
1. Introduction
The Earth's climate, as a mainly solar powered system, is determined by the vertical and horizontal components 
of the Earth's energy budget at the top of atmosphere (TOA), atmosphere, and surface. Initial attempts have 
been conducted since the early twentieth century to observationally detect and numerically characterize Earth's 
energy budget (e.g., Abbot & Fowle, 1908; Brooks, 1932; Budyko et al., 1962; Dines, 1917; Hunt et al., 1986; 
Lettau, 1954).

Since the 1960s, the study of Earth's energy budget at the TOA has been revolutionized with the advent of satel-
lite observations (e.g., House et al., 1986; Raschke & Bandeen, 1970; Raschke et al., 1973; Suomi, 1958) among 
which the most prominent ones are the Earth Radiation Budget Experiment (ERBE, Barkstrom, 1984; Barkstrom 
et  al.,  1990), the Clouds and the Earth's Radiant Energy System (CERES, Loeb et  al.,  2009, 2018; Wielicki 
et al., 1996), and the Solar Radiation and Climate Experiment (SORCE, Anderson & Cahalan, 2005). However, 
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on global scale has been widely assessed in previous studies. In the present study, their ability to simulate 
the energy budgets on regional scales are examined in detail and compared with reference data sets and their 
previous model generation. Our study finds that models tend to receive more energy or lose less energy at the 
top of atmosphere over Northern Hemispheric land, Southern Hemispheric ocean, and polar regions. The net 
energy fluxes within the atmosphere are also underestimated with substantial differences between regions. In 
most models, some energy fluxes at the surface of the Earth are even out of the references' uncertainty range 
in regions such as Eurasia, the North Atlantic, and Indian Oceans. Nevertheless, compared to their previous 
generation, the state-of-the-art ESMs investigated in our study show an overall improvement in their regional 
energy budgets, but deficiencies in atmospheric dynamics and hydrological cycle on regional scales should not 
be neglected.
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the satellite missions are not able to directly measure the energy budget within the atmosphere and at the surface, 
where the surface-based measurement networks such as the Global Energy Balance Archive (GEBA, Gilgen 
et al., 1998; Ohmura et al., 1989; Wild et al., 2017), the Baseline Surface Radiation Network (BSRN, Driemel 
et al., 2018; Ohmura et al., 1998), and the Argo Program (Jayne et al., 2017; Roemmich et al., 2009) play an 
important role. In parallel, the rapid development of computing power in the 1970s contributed to the maturation 
of global climate models (GCMs) (Edwards, 2000), which further provided the basis for the rise of reanalyses 
such as ERA-15 (Gibson et al., 1997), ERA-Interim (Dee et al., 2011), ERA5 (Hersbach et al., 2020), NCEP 
(Kalnay et al., 1996; Saha et al., 2010), and JRA-25 (Onogi et al., 2007). Following these advances, in the past 
30 years, new estimates of Earth's energy budget have been continuously published (e.g., Jung et al., 2019; Kiehl 
& Trenberth, 1997; L’Ecuyer et al., 2015; Stephens et al., 2012; Thomas et al., 2020; Trenberth et al., 2009; Wild 
et al., 1998, 2013, 2015). An essential element in this overall context is the partitioning of net surface radiation 
into sensible and latent heat turbulent fluxes, with the latter directly linking to the Earth's water cycle.

Classified by time scale, the Earth’s annual energy budget sets the tone for a more elaborate study of seasonal or 
monthly variability (e.g., Kato, Rose, et al., 2021; L’Ecuyer et al., 2015; Trenberth & Fasullo, 2013c; Thomas 
et al., 2020; van den Broeke et al., 2011). In terms of spatial scale, the investigation of Earth’s global energy 
budget (e.g., Kiehl & Trenberth, 1997; Stephens et al., 2012; Trenberth et al., 2009; Wild et al., 2013) provides 
a first-order understanding of the energy distribution within the climate system and the vertical energy trans-
fer mechanism. The global biases can be further split into regional biases using regional divisions such as 
inter-hemispheric differences (Lembo et  al.,  2019), land-sea differences (Wild et  al.,  2015), continental and 
ocean basin differences (Jung et al., 2019; L’Ecuyer et al., 2015; Thomas et al., 2020). Proceeding from global 
to regional scales is of interest as the latter set the stage for horizontal energy transport, which has a vital role 
in regulating Earth's regional energy budget. Various related studies on cross-equatorial energy transport (Loeb 
et al., 2016; Stephens et al., 2016), meridional energy transport (Fasullo & Trenberth, 2008b), ocean to land 
energy transport (Fasullo & Trenberth, 2008a; Liu et al., 2020), as well as continental and ocean basin energy 
transport (Kato, Loeb, et al., 2021; Trenberth & Fasullo, 2013b, 2013c, 2017) exist. These studies highlight the 
key role of regional scale energy (im-)balances for dynamical aspects of the Earth system, via vertical and hori-
zontal moisture and energy transport, and the need to assess associated regional scale biases in climate models.

In the context of global warming, human health is at risk due to the impact of regional climate change (e.g., Patz 
et al., 2005). Although regional climate models (RCMs) are more suitable to provide regional climate projections 
in detail than GCMs, RCMs tend to inherit uncertainties in the boundary conditions from GCMs through down-
scaling (Rummukainen, 2010). Thus, credible GCMs are essential for reliable regional climate change projec-
tions (Xie et al., 2015). An accurate representation of Earth's regional energy budget is fundamental for a skillful 
GCM to provide projections of regional climate change. This reinforces the necessity to assess the model perfor-
mance in simulating regional energy budgets.

The estimates of the magnitudes of the energy budget components are always accompanied with uncertainties. 
Although the satellite-based data sets and reanalyses provide a full-scale view of the Earth's energy budget, they 
generally lack uncertainty quantification on regional scales. While surface-based measurements could take this 
concern into account, they are hampered by their limited spatial coverage. As a result, combined approaches 
such as multi-ensemble and multi-product are used. However, closure problems related to large atmospheric or 
surface energy imbalances arise when independent data sets are combined. With the aim to address these issues, 
L’Ecuyer et al. (2015) and Rodell, Beaudoing, et al. (2015) explicitly couple the energy and water cycles through 
reconciling the satellite-based data sets under NASA Energy and Water Cycle Study (NEWS), while accounting 
for the uncertainty in each component. Their study covers 16 land and ocean regions across the globe over the 
period 2000–2009. Thomas et al. (2020) further developed the NEWS solution by considering spatial covariances 
and introducing additional constrains from ocean reanalyses.

As the Coupled Model Intercomparison Project (CMIP) has reached its sixth phase (CMIP6, Eyring et al., 2016), 
the NEWS data product provides a solid basis to assess the CMIP6 model performance in simulating the Earth's 
regional annual energy budget. We complement this surface data product with TOA and additional surface 
data products from CERES as our references. Our analysis retains the geographical decomposition into regions 
as given by the NEWS data product. The focus on this study is thus on the assessment of the regional scale 
representation of the energy budgets in the CMIP6 models, thereby complementing the analysis of the global 
energy budgets in the CMIP6 models by Wild (2020).
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A description of data and methods is featured in Section 2. In Section 3, we focus on comparing the regional 
multi-annual mean values of all the (all-sky) components of the Earth's energy budget between our refer-
ences and CMIP6 models. We also compare the annual regional energy budget components as represented 
in CMIP6 models with the ones of its previous generation CMIP5. Summary and conclusions are presented 
in Section 4.

2. Data and Methods
We examine the energy budget components of CMIP models on regional scales with respect to a range of refer-
ence data products. The models and data products all come with their own spatial and temporal characteristics. 
To compare the different data, we single out one of the reference data products, the NEWS product, and adopt its 
geographical regions, spatial resolution, and temporal coverage.

2.1. NEWS Annual Climatology Version 1.0 Data Product

We primarily use the mean values and uncertainty ranges from NEWS Annual Climatology of the 1st decade 
of the 21st Century Data Product Version 1.0 (L’Ecuyer et al., 2015; Rodell, Beaudoing, et al., 2015; Rodell, 
L’Ecuyer, et al., 2015) as reference for the surface energy budget components over 16 continents and ocean basins 
as well as over global land, global oceans and the globe (Figure 1). Besides the data as such, we adopt from this 
data set the 16 geographical regions illustrated in Figure 1 and Table 1, the 𝐴𝐴 0.25 ◦ × 0.25◦ spatial discretization, 
and the temporal coverage of 2000–2009.

The satellite-based data sets used to derive the NEWS energy budget estimates are mainly evaluated for the period 
2000–2009, while individual data sets cover slightly different periods starting no earlier than 1998 and ending 
no later than 2010. Detailed input data set information regarding the energy and water cycle is listed in Table 1 
of L’Ecuyer et al. (2015) and Rodell, Beaudoing, et al. (2015), respectively. Based on the characteristics of the 
selected data sets for different components, prior to the constraint, the authors carefully used various methods 
to estimate the uncertainty, such as comparisons against direct observations, standard deviation of independent 
data sets, sensitivity approaches, error propagation, etc. Thereafter, they utilized the inverse modeling method 
(Kalnay, 2003; Rodgers, 2000) to simultaneously impose energy and water balance constraints on the components 
of the annual energy and water cycles, while explicitly accounting for the uncertainty in each component with the 
assumption that the uncertainty is random and Gaussian.

Figure 1. Geographical distribution of 16 land and ocean regions as originally determined for the NEWS data product (L’Ecuyer et al., 2015; Rodell, Beaudoing, 
et al., 2015; Rodell, L’Ecuyer, et al., 2015) with their corresponding name abbreviations as used in the following figures and tables.
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2.2. CERES EBAF TOA Edition 4.1 Data Product

Our reference for TOA radiative fluxes is calculated from the Clouds and the Earth's Radiant Energy System 
(CERES) Energy Balanced and Filled (EBAF) TOA Edition 4.1 Data Product (Loeb et  al.,  2018; NASA/
LARC/SD/ASDC, 2019b) covering the period from March 2000 to present. The instruments of CERES are 
carried on satellites in sun-synchronous orbits and measure filtered radiances in three different wavelengths 
channels: shortwave (0.3 𝐴𝐴 μm –5 𝐴𝐴 μm ), total (0.3 𝐴𝐴 μm –200 𝐴𝐴 μm ) and window (8 𝐴𝐴 μm –12 𝐴𝐴 μm ). The longwave radi-
ances are determined by subtracting shortwave radiances from the total radiances. TOA radiative fluxes are 
defined at an optimal reference level of 20 𝐴𝐴 km (Loeb et al., 2002). To produce the radiation in the CERES 
EBAF TOA Edition 4.1 Data Product, first, CERES Single Scanner Footprint (SSF) TOA/Surface Fluxes 
Edition 4A Data Products which contains total solar irradiance (TSI) data mainly from the SORCE (Kopp & 
Lean, 2011) are used as input to produce the CERES SSF 𝐴𝐴 1

◦ (SSF1deg) and Synoptic 𝐴𝐴 1
◦ (SYN1deg) Ed4A Data 

Products. Then, monthly mean unadjusted outgoing longwave radiation (OLR) is calculated from the CERES 
SYN1deg daily OLR, while monthly mean unadjusted outgoing shortwave radiation (OSR) is calculated by 
applying predetermined empirical diurnal correction ratios to the CERES SSF1deg daily OSR. Finally, an 
objective constrainment algorithm (Loeb et  al.,  2009) is used to adjust OLR and OSR within their uncer-
tainty range to match their TOA imbalance with the Earth's energy imbalance result provided by Johnson 
et al.  (2016) inferred from the in-situ Argo ocean measurements, which results in the CERES EBAF TOA 
Edition 4.1 Data Product.

Loeb et  al.  (2018) estimated the overall uncertainties (𝐴𝐴 1𝜎𝜎 ) of monthly OSR and OLR in 𝐴𝐴 1◦ × 1◦ grid box by 
combining all known uncertainty sources (the EBAF diurnal correction, radiance-to-flux conversion error (Su 
et  al.,  2015), and CERES instrument calibration uncertainty) assuming their independency from each other. 
Monthly 𝐴𝐴 1◦ × 1◦ gridded OSR and OLR uncertainties (𝐴𝐴 1𝜎𝜎 ) are both approximately 3 𝐴𝐴 Wm−2 . These uncertainties 
are not, however, representative for some regions. For example, the uncertainties of OSR and OLR are higher in 
the terrestrial convective regions and marine stratocumulus regions because of the resulting strong diurnal cycles 
(Loeb et al., 2018; Taylor, 2012).

Table 1 
The Areas of 16 Land and Ocean Regions and Their Percentages of the Global Land or Ocean Area As Well As Their 
Percentages of the Global Area

Region Abbr. Area (𝐴𝐴 10
6
km

2 ) % Of global land/ocean % Of globe

Eurasia EA 53.2 36% 10%

Africa Af 29.9 20% 5.8%

North America NA 24.0 16% 4.7%

South America SA 17.7 12% 3.5%

Antarctica An 12.7 8.7% 2.5%

Mainland Australia Au 7.56 5.2% 1.5%

Australasian and Indonesian Islands/Island Continent IC 1.48 1.0% 0.29%

South Pacific SP 99.9 27% 20%

North Pacific NP 81.8 22% 16%

Indian Ocean IO 75.4 21% 15%

South Atlantic SAt 46.5 13% 9.1%

North Atlantic NAt 43.5 12% 8.5%

Arctic Ocean AO 10.2 2.8% 2.0%

Caribbean Sea CS 4.35 1.2% 0.85%

Mediterranean Sea MS 2.60 0.71% 0.51%

Black Sea BS 0.472 0.13% 0.09%

Global Land – 146.7 100% 29%

Global Ocean – 364.6 100% 71%

Globe – 511.2 – 100%
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2.3. CERES EBAF Surface Edition 4.1 Data Product

We use the CERES EBAF Surface Edition 4.1 Data Product (Kato et al., 2018; NASA/LARC/SD/ASDC, 2019a) 
covering the period from March 2000 to present as an additional reference for surface radiation. This is also a 

𝐴𝐴 1◦ × 1◦ satellite-derived data product, making use of the information contained in the CERES SYN1deg-Month 
Edition 4A Data Product (Rutan et al., 2015; Wielicki et al., 1996) and the CERES EBAF TOA Edition 4.1 Data 
Product (Loeb et al., 2018) as input for radiation. The surface radiation is constrained based on bias correction 
(in upper-tropospheric temperature and specific humidity, and cloud fraction) and a Lagrange multiplier process, 
to reduce the difference between the CERES SYN1deg-Month TOA radiation and CERES EBAF TOA radiation 
(Kato et al., 2013, 2018).

To estimate the monthly 𝐴𝐴 1◦ × 1◦ gridded uncertainty (𝐴𝐴 1𝜎𝜎 ) of upward shortwave radiation (USR), upward longwave 
radiation (ULR), downward shortwave radiation (DSR), and downward longwave radiation (DLR) over land, 
oceans, Antarctica (𝐴𝐴 60

◦
–90

◦
S ) and the Arctic Ocean (𝐴𝐴 60

◦
–90

◦
N ) in the EBAF Surface data set, Kato et al. (2018) 

used the root mean square differences (RMSDs) between EBAF Surface monthly Data and surface observation 
to represent the monthly uncertainties. Then they compared the results with the monthly uncertainties inferred 
by Kato et  al.  (2012,  2013) and the monthly uncertainties inferred using perturbation method as in Zhang 
et al. (1995). Limited by the number and spatial distribution of observation sites, it is not possible to directly 
evaluate the uncertainty on a larger spatial scale. Kato et al. (2018) made the best use of the available sites through 
grouping them randomly and equally, then they used fitted lines to represent the RMSD as a function of the 
number of sites in different sets of groups, and made assumptions that the order of 100 (𝐴𝐴 10

4 ) sites approximately 
corresponds to the uncertainty of monthly zonal (global) mean radiation. After combining with the uncertainties 
given by Kato et al. (2013), the final results are listed in Table 8 of Kato et al. (2018).

We combine the CERES EBAF TOA Edition 4.1 Data Product and the CERES EBAF Surface Edition 4.1 Data 
Product to calculate the CERES product reference estimates of the atmospheric radiative components, namely 
the atmospheric net shortwave radiation (atmospheric net SW radiation, the SW radiation absorbed by the atmos-
phere) and atmospheric net longwave radiation (atmospheric net LW radiation, the LW radiation emitted by the 
atmosphere to the outer space).

2.4. CMIP6 and CMIP5 Models

The CMIP6 historical simulations (Eyring et al., 2016) are externally driven by both natural and anthropogenic 
forcings based on observational data sets covering the period 1850–2014. We select 53 models which contain all 
energy budget components required for our study from CMIP6 historical simulations over the period 2000–2009. 
Different models contain different numbers of ensemble simulations. Therefore, to equally weight each model 
in the multi-model ensemble mean (MEM), we first calculate ensemble means within each model as the model 
mean value, and then average all model mean values to get a MEM.

We also draw a comparison between the CMIP6 and CMIP5 historical simulations over the period 2000–2005 
because the CMIP5 historical simulation only reach up to 2005. The comparison of MEM is based on a two-sample 
t-test for equal means at 0.05 significance level. To take individual model into account, we use the mean absolute 
bias between individual CMIP6/CMIP5 models' ensemble means and our reference data sets. In terms of the 
degree of consistency among different CMIP6/CMIP5 models, we look at the multi-model standard deviation of 
ensemble means and the inter-model spread of ensemble means.

The 53 CMIP6 and 46 CMIP5 models used in our study are listed in Table 2 and Table 3, respectively.

2.5. Spatial Decomposition and Time Span

We apply the same spatial decomposition with the resolution of 𝐴𝐴 0.25◦ × 0.25◦ as in the NEWS data product and 
investigate the Earth's energy budget in 16 land and ocean regions as depicted in Figure 1. The area of each region, 
its percentage of global land or ocean area, as well as its percentage of the area of the entire globe are listed in 
Table 1. As the spatial resolution of the CERES EBAF data product is 𝐴𝐴 1◦ × 1◦ and the spatial resolution differs 
among the various CMIP6 and CMIP5 models, we use a second-order conservative remap method (Jones, 1999) 
to remap those data onto 𝐴𝐴 0.25◦ × 0.25◦ grids so that they match with the NEWS map mask.

To be consistent with the NEWS data product, we focus on the 10-year annual means of the model-calculated 
energy flux fields covering the period from 2000 to 2009. Since the CERES EBAF TOA and Surface data 
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Table 2 
The 53 CMIP6 Models Used in Our Study With Their Corresponding Institution, Number of Ensembles and Horizontal Grid Resolution in Terms of Number of 
Longitudinal and Latitudinal Gridpoints

Institution Model name
Number of 
ensembles Horizontal grid (lon × lat)

Commonwealth Scientific and Industrial Research Organisation, Australia ACCESS-CM2 3 192 × 144

ACCESS-ESM1-5 10 192 × 145

Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, 
Germany

AWI-CM-1-1-MR 5 384 × 192

AWI-ESM-1-1-LR 1 192 × 96

Beijing Climate Center, China BCC-CSM2-MR 3 320 × 160

BCC-ESM1 3 128 × 64

Chinese Academy of Meteorological Sciences, China CAMS-CSM1-0 3 320 × 160

Chinese Academy of Sciences, China CAS-ESM2-0 4 256 × 128

National Center for Atmospheric Research, Climate and Global Dynamics 
Laboratory, USA

CESM2-FV2 3 144 × 96

CESM2-WACCM-FV2 3 144 × 96

CESM2-WACCM 3 288 × 192

CESM2 11 288 × 192

Department of Earth System Science, Tsinghua University, China CIESM 3 288 × 192

Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy CMCC-CM2-HR4 1 288 × 192

CMCC-CM2-SR5 1 288 × 192

Centre National de Recherches Meteorologiques, France; Centre Europeen de 
Recherche et de Formation Avancee en Calcul Scientifique, France

CNRM-CM6-1-HR 1 Reduced Gaussian grids with 181,724 
grid points over 360 latitude circles

CNRM-CM6-1 29 Reduced Gaussian grids with 24,572 
grid points over 128 latitude circles

CNRM-ESM2-1 9 Reduced Gaussian grids with 24,572 
grid points over 128 latitude circles

Canadian Centre for Climate Modelling and Analysis, Environment and Climate 
Change Canada, Canada

CanESM5-CanOE 3 128 × 64

CanESM5 65 128 × 64

E3SM Project E3SM-1-0 5 Cubed sphere spectral-element grid 
90 × 90 × 6 longitude/latitude/cubeface

E3SM-1-1-ECA 1 Cubed sphere spectral-element grid 
90 × 90 × 6 longitude/latitude/cubeface

E3SM-1-1 1 Cubed sphere spectral-element grid 
90 × 90 × 6 longitude/latitude/cubeface

EC-Earth Consortium EC-Earth3-Veg-LR 3 320 × 160

EC-Earth3-Veg 6 512 × 256

EC-Earth3 73 512 × 256

Chinese Academy of Sciences, China FGOALS-f3-L 3 360 × 180

FGOALS-g3 6 180 × 80

National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics 
Laboratory, USA

GFDL-CM4 1 360 × 180

GFDL-ESM4 1 360 × 180

Goddard Institute for Space Studies, USA GISS-E2-1-G-CC 1 144 × 90

GISS-E2-1-G 44 144 × 90

GISS-E2-1-H 23 144 × 90

Met Office Hadley Centre, UK HadGEM3-GC31-LL 4 192 × 144
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products start from March 2000, we set the end of our investigation period of the CERES EBAF data products 
to February 2010. The first decade of the 21st century excludes the strong El Niño events of 1997–1998 and 
2015–2016, and falls within the hiatus phase of the increase in global mean surface temperature (Trenberth & 
Fasullo, 2013a). The hiatus can be attributed to the natural variability associated with the switch in the sign of 
Pacific Decadal Oscillation which compensates the rise of GMST caused by the increase of greenhouse gases 
(Trenberth, 2015). As the CMIP models are freely evolving, it is highly unlikely that they show a hiatus due to 
internal variability at precisely the same years as the hiatus we observed in the real world. The quantitative effect 
of the hiatus on the different energy budget components at global and, especially, regional scales is a topic of 
ongoing research which we do not further pursue in this study.

3. Results and Discussion
We start with a discussion of the TOA energy fluxes in Section 3.1, before turning to the surface radiative and 
turbulent heat fluxes in Sections 3.2 and 3.3, respectively. The net energy imbalance at the surface is further 
examined in Section 3.4. Then, we investigate the atmospheric radiative fluxes and finally dive into the compar-
ison between CMIP6 and CMIP5 models. In each subsection, we typically proceed from large to small spatial 
scales, from global means to global land or ocean means, from large regions to small regions. The sign convention 
of the energy components used in our study is that the upward flux has a negative sign while the downward flux 
is positive. The biases between models and reference data sets, as well as differences among reference data sets 
are calculated with this sign convention. Assessments of overestimation and underestimation as well as state-
ments referring to higher or lower flux values are all based on the absolute magnitude of the energy fluxes. An 
overview of quantitative biases between CMIP6 models and our reference data sets is given in Figures 2 and 3. 
Maps providing a geographical impression of the differences between NEWS and CERES EBAF are given in 

Table 2 
Continued

Institution Model name
Number of 
ensembles Horizontal grid (lon × lat)

HadGEM3-GC31-MM 4 432 × 324

UKESM1-0-LL 18 192 × 144

Centre for Climate Change Research, Indian Institute of Tropical Meteorology 
Pune, India

IITM-ESM 1 192 × 94

Institute for Numerical Mathematics, Russian Academy of Science, Russia INM-CM4-8 1 180 × 120

INM-CM5-0 10 180 × 120

Institut Pierre Simon Laplace, France IPSL-CM6A-LR 32 144 × 143

National Institute of Meteorological Sciences/Korea Meteorological 
Administration, Climate Research Division, Republic of Korea

KACE-1-0-G 3 192 × 144

Japan Agency for Marine-Earth Science and Technology, Japan; Atmosphere and 
Ocean Research Institute, The University of Tokyo, Japan; National Institute for 
Environmental Studies, Japan; RIKEN Center for Computational Science, Japan

MIROC6 50 256 × 128

MIROC-ES2L 10 128 × 64

Max Planck Institute for Meteorology, Germany MPI-ESM1-2-HR 10 384 × 192

MPI-ESM1-2-LR 10 192 × 96

MPI-ESM-1-2-HAM 2 192 × 96

Meteorological Research Institute, Japan MRI-ESM2-0 6 320 × 160

Nanjing University of Information Science and Technology, China NESM3 5 192 × 96

NorESM Climate modeling Consortium NorCPM1 30 144 × 96

NorESM2-LM 3 144 × 96

NorESM2-MM 3 288 × 192

Seoul National University, Republic of Korea SAM0-UNICON 1 288 × 192

Research Center for Environmental Changes, Academia Sinica, Taiwan TaiESM1 1 288 × 192
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Table 3 
The 46 CMIP5 Models Used in Our Study With Their Corresponding Institution, Number of Ensembles and Horizontal Grid Resolution in Terms of Number of 
Longitudinal and Latitudinal Gridpoints

Institution Model name
Number of 
ensembles

Horizontal 
grid 

(lon × lat)

Commonwealth Scientific and Industrial Research Organization and Bureau of Meteorology, Australia ACCESS1-0 3 192 × 145

ACCESS1-3 3 192 × 145

Beijing Climate Center, China Meteorological Administration, China BCC-CSM1-1-M 3 320 × 160

BCC-CSM1-1 3 128 × 64

Beijing Normal University, China BNU-ESM 1 128 × 64

US National Centre for Atmospheric Research, USA CCSM4 8 288 × 192

National Science Foundation; Department of Energy; National Center for Atmospheric Research, USA CESM1-BGC 1 288 × 192

CESM1-CAM5-1-FV2 4 144 × 96

CESM1-CAM5 3 288 × 192

CESM1-FASTCHEM 3 288 × 192

CESM1-WACCM 7 144 × 96

Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy CMCC-CESM 1 96 × 48

CMCC-CMS 1 192 × 96

CMCC-CM 1 480 × 240

Centre National de Recherches Meteorologiques, France; Centre Europeen de Recherche et Formation Avancees 
en Calcul Scientifique, France

CNRM-CM5-2 1 256 × 128

CNRM-CM5 10 256 × 128

Commonwealth Scientific and Industrial Research Organisation in collaboration with the Queensland Climate 
Change Centre of Excellence, Australia

CSIRO-Mk3-6-0 10 192 × 96

CSIRO-Mk3L-1-2 3 64 × 56

Canadian Centre for Climate Modelling and Analysis, Canada CanESM2 5 128 × 64

LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences, China FGOALS-g2 5 128 × 60

FGOALS-s2 2 128 × 108

National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics Laboratory, USA GFDL-CM3 5 144 × 90

GFDL-ESM2G 1 144 × 90

GFDL-ESM2M 1 144 × 90

NASA Goddard Institute for Space Studies, USA GISS-E2-H-CC 1 144 × 90

GISS-E2-H 18 144 × 90

GISS-E2-R-CC 1 144 × 90

GISS-E2-R 26 144 × 90

Met Office Hadley Centre, UK HadCM3 10 96 × 73

HadGEM2-CC 3 192 × 145

Met Office Hadley Centre, UK; Instituto Nacional de Pesquisas Espaciais, Brasil HadGEM2-ES 5 192 × 145

Institute for Numerical Mathematics, Russian Academy of Science, Russia INM-CM4 1 180 × 120

Institut Pierre Simon Laplace, France IPSL-CM5A-LR 6 96 × 96

IPSL-CM5A-MR 3 144 × 143

IPSL-CM5B-LR 1 96 × 96

University of Tokyo, National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science 
and Technology, Japan

MIROC4h 3 640 × 320

MIROC5 5 256 × 128

MIROC-ESM-CHEM 1 128 × 64

MIROC-ESM 3 128 × 64
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Figure S1 in Supporting Information S1. Likewise, maps giving a geographical view of CMIP6 regional biases 
can be found in Figures S2–S5 in Supporting Information S1, again in the supplementary material. An overview 
of the reference values is given in Table 4.

3.1. TOA Radiative Flux

As shown in Figure 2, the CMIP6 MEM incoming solar radiation (ISR) largely agrees with EBAF over all 
regions with absolute biases of at most 0.1 𝐴𝐴 Wm

–2 . The CMIP6 multi-model standard deviations are less than 
1 𝐴𝐴 Wm

–2 over all regions (Table S1 in Supporting Information S1). These suggest that the TOA energy input 
in the climate system in CMIP6 models is essentially accurate on regional scale. It then follows that the biases 
of TOA net SW radiation are mostly determined by the biases of OSR. CMIP6 multi-model land mean and 
ocean mean OSR are both higher than those of EBAF (Figure 2, Table S1). Besides, 36 out of 53 CMIP6 
models overestimate the global mean OSR with 12 of them out of the uncertainty range of EBAF (Table S2 
in Supporting Information S1). On the regional scale, there are consistent overestimations of OSR among 
individual models over most regions (Figure 3). Exceptions are South America, the South Atlantic Ocean, and 
the Black Sea.

The biases we find are in line with the literature, notably regarding cloud radiative effects and cloud frac-
tion. The overestimation of MEM OSR can be ascribed to the overestimation of MEM SW cloud radiation 

Table 3 
Continued

Institution Model name
Number of 
ensembles

Horizontal 
grid 

(lon × lat)

Max Planck Institute for Meteorology, Germany MPI-ESM-LR 3 192 × 96

MPI-ESM-MR 3 192 × 96

MPI-ESM-P 2 192 × 96

Meteorological Research Institute, Japan MRI-CGCM3 5 320 × 160

MRI-ESM1 1 320 × 160

Norwegian Climate Centre, Norway NorESM1-ME 1 144 × 96

NorESM1-M 3 144 × 96

Figure 2. Biases (in 𝐴𝐴 Wm
–2 ) between CMIP6 MEM (2000–2009), the NEWS Annual Climatology data product, and the CERES EBAF TOA and Surface data 

products. The overall structure is the same as in Table 4. From top to bottom, the first panel of the figure represents the TOA biases (CMIP6—EBAF TOA). The second 
panel represents the atmospheric biases (CMIP6—EBAF). In the third panel, in each region, the left column represents the surface biases (CMIP6—EBAF Surface) and 
the right column represents the surface biases (CMIP6—NEWS). The values in the lowermost panel represent the biases (CMIP6—NEWS) in the turbulent heat fluxes 
and the surface imbalance.
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Figure 3. Percentage of CMIP6 models with positive biases (individual model's ensemble mean—NEWS/EBAF). The overall structure is the same as Figure 2. In 
each cell, the percentage of models with positive biases is given and indicated in pink color. The skyblue portion in each cell indicates the percentage of models with 
negative or zero biases.

effect (CRE) as compared to EBAF (Jian et al., 2020). The overestimations of MEM SWCRE are substantial 
over the Intertropical Convergence Zone (ITCZ) (Jian et al., 2020), which influences the overestimation of 
MEM OSR over the Pacific Ocean, the Atlantic Ocean, the Indian Ocean, and Australasian and Indonesian 
Islands. The overestimation of MEM OSR over Mainland Australia is also in line with Jian et al.’s (2020) 
finding that overestimations of the cloud albedo forcing (CAF) exist in the CMIP6 MEM over the arid 
regions in the Southern Hemisphere. Nevertheless, there are notable exceptions over the Black Sea and two 
large neighboring regions: South America and the South Atlantic, where a majority of models underestimate 
OSR (Figure 3, Figure S2 in Supporting Informa tion S1). It is difficult to attribute the deficient MEM OSR 
over South America merely via the distribution of CAF biases and clear sky planetary albedo biases in Jian 
et al.’s (2020) results, but the temporal correlation of clear sky planetary albedo between the CMIP6 MEM 
and EBAF shows significant weak or negative values over the land convection region of South America, 
which points to deficiencies in reproducing the annual cycle of the clear sky planetary albedo by the CMIP6 
models (Jian et al., 2020). Over the South Atlantic Ocean, the contrasting underestimation of MEM OSR 
to the aforementioned overestimation over ITCZ is in line with the underestimated MEM SWCRE over the 
marine stratocumulus region off the coast of Namibia (Jian et al., 2020, 2021), together with the underesti-
mated SWCRE over the Southern Ocean (𝐴𝐴 40

◦
S -𝐴𝐴 70

◦
S ) within the regime representing the stratocumulus cloud 

(Schuddeboom & McDonald, 2021). The underestimations of cloud fraction (Tselioudis et  al.,  2021) and 
cloud albedo (Jian et al., 2021) both contribute to the weak SWCRE of the stratocumulus clouds in CMIP6 
models.

Turning to OLR on the global scale, less energy leaves the Earth system in the CMIP6 MEM as compared to 
EBAF (Figure 2, Table S1 in Supporting Information S1) (see also Wild, 2020). 39 out of 53 CMIP6 models 
underestimate the global mean OLR with 11 of them out of the uncertainty range of EBAF (Table S2 in Support-
ing Information S1). OLR is consistently underestimated by most models over most ocean regions (Figures 2 
and 3). Land regions show a more mixed picture. For example, OLR is grossly underestimated in North America 
by most models and in the MEM, while the opposite is true for South America (Figures 2 and 3).

Different causes are examined in the literature. Following Miao et  al.  (2021), CMIP6 models underestimate 
LWCRE over the globe primarily due to the underestimation in the relative frequency of occurrence (RFO) of the 
clouds with high in-cloud ice water path (ICIWP). The lower OLR could then be ascribed to the underestimation 
of clear-sky OLR (Wild, 2020).

The negative biases of MEM TOA net SW radiation and the positive biases of MEM OLR compensate each 
other over most regions and lead to smaller biases of the TOA radiation balance in absolute magnitude 
(Figure 2). On the other hand, over Africa, Antarctica, Australasian and Indonesian Islands, and the South 
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Atlantic Ocean, these two fluxes result in enhanced biases in the TOA radiation balance. Most prominently 
over the South Atlantic Ocean, as the result of the superimposition of the deficiencies in both OSR and OLR, 
52 out of 53 CMIP6 models have higher TOA radiation balance than EBAF (Figure 3). The heterogeneous 
pattern of the TOA radiation balance biases on the regional scale is compensated when averaging over land 
and oceans, which leads to smaller biases with absolute values less than 1 𝐴𝐴 Wm−2 as compared to EBAF 
(Figure 2).

The biases between models and observation can be put into perspective by considering regional differences 
in the TOA radiation balance: a net energy gain at the TOA in some regions is transported by the atmosphere 
and/or ocean to other regions where a net energy loss at TOA occurs. The CMIP6 multi-model land mean 
TOA imbalance is −17.6 𝐴𝐴 Wm−2 (Table S1 in Supporting Information S1). The negative sign indicates a net 
radiative energy loss over land which is compensated by the net atmospheric energy transport from ocean 
to land. We subtract the CMIP6 multi-model land mean surface imbalance of 0.7 𝐴𝐴 Wm−2 from the CMIP6 
multi-model land mean TOA radiation balance of −17.6 𝐴𝐴 Wm−2 to get the net atmospheric energy transport 
with the value of −18.3 𝐴𝐴 Wm−2 (Table S1 in Supporting Information S1) (neglecting the atmospheric heat 
storage). Trenberth and Fasullo (2013c) determined the annual total atmospheric energy transport from ocean 
to land with the value of 2.5 PW, using ERA-Interim reanalysis data covering the period 1979–2010. Divid-
ing this value by the global land area of 𝐴𝐴 146.6 × 10

12
m2 applied in our study, we get a transport energy flux 

of −17.1 𝐴𝐴 Wm−2 . A new estimate combining satellite and ocean data by Liu et al. (2020) provides a slightly 
higher value of 2.78 PW covering the period 1985–2010 due to different calculation method and different 
land surface heat uptake assumptions, and a value of 2.74 PW (−18.7 𝐴𝐴 Wm−2 ) covering the period 2000–2010 
which is within 1 𝐴𝐴 Wm−2 from the CMIP6 MEM. Similarly, Wild et al. (2015) determined a net land-ocean 
energy transport of 2.8 PW (−19.0 𝐴𝐴 Wm−2 ) based on CERES-EBAF data and found a good agreement with the 
corresponding transport in the CMIP5 multi-model mean. The good agreement between CMIP6 MEM value 
and independent estimates suggests that the CMIP6 MEM precisely reproduce the annual atmospheric energy 
transport from ocean to land.

Turning to individual regions, the most substantial bias in the TOA radiation balance is found on the Austral-
asian and Indonesian Islands with a value of −9.0 𝐴𝐴 Wm−2 in the MEM (Figure 2), which amounts to about 19% 
of its absolute value (Table 4), and with 45 out of 53 CMIP6 models showing negative biases as compared 
to EBAF (Figure 3). This contrasts with a general positive bias over the oceans in the Southern Hemisphere 
(the South Pacific Ocean and the South Atlantic Ocean), in terms of MEM as well as in terms of the fraction 
of individual models showing positive biases (Figures 2 and 3). Moreover, the South Pacific Ocean and the 
South Atlantic Ocean together cover about 58% of the area of the Southern Hemisphere (Table  1), so the 
positive biases of TOA radiation balance in the CMIP6 models over these two ocean basins could largely 
contribute to the difference in the TOA radiation balance between the Northern and the Southern Hemi-
sphere (Loeb et al., 2016; Stephens et al., 2016; Trenberth & Zhang, 2019), which could have an influence 
on the cross-equatorial energy transport and the mean position of the ITCZ (Frierson et al., 2013; Marshall 
et al., 2014) in the CMIP6 models.

3.2. Surface Radiative Flux

3.2.1. Comparison Between the NEWS Annual Climatology and CERES EBAF Surface Data Products

We first compare the surface radiative fluxes between our main reference data sets, the NEWS Annual Climatol-
ogy Data Product and the CERES EBAF Surface Data Product. The goal here is not to evaluate either data set 
but to explore the target range before comparing these reference data sets with the CMIP6 models below. The 
comparison of the NEWS and EBAF regional scale surface radiation estimates is summarized in Figure 4. Note 
that while for global mean, global land, and global ocean, both NEWS and EBAF provide uncertainty estimates, 
only NEWS provides uncertainty estimates on regional scales.

There is overall good agreement among both data sets on large scales over the globe, global land and global 
oceans, for all individual radiative components (Figure 4). The only two prominent disagreements are the land 
mean USR and the ocean mean DLR where EBAF is out of the uncertainty range of NEWS. For the ocean mean 
DLR, the uncertainty ranges of the two data sets do not contain each other's annual mean value (Table 8 of Kato 
et al. (2018) and Table S1 in Supporting Information S1).
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On the level of individual regions, good agreement between NEWS and EBAF exists across all surface radiative 
components for Eurasia, Mainland Australia, the Indian Ocean, and the North Atlantic Ocean. Meanwhile, prom-
inent differences are found in the Pacific Ocean (DLR and surface net LW radiation), in the South Atlantic Ocean 
(USR and ULR), as well as over the Americas (all radiative fluxes except DSR and surface net radiation). In terms 
of components, there is generally good agreement between NEWS and EBAF for DSR.

We can only speculate on the reason for the aforementioned differences. The difference of land mean USR is 
mainly caused by the differences over North America, South America, and Antarctica. Over the two Americas, 
where the two data sets are compatible in terms of DSR but not for USR, it seems plausible that surface albedo 
plays a role in the disagreement, in North America possibly via snow cover. Dwelling further on the two Amer-
icas, significant differences occur not only in the SW components but also in the LW components. However, the 
higher surface net SW radiation and the lower surface net LW radiation compensate each other, which results in 
small differences in the surface net radiation with an absolute magnitude of less than 1 𝐴𝐴 Wm−2 .

Over Antarctica, the NEWS's lower USR is mostly caused by its lower DSR. The difference in their LW coun-
terpart is similar to that in the SW. It is noteworthy that the disagreement in DLR over Antarctica is even more 

Note. The columns from left to right represent seven continents, nine ocean basins and the spatial mean values over land, oceans and the globe. The regions are sorted 
from left to right in descending order of area size (in 𝐴𝐴 10

6
km

2 ) as provided in the first row. Rows contain different energy budget components. From top to bottom, the 
table is divided into four panels. The first panel of the table represents the TOA components from the CERES EBAF TOA product. The second panel represents the 
atmospheric components calculated by combining the CERES EBAF TOA and Surface products. In the third panel, the left and right columns in each region represent 
the surface components from CERES EBAF Surface product and the NEWS Annual Climatology data product, respectively. The values in the lowermost panel represent 
the turbulent heat fluxes and surface imbalance from the NEWS Annual Climatology data product.

Table 4 
Magnitudes of the Energy Budget Components (in 𝐴𝐴 Wm

–2 ) as Given by the NEWS Annual Climatology Data Product As Well As the CERES EBAF TOA and Surface  
Data Products

Continents

EA Af NA SA An Au IC

NEWS/EBAF (Wm −2) Area(10 6 km 2) 53.2 29.9 24.0 17.7 12.7 7.56 1.48

TOA

 ISR 307.4 397.0 282.4 394.0 186.0 378.1 394.1

 OSR −106 −116 −104 −120 −128 −94 −123

 TOA net SW 202 281 178 274 58 284 271

 OLR −231 −262 −221 −242 −159 −271 −223

 TOA radiation balance −29 19 −43 32 −101 13 48

Atmosphere

 Atmos. net SW 71 95 62 96 29 80 96

 Atmos. net LW −169 −180 −169 −193 −124 −176 −180

Surface

 DSR 166 165 241 248 155 152 207 211 140 124 245 241 195 171

 USR −35 −34 −55 −56 −39 −27 −29 −26 −111 −100 −42 −44 −20 −16

 Surface net SW 131 131 186 192 116 124 178 186 29 24 203 197 175 155

 DLR 301 300 370 370 281 287 381 377 145 129 353 360 384 358

 ULR −364 −364 −452 −460 −333 −347 −430 −434 −180 −173 −448 −454 −428 −402

 Surface net LW −62 −63 −83 −90 −52 −60 −49 −57 −35 −44 −95 −93 −43 −44

 Surface net radiation 69 68 104 102 64 65 129 129 −6 −20 109 104 132 111

 LH −34 −45 −33 −77 −1 −27 −75

 SH −34 −58 −32 −52 21 −77 −36

 Surface imbalance 0 0 0 0 0 0 0
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substantial because the mean value of either data set falls outside the uncertainty range of the other data set (Table 
8 of Kato et al. (2018) and Table S1). It should be kept in mind, however, that precise estimates of surface energy 
budget components for Antarctica remain challenging. Kato et  al.  (2018) compared EBAF with four sites in 
Antarctica. They inferred mean biases of monthly mean DLR and DSR of 3.1 𝐴𝐴 Wm−2 and −4.1 𝐴𝐴 Wm−2 respectively, 
which are both within the uncertainty of surface observations. However, the root mean square errors (RMSEs) of 
monthly mean DLR and DSR are 11.7 𝐴𝐴 Wm−2 and 20.1 𝐴𝐴 Wm−2 , respectively. This is caused by the large temporal 
and spatial variability of surface radiation over polar regions. The poor agreement between the two data sets over 
the Australasian and Indonesian Islands might be linked to the heterogeneity of the region which could not be 
resolved by the original 𝐴𝐴 1◦ × 1◦ grid box of EBAF.

The substantial disagreement in ocean mean DLR in Figure 4 can be further tracked to the Pacific Ocean, where 
the EBAF values exceed the NEWS values by nearly 10 𝐴𝐴 Wm−2 . According to Kato et al. (2018), there is a signif-
icant improvement in EBAF edition 4 as compared to its previous edition in the nighttime DLR over the Pacific 
Ocean, where the hourly mean bias of nighttime DLR amounts to only 1 𝐴𝐴 Wm−2 . There also exist other significant 
disagreements over the ocean basins, mostly in USR and ULR. For instance, the magnitude of the difference of 
ULR over the Arctic Ocean is about one order higher than over other ocean basins, considering its relatively low 

Ocean basins

Land Oceans GlobeSP NP IO SAt NAt AO CS MS BS

99.9 81.8 75.4 46.5 43.5 10.2 4.35 2.60 0.472 146.7 364.6 511.2

347.2 371.7 351.3 333.5 332.5 187.6 393.6 339.7 313.0 326.1 346.0 340.3

−95 −98 −94 −98 −88 −103 −81 −71 −86 −111 −95 −99

253 274 258 235 244 84 313 269 227 215 251 241

−244 −246 −245 −241 −243 −199 −263 −258 −239 −233 −243 −240

9 28 13 −6 1 −115 49 10 −11 −17 8 0.8

77 87 79 74 77 44 94 76 72 74 79 77

−194 −198 −192 −193 −191 −164 −210 −185 −177 −171 −193 −187

189 190 198 198 192 187 178 175 179 183 99 97 231 244 206 215 166 172 187 186 187 186 187 186

−13 −14 −11 −12 −13 −13 −17 −15 −12 −12 −59 −50 −12 −12 −13 −11 −11 −9 −46 −42 −14 −14 −23 −22

175 176 187 186 179 174 161 160 167 171 41 47 218 231 193 204 155 164 141 143 173 172 164 164

359 349 383 375 359 355 339 336 358 357 232 228 407 404 343 344 330 327 312 311 359 353 345 341

−408 −407 −432 −433 −411 −409 −388 −384 −410 −411 −268 −258 −460 −458 −417 −419 −392 −390 −374 −378 −408 −407 −398 −399

−50 −58 −48 −58 −52 −54 −48 −48 −52 −55 −36 −30 −53 −54 −74 −75 −62 −63 −62 −67 −50 −55 −53 −58

126 118 138 127 127 120 113 112 115 116 5 17 165 177 119 129 93 101 79 76 123 117 110 106

−99 −105 −106 −83 −98 −10 −125 −113 −87 −38 −98 −81

−20 −18 −21 −19 −20 −7 −12 −24 −22 −38 −19 −25

−2 4 −6 10 −3 0 40 −8 −8 0 0.6 0.4
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absolute value (Table 4). Another significant disagreement is the substantially higher DSR over the Caribbean 
Sea in the NEWS data set, which further contributes to the excessive surface imbalance (Table 4) in NEWS over 
the Caribbean Sea as indicated by Thomas et al. (2020). These disagreements limit the model evaluation in these 
regions.

3.2.2. Comparison Between CMIP6 Models and Reference Data Sets

In this section, we structure the presentation of our findings as follows: (a) we proceed from global mean, global 
land and ocean mean where both NEWS and EBAF provide uncertainty range, to regional mean where we have 
the uncertainty range of NEWS and the annual mean value of EBAF. (b) In view of the disagreement for at least 
some regions and radiative components (indicated by the same hatching of cells in Figures 4–6), we consider for 
this comparison two pairs of uncertainty ranges depending on the spatial scale: the uncertainty range of NEWS 
and EBAF on global, global land and ocean scale (Figures 5 and 7); the uncertainty range of NEWS (Figure 5) 
as well as the largest range bounded by the end values of NEWS uncertainty range and the mean value of EBAF 
(Figure 6) on regional scale. (c) In the assessment, we start from the components in the regions where the CMIP6 
MEMs are out of the uncertainty range decided by (a) and (b) (indicated by “±” in the corresponding cells of 
Figures 5 and 6), then we dwell upon the ensemble means of individual CMIP6 models.

Figure 5. Comparison of the surface energy budget components between the CMIP6 models and the uncertainty range of the NEWS Annual Climatology data product.

Figure 4. Differences (NEWS—EBAF in 𝐴𝐴 Wm−2 ) between the NEWS Annual Climatology data product and the CERES EBAF Surface data product. Hatching 
indicates EBAF being out of the uncertainty range of NEWS.
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Over the global land, the most prominent difference occurs in USR where 43 out of 53 CMIP6 models provide 
high values of USR which are out of the uncertainty range of NEWS (Figure 5, Table S3 in Supporting Infor-
mation S1). Even though the uncertainty range of EBAF in global land mean USR shifts toward higher value 
and is twice in size as compared to that of NEWS, there are still nine out of 53 CMIP6 models which have high 
values of USR that are out of the uncertainty range of EBAF (Figure 7, Table S2 in Supporting Information S1). 
This can be ascribed to the high CMIP6 MEM USR over Eurasia (overestimated by 43 out of 53 CMIP6 models 
as  shown in Figure 5 and Table S3 in Supporting Information S1) and the two Americas (Figures 5 and 6), which 
is possibly caused by the excessive DSR over these regions (Figures 2 and 5). While over Eurasia, there are almost 
twice as many CMIP6 models that overestimate the USR as those that overestimate the DSR, which suggests that 
the higher albedo is also a contributing factor. The land mean DLRs of CMIP6 models are slightly underesti-
mated as depicted in Figures 2 and 5, which can be attributed to the underestimation of DLR over the two largest 
continents in our study (Eurasia and Africa). Comparing to the uncertainty range of EBAF, even more CMIP6 
models overestimate global land mean DSR (28 out of 53 models) and underestimate global land mean DLR (20 
out of 53 models) than comparing to NEWS (Figure 7, Table S2 in Supporting Information S1). The ULRs over 
South America and Antarctica are significantly overestimated in CMIP6 models with MEMs as well as 35 and 

Figure 6. Comparison of the surface radiative components between CMIP6 models and the largest range bounded by the end values of the uncertainty ranges of the 
NEWS Annual Climatology data product and the annual mean value of the CERES EBAF Surface data product.

Figure 7. Comparison of the surface radiative components between CMIP6 models and the uncertainty range of EBAF.
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46 models out of the uncertainty range, respectively (Figures 2 and 6, Table S4 in Supporting Information S1). 
Although the CMIP6 MEM ULR over Africa is also out of the uncertainty range and 26 out of 53 CMIP6 models 
have higher absolute values (Figure 6 and Table S4 in Supporting Information S1), the bias between CMIP6 
MEM and EBAF is only 0.1 𝐴𝐴 Wm−2 , which is even one order lower than the annual uncertainty of EBAF over 
global land, so we consider it as an agreement between CMIP6 models and reference data sets.

Over the global oceans, because of the compensating effect of positively and negatively biased models (Figure 5), 
the CMIP6 multi-model ocean mean SW components (DSR, USR, and surface net SW radiation) are all within 1 

𝐴𝐴 Wm−2 from the NEWS (Figure 2). On the regional scale, the compensating effect remains over the Pacific Ocean. 
24 and 18 out of 53 CMIP6 models overestimate DSR over the Indian Ocean and the South Atlantic Ocean, respec-
tively (Figure 5, Table S3 in Supporting Information S1), while the opposite is true over the North Atlantic Ocean 
where 22 CMIP6 models underestimate DSR. Moreover, 32 CMIP6 models overestimate USR over the North 
Atlantic Ocean so that the CMIP6 MEM USR is also out of the uncertainty range of NEWS in this region. As for 
the LW components, the global ocean mean DLR of the CMIP6 models shows an opposite pattern when compared 
to NEWS and EBAF (Figures 6 and 7), which is primarily due to the significant difference between NEWS and 
EBAF over the Pacific ocean (Section 3.2.1). Figure 5 shows a similar pattern regarding DLR over the Indian 
Ocean and the Atlantic Ocean compared to the one of DSR. The global ocean mean ULR of the CMIP6 models are 
biased toward overestimation (Figures 2 and 5). On the regional scale, the overestimation of ULR can be tracked to 
the Ocean basins mainly located in the Southern Hemisphere (the South Pacific Ocean, the Indian Ocean and the 
South Atlantic Ocean). Especially over the Indian Ocean and the South Atlantic Ocean, the CMIP6 MEM ULRs 
are overestimated and out of the uncertainty range (Figures 5 and 6). According to the Stefan-Boltzmann law, the 
overestimation of ULR suggests an overestimation of sea surface temperature (SST) in the Southern Hemisphere 
in the CMIP6 models. Considering our finding of the overestimated ULR over South America and Antarctica, 
the surface skin temperature in the CMIP6 models is overestimated over most of the Southern Hemisphere. On 
the contrary, the ULR over the North Atlantic Ocean is rather underestimated and out of the uncertainty range 
(Figure 5) both in terms of MEM and individual models (29 out of 53) (Table S3 in Supporting Information S1).

3.3. Turbulent Heat Flux

The partitioning of surface net radiative energy between latent heat (LH) and sensible heat (SH) flux is of key 
relevance as it ties the radiative fluxes to the water cycle. Models are known to struggle in this respect (Li 
et al., 2021; Mueller & Seneviratne, 2014; Wang et al., 2021; Wild, 2020), and turbulent heat flux products are 
known to come with substantial uncertainties (Brunke et al., 2002, 2011; Rannik et al., 2016). Our analysis is 
overall in line with these common places. Our primary reference data set here is again NEWS. However, as indi-
cated originally in L’Ecuyer et al. (2015) and also in Thomas et al. (2020), the SH fluxes in the satellite-based 
input data sets for the NEWS results are higher than other estimates based on reanalyses and models. Therefore, 
considering the possibly substantial variation between different turbulent heat flux data sets, we also compare our 
results with respect to other reference data sets.

The LH fluxes are overall overestimated on global land, global ocean and regional scale in the CMIP6 models 
(Figures 2 and 5). The only exceptions are the Arctic Ocean and the two smallest ocean basins (the Mediterra-
nean Sea and the Black Sea). On the contrary, the SH fluxes are overall underestimated when comparing CMIP6 
models with the NEWS data set (Figures 2 and 5). Several exceptions are Antarctica, the North Pacific Ocean, 
the North Atlantic Ocean, the Caribbean Sea and the Black Sea.

Over the land regions, the overall overestimation of LH flux in CMIP6 models is in line with Li et al. (2021) and 
Wang et al. (2021). Note that Antarctica is excluded in their studies. As for the terrestrial SH flux, the bias between 
the CMIP6 multi-model median and the mean value of multiple land turbulent flux products shows a mixed 
pattern (Figure 5 of Li et al. (2021)). One result on the continental scale from Li et al. (2021) is that the CMIP6 
multi-model median overestimates SH flux over South America. Our results in Figure 5 and also our CMIP6 
multi-model median in Table S1 rather suggest that the SH fluxes over South America are underestimated by the 
CMIP6 models. This demonstrates that even opposite conclusions can be reached with different turbulent heat flux 
products as reference data sets, and it shows the need for further improvement of corresponding data products. 
Further comparison between CMIP6 models and land turbulent flux products need to be pursued in the future.

For the ocean regions, we took as an additional reference data set the average of multiple ocean turbulent flux 
products from Tables 2 and 3 of Thomas et al. (2020). For LH flux, the comparison gives similar result as with 
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NEWS: CMIP6 models tend to overestimate the LH flux over the globe and global ocean, which can be attributed 
to the overestimation over large ocean basins. However, as for SH flux, the underestimation over the globe and 
the global ocean obtained with respect to NEWS turns into a better agreement between most of the models and 
our additional reference. Our additional reference generally has lower SH flux over all the compared ocean basins 
than NEWS, so the CMIP6 models which underestimate SH flux as compared to NEWS tend to agree with our 
new reference. Meanwhile, those CMIP6 models that are in agreement with NEWS overestimate SH flux when 
compared to the Thomas et al. (2020) reference.

In summary, the comparisons of LH flux over both land and ocean regions between CMIP6 models and different 
reference data sets are consistent in the sense that CMIP6 models tend to overestimate the LH, whereas the SH 
flux counterpart involves ambiguousness as different turbulent heat flux data sets vary substantially. Following 
Wild (2020) who found substantial CMIP6 inter-model spread of SH flux on global scale, in our study on regional 
scales, the CMIP6 inter-model spread of SH flux amounts to at least 50% of the CMIP6 MEM (Table S5 in 
Supporting Information S1).

3.4. Surface Imbalance

Being the combination of all surface energy flux components, the surface imbalance inherits associated issues as 
described in more detail in the previous sections. Consequently, we restrict ourselves in the following mostly to 
summarizing the biases as such, without giving much room to potential underlying causes.

We compared the surface imbalance of CMIP6 models with the uncertainty range of NEWS. The NEWS data set 
constrains the surface imbalance over land regions to zero and the surface imbalance over ocean regions to match 
with the ocean heat content with the value of 𝐴𝐴 0.6 ± 0.4Wm−2 measured by Argo array (Lyman et al., 2010; Willis 
et al., 2009). As shown in Figure 5, all CMIP6 models provide higher surface imbalance over the globe than the 
upper bound of the uncertainty range of NEWS. Over the global ocean, all except only one model is within the uncer-
tainty range of NEWS. The CMIP6 multi-model ocean mean surface imbalance with the value of 1.9 𝐴𝐴 Wm−2 (Table 
S1 in Supporting Information S1) is out of the uncertainty range of the ocean heat content measured by Argo array.

On regional scale, we calculate the uncertainty range of the surface imbalance based on error propagation, assum-
ing that the energy budget components are independent. Then, the uncertainty range of the surface imbalance 
over the individual ocean regions is typically higher than that over the global ocean. Thus, over most of the ocean 
regions, the CMIP6 models are within the uncertainty range of NEWS (Figure 5). Exceptions are the South 
Pacific Ocean, the North Atlantic Ocean, and the Caribbean Sea.

Over the South Pacific Ocean, the high surface imbalance of many of the CMIP6 models may be attributed to the 
high DLR and low SH as compared to NEWS, but two issues remain. First, the NEWS and EBAF do not agree 
with each other in DLR over the South Pacific Ocean (Section 3.2.1) where EBAF has higher DLR than NEWS. 
Note that Figure 10 of Kato et al. (2018) shows that EBAF overestimates DLR over the South Pacific Ocean as 
compared to observations taken from buoys, but the comparison is limited to tropical regions and may not be 
representative for the whole region. Therefore, we could not simply reach the conclusion that CMIP6 models 
overestimate the DLR over the South Pacific Ocean. Second, as indicated in Section 3.3, NEWS tends to over-
estimate SH and if we change the reference to Thomas et al. (2020), 39 out of 53 CMIP6 models are within the 
uncertainty range over the South Pacific Ocean, so we cannot conclude either that CMIP6 models underestimate 
the SH over the South Pacific Ocean.

As for the disagreement over the North Atlantic Ocean and the Caribbean Sea, Thomas et al. (2020) compared 
NEWS with the surface imbalance calculated through combining CERES TOA data set with ERA-Interim reanal-
ysis, and they found that the surface imbalances over the North Atlantic Ocean, the Caribbean Sea as well as the 
Arctic Ocean from the NEWS solution is inconsistent with the fact that these ocean regions receive a substantial 
amount of heat from the ocean overturning circulation, so these regions should be losing more heat on the surface 
than the NEWS solution suggests. In this case, the comparisons of the surface imbalance between CMIP6 models 
and NEWS over those three ocean regions are not tenable anymore.

3.5. Atmospheric Radiative Flux

Our reference data set for the atmospheric radiative fluxes is based on the combination of the CERES EBAF TOA 
and CERES EBAF Surface data sets.
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As shown in Figure 2, CMIP6 MEM atmospheric net SW radiations have lower values than EBAF over global 
land, global ocean and the globe. We further compared atmospheric net SW radiations of individual CMIP6 
models with the uncertainty range inferred from Kato et  al.  (2018) on global scale (Table S2 in Supporting 
Information S1). The result indicates that 48 out of 53 CMIP6 models simulate atmospheric net SW radiations 
that are within the uncertainty range of EBAF, while only five CMIP6 models underestimate global atmospheric 
net SW radiations. On regional scale, except over the polar regions (Antarctica and the Arctic Ocean), CMIP6 
MEM atmospheric net SW radiations are lower than EBAF. There is, however, a considerable spread of biases 
among regions, ranging from −6.5 𝐴𝐴 Wm−2 over South America to 1.3 𝐴𝐴 Wm−2 over Antarctica (Figure 2). Over 
South America, the low CMIP6 MEM atmospheric net SW radiation leads to an overestimated CMIP6 MEM 
DSR (Figure 5). The polar regions have the largest CMIP6 relative inter-model spread in atmospheric net SW 
radiation compared to all other land and ocean regions (Table S5 in Supporting Information S1). This suggests 
that the slightly higher atmospheric net SW radiations over the polar regions in CMIP6 MEM than in EBAF, by 
around 1 𝐴𝐴 Wm−2 , are a result of compensating model biases.

CMIP6 MEM atmospheric net LW radiations also have lower values than EBAF over global land, global 
ocean and the globe. We again compared atmospheric net LW radiations of individual CMIP6 models with the 
uncertainty range inferred from Kato et al. (2018) on global scale (Table S2 in Supporting Information S1). 
The result is that 20 out of 53 CMIP6 models underestimate the atmospheric net LW radiations and are 
outside the uncertainty range, while the other 33 CMIP6 models are within the uncertainty range. Consistent 
low values of CMIP6 MEM atmospheric net LW radiations prevail over all ocean and land regions except for 
Mainland Australia as well as the Australasian and Indonesian Islands (Figure 2). Regional differences are, 
again, pronounced. For example, South America has a bias of 7.5 𝐴𝐴 Wm

–2 , while the bias for Africa is only 3.8 
𝐴𝐴 Wm

–2 , and Australia has even a negative bias of −1.9 𝐴𝐴 Wm
–2 . To what degree these regionally different model 

biases affect regional energy budgets and modeling of associated atmospheric dynamics is a topic for future 
research.

3.6. Comparison Between CMIP6 and CMIP5 Models

So far we discussed the energy budget components from global to regional scales in CMIP6 historical simu-
lations. In this section, we examine how the CMIP6 models compare in this respect with the preceding model 
generation CMIP5. In doing so, we compare the CMIP6 and CMIP5 energy budget components over the same 
time period from 2000 to 2005 (Section 2.4), as the CMIP5 historical simulation extend only till 2005. We used 
the CMIP6 historical simulations to ascertain that the MEM is robust against the choice of either averaging 
period (2000–2005 or 2000–2009). We thereby found that differences due to the two different periods are typi-
cally smaller than 0.1 𝐴𝐴 Wm−2 , with a maximum difference of 0.7 𝐴𝐴 Wm−2 for ULR over the Arctic Ocean and can 
therefore be neglected.

The results of the comparison between the CMIP6 and CMIP5 energy budget components are shown in Figure 8. 
From this figure, it is apparent that statistically significant changes of the MEMs of the two model generations 
are largely absent in some regions (global land, the Americas) and for some flux components (atmosphere net 
SW radiation), whereas substantial differences are present in other regions (global ocean, the Arctic Ocean, the 
South Pacific Ocean) and for other flux components (ISR, DLR, SH). We address these statistically significant 
differences (bold face numbers in Figure 8) in some more detail in the following, proceeding from the TOA to 
the surface.

The most obvious feature of the TOA components in Figure 8 is the difference between the ISR, in which the 
CMIP6 MEMs give slightly lower values in all the regions and a uniform lower value of 0.8 𝐴𝐴 Wm−2 over global 
land, global ocean, and the globe as compared to the CMIP5 MEMs. This is caused by the updated estimate of 
the TSI as given by Kopp and Lean (2011). According to the measurements from SORCE, they determine the 
TSI of 1360.8 ± 0.5 𝐴𝐴 Wm−2 , which is lower than the previous widely used value of 1365.4 ± 0.7 𝐴𝐴 Wm−2 (Lee III 
et al., 1995).

There is no significant difference between CMIP6 and CMIP5 MEM in other TOA components over global land, 
global ocean and the globe. On regional scale, there are differences in MEM OSR over Australia and the Oceans 
in the Northern Hemisphere (the North Pacific Ocean, the North Atlantic Ocean and the Arctic Ocean), which all 
help to narrow the biases between CMIP6 MEM and EBAF (Figure 2). By contrast, the difference in MEM OLR 
over the Arctic Ocean enlarges the bias between CMIP6 MEM and EBAF (Figure 2).
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For the atmospheric components, significant differences between the two model generations exist only for atmos-
pheric net LW radiation (not for net SW radiation) and primarily over the oceans—global, Pacific, Indian and 
Arctic Ocean—as well as over Antarctica. These upward adjustments in absolute magnitude of the CMIP6 MEM 
in atmospheric net LW radiation help to narrow the bias between the CMIP6 MEM and EBAF (Figure 2), yet 
still not enough to completely get rid of the deficient CMIP6 MEM atmospheric net LW radiation. A substantial 
enhancement of the atmospheric SW absorption under cloud-free conditions in the CMIP6 MEM compared to 
CMIP5 has been noted in Wild (2020) (significant at the 95% confidence level).

As for the surface components over land regions, there is no significant difference in the global land means 
between the two model generations in all components. Nevertheless, on regional scales, the significant downward 
adjustment in the absolute magnitude of the CMIP6 MEM surface net SW radiation over Eurasia and the signifi-
cant upward adjustment in the absolute magnitude of the CMIP6 MEM DLR over Eurasia as well as the CMIP6 
MEM ULR over Africa reduce the bias between CMIP6 MEM and EBAF (Figure 2).

For the surface energy components over ocean regions, we find differences between CMIP6 and CMIP5 MEM 
mainly, although not exclusively, over the oceans in the Southern Hemisphere (Figure 8). Over the global ocean, 
differences in MEM USR and MEM DLR propagate to surface net LW radiation and surface net radiation. The 
downward adjustment in the absolute magnitude of global ocean means USR in the CMIP6 MEM lowers the 
biases between CMIP6 MEM and EBAF as well as NEWS (Figure 2). We recall, however, that these small biases 
in the CMIP6 MEM result at least in part from compensational effects among CMIP6 models (Section 3.2.2), 
where eight models overestimate and nine models underestimate global ocean mean USR (Table S3 in Supporting 
Information S1). The downward adjustments in the absolute magnitude of CMIP6 MEM USR on regional scale 
are found mostly over the oceans in the Southern Hemisphere (the South Pacific Ocean, the Indian Ocean and the 
South Atlantic Ocean). Since the two reference data sets, NEWS and EBAF, disagree with each other in global 
ocean mean DLR, it is hard to tell whether the upward adjustment in the absolute magnitude of CMIP6 MEM 
DLR helps to improve the performance of CMIP6 models over most ocean regions. However, Wild et al. (2015) 
noted a small underestimation of the CMIP5 DLR over oceans compared to the available direct observations 

Figure 8. Difference (CMIP6 – CMIP5) between CMIP6 MEM (2000–2005) and CMIP5 MEM (2000–2005) in 𝐴𝐴 Wm
–2 . The overall structure is similar to Figure 2. 

The values of the components in the corresponding regions where CMIP6 MEM (2000–2005) and CMIP5 MEM (2000–2005) are significantly different at 95% 
confidence level are marked in bold and larger font.
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from buoys and maritime BSRN sites, which supports a slight upward adjustment as seen in the CMIP6 MEM 
DLR. On regional scales, at least over the North Atlantic Ocean and the Caribbean Sea, the upward adjustments 
in the CMIP6 MEM DLR help to narrow the biases between the CMIP6 MEM and EBAF as well as NEWS. 
Meanwhile, the change in CMIP6 MEM DSR over the Arctic Ocean enlarges the biases between CMIP6 MEM 
and EBAF as well as NEWS (Figure 2).

The reduction in the absolute magnitude of the CMIP6 MEM LH compared to its CMIP5 counterpart over Africa 
reduces the bias between the CMIP6 MEM and NEWS (Figure 2), and makes Africa the only land region where 
the CMIP6 MEM LH is within the uncertainty range of NEWS (Figure 5). There are also significant differences 
in SH over large ocean regions but no conclusion can be easily made because of the discrepancies in the reference 
data sets (Section 3.3).

We conclude this section on the comparison of CMIP5 and CMIP6 by slightly broadening the view beyond the 
discussion of MEMs by taking individual models into account. On the one hand, we utilize the mean absolute bias 
between individual CMIP6/CMIP5 models' ensemble means and our reference data sets to represent the accuracy 
of CMIP models on regional scales. On the other hand, we determine for both CMIP5 and CMIP6 model genera-
tions the multi-model standard deviation of ensemble means as well as the inter-model spread of ensemble means 
for the different energy flux components to assess the degree of consistency between the different CMIP6/CMIP5 
models. We further condense our results over 16 regions into two tables by taking the area-weighted means of the 
same metrics over seven land regions (Table 5) and nine ocean regions (Table 6). It is noteworthy to mention that 
even if we use arithmetic means or medians instead of area-weighted means over land or ocean regions, we still 
get similar results as in Tables 5 and 6.

From this analysis, we take that the CMIP6 models generally have lower mean absolute biases against our refer-
ence data sets, lower mean standard deviations and lower inter-model spreads in all Earth's energy budget compo-
nents on regional scale than the CMIP5 models. One may interpret this as an improvement from CMIP5 to 
CMIP6 in the sense that the models tend to agree better with the reference estimates and are more consistent 
amongst themselves with respect to their representation of the energy budget components on regional scales.

However, a number of challenges remain. CMIP6 DSR on regional scale averaged over seven land regions, 
as one crucial component on Earth's surface, still suffers from a higher mean absolute bias, mean standard 
deviation and mean inter-model spread than any other component over land, and, more importantly, roughly 
half of all models fall out of the uncertainty range on regional scale over land (Figure 6). The mean stand-
ard deviation and mean inter-model spreads of LH on regional scale over land (mainly over the four largest 
land regions based on Table S1 in Supporting Information S1) are even increased in CMIP6 as compared to 
CMIP5, which points to deficiencies in simulating LH in the CMIP6 models as discussed in Section 3.4. It 
is also noteworthy to mention that, unlike in most other regions, over the polar regions (Antarctica and the 
Arctic Ocean) the CMIP6 inter-model spreads of most energy budget components are higher than CMIP5. 
Over Antarctica, the CMIP6 components with higher inter-model spreads than CMIP5 are ISR, OSR, TOA 
net SW radiation, TOA radiation balance, atmospheric net SW radiation, USR, surface net SW radiation, 
DLR, ULR, surface net radiation and surface imbalance. Over the Arctic Ocean, the CMIP6 components 
with higher inter-model spreads than CMIP5 are ISR, OSR, TOA net SW radiation, OLR, TOA radiation 
balance, atmospheric net SW radiation, atmospheric net LW radiation, DLR, ULR, surface net radiation, SH 
and surface imbalance. Over the polar regions, many energy budget components in CMIP6 models also have 
higher mean absolute biases against our reference data sets than in CMIP5 models. Over Antarctica, these 
are OSR, TOA net SW radiation, atmospheric net SW radiation, USR, ULR, LH, surface imbalance, so the 
higher biases exist mainly in the upward fluxes. Over the Arctic Ocean, these are OLR, atmospheric net LW 
radiation, DSR.

4. Summary and Conclusions
We examined the energy budget in CMIP6 historical experiments from 53 models, averaged over the period 
2000–2009, from global to regional scales with regard to satellite-derived estimates, primarily but not exclusively 
the NEWS and CERES EBAF data products. Results are put into perspective by providing, on the one hand, some 
comparisons between CMIP6 and the two aforementioned reference data sets. On the other hand, we quantify 
changes from CMIP5 to CMIP6.
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The global mean SW net energy input at TOA is underestimated and falls outside of the CERES EBAF uncer-
tainty range by 11 CMIP6 models. The underestimation in CMIP6 models tends to be pronounced in the Northern 
Hemisphere, while there is an overestimation of TOA net SW radiation over South America, the South Atlantic 
Ocean, and Antarctica. OLR in CMIP6 models tends to be too low over most regions, with the notable excep-
tions of South America and Africa. The TOA radiation balance in many CMIP6 models is characterized by more 
energy entering or less energy leaving the climate system over Northern Hemisphere land, Southern Hemisphere 
oceans, and polar regions compared to CERES EBAF. Less energy enters or more energy leaves over Southern 
Hemisphere land and Northern Hemisphere oceans. This spatial pattern in TOA imbalance biases sets the stage 
not only for deficiencies in cross-equatorial energy transports in models, but also for other shortcomings in the 
modeled circulation.

For the atmospheric components, the majority of the CMIP6 models is within the uncertainty range of EBAF. 
There is, however, a tendency toward underestimation of net atmospheric absorption in the SW, except for polar 
regions, and even more so in the atmospheric net LW radiation, with the exception of Mainland Australia. The 
substantial regional differences (such as too low SW absorption over South America or too low net LW radiation 

Table 5 
Overall Performance of CMIP6 and CMIP5 Models With Respect to Their Representation of Regional Scale Energy Budget Components Over Seven Land Regions

Averaged over 7 land regions

Mean absolute bias against NEWS Mean absolute bias against EBAF Mean standard deviation Mean spread

CMIP6 CMIP5 CMIP6 CMIP5 CMIP6 CMIP5 CMIP6 CMIP5

TOA

 ISR 0.3 1.0 0.7 0.9 4.5 4.4

 OSR 4.3 5.8 5.1 6.9 24.5 29.5

 TOA net SW 4.3 5.9 5.1 6.8 24.4 27.9

 OLR 3.9 4.3 4.2 4.8 19.5 21.6

 TOA radiation balance 3.3 4.4 3.8 4.7 19.0 19.0

Atmosphere

 Atmos. net SW 3.6 4.8 3.5 4.2 17.5 17.7

 Atmos. net LW 7.3 8.2 5.2 5.5 23.6 28.2

Surface

 DSR 9.3 12.2 8.0 10.9 7.8 11.3 32.1 50.8

 USR 7.4 7.9 4.8 5.2 5.3 5.7 25.3 26.3

 Surface net SW 5.6 7.8 5.2 7.8 5.7 8.6 27.2 39.0

 DLR 7.5 8.3 7.1 8.3 7.4 7.8 32.4 34.5

 ULR 7.7 8.0 5.8 5.6 6.2 6.2 27.3 30.8

 Surface net LW 5.0 6.4 7.3 8.5 5.3 7.0 24.8 31.0

 Surface net radiation 4.7 5.5 5.6 6.4 5.1 6.2 24.5 29.4

 LH 6.2 6.6 5.7 5.0 31.0 20.7

 SH 7.5 8.5 5.1 6.3 22.4 31.2

 Surface imbalance 1.1 1.0 1.0 0.9 6.1 4.0

 mean of all components 4.8 5.8 22.7 26.2

 mean of TOA components 3.2 4.3 3.8 4.8 18.4 20.5

 mean of atmos. components 5.5 6.5 4.3 4.8 20.5 22.9

 mean of surface radiative components 6.8 8.0 6.2 7.5 6.1 7.5 27.7 34.5

 mean of surface components 6.2 7.2 5.5 6.5 25.3 29.8

Note. The metrics used for the comparison are mean absolute bias between individual CMIP6/CMIP5 models (2000–2005) and NEWS (2000–2009), mean absolute 
bias between individual CMIP6/CMIP5 models (2000–2005) and EBAF (2000 March–2006 February), standard deviation of CMIP6/CMIP5 models (2000–2005) and 
inter-model spread of CMIP6/CMIP5 models (2000–2005). All these metrics are first calculated over seven individual land regions and the final results shown above 
are the area-weighted means of the same metrics over seven land regions. Units in 𝐴𝐴 Wm

–2 .
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over the South Atlantic Ocean as compared to their neighboring regions) potentially again impact atmospheric 
dynamics.

Turning to surface radiative fluxes, the differences between the NEWS and CERES EBAF products, our main 
references, show a strong heterogeneity with regard to region and flux component. Particularly large differences 
exist in the two reference data sets over the Americas, where CERES EBAF falls outside the uncertainty range of 
NEWS for all fluxes except DSR. Similar challenges exist for the polar regions. The radiative flux components 
USR, ULR, and DLR estimates disagree in many regions between the two reference data sets. In contrast, the 
two references are consistent for all flux components in Eurasia, Mainland Australia, the North Atlantic Ocean, 
and the Indian Ocean. With regard to the CMIP6-simulated regional surface energy budget components, we find 
five major deficiencies. First, around half of the CMIP6 models overestimate DSR over Eurasia and the two 
Americas, while the ocean regions show a mixed picture in the sense that CMIP6 models almost equally overes-
timate and underestimate DSR over the Pacific Ocean, resulting in little bias in MEM DSR, but 18 models over-
estimate DSR over the South Atlantic Ocean and 22 models underestimate DSR over the North Atlantic Ocean. 
These  compensating effects over the ocean regions, which exist not only in individual regions but also across 
regions lead to accurate CMIP6 MEM DSR averaged over the entire global ocean. Second and third, CMIP6 
models tend to overestimate USR and underestimate DLR over the largest two land regions (Eurasia and Africa). 

Table 6 
Same as Table 5 but for Nine Ocean Regions

Averaged over 9 ocean regions

Mean absolute bias against NEWS Mean absolute bias against EBAF Mean standard deviation Mean spread

CMIP6 CMIP5 CMIP6 CMIP5 CMIP6 CMIP5 CMIP6 CMIP5

TOA

 ISR 0.3 1.0 0.6 0.9 4.4 4.2

 OSR 3.4 4.6 4.2 4.7 20.6 21.4

 TOA net SW 3.5 4.2 4.4 4.6 21.2 18.9

 OLR 3.1 3.5 3.5 3.6 17.2 15.3

 TOA radiation balance 2.4 2.8 2.2 2.7 10.1 12.8

Atmosphere

 Atmos. net SW 2.3 3.0 2.6 2.9 12.4 13.2

 Atmos. net LW 5.5 7.5 4.8 4.4 20.8 24.5

Surface

 DSR 5.2 6.2 4.5 5.3 5.8 6.2 27.6 24.2

 USR 1.6 2.1 1.6 2.1 2.1 2.4 10.7 10.4

 Surface net SW 4.9 5.7 4.0 4.8 4.9 5.7 22.6 23.4

 DLR 6.4 5.4 5.1 5.9 5.4 5.0 22.3 24.1

 ULR 4.2 4.2 3.3 3.4 3.5 3.8 14.4 18.3

 Surface net LW 5.2 4.8 3.9 5.2 4.1 3.7 16.1 18.4

 Surface net radiation 6.1 5.8 3.7 5.6 3.9 4.7 17.4 19.8

 LH 6.6 7.2 4.3 5.5 18.4 22.8

 SH 4.8 5.7 3.4 2.7 15.5 17.0

 Surface imbalance 6.4 6.4 2.1 2.4 10.2 13.4

 Mean of all components 3.6 3.9 16.6 17.8

 Mean of TOA components 2.5 3.2 3.0 3.3 14.7 14.5

 Mean of atmos. components 3.9 5.3 3.7 3.7 16.6 18.9

 Mean of surface radiative components 4.8 4.9 3.7 4.6 4.2 4.5 18.7 19.8

 Mean of surface components 5.1 5.4 3.9 4.2 17.5 19.2

Note. Units in 𝐴𝐴 Wm
–2 .
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Fourth, CMIP6 models tend to overestimate ULR over the largest two ocean regions in the Southern Hemisphere 
(the South Pacific Ocean and the Indian Ocean). Last but not least, in the North Atlantic Ocean and the Indian 
Ocean, at least 40% of all CMIP6 models lie outside our reference uncertainty range for any surface radiative 
flux components except surface net LW radiation and surface net radiation. Thorough quantifications of model 
deficiencies over the Americas, the Pacific Ocean, and the polar regions are hampered by the disagreement of the 
reference data in these regions. Better consistency of the references here is clearly desirable, and an independent 
validation with direct surface observations is a worthwhile future step.

Likewise, better accuracy of reference data set is desirable for latent and sensible heat fluxes. What can be 
concluded here is that LH is overestimated in almost all regions by the majority of CMIP6 models. Regional 
differences in the biases are, however, substantial (e.g., there is 11.7 𝐴𝐴 Wm−2 bias in LH over the North Pacific 
Ocean, yet only 2.9 𝐴𝐴 Wm−2 bias in LH over the South Pacific Ocean between CMIP6 MEM and our reference 
data set).

Comparing the model generations CMIP6 and CMIP5 with respect to their regional scale representation of the 
energy budget components, we find a general reduction of the biases between CMIP6 models and our reference 
data sets compared to CMIP5. The inter-model spread also decreased from CMIP5 to CMIP6 except over the 
polar regions, where the inter-model spread is larger in CMIP6 than CMIP5 for most energy budget components.

Future work should, ideally, make use of more consistent reference estimates notably over the Americas, the 
Pacific Ocean and the polar regions. More consistent reference data for LH and SH would likewise be desirable. 
Also, a thorough evaluation of the various data products with direct observations would be required. On the 
modeling side on regional scale, challenges lie with DSR over South America and the Arctic Ocean, USR over 
Eurasia and the North Atlantic Ocean, ULR over the Indian Ocean and the North Atlantic Ocean, and with the 
partitioning of LH and SH in general. The heterogeneity of these challenges in terms of region and flux compo-
nent, as documented in this paper, suggests potentially equally heterogeneous underlying physical causes. To 
improve the situation, dedicated physical studies at regional scales seem indispensable and a logical next step.

Data Availability Statement
The data sets used in our study can be downloaded in the following links: NEWS Annual Climatology Version 
1.0 Data Product: https://dx.doi.org/10.5067/7VZB10AK8S3D (L’Ecuyer et  al.,  2015; Rodell, Beaudoing, 
et al., 2015; Rodell, L’Ecuyer, et al., 2015). CERES EBAF TOA Edition 4.1 Data Product: https://doi.org/10.5067/
TERRA-AQUA/CERES/EBAF-TOA_L3B004.1 (Loeb et  al.,  2018). CERES EBAF Surface Edition 4.1 Data 
Product: https://doi.org/10.5067/Terra-Aqua/CERES/EBAF_L3B.004.1 (Kato et  al.,  2018). CMIP6 historical 
simulations: https://esgf-node.llnl.gov/search/cmip6/ In this link, select Experiment ID as “historical”, select 
Table ID as “Amon”, then click “Search”. CMIP5 historical simulations: https://esgf-node.llnl.gov/search/cmip5/ 
In this link, select Experiment ID as “historical”, select CMIP Table as “Amon,” then click “Search.”
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