 
reconcile apparent discrepancies between budget formulations presented in recent works 
(Mayer et  al. 2017; Trenberth and Fasullo 2018; Kato et  al. 2021). The second aim of 
this paper is to provide an overview of uncertainty of the diagnosed quantities and flux 
estimates using state-of-the-art data products. To this end, we rely on (i) inter-comparison 
of data products, (ii) assessment of physical constraints, and (iii) employing the budget to 
infer a quantity which can be compared against an observational product (e.g., comparison 
of diabatic heating from precipitation against an observational precipitation product).

Section 2 provides an overview of employed data products and considerations regarding 
the presented diagnostics. Section 3 discusses atmospheric budgets, including the atmos-
pheric budget and its relevance for energy budget diagnostics (3.1), the total energy budget 
(3.2), and the dry static energy budget (3.3). Section 4 covers the surface energy budget, 
including an assessment of physical constraints of the total energy budget. Conclusions, 
recommendations, and an outlook are provided in Sect. 5.

2 � Data, Study Period, Diagnostics

We employ a vertically integrated framework to diagnose atmospheric budgets. The verti-
cal coordinate is thus eliminated. Energy fluxes discussed in this study are, therefore, radia-
tive flux at the TOA, horizontal transports and storage within the atmosphere, and fluxes at 
the surface.

We use TOA fluxes from the CERES Energy-Balanced and Filled product in Edition 4.2 
(CERES-EBAF-TOA; Loeb et  al. 2018). They are tuned (with a one-time global adjust-
ment) to match the global net TOA flux averaged from July 2005 through June 2015 with 
an observational estimate of the sum of the rate of global ocean heating, ice heating and 
melt, and atmospheric and lithospheric heating averaged over this period.

Transports within the atmosphere (and their divergence) of total energy (precisely: 
moist static plus kinetic) and dry static energy as well as storage rates of total and dry 
static energy are obtained from three atmospheric reanalyses ERA5 (Hersbach et al. 2020), 
MERRA-2 (Gelaro et al. 2017), and JRA55 (Kobayashi et al. 2015). They differ in many 
aspects, including data assimilation system, resolution, boundary conditions, and treatment 
of observations. Please refer to the corresponding references for details. The three products 
are of different vintage, with ERA5 being the most recent of the group, but successors of 
the others are underway or currently being produced (e.g., JRA-3Q; Kosaka et al. 2024). 
The required quantities (winds, pressure, and thermodynamic fields) rely on analyzed state 
quantities from reanalyses, i.e., they are strongly constrained by observations. The evalu-
ation of ERA5 and JRA55 data is performed using data on the model native vertical and 
horizontal grid at maximum available temporal resolution (1-hourly and 6-hourly, respec-
tively) to avoid interpolation errors. The divergence fields are mass-adjusted as described 
in Sect. 3.2.4. Native grid 3D fields at high temporal resolution that are required for the 
presented budget diagnostics were not available from MERRA-2. Yet, the MERRA-2 
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archive provides unadjusted vertically integrated monthly mean divergences, which are 
computed on the native grid at each model time step and temporally accumulated (Global 
Modeling and Assimilation Office (GMAO) 2015a). Methods for mass adjustments are dis-
cussed in Sect. 3.2.4.

Budgets derived from some reanalyses suffer from spectral noise of the divergence 
term, and typically useful resolution is limited to around 2.5° (e.g., Trenberth and 
Stepaniak 2003). However, progress has been made in recent years to reduce spectral 
noise in budgets derived from ERA5, but this requires advanced numerical methods (see 
Mayer et al. 2021 for computational details), allowing for an increase of useful resolu-
tion to about 1°. MERRA-2 budgets do not suffer from these problems thanks to the 
finite volume dynamical core of the underlying model and computation of the diver-
gence at each model time step (see the  above paragraph), and in principle, no trunca-
tion of the MERRA-2 results is necessary.

Diabatic heating from condensation processes is a crucial element of the dry static 
energy budget. In this context, we use the latest version (V3.2) of the Global Precipitation 
Climatology Project (GPCP) product (Huffman et al. 2023).

Surface energy fluxes are obtained from different types of data sets. We use satellite-
based data sets of net surface radiation, namely CERES-EBAF surface in Edition 4.2 
(CERES-EBAF-sfc; Kato et al. 2018) and CM SAF cLoud, Albedo and surface radiation 
data set from AVHRR data in version 3 (CLARA-A3; Karlsson et al. 2023), and turbulent 
fluxes derived from remote sensing data, namely OAflux version 3 (Yu and Weller 2007), 
Japanese Ocean Flux Data Sets with Use of Remote-Sensing Observations 3 (J-OFURO3) 
in version 1.1 (Tomita et al. 2019), IFREMER v4.1 (Bentamy et al. 2013), and SeaFlux v3 
(Curry et al. 2004). CERES-EBAF-sfc fluxes are constrained by observed TOA fluxes by 
the method described in Kato et al. (2018).

Reanalyses also provide surface energy fluxes as output from short-term (typically 
12-hourly) forecasts of the underlying models. By nature, these fields are less strongly con-
strained by observations (but through the initial conditions of the forecasts). We employ 
model-based fluxes from a range of reanalyses with varying degrees of observational data 
ingestion (see Table 1 for a complete list).

An alternative to satellite products and fluxes from model forecasts is to infer the net 
surface energy flux from the atmospheric energy budget (storage rates and divergences 
based on analyses) in combination with observed TOA fluxes, which will be elaborated on 
in Sect. 4. Long-term means of relevant budget terms are averaged over the standard period 
2001–2020. This is the twenty-year period starting with the first full year of CERES data. 
This also coincides with a time when atmospheric reanalyses are relatively stable tempo-
rally. Some of the employed satellite products cover a shorter period, which dictates the 
averaging period for the respective diagnostics.

Given the comprehensive discussion of methods, we limit diagnostics to multi-year 
average fields (2001–2020 averages wherever data availability allows). While compu-
tations such as divergences are performed on the respective native grids (see above), all 
results and data products are interpolated to a common 1 × 1° horizontal grid to facilitate 
inter-comparison. We consider long-term mean global averages of fields to check physical 
constraints. Unlike reanalyses, some of the employed satellite products have no full global 
coverage. For example, the satellite-based turbulent flux data have no data over land and 
in sea ice covered regions. For consistent inter-comparisons of these products with other 
estimates, we mask out grid points, where any of the involved products does not contain at 
least one valid value for each calendar month. Moreover, unbiased long-term means at grid 
points with temporally varying data coverage are ensured by first computing a mean annual 
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cycle (using the available data for each calendar month) and subsequently long-term means 
as an average of the monthly values. This makes sure that no calendar month is over- or 
underrepresented. The same spatiotemporal mask is applied to all products used for the 
respective diagnostics.

3 � Atmospheric Energy Budgets

3.1 � Atmospheric Mass Budget

We begin with a short discussion of the atmospheric moisture and mass budget and its 
relevance for the energy budget. The mass budget of the atmosphere including water in all 
states reads as follows:

Precipitation P and evaporation E represent surface fluxes of all species of water and are 
defined positive downward. Surface pressure ps is proportional to the mass of the moist air 
column, scaled with gravitational acceleration g. The horizontal wind ⇀� denotes barycen-
tric velocity and represents the horizontal mass flux of moist air (including dry air and all 
species of water). Further degrees of freedom can be introduced by allowing for differ-
ent velocities of dry air and water species (Kato et  al. 2021). However, when the mass-
weighted moist air velocity is considered it can be assumed to be the velocity of dry air 
because the mixing ratio is of the order of or less than 10–2 (Bannon 2002). In addition, 
observational products and reanalyses typically do not provide velocity of hydrometeors. 
The model and assimilation system underlying MERRA-2, satisfies Eq. (1) and thus con-
serves atmospheric dry mass (Takacs et al. 2016, see their Fig. 5).

An important approximation in the Integrated Forecasting System (IFS), the model 
underlying ERA5, is that surface precipitation and evaporation do not change the total 
mass of the atmosphere as a change in water mass is implicitly replaced by an equiva-
lent change in dry air mass (Malardel et  al. 2019). As a result, lateral convergence and 
divergence of moisture is balanced by unphysical divergence and convergence of dry air, 
respectively, instead of P + E. Consequently, surface pressure does not vary in response 
to moisture changes in the above column. The moist continuity equation in the IFS hence 
reads as follows (ECMWF 2021a):

The divergence term in Eq. (2) thus contains contributions from physical dry air diver-
gence (which can change surface pressure) but no contributions from moisture flux diver-
gence. Hence, the long-term mean of lateral mass flux divergence from ERA5 does not 
show the signature of P + E (Mayer et al. 2021; their Fig. 2a), as one would expect from 
Eq.  (1) and physical conception. The JMA spectral model makes similar approximations 
as the IFS and hence satisfies Eq. (2) as well (JMA 2007). This has implications for mass 
corrections typically applied for energy budget diagnostics, which will be discussed in 
Sect. 3.2.4.

(1)P + E +
1

g

�

�t
ps = −∇ ⋅

1

g∫
ps

0

⇀

�dp

(2)
1

g

�

�t
ps,IFS = −∇ ⋅

1

g∫
ps

0

⇀

�dp
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3.2 � Atmospheric Total Energy Budget

3.2.1 � Complete Formulation

We use the total atmospheric energy budget equation using liquid water at 0 °C as a ref-
erence state from Lauritzen et al. (2022; their Eq. 12) as a starting point, but write it in 
vertical pressure coordinates, use specific moisture quantities instead of mixing ratios, and 
include lateral transports (i.e., a local instead of a globally integrated formulation):

The left-hand side (lhs) of Eq. (3) contains the vertical fluxes: net TOA radiative flux 
RadTOA , net surface radiative flux RadS , sensible heat flux SH, latent heat flux LH (com-
puted as Lv(T00)E, with T00 being the reference temperature), and latent heat flux associated 
with snowfall Psnow . The lhs also contains non-latent contributions of P (FP) and E (FE) 
to the energy budget, which include kinetic energy, surface geopotential ϕs , and enthalpy. 
Evaporation occurs at skin temperature Ts, and for temperature of precipitation (TP) near-
surface wet bulb temperature is deemed a good approximation (Gosnell et al. 1995). Fig-
ure 6 of Mayer et al. (2017) shows FP and Fig. 3 of Kato et al. (2021) shows regional net 
enthalpy flux associated water mass exchanges at the surface, i.e., FE + FP . However, we 
will not evaluate these fluxes here as they are typically not provided by models or reanaly-
ses and there are ambiguities related to the choice of reference temperature due to typically 
nonzero mass flux associated with P and E, which is reflected by the reference enthalpy 
term h00 (discussed below). However, as will be discussed later, FE and FP are real physical 
terms, and their energetic effect on other budget terms may be implicitly included in obser-
vational products.

The right-hand side (rhs) contains storage rate of total atmospheric energy ( �
�t
AE ) 

and divergence of moist static plus kinetic energy (TEDIV), both including enthalpy, 
geopotential, kinetic energy, and latent heat. Note that water in all states (gaseous g, liquid 
l, solid s) is considered, as well as latent heat of vapor and snow/ice. The acronyms that 
are not explicitly mentioned have their standard meaning, and a list of used symbols and 
acronyms is provided in Table 2.

Equation (3) is almost identical to Mayer et al. (2017; their Eq. 19) but has surface geo-
potential and kinetic energy flux associated with precipitation and evaporation included. 
This equation is also consistent with equation D5 in (Kato et  al. 2021) except that their 
formulation additionally allows for differing velocities of dry air and water particles (which 
we do not account for; see Sect. 3.1).

Equation  (3) differs from the formulation of Trenberth and Fasullo (2018) as it only 
requires the energetic state of P and E at the surface, while theirs requires the full ver-
tical profile of temperature at which condensation and evaporation occurs. This differ-
ence arises from the fact that Trenberth and Fasullo (2018) only include dry air and water 
vapor but not liquid water in their energy budget equations, i.e., water leaves the column 
where it condensates rather than when it hits the surface as rain (as is the case in Eq. 1 
of this paper). The approach in Trenberth and Fasullo (2018) complicates the evaluation, 

(3)

RadTOA − RadS − SH − LH − Lf
(

Tp
)

Psnow − P
[

h00 + cl(Tp − T00
)

+ �s + ks]−E[h00 + cl(Ts − T00) + �s + ks]

=
�

�t

1

g

ps∫
0

((

1 − qv − ql − qf
)

ca(Ta − T00) +
(

qv + ql + qf
)

cl(Ta − T00) + Lv
(

Ta
)

qv + Lf
(

Ta
)

qf +
(

qv + ql + qf
)

h00 + �s + k
)⇀

v dp

+ ∇ ⋅

1

g

ps∫
0

((

1 − qv − ql − qf
)

ca(Ta − T00) +
(

qv + ql + qf
)

cl(Ta − T00) + Lv
(

Ta
)

qv + Lf
(

Ta
)

qf +
(

qv + ql + qf
)

h00 + � + k
)⇀

v dp
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Table 2   List of acronyms

AE Atmospheric total energy
C Celsius
ca Isobaric specific heat capacity of dry air
cl Specific heat capacity of liquid water

Ċ
vl

Condensation rate from vapor to liquid cloud particles

Ċ
vi

Condensation rate from vapor to ice cloud particles

Ċ
li

Freezing rate from liquid to ice cloud particles

DSEDIV Divergence of dry static plus kinetic energy transport
E Evaporation rate at the surface (positive downward)
Fe Surface enthalpy flux associated with evaporation
FS Net surface energy flux (latent plus sensible heat flux plus net radiation 

plus energetic effect of snowfall)
g Gravitational acceleration
h00 Reference enthalpy of water
K Kelvin
k Atmospheric kinetic energy
ks Atmospheric kinetic energy at the surface
LH Latent heat flux
Lf Latent heat of fusion
Ls Latent heat of sublimation
Lv Latent heat of vaporization
P Total precipitation (sum of rain and snow; positive downward)
Prain Rain rate
Psnow Snowfall rate
p Atmospheric pressure

Ṗ
vr

Column-integrated net conversion rate from vapor to rain

Ṗ
vs

Column-integrated net conversion rate from vapor to snow

Ṗ
ri

Column-integrated net conversion rate from rain to ice

Ṗ
ls

Column-integrated net conversion rate from liquid particles to snow

Ṗ
rs

Column-integrated net conversion rate from rain to snow

qv Specific vapor content
ql Specific liquid water content
qf Specific frozen water (snow, ice) content
RadS Net radiation at the surface
RadTOA Net radiation at the top-of-atmosphere
SH Sensible heat flux
SST Sea surface temperature
T Temperature
Ta Atmospheric temperature
Tp Temperature of precipitation
TS Skin temperature
T00 Reference temperature
TEDIV Divergence of moist static plus kinetic energy transport
Φ Geopotential

Φ s Surface geopotential
⇀

� Horizontal wind vector
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especially given that there currently do not exist any observational products providing the 
height where precipitation is formed.

A diagnostic complication of Eq.  (3) is that all terms involving mass exchanges or 
variations (P, E, storage, and divergence term) depend on the chosen reference enthalpy of 
water (h00) and the chosen reference temperature (T00). For the reference state of water, we 
make the typical choice to be liquid water at 0 °C and set this state to have zero enthalpy. Any 
other choice is valid (see Lauritzen et al. 2022 for variants of the total energy equation with 
different choices for h00 that are all equivalent), but for our application this seems convenient 
and is widely used. The effect of reference temperature on the evaluated terms can readily be 
seen for FP and FE. The terms will be excessively large when choosing K scale. The effect of 
T00 on the storage and divergence terms is similar. This is because, e.g., the divergence term 
can be decomposed into a gradient term (independent of T00) and a mass divergence term 
that scales with energy and thus depends on T00 (in short form, ∇ ⋅ vT = v∇T + T∇ ⋅ v ; see 
extensive discussion in Mayer et al. 2017), only if the budget is mass-consistent (i.e., P, E, and 
lateral divergence of mass balance each other), and in the steady state, T00 drops out cleanly. 
Mass consistency can be achieved by mass corrections discussed in Sect.  3.2.4. However, 
the single terms remain dependent on T00, which is most pronounced for terms representing 
pure mass exchanges, such as FP and FE. The effect of real mass variations arising from non-
steady conditions on the magnitude of the diagnosed terms through T00 cannot be avoided 
but minimized by choosing C scale instead of K scale. However, as will be discussed next, 
simplifications typically made in atmospheric models help to avoid these complications.

3.2.2 � Simplifications

Atmospheric reanalyses (as most atmospheric models, see Lauritzen et al. 2022) make several 
assumptions and simplifications in their energy and mass budgets. All water species are assumed 
to have the same heat capacity, namely that of dry air, and latent heats are taken as constants 
with the values at T00 = 0 °C (see Sect. 3.3 for discussion of the introduced error). Hydrometeors 
can thus be advected but carry the same specific enthalpy as dry air. In addition, moist physics 
parameterizations in many models including the IFS and JMA model do not modify total mass, 
which in consequence leads to unphysical sources and sinks of dry air to balance moist mass 
changes associated with net condensation. Thus, precipitation in these models does not carry 
energy (the energy is “conserved” in the appearing dry air), and consistent with this, there is 
no exchange of sensible heat with the environment and no dissipation associated with falling 
precipitation. However, latent heat associated with falling snow is taken into account. With these 
assumptions, Eq. (3) simplifies considerably to

This equation is consistent with the total energy budget equation as it is used in the IFS 
(sum of Eqs. 12.38 and 12.40 in ECMWF 2021b) and the JMA model. MERRA-2 follows 
a very similar total energy conservation equation as Eq. (4), but uses virtual temperature 
instead of Ta (Bosilovich et al. 2016). We dropped h00 in Eq. (4) as it is assumed zero, but 
a dependence on T00 in storage and divergence terms remains. As discussed above and will 
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be shown below, the impact of the choice of T00 becomes small when mass consistency is 
ensured. It is also important to note that Eq. (4) is valid when all terms are evaluated from 
the same model-based data product. If the budget is evaluated using a mix of different 
products where some terms are evaluated using observational products which do not make 
the same simplifications, this will inevitably introduce inconsistencies.

3.2.3 � Energy Conservation in Models and Reanalyses

After introducing the conservation equations of the physical and dynamical models under-
lying reanalyses, it is of interest to assess how well those are satisfied. Moist physics para-
metrizations in the IFS conserve total mass and enthalpy with the exception of a globally 
small <  = 0.1 W/m2 enthalpy error due to the handling of the mixed phase in convection. 
Importantly, the semi-Lagrangian advection scheme is non-conserving and introduces, 
depending on horizontal resolution, a spurious moisture and enthalpy source. As a result, 
the ERA5 energy budget exhibits a global mean imbalance of −  2.4 W/m2 (based on 
2001–2020 mean global averages of 12-hourly short-term forecasts of vertical fluxes and 
atmospheric tendencies, where the latter is a proxy for the energetic effect of analysis incre-
ments), where the largest contribution (−  2.1 W/m2) stems from the non-closure of the 
moisture budget. This value is higher than those provided for two resolutions of the IFS (50 
and 100 km versus ~ 31 km of ERA5) in Roberts et al. (2018), which indicates dependence 
on model resolution and the version of the IFS (Cy43R1 versus Cy41R2 in ERA5).

For consistency with the ERA5 estimate, we estimate the degree of non-closure of the 
energy budget in MERRA-2 by combining global mean net TOA and surface energy fluxes 
and total energy increments. The 2001–2020 average is − 1.0 W/m2, which represents the 
balance between physical tendencies and the tendencies introduces by the data assimila-
tion. However, we note that the energy budget in MERRA-2 has a feature writing terms 
that exactly balance (Bosilovich et al. 2016). This is accomplished through the use of the 
Analysis Increment Update data assimilation scheme (Bloom et al. 1996) which acts as a 
numerical tendency alongside the physical tendencies in the forecast model’s budget equa-
tions together with an “energy fixer” for numerical dissipation.

We assessed energy conservation of the JMA model by looking at an AMIP-type run 
(JRA55-AMIP; Kobayashi et  al. 2015), where no diagnostic complication from analysis 
increments arises. Global average of TOA minus net surface fluxes (i.e., the left side of 
Eq. 4) is 0.4 W/m2 over 2001–2012, which can be considered the model imbalance when 
neglecting atmospheric storage. This value is consistent with tests using JRA55 (taking 
account of the increments). We note that no corrections to improve budget closure have 
been applied during the production of JRA55-AMIP.

3.2.4 � Mass Adjustment

As pointed out in numerous studies (e.g., Savijärvi 1982; Trenberth 1991, 1997; Chiodo 
and Haimberger 2010), analyzed winds from atmospheric (re)analyses do not satisfy the 
continuity equation discussed in Sect. 3.1, which has detrimental effects on the diagnosed 
energy budgets (Fig. 2 will illustrate this). The standard approach is a barotropic mass cor-
rection that is applied to the wind field at each time step TEDIV is computed and enforces 
satisfaction of the moist atmosphere’s mass budget (Eq. (1), see, e.g., Trenberth 1991). It is 
important to stress that the mass correction is applied to make the employed data self-con-
sistent and not to adjust the mass budget towards some best estimate, e.g., of precipitation. 
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Mayer et al. (2017) have laid out that application of this correction (and thus implicit inclu-
sion of lateral energy fluxes associated with moisture) requires quantification of enthalpy 
fluxes associated with P and E. They also showed that neglect of those fluxes in conjunc-
tion with the typical choice for K temperature scale introduces a bias to the diagnosed 
fields on the order of 20–30 W/m2.

However, this approach for mass adjustment contrasts with the implementation of the 
mass budget in many models including the IFS, where lateral moisture transports do not 
accomplish a net energy transport except for that of latent heat, and, similarly, P and E do 
not carry any enthalpy except for latent heat (see Sect.  3.1). From that perspective, it is 
more in line with the underlying models to adjust the winds to satisfy Eq. (2), as done, e.g., 
by Chiodo and Haimberger (2010) who neglected P and E during their mass adjustment. 
We argue that this discrepancy can be reconciled by use of the simplified diagnostic equa-
tions proposed by Mayer et al. (2017) which consistently remove moisture enthalpies from 
lateral and vertical fluxes. This simplification assumes that moisture does not change tem-
perature on its passage through the column and as a result moisture transports do not have 
a net energetic effect on the column (again, except for the release of latent heat). Hence, 
it is approximately equivalent to employ energy budget Eq. (4) in conjunction with winds 
adjusted to satisfy Eq. (2) (i.e., winds balance only surface pressure changes) or a variant 
of Eq. (4) with moisture enthalpy removed [similar to Eq. (24) in Mayer et al. (2017)] but 
with winds adjusted to satisfy Eq. (1) (i.e., winds additionally balance P + E) of this paper. 
Indeed, internal consistency of the ERA5 energy budget, i.e., satisfaction of Eq. (4) when 
computing all terms from ERA5 (not shown), is actually slightly better when using the lat-
ter variant. Hence, we will use that approach for ERA5 and JRA55 data for evaluations of 
TEDIV in the present paper as well. The ERA5-based TEDIV fields shown in this paper 
are thus the same as available from the Copernicus Data Store (CDS 2021) except that the 
latter do not account for atmospheric snow and ice.

Given that the MERRA-2 archive does not provide sub-monthly native grid 3D fields 
(see Sect.  2) needed for the mass adjustment discussed above, we resorted to a simpli-
fied mass correction that can be applied to vertically integrated divergences as described in 
Chiodo and Haimberger (2010). This method only takes into account the effect of the cor-
rected mass flux divergence on TEDIV, but not the effect of modified advection on TEDIV. 
The latter effect is however small.

3.2.5 � Evaluation

Figure 1a shows 2001–2020 average TEDIV from ERA5 following Eq. (4). As discussed 
in Sect. 3.2.4, winds have been adjusted such that they satisfy Eq. (4), moisture enthalpy 
has been removed from the transports, and computations were performed in Celsius scale. 
Main areas of divergence are warm tropical oceans and equatorial land masses, whereas 
convergence occurs over the equatorial cold tongues, extra tropical continents, and gener-
ally at high latitudes. The field in Fig. 1a has been evaluated using numerical methods as 
used in the IFS (as described in Mayer et al. 2021), which helps to reduce spectral noise 
and allows to truncate at relatively high wave numbers (here T179), i.e., the field effectively 
retains features at 1 degree resolution, which is much improved compared to earlier evalu-
ations based on reanalyses that are based on spectral models (e.g., Trenberth and Stepa-
niak 2003; Edwards 2007; Mayer et al. 2017). Figure 1b presents an estimate of structural 
uncertainty in the divergence term, as estimated from the standard deviations (at each grid 
point) across the long-term average fields diagnosed from ERA5, MERRA-2, and JRA55. 
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Large spread is found in the Intertropical Convergence Zone (ITCZ), where systematic dif-
ferences in the divergent circulation between reanalyses likely affect the divergent energy 
transport. Spread over extratropical oceans, including western boundary currents with their 
strong divergences, is remarkably small. Spread over land is relatively large (especially in 
the tropics), and this is related to biases in the reanalyses and spectral artifacts projecting 
on larger scales.

The effect of mass adjustment and choice of T00 is illustrated in Fig. 2. Panel (a) shows 
the 2015 average mass flux divergence from ERA5. The shown pattern is unrealistic, as 
according to Eq. (2) the mass flux divergence should balance surface pressure variations, 
but the illustrated mass divergence patterns of order 10–4 kg/m2/s would imply annual sur-
face pressure changes around 315  hPa/a. Panels (b) and (c) show the impact of a baro-
tropic mass adjustment on TEDIV using either K or C temperature scale, respectively. The 

Fig. 1   a Divergence of atmospheric moist static plus kinetic energy transports based on ERA5 averaged 
over 2001–2020 (truncated at T179); b spread in 2001–2020 mean TEDIV from ERA5, MERRA-2, and 
JRA55. Field in panel b is truncated at T63 to emphasize the larger scales

Fig. 2   Impact of mass adjustment and different choices for reference temperature. a Vertically integrated 
mass flux divergence from ERA5 for 2015, b impact of mass-adjusting winds on TEDIV from ERA5 2015 
(using Kelvin scale), c impact of mass-adjusting winds on TEDIV from ERA5 2015 (using Celsius scale), d 
difference of mass-adjusted TEDIV in 2015 using Kelvin or Celsius scale
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impact is larger in K scale, as expected from considerations in Sect. 3.2.1. The ambiguity 
of TEDIV arising from the choice of temperature scale becomes small after mass correc-
tion, as can be seen from panel (d). Differences only remain in the mid-latitudes, where 
real surface pressure variations within one year are non-negligible.

Figure 3 shows the 2015 average difference in the energy flux divergence from ERA5 
with the mass adjustment applied to satisfy Eq. (2) or to satisfy Eq. (1) but with 3D mois-
ture enthalpy fluxes removed consistently (as proposed by Mayer et al. 2017). As expected 
from the discussion in 3.2.4, the difference is small, with a low-amplitude P–E pattern, 
which likely arises from the implicit consideration of potential energy of moisture (and its 
divergence) in the latter formulation (which is not taken into account in the IFS because 
of the discussed replacement of moisture with dry air). Results are thus very similar, if the 
formulations are self-consistent and mass consistency is ensured.

Figure 4 presents two fields that have often been neglected but should be included in 
evaluations of the total energy budget according to Eq. (4). Panel 4a shows the divergence 
of latent heat transports associated with snow and ice. Values are generally small except 
where the average atmospheric flow crosses mountain ranges, with convergence (diver-
gence) on the windward (lee) side due to uplift and descent, respectively. Note the reverted 
sign compared to the divergence of atmospheric ice transport because the latent heat of 
snow and ice is relative to liquid water, and hence the contribution of Lf is negative. Panel 
4b shows latent heat flux associated with snowfall, which represents a cooling of the sur-
face [either by cooling the ocean or by depositing snow (because Lf < 0) on the land sur-
face]. The global average effect is − 0.9 W/m2. As noted by Mayer et al. (2017), the typi-
cally considered surface fluxes RadS + SH + LH must be increased by this value to balance 
observed ocean warming.

Direct validation of diagnosed atmospheric energy transports is impossible because 
no in situ observations of this quantity exist. The inter-product spread (Fig. 1b) is one 
indicator of uncertainty, but this could overestimate uncertainty if one product is an 
outlier but could also underestimate uncertainty in the case of similar structural biases. 
Since ERA5 is an ensemble product, we can also assess internal uncertainty from the 

Fig. 3   Difference of TEDIV computed following Mayer et  al. (2017), i.e., with winds adjusted to satisfy 
Eq.  (1) but moisture enthalpy taken out from Eq.  (4), or following the IFS formulation, i.e., with winds 
adjusted to satisfy Eq. (2) and strictly following Eq. (4). Based on ERA5 data for 2015
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ensemble spread, which is shown for the year 2015 in Fig. 5a. For a fair comparison, 
Fig. 5b shows the inter-product spread as presented in Fig. 1b but only for 2015. The 
magnitude of the ensemble spread of TEDIV from ERA5 is generally lower compared 
to the inter-product spread and there are regional differences, e.g., in the mid-latitudes. 
The latter is likely related to relatively high uncertainties in ERA5 associated with 
synoptic-scale activity which still stand out in a one-year average. The generally lower 
magnitude of the ERA5 spread can be explained by the largely random nature of the 
perturbations used for ensemble generation (Hersbach et  al. 2020), a large fraction of 
which is averaged out when considering one-year means (the spread is considerably 
larger on monthly timescales; not shown). Figure  5b is very similar to Fig.  1b, with 
modestly enhanced magnitude (RMS increased by ~ 15%), which indicates that most of 
the inter-model spread on annual timescales arises from systematic differences and has 
relatively small temporal variability.

Another option for validation is to compare convergence of atmospheric energy over 
land to observed net TOA radiation, as there these quantities should balance locally in 
the long term if land heat uptake is neglected. Similarly, TOA radiation and atmospheric 
divergence can be combined to yield net surface energy flux, which in the long-term 
mean should be small everywhere over land. This validation approach will be adopted in 
Sect. 4, where the net surface energy flux will be discussed.

Fig. 4   a Divergence of snow and ice-related latent heat transports, b L
f
(T

00
)P

snow
 averaged over 2001–2020 

based on ERA5 data

Fig. 5   a Spread of TEDIV from the 10-member ERA5 ensemble during 2015, computed as spread of the 
10 annual means; b inter-product spread in 2015 mean TEDIV from ERA5, MERRA-2, and JRA55
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3.3 � Atmospheric Dry Static Energy Budget

The dry static energy (DSE) budget equation integrated over the atmosphere expresses 
the energy balance of the atmospheric column after water mass multiplied by latent heat 
has been subtracted from the reference state from Eq. (4) (Kato et al. 2021). The differ-
ence of the DSE equation from the total energy equation discussed in Sect. 3.2 is that 
water contribution appears as a diabatic heating term because lateral divergence and 
convergence of water mass is balanced by condensation and (re-)evaporation. In earlier 
studies, the DSE equation has been used to assess regions with a large energy balance 
residual when satellite derived data products are combined with reanalysis data (e.g., 
Kato et al. 2016, 2021).

To highlight fluxes that are not included in energy flux data products but needed for 
the energy balance in this section, we set up the DSE equation with assumptions that are 
mentioned in Sect. 3.2.2. In addition, because we assume that velocities of all water species 
are the same as the dry air velocity, the assumption yields a vertically integrated dry static 
energy equation which is simplified compared to Kato et al. (2021)

where the sum of enthalpy (with ca representing mass-weighted specific heat as a function 
of atmospheric moisture) and surface geopotential is the dry static energy. Since the two 
terms on the lhs are typically evaluated using reanalysis data, we follow the simplification 
made in most models and use heat capacity of dry air (see Sect. 3.2.2). Lv , Ls , and Lf are, 
respectively, the enthalpy of vaporization, sublimation, and fusion and Ṗvr is the rate of 
vapor condensed to raindrops that precipitate in the column and Ċvl is the rate of vapor 
condensed to form cloud droplets. Similarly, P and C in the diabatic heating term indicate, 
respectively, precipitating and non-precipitating (i.e., clouds) hydrometeors. Subscripts v, 
l, i, r, and s indicate, respectively, water vapor, liquid, ice, rain, and snow. In reality, latent 
heats depend on temperature, but most models use constant latent heats (see Sect. 3.2.2). 
Kato et al. (2021) estimate the bias in diabatic heating rate when a constant latent heat of 
vaporization at 0 °C is used. The bias averaged over a year can be <− 5 Wm−2 in the tropics 
(because there typically Lv

(

Ta
)

< Lv
(

T00
)

 ) and > + 5 Wm−2 in mid-latitude and polar 
regions (because there typically Lv

(

Ta
)

> Lv
(

T00
)

 ). Note that additional underestimation 
of diabatic heating in mid-latitude and polar regions arises if the enhancement of latent 
heat release associated with snowfall is neglected ( Ls

(

T00
)

> Lv
(

T00
)

) (see Fig. 4b). Since 
in this section we derive diabatic heating rates based on an observational precipitation 
product, we use latent heat of vaporization at 0 °C for conversion.

Some earlier studies assume that hydrometeors formed in the column are precipitated 
out in the same column. Therefore, they neglect Ċvl , Ċvi , and Ċli in Eq.  (5). We used 
MERRA-2 data to estimate the energetic effect of Ċvl (liquid water tendency due to 
dynamics multiplied by Lv ), and long-term mean values range in ± 2W/m2 regionally (not 
shown). The energetic effect of Ċvi and Ċli is difficult to estimate separately, as the freezing 
and sublimation rates are typically not output by reanalyses. However, Fig. 4a provides an 
approximate estimation of the combined effect of the two terms, and it is concluded to be 
sizeable only close to high orography. The uncertainty in these estimates is expected to be 

(5)

1

g

𝜕

𝜕t

ps∫
0

[

c
a
T + Φ

s
+ k

]

dp +
1

g
∇ ⋅

ps∫
0

⇀

�

[

c
a
T + Φ + k

]

dp

=
(

Rad
TOA

− Rad
s

)

+ L
v

(

Ċ
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vs

)

+ L
f

(

Ċ
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large especially at a regional scale because of little observational constraint. Nevertheless, 
the result indicates that diabatic heating due to cloud particles may not be negligible for 
some regions.

FE and FP are generally not included in energy fluxes flux data products. These fluxes 
are needed to balance energy for the atmospheric column but add complexities in balancing 
regional energy fluxes using dry static energy equations. Mayer et al. (2017; their Fig. 7) 
showed that most of FE + FP is balanced by lateral moisture enthalpy transports on the lhs 
of Eq.  (5). Thus, removing those from the divergence (as we do here, see Sect. 3.2.4) is 
assumed to remove most of the FE + FP pattern from the inferred diabatic heating. How-
ever, the imprint of FE and FP may implicitly be included when evaluating some terms of 
Eq. (5) using observational products, which do not make the same simplifications as made 
in reanalyses (see discussion in Sect. 3.2.2). With these considerations in mind, we drop FE 
and FP to write the DSE budget as

Figure  6a shows the 2001–2020 mean divergence of DSE (DSEDIV) as written 
in Eq.  (6) based on ERA5 data. Compared to the divergence of total energy transport 
(Fig. 1a), the field shows maxima where precipitation is maximal, i.e., in the ITCZ. Fig-
ure 6b shows the spread across the three DSE divergence estimates from ERA5, MERRA-
2, and JRA55, as a measure of structural uncertainty. Uncertainties are generally larger 
compared to total energy (global RMS 23.3 W/m2 compared to 10.8 W/m2) and the spread 
peaks in the regions of deep convection in the tropics, which reflects the large uncertainty 
in DSEDIV. The spread of the total energy divergence is lower because total energy is 
conserved during latent heat release, i.e., in TEDIV, differences in DSE divergence are bal-
anced by opposing differences in the divergence of latent heat transport (both terms are 
included in TEDIV) in the different products.

Figure 7 shows the DSE budget residual (defined by bringing all terms of Eq. (6) to the 
rhs) averaged March 2000 through December 2018. Data products used here are CERES-
EBAF (radiation), GPCP V3.2 (precipitation), SeaFlux v3 (Sensible heat flux over ocean), 
ERA5 (sensible heat flux over land), as well as ERA5, MERRA-2, and JRA55 (Dry static 
energy divergence and tendency). All fluxes in Eq.  (6) are included. The DSE budget 
residual is considerable, with RMS values between 21.5 and 37.4 W/m2 (a considerable 
fraction of the RMS magnitude of the DSEDIV itself—compare to Fig. 6a), depending on 

(6)
1

g

𝜕

𝜕t

ps∫
0

[

c
a
T
(

1 − q
v
− q

l
− q

f

)

+ Φ
s
+ k

]

dp +
1

g
∇ ⋅

ps∫
0

⇀

�

[

c
a
T
(

1 − q
v
− q

l
− q

f

)

+ Φ + k
]

dp

−
(

Rad
TOA

− Rad
s

)

− SH = L
v

(

Ċ
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Fig. 6   a Divergence of atmospheric dry static energy transports based on ERA5 averaged over 2001–
2020  (truncated at T179); b spread in 2001–2020 mean DSEDIV from ERA5, MERRA-2, and JRA55. 
Field in panel b is truncated at T63 to emphasize the larger scales
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the employed reanalysis product. All solutions for the residual exhibit a negative global 
mean, indicating inconsistencies between radiative fluxes, precipitation, and sensible heat 
flux data (note that global mean DSEDIV is 0 by construction and the DSE tendency is 

Fig. 7   a Spatial distribution of atmospheric energy balance residual averaged from March 2000 through 
December 2018 computed with Eq. (6). Energy flux products used are Edition 4.2 EBAF (radiation), GPCP 
V3.2 (precipitation), SeaFlux (Sensible heat flux over ocean), ERA5 (sensible heat flux over land). b Same 
as (a) except that it uses MERRA-2 dry static and kinetic energy divergence and tendency and MERRA-2 
sensible heat flux. c As (a) but uses JRA55 dry static and kinetic energy divergence and tendency. All fields 
are truncated at T63 for a fair comparison
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negligible). The residual patterns are not straightforward to interpret, but an imprint from 
tropical precipitation is clearly visible for all. This indicates that tropical DSEDIV from 
reanalyses is stronger than the diabatic heating suggested by precipitation from GPCP V3.2 
and the radiative flux convergence from CERES-EBAF.

While the atmospheric energy balance residual shown in Fig. 7 remains, we can com-
pute diabatic heating rate due to water phase changes by evaluating the lhs of Eq. (6) using 
a combination of reanalyses and observational products. Figure 8 (left) shows the diabatic 
heating rate derived from the left side of Eq.  (6) using ERA5 reanalysis data (tendency 
and divergence terms), CERES-EBAF (TOA and surface irradiance), as well as Seaflux v3 
and ERA5 sensible heat fluxes over ocean and land, respectively. The equivalent diabatic 
heating by precipitation derived from the right side of Eq. (6) is shown in the right panel 
of Fig. 8. In computing the right side of Eq. (6), the diabatic heating by non-precipitating 
hydrometeors and fusion terms are ignored. The diabatic heating rate estimated from the 
DSE budget and from GPCP averaged over different regions are shown in Table 3. Dia-
batic heating rates estimated from the DSE budget are generally higher than those based 
on GPCP (~ 14% in the global ocean mean and ~ 21% in the tropics). This is a substantial 
difference, still larger than can be expected through potential increase in GPCP guided by 
merging the currently best precipitation sensors over the oceans and considering the latest 
version of the precipitation products (Behrangi and Song 2020; Behrangi et al. 2023) and 
suggests a positive bias of the DSE-based estimates of diabatic heating.

Because the diabatic heating is derived from the sum of terms on the left side of Eq. (6), 
biases in dry static energy divergence and tendency, atmospheric net irradiance, and sensi-
ble heat flux affect the diabatic heating. Although the regional bias in each term is difficult 
to quantify, the comparison of diabatic heating derived from Eq. (6) and precipitation prod-
ucts can be used to infer the uncertainty in the estimate of the diabatic heating by precipita-
tion. A thorough investigation is left for the future.

4 � Net Surface Energy Budget

The net surface energy flux (FS) is a key quantity, as it drives atmospheric circulation and 
energy transports, and similarly oceanic heat redistribution. Moreover, regional changes in 
FS are a key contributor to regional energy imbalance of the climate system. Direct meas-
urements of FS via eddy covariance methods are scarce, but there exist several alternative 
approaches.

FS can be diagnosed “directly” using satellite products of turbulent fluxes obtained 
via remotely sensed quantities input to bulk formulae (OAflux, J-OFURO, IFREMER, 

Fig. 8   a Diabatic heating rate associated with water phase change (right side of Eq. 6) inferred from the 
sum of tendency and divergence terms, TOA and surface net irradiance, and sensible heat fluxes (i.e., left-
hand side terms of Eq. 6) averaged from January 2001 through December 2018. b diabatic heating com-
puted with GPCP V 3.2 precipitation for L

v
Ṗ
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 (i.e., the right-hand side of Eq. 6)
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SeaFlux) and radiative fluxes (CERES-EBAF-sfc, CLARA-A3). Reanalyses output surface 
fluxes “directly” during short-term forecasts produced during data assimilation.

Alternatively, the total energy budget can be used to infer net surface energy flux FS as a 
residual, i.e., by rearranging Eq. (4) and evaluating the lhs of the following equation:

We define FS as the sum of net surface radiation, turbulent surface fluxes, and the 
energetic effect of snowfall (i.e., the rhs of Eq. 7) The lhs of Eq. (7) is typically evaluated 
by combining net TOA radiation from a satellite product such as CERES-EBAF with 
atmospheric divergence and tendencies obtained from reanalyses. The advantage of this 
approach is that reanalysis-based analysis fields are strongly constrained by observations 
and thus are deemed more accurate than vertical fluxes output during the short-term 
forecasts. Another key feature of the residual approach is that, since global mean divergence 
vanishes and global mean �

�t
AE is very well constrained by observations (Johnson et  al. 

2023; Mayer et al. 2019; Von Schuckmann et al. 2022), the global mean bias of the inferred 
flux roughly equals that of the employed TOA flux product (i.e., < 1 W/m2).

We begin the evaluation with an inter-comparison of inferred FS averaged 2001–2020 
based on the atmospheric energy budgets from ERA5, MERRA-2, JRA55, as shown in 
Fig. 9a–c, respectively. The spread (Fig. 9d) is almost identical to that of the divergence 
(Fig. 1b), indicating that atmospheric storage and especially its inter-product spread is very 

(7)RadTOA − TEDIV −
�

�t
AE = RadS + LH + SH + Lf

(

T00
)

Psnow

Table 3   Global and regional mean diabatic heating rates averaged over the time period from January 2001 
through December 2018

Evaluate lhs of Eq. (6) Evaluate rhs of Eq. (6)

Data product

1

g
∇ ⋅ ∫ ps

0

⇀

�

[

caT + Φ + k
]

dp ERA5 MERRA-2

Rad
TOA

− Rad
s

EBAF Ed4.2 EBAF Ed4.2
SH SeaFlux 3.0 

(Ocean), ERA5 
(Land)

MERRA-2

Lv
(

Ċvl + Ṗvr
)

+
Ls
(

Ċvi + Ṗvs
)

+
Lf
(

Ċli + Ṗri + Ṗls + Ṗrs
)

GPCP + MERRA-
2

GPCP + ERA5

Global (Wm−2) 93.3 91.5 81.7 81.6
Ocean (Wm−2) 105.2 101.4 92.2 92.0
Land (Wm−2) 72.6 74.1 63.4 63.3
Northern hemisphere (Wm−2) 96.0 94.5 84.4 83.3
Southern hemisphere (Wm−2) 90.7 88.5 80.0 79.9
30°N–30°S (Wm−2) 110.4 108.3 91.2 91.0
30°N–60°N plus
30°S–60°S (Wm−2)

87.0 84.1 83.5 83.5

60°N–90°N plus 60°S–90°S 
(Wm−2)

46.9 48.8 41.2 41.2
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small (not shown). FS over land is expected to be small (< 1 Wm−2) locally on 20-year 
timescales, and hence patterns of inferred FS over land inform about uncertainties. The 
spatial RMS of the long-term means over land ranges in ~ 13–19 W/m2 (Table 4), depend-
ing on the product. This represents an uncertainty estimate on the local scale, but we note 

Fig. 9   Inferred net surface energy flux over ocean based on CERES-EBAF-TOA and a ERA5 (truncated at 
T179), b JRA55 (truncated at T63), and c MERRA-2 (untruncated) data averaged over 2001–2020. Panel d 
at bottom right shows the spread (measured as standard deviation) across the three fields shown in (a)–(c)

Table 4   Satisfaction of physical 
constraints on a regional scale

Results are shown for inferred net surface energy flux [W/m2] combin-
ing CERES-EBAF-TOA fluxes and atmospheric budgets (divergence 
and tendency) from ERA5, MERRA-2, and JRA55, averaged over 
2001–2020

Region FSinferred using CERES-EBAF-
TOA combined with atmospheric 
budgets from

ERA5 MERRA-2 JRA55

South America − 0.8 − 2.3 6.2
North America 2.4 − 2.2 3.0
Australia 2.7 0.8 12.4
Maritime Continent − 8.8 20.8 32.7
Africa 1.4 5.1 9.3
Eurasia − 3.1 0.9 3.1
Global land − 0.6 1.1 5.4
Global Ocean 1.5 0.9 − 0.5
Global Ocean + Land 1.0 1.0 1.0
Global land spatial RMS value 13.2 18.8 19.0
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that spectral noise is maximal over high topography as visible in fields based on ERA5 and 
JRA55 (both are based on spectral models) and thus contributes to uncertainty mostly over 
land. We thus we expect local errors over the ocean to be generally smaller. Comparison of 
Fig. 9a–c also reveals common errors such as the positive bias over central Africa present 
in all three estimates, which are not revealed by the inter-product spread. On a larger (con-
tinental) scale, the bias of inferred FS becomes significantly smaller, ranging in ± 3 W/m2 
except for the Maritime Continent, where all estimates have significant biases, likely due to 
the dominance of coastal areas with strong gradients (see Table 4). Global land and ocean 
averages of the three estimates exhibit fairly small biases, suggesting only small biases in 
global-scale ocean-to-land energy transport in all three reanalyses. The global mean FS is 1 
W/m2, as dictated by the global mean of CERES-EBAF-TOA fluxes. Note that the implied 
fluxes include the effect of snowfall (see rhs of Eq. 7). We can obtain the global average 
of surface net radiation plus turbulent heat fluxes (often used to approximate net surface 
energy flux) using the quantification of the snowfall term based on ERA5 data (global aver-
age is − 0.9 W/m2, see Fig. 4b), which is 1.9 W/m2 for 2001–2020.

Figure  10a presents the multi-product mean FS obtained from four satellite products 
averaged over 2001–2017. For a clean comparison to the inferred fluxes, we added the 
energetic effect of snowfall based on ERA5 data (as shown in Fig. 4b) to the satellite-based 
radiative and turbulent fluxes. From comparison with Fig. 9a–c it is evident that the satel-
lite-based estimates exhibit positive values (i.e., net ocean heat uptake) over much larger 
regions. Inter-product spread is relatively large over subtropical basins and the mid-lati-
tudes and small in the Warm Pool regions (Fig. 10b). Figure 10c presents an inter-compar-
ison of zonally averaged inferred and satellite-based FS estimates. It reveals substantial dif-
ferences between estimates from the two approaches, with the satellite-based fluxes being 

Fig. 10   Net surface energy flux derived from satellite-based products (energetic effect of snowfall taken 
from ERA5); a ensemble mean of four estimates combining CERES-EBAF-sfc and SeaFlux, OAflux, 
IFREMER, J-OFURO, respectively; b ensemble spread (standard deviation) across the four estimates; c 
zonally averaged net surface energy flux over the ocean from satellite-based estimates and inferred flux esti-
mates. Global averages over all grid points with valid data are provided in parentheses (units are W/m2). All 
estimates shown in (c) have the same spatiotemporal mask applied and are averaged over 2001–2017
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higher (i.e., more flux into the ocean) across almost all latitudes, with smaller differences 
in high latitudes. The satellite-based estimates exhibit strongly positive global mean val-
ues > 20 W/m2, which is a much higher value than can be expected from the removal of the 
grid points in the vicinity of sea ice with typically negative FS values. This effect is esti-
mated to be order 4–5 W/m2, as can be seen from a comparison of the quasi-global ocean 
means of inferred FS in Fig. 10c to true ocean averages provided in Table 4. Thus, satellite-
based FS estimates exhibit a long-term global ocean mean bias order ~ 15 W/m2. Compari-
son of RadS from CERES-EBAF-sfc and CLARA-A3 shows very good agreement (global 
long-term mean difference − 2.2 W/m2 and spatial RMS of long-term mean difference is 
5.3 W/m2) of the two products. It is noted that both products utilize similar approaches to 
estimate surface radiation, i.e., via radiative transfer simulations and the use of simulta-
neous AVHRR and CERES data for the estimation of broadband albedo in CLARA-A3. 
Apart from this, they are independent as they utilize different satellite input, auxiliary data 
and radiative transfer models. Thus, the agreement between both radiation records suggests 
that the main source of uncertainty are the turbulent fluxes.

Lastly, in Table 5 we present long-term global, land, and ocean mean Fs values from fore-
casts of different reanalysis products, which are listed in Table  1. Values range in −  11.2 
to + 11.4 W/m2, with the largest values obtained from reanalyses with full data assimilation 
and relatively small values from the AMIP-type runs. All reanalyses except for NCEP R2 have 
the largest biases over ocean, where prescribed SSTs imply infinite heat capacity of the ocean 
and as a result lead to unrealistic fluxes. This indicates that assimilation of observational data 
into reanalyses arguably yields a more realistic atmospheric state but introduces discrepancies 
between observed and model climates that are reflected by unrealistically large vertical energy 
flux during the short-term forecasts.

5 � Summary, Conclusions, and Challenges Ahead

This paper discussed frameworks to diagnose the atmospheric mass and energy budgets, 
including storage terms, vertical fluxes, and lateral transports. We detailed assumptions 
typically made in atmospheric models that underlie reanalysis products, which are essential 
data sets for some terms of the energy budget, most notably the lateral transports and their 
divergence. These assumptions simplify the diagnostic equations, and optimal use of the 
data can only be made if diagnostics take into account the models’ conservation equations 
in a consistent manner. For example, models typically use constant latent heats rather than 
more realistic temperature-dependent formulations, which should be then followed when 
using the data.

We evaluated the total and dry static energy budget using observational data and three 
atmospheric reanalyses ERA5, JRA55, and MERRA-2. Thereby, we illustrated the impact 
of mass corrections which are still needed despite the progress made in data quality over 
past decades. Specific attention has been paid to the sensitivity of results to the employed 
temperature scale, and it has been shown that the Celsius scale is preferable since it helps to 
minimize ambiguities that remain in diagnosed budgets after mass correction due to real mass 
variations.

All these assumptions and errors contribute to the regional energy balance residual, and a 
complication arises from the fact that different products, most notably reanalyses compared 
to observations, use different assumptions. As a consequence, when we compare individual 
estimates of the errors in different terms (e.g., Fig. 6) with the regional energy balance resid-
ual shown in Fig. 7, individual maps do not fully resemble the map of the regional energy 



Surveys in Geophysics	

1 3

Ta
bl

e 
5  

20
01

–2
01

0 
av

er
ag

e 
ne

t s
ur

fa
ce

 e
ne

rg
y 

flu
x 

in
 W

/m
2  o

bt
ai

ne
d 

fro
m

 r
ea

na
ly

se
s 

w
ith

 v
ar

yi
ng

 a
m

ou
nt

s 
of

 d
at

a 
as

si
m

ila
te

d 
(b

as
ed

 o
n 

sh
or

t-t
er

m
 f

or
ec

as
ts

) 
an

d 
fr

ee
 

A
M

IP
-s

ty
le

 ru
ns

 o
f a

tm
os

ph
er

ic
 m

od
el

s u
nd

er
ly

in
g 

so
m

e 
of

 th
e 

em
pl

oy
ed

 re
an

al
ys

es
 (M

ER
R

A
-2

 A
M

IP
 a

nd
 E

R
A

20
C

M
)

Re
gi

on
ER

A
5

M
ER

R
A

-2
JR

A
55

M
ER

R
A

-2
 A

M
IP

N
C

EP
 R

2
20

C
R

v3
ER

A
20

C
ER

A
20

C
M

M
ER

R
A

​

G
lo

ba
l l

an
d

1.
0

0.
8

0.
5

1.
1

8.
1

1.
2

0.
8

0.
9

1.
7

G
lo

ba
l O

ce
an

5.
1

−
 6

.6
−

 1
5.

7
−

 1
.8

0.
9

9.
1

1.
8

2.
3

15
.2

G
lo

ba
l O

ce
an

 +
 L

an
d

3.
9

−
 4

.6
−

 1
1.

2
−

 1
.0

2.
8

6.
9

1.
5

1.
9

11
.5



	 Surveys in Geophysics

1 3

balance residual. This means that errors are present in divergence, radiation, and turbulent 
flux products. While balancing regional energy using observation-based products is difficult, 
we believe two approaches are useful to move forward toward balancing regional energy 
budgets. One approach is, as demonstrated by L’Ecuyer et  al. (2015) and similarly Mayer 
et  al. (2019), to adjust each component of regional energy fluxes within their uncertainty. 
These studies demonstrate that regional energy fluxes can be balanced at a relatively large 
scale. Closing at smaller scales (e.g., 1° × 1°) is, however, difficult because of the increasing 
influence of energy and moisture transport in the local energy balance. Furthermore, esti-
mating time- and regionally dependent errors for all products at a smaller temporal and spa-
tial scales is difficult. Another challenge for the provision of realistic uncertainty estimates is 
that inter-product spread for the budget term in question can underestimate (due to common 
biases in different products) or overestimate (due to inferior quality of one or more employed 
products) true uncertainty. Nevertheless, the inter-product spread appears to provide a more 
realistic uncertainty estimate than the spread of current ensemble products such as ERA5, 
since ensemble perturbations do not take systematic errors (e.g., of the assimilating model) 
into account which seem to be dominant on the timescales considered here.

An alternative approach that we showed in this study is to use the energy balance equations 
to estimate one flux component from the sum of the rest of flux components as residual. While 
this approach guarantees to balance regional energy, all errors (arising from both shortcomings 
of the individual data sets but also inconsistencies arising from different assumptions made 
in different products) are in the residual. We showed the regional net surface energy flux esti-
mated with net TOA flux and total energy divergence. Various metrics demonstrated a low 
bias of inferred FS (across spatial scales, ranging from close to zero on global scale, over < 5 
W/m2 on continental scale for ERA5 and MERRA-2 and ~ 15 W/m2 on the local scale of a 
1 × 1 degree grid) compared to other approaches to estimate net surface energy flux, such as 
direct estimation from model output or satellite-based data. For the latter, the main source of 
uncertainty lies in the turbulent fluxes. Satellite-based estimates have been tuned to minimize 
differences with flux estimates from buoy-based measurements, whereby fluxes are obtained 
using bulk formulae. The large quasi-global biases of the satellite-based FS estimates suggest 
that they are either overfitted to conditions at the buoy locations (which are largely in tropical 
seas) or the employed bulk formulae, which are known to have large uncertainties (Yu 2019), 
yield biased fluxes. Thus, in terms of long-term means inferred FS fields appear to be of rela-
tively high accuracy, and Mayer et al. (2022) have demonstrated that they are also superior in 
terms of temporal consistency. A major difficulty for evaluating surface fluxes is the limited 
availability of ground-truth data, such as measurements using eddy covariance methods over 
the ocean. As a consequence, we have to resort to the evaluation of physical constraints, which 
only exist for the long-term mean and only for the large scale over the ocean.

We also showed the regional diabatic heating associated with water estimated indirectly 
using radiative fluxes, dry static and kinetic energy divergence, and surface sensible heat flux. 
Both examples of inferring quantities as a residual take advantage of TOA flux constrained by 
ocean temperature measurements. The second example further extends the TOA flux constraint 
to surface radiative flux. Divergence terms in both examples use the same wind and temperature 
fields. The advantage of this residual approaches is that once assumptions and simplifications 
made in the employed data are accounted for in the diagnostic framework, inferred regional 
fluxes can be evaluated with measurements. For example, Trenberth and Fasullo (2017), Liu 
et al. (2020), or Mayer et al. (2022) used ocean heat transport measured at the RAPID section 
(Johns et al. 2011) and ocean temperature data in the North Atlantic to evaluate regional net 
surface fluxes derived as residual. The diabatic heating rate derived as residual can be evaluated 
by precipitation measurements. Results presented here indicate a positive bias of diabatic 
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heating rates inferred from the dry static energy budget when compared to GPCP-based 
estimates, also when accounting for documented low biases of the latter based on the merger 
of the currently best and latest version of the precipitation products (Behrangi and Song 2020; 
Behrangi et  al. 2023). However, the comparison in this paper is merely a demonstration of 
this application of the atmospheric energy budget and more work is needed to investigate the 
discrepancies found in more detail.

The evaluations presented here focused on long-term means. Assessing trends of inferred 
FS, an important application in the context of EEI research, still pushes the limits of the data, 
and only after ~ 2000 the involved products appear to be sufficiently stable (Loeb et al. 2022). 
Stable TOA fluxes such as those from CERES-EBAF are an essential ingredient for this, and 
their continuity into the future should have high priority. A remaining limiting factor of trend 
diagnostics is temporal stability of reanalyses, although progress has demonstrably been made 
over the years (e.g., Mayer et al. 2021). Nevertheless, for example TEDIV from ERA5 exhibits 
discontinuities in the late 1990s, which demonstrates the need for continued efforts in the areas 
of data rescue, homogenization, satellite data reprocessing activities, and bias estimation in 
future reanalyses, as advocated by Buizza et al. (2018).

It is expected that future reanalyses will increasingly adopt an Earth system approach, with 
atmosphere, ocean, sea ice, and land sub-systems being coupled. This will open new possibili-
ties for coupled budget diagnostics, but the challenge of setting up a diagnostic framework that 
consistently (e.g., in terms of reference temperatures) tracks all relevant exchanges between the 
different compartments will remain. Generally, diagnostic frameworks need to take account of 
further development of data sets in the future and relaxation of simplification and assumptions 
in models. Evaluation efforts such as those presented here should be continued to document 
progress with updated data sets, and to inform about remaining challenges.
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