Acta Oceanol. Sin., 2021, Vol. 40, No. 1, P. 85-102
https://doi.org/10.1007/s13131-021-1705-6
http://www.hyxb.org.cn

E-mail: hyxbe@263.net

An evaluation of the Arctic clouds and surface radiative fluxes in
CMIP6 models

Jianfen Weil' 2, Zhaomin Wang® #*, Mingyi Gu®, Jing-Jia Luo* ¢*, Yunhe Wang" 8

1School of Environmental Science and Engineering, Nanjing University of Information Science and Technology,
Nanjing 210044, China

2 Institute for Climate and Application Research (ICAR), Nanjing University of Information Science and Technology,
Nanjing 210044, China

3 College of Oceanography, Hohai University, Nanjing 210098, China
4Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519082, China
5School of Atmospheric Science, Nanjing University of Information Science and Technology, Nanjing 210044, China

6 Key Laboratory of Meteorological Disaster of Ministry of Education/Joint International Research Laboratory of
Climate and Environment Change/Collaborative Innovation Center on Forecast and Evaluation of Meteorological
Disasters, Nanjing University of Information Science and Technology, Nanjing 210044, China

7CAS Key Laboratory of Marine Geology and Environment, Institute of Oceanology, Chinese Academy of Sciences,
Qingdao 266071, China

8 University of Chinese Academy of Sciences, Beijing 100049, China

Received 9 May 2020; accepted 22 June 2020
© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

To assess the performances of state-of-the-art global climate models on simulating the Arctic clouds and surface
radiation balance, the 2001-2014 Arctic Basin surface radiation budget, clouds, and the cloud radiative effects
(CREs) in 22 coupled model intercomparison project 6 (CMIP6) models are evaluated against satellite
observations. For the results from CMIP6 multi-model mean, cloud fraction (CF) peaks in autumn and is lowest in
winter and spring, consistent with that from three satellite observation products (CloudSat-CALIPSO, CERES-
MODIS, and APP-x). Simulated CF also shows consistent spatial patterns with those in observations. However,
almost all models overestimate the CF amount throughout the year when compared to CERES-MODIS and APP-x.
On average, clouds warm the surface of the Arctic Basin mainly via the longwave (LW) radiation cloud warming
effect in winter. Simulated surface energy loss of LW is less than that in CERES-EBAF observation, while the net
surface shortwave (SW) flux is underestimated. The biases may result from the stronger cloud LW warming effect
and SW cooling effect from the overestimated CF by the models. These two biases compensate each other,
yielding similar net surface radiation flux between model output (3.0 W/m?) and CERES-EBAF observation
(6.1 W/m?). During 2001-2014, significant increasing trend of spring CF is found in the multi-model mean,
consistent with previous studies based on surface and satellite observations. Although most of the 22 CMIP6
models show common seasonal cycles of CF and liquid water path/ice water path (LWP/IWP), large inter-model
spreads exist in the amounts of CF and LWP/IWP throughout the year, indicating the influences of different cloud
parameterization schemes used in different models. Cloud Feedback Model Intercomparison Project (CFMIP)
observation simulator package (COSP) is a great tool to accurately assess the performance of climate models on
simulating clouds. More intuitive and credible evaluation results can be obtained based on the COSP model
output. In the future, with the release of more COSP output of CMIP6 models, it is expected that those inter-model
spreads and the model-observation biases can be substantially reduced. Longer term active satellite observations
are also necessary to evaluate models’ cloud simulations and to further explore the role of clouds in the rapid
Arctic climate changes.
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1 Introduction portance for the changes of surface temperature and the Arctic

Over the Arctic, surface radiation budget, including the in-  sea-ice melt onset and retreat. Arctic surface radiation budget
coming solar radiation, reflected shortwave (SW) radiation, and has been widely evaluated in previous studies using observa-
downwelling/outgoing longwave (LW) radiation, is of greatim-  tions (Dong et al., 2010; Kay and L’Ecuyer, 2013; Riiheli et al.,
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2017), reanalysis products (Perovich et al., 2007; Huang et al.,
2017a), and output from climate models (English et al., 2015;
Boeke and Taylor, 2016; Lenaerts et al., 2017; Taylor et al., 2019).
Many scientific projects or research campaigns have been de-
signed and implemented in the Arctic to understand the underly-
ing processes influencing the Arctic surface energy budget, such
as the Surface Heat Budget of the Arctic Ocean (SHEBA, October
1997-October 1998) (Perovich et al., 1999; Uttal et al., 2002;
Shupe et al., 2006), the Atmospheric Radiation Measurement
(ARM, started in 1989) (Stokes and Schwartz, 1994; Verlinde et
al., 2016) and the Arctic Summer Cloud Ocean Study (ASCOS,
August-September 2008) (Shupe et al., 2013; Tjernstrom et al.,
2014). The physical processes that determine surface radiation
budget in the Arctic involve complicated thermodynamic pro-
cesses. Up to now, these processes are still poorly understood, es-
pecially with the dramatic Arctic climate changes including the
rapid sea ice retreat (Kapsch et al., 2013; Huang et al., 2017a; Lee
etal.,, 2017; Huang et al., 2019; Yu et al., 2019) and surface accel-
erated warming (Serreze and Barry, 2011; Cohen et al., 2014;
Walsh, 2014) in recent decades.

Changes in the amount, temperature and optical character-
istics (liquid/ice water content, number of droplets and their
size) of clouds can modify the surface radiative balance in differ-
ent ways, known as the surface cloud radiative effect (CRE) or
cloud radiative forcing. The cloud water path (CWP), including
ice water path (IWP) and liquid water path (LWP), indicates the
amount of condensed water (liquid or ice) in a cloud column
from cloud base to cloud top of a unit area. In the Arctic, clouds
are mainly low-level mixed-phase cloud (Cesana et al., 2012; Van
Tricht et al., 2016; Wendisch et al., 2019). CWP is a fundamental
physical property of clouds and an important influencing factor
determining the radiative effect with different cloud phases. The
uncertainty in CWP contributes significantly to the overall uncer-
tainty in cloud-climate feedbacks (Fu and Liou, 1993; Cesana and
Storelvmo, 2017). Also, clouds in different height levels and dif-
ferent latitudes have different radiative effects due to discrepan-
cies in temperature and optical depth. Clouds could impact sur-
face radiation budget through two competing processes: reflect-
ing solar SW radiation to space (cooling effect) and trapping the
outgoing LW radiation (greenhouse effect) (IPCC, 2014; Li et al.,
2011; Matus and L'Ecuyer, 2017). In general, the LW CRE is
primarily determined by cloud temperature, height, and emissiv-
ity, while SW CRE is determined by the solar zenith angle, sur-
face albedo, and cloud transmittance and albedo. Goosse et al.
(2018) summarized several important feedbacks in the polar re-
gions that could influence surface radiative fluxes in a rapidly
changing Arctic. Several of those feedbacks are related to
changes in the polar cloud cover, such as the positive cloud-sea
ice feedback in non-summer months and negative cloud optical
depth feedback. The positive feedback depicts that the decrease
of Arctic sea ice extent in non-summer months could resultin a
more low-cloud cover that emits more LW to surface and in-
creases downwelling LW, leading to further sea ice loss. For the
latter feedback, the liquid clouds may increase with the Arctic cli-
mate warming, which could result in higher cloud albedo and
more reflection of SW, dampening the warming process.

Many studies have discussed the surface CREs and their influ-
ences on surface temperature or sea ice cover in the Arctic (Liu et
al., 2008; Mace and Benson, 2008; Liu and Key, 2014; Letterly et
al., 2016; Jun et al., 2016; Huang et al., 2017a, 2019) and Antarctic
(Wang et al., 2019). For instance, research in Jun et al. (2016)
shows that a large reduction of winter sea ice cover decreased
lower tropospheric static stability, leading to enhanced cloud

formation and considerable LW radiative forcing based on obser-
vations and atmospheric general circulation model (AGCM) ex-
periments. Considering the scarcity and the large uncertainties in
the available data sets of Arctic clouds, the variability and
changes of Arctic cloud characteristic properties are known little.
Until now, no consensus exists on the long-term trend of Arctic
total cloud fraction (CF) in the past decades due to the differ-
ences of observation methods or available observation periods
among different datasets. Possible future trends of Arctic CF pro-
jected by different models also show large inter-model spread
(Liu et al., 2008; Eastman and Warren, 2010; Liu et al., 2012; Com-
iso and Hall, 2014; Letterly et al., 2016).

Due to some limitations of the cloud retrieval (availability of
daylight and the problems with water path retrieval over ice and
snow), available observations of cloud optical parameters in the
polar regions are very rare. For instance, most in situ observa-
tions of Arctic surface radiation and cloud cover during some sci-
entific programs were implemented on a short-term scale and in
specific ground sites, such as SHEBA and ASCOS, which are
rather limited both temporally and spatially. CWP in moderate
resolution imaging spectroradiometer (MODIS) (Platnick et al.,
2003) cloud observations only covers the central Arctic during
several warm months (April to August) too, as well as another
data set CLARA-A2, which stands for “CM SAF cLouds, Albedo
RAdiation data record, AVHRR-based, Edition 2” (Karlsson et al.,
2017). Thus only a few studies documented the radiative proper-
ties of clouds according to their phase in the Arctic. Climate mod-
els are great tools for related research. The simulation of cloud
physical and optical properties is very important for determining
the reliability of climate modeling and climate prediction. Based
on available simulation results from coupled model intercom-
parison project, phase 6 (CMIP6, Eyring et al., 2016) models and
several satellite observations, this study intends to evaluate the
surface radiation budget and analyze the influence of model-
generated cloud properties on surface radiative fluxes over the
Arctic.

2 Models, observations and methods

The CMIP6 model outputs of cloud properties and surface ra-
diative fluxes from the atmospheric model intercomparison
project (AMIP) experiments (up to December 2014) were ana-
lyzed in this study. AMIP experiments were forced by the ob-
served sea surface temperature and sea ice boundary conditions
and the model output of these experiments is proper for the com-
parison with observation products. Only outputs from the first
ensemble of each model were analyzed. To date, 22 CMIP6 mod-
els provide all variables needed for this study, including CF,
cloud LWP, IWP, and surface short-wave/long-wave fluxes in all-
sky and clear-sky conditions. The relevant information, includ-
ing the name, the institution, the atmospheric component and
spatial resolution, the cloud fraction scheme, and the references
of each model are given in Table 1. According to the work of Qu
et al. (2014) and Wang et al. (2015), cloud schemes used in all the
22 models are divided into two diagnostic and one prognostic
schemes depending on whether cloud cover is a diagnostic or a
prognostic variable. Two types of diagnostic schemes, relative
humidity (RH)-based empirical and probability distribution
function (PDF)-based statistical schemes, are defined based on
the treatment of the stratiform clouds. For RH-based scheme,
fractional cloud cover CF is an empirical function of RH. Some
RH-based scheme uses the large-scale average condensate
(cloud water/ice) as the primary predictor in addition to the grid-
mean RH, based on the research of Xu and Randall (1996). In
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PDEF-based statistical scheme, cloud cover is determined by ac-
counting for the sub-grid scale variability in both total water con-
tent and temperature. This variability often assumes some simple
probability density functions (PDFs).

We use surface monthly radiative fluxes from the Clouds and
Earth’s Radiant Energy System Energy Balanced and Filled
(CERES-EBAF) version 4.0 (CERES EBAF-Surface_Ed4.0, Kato et
al., 2018) onboard the Terra and Aqua NASA satellites. These
data can be obtained from the NASA Langley Research Center
CERES ordering tool at (http://ceres.larc.nasa.gov/). This
product provides global gridded (with 1°x1° spatial resolution),
monthly mean clear-sky fluxes, all-sky fluxes, and CREs at the
surface from March 2000 to March 2018. It is the first long-term
measurements for estimating the Earth’s radiation budget
(Wielicki et al., 1998). Cloud cover properties in CERES-EBAF
(CERES EBAF-TOA_Ed4.0, Loeb et al., 2018) are derived from
simultaneous measurements by MODIS Terra between March
2000 to June 2002 and MODIS Terra+Aqua from July 2002 on-
wards. CERES-EBAF provides a great observational constraint on
Arctic Ocean radiative fluxes, but one should keep in mind that
the data quality in high latitudes is lower than at lower latitudes
because of the viewing geometry, the lower sun elevation angles
and clouds being more difficult to discriminate against a cold
and/or bright background such as sea ice. In addition, compared
to the observed top of atmosphere (TOA) radiative fluxes, sur-
face radiative fluxes in CERES-EBAF are calculated based on the
CERES-EBAF TOA observations along with other satellite obser-
vations. Previous studies have indicated that this surface radi-
ation product performs better than other products (Zhang et al.,
2015; Slater, 2016) due to the TOA observation constraint.
However, the validation of these surface radiative fluxes can only
be done at specific surface sites with available radiative measure-
ments, which are rare in the Arctic and may thus lead to uncer-
tainties in evaluating the Arctic surface radiation budget. It has
been found that the estimated root-mean-square errors (RMSEs)
of CERES-EBAF surface downward SW and LW irradiance in the
Arctic are 14 W/m? and 12 W/m? compared to surface observa-
tions, while they are 16 W/m? and 12 W/m? for upward SW and
LW (see Table 8 in Kato et al., 2018).

The CERES-MODIS Edition 4A CF observations (Wielicki et
al., 1996) are used for the model assessment of the Arctic cloud
properties in this study. Different daytime and nighttime retriev-
al methods for snow or ice-covered surfaces, along with ancillary
data and empirical parameterizations are used to derive cloud
properties for both pixel and CERES footprint levels (Minnis et
al., 2011). Detailed algorithms for CERES-MODIS cloud proper-
ties can be referred to previous studies (Minnis et al., 2011;
Huang et al., 2017b; Trepte et al., 2019). CFs in CERES-MODIS
have been extensively compared with other products and are
representative of passive satellite cloud amounts globally
(Stubenrauch et al., 2013). The uncertainty of CF in this product
is about 7% globally (Minnis et al., 2011). The cloud mask used in
this product could identify cloudy or clear areas 90%-91% and
80%-81% of the time during polar day and night (Trepte et al.,
2019). When compared to the results based on cloud mask from
the ARM/North Slope of Alaska (NSA) surface lidar observations
in Barrow, it is found that CERES-MODIS values of CF agrees well
with lidar observed CF in late summer and autumn. It only un-
derestimates the lidar observations by less than 10%. However, in
spring months, CERES-MODIS values fall short of their lidar
counterparts by 20%-30%. The RMSE between them peaks in
March to April (~40%) and bottoms out to about 10% in August
(Spangenberg et al., 2004). CWPs obtained from CERES-MODIS

show large uncertainties compared to other observation
products especially in high latitudes. For example, over the Arc-
tic, the mean differences and correlation coefficients of the re-
trieved LWPs relative to the ARM/NSA ground-based observa-
tions are 5.6 g/m? and 0.59 over snow conditions (Dong et al.,
2016). Thus they are not used in this study.

To better investigate cloud conditions over the Arctic region,
we also utilized CF data from Extended AVHRR Polar Pathfinder
(APP-x) (Wang and Key, 2005a, 2005b; Key et al., 2014, 2016). The
retrieval of APP-x cloud properties is specifically designed for po-
lar AVHRR daytime and nighttime data. CF is retrieved at high
and low sun times using a radiative transfer model FluxNet and a
suite of algorithms (Wang and Key, 2005a). APP-x data products
are mapped to a 25 km EASE-grid. Daily APP-x cloud observa-
tions are available from the year 1982 until present and can be
obtained from the National Centers for Environmental Informa-
tion (NCEI) of National Oceanic and Atmospheric Administra-
tion NOAA (https://www.ncdc.noaa.gov/cdr/atmospheric/ex-
tended-avhrr-polar-pathfinder-app-x). It is a thematic climate
data record to provide information on surface and cloud proper-
ties and radiative fluxes. The uncertainty of APP-x CF over the
study area of SHEBA is about 26% (Key et al., 2016). The compre-
hensive set of variables in APP-x can be used to study trends and
interactions within the Arctic climate systems, yet the cloud wa-
ter path data is not available.

Another data set, which is known as the collocated radar
CloudSat and lidar CALIPSO, hereafter abbreviated as CloudSat-
CALIPSO, is of even superior quality to the CERES-MODIS and
APP-x cloud property data sets. This data set merges the Cloud-
Sat geometrical profiling product (GEOPROF) (with a vertical res-
olution of 240 m) (Marchand et al., 2008) and the CALIPSO Ver-
tical Feature Mask (VFM) (with a vertical resolution of 60 m)
(Vaughan et al., 2009). The CALIPSO VFM data is valuable for as-
sessing changes in low (<720 m) and geometrically thin cloud
cover (Kay and Gettelman, 2009; Mace et al., 2009). A combina-
tion of the data obtained with both sensors allows obtaining an
almost complete characterization of the vertical cloud structure
because the two sensors couple with their different wavelengths
used to the different cloud and precipitation particles of both
phases, liquid and solid. The uncertainty of global CF in Cloud-
Sat-CALIPSO monthly mean product is about 5% (Mace et al.,
2009). As pointed out by Kay and L’Ecuyer (2013), CloudSat-
CALIPSO is highly valuable to cloud study due to the active cloud
detection technique and the ability to provide vertical cloud dis-
tributions. However, the collocated data set is only available for a
much shorter period (from June 2006 to February 2011) and has
an observational “pole hole” from 82°N to 90°N. Thus the grid-
ded monthly CloudSat-CALIPSO cloud cover data offered by the
Integrated Climate Data Centre (ICDC), CEN, University of Ham-
burg (https://icdc.cen.uni-hamburg.de) was only used to verify
the CF observations from CERES-EBAF and APP-x in this study.

Previous studies have pointed out that the large model-obser-
vation bias and the inter-model spread of the CF amount are
partly due to the lack of a common algorithm and spatial scale
used when calculating cloud properties in models and in satellite
observations (Webb et al., 2017). Yu et al. (1996) firstly intro-
duced the “satellite simulator” method based on satellite obser-
vations from the International Satellite Cloud Climatology
Project (ISCCP), which uses the same data processing system as
the satellite to handle and output the model data. Thus a satellite
simulator integrated in a certain model can be used to diagnose
the directly observed cloud and radiation parameters by the
satellite sensor, making the model assessment against satellite
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observations more accurate and credible (Bodas-Salcedo et al.,
2011). In the first phase of the Cloud Feedbacks Model Intercom-
parison Project (CFMIP-1) implemented by the World Climate
Research Programme (WCRP) (McAvaney and Le Treut, 2003),
only two groups of experiments (AMIP and 2xC02) including
ISCCP simulator were executed. Since CFMIP-2, the CFMIP Ob-
servation Simulator Package (COSP) (Bodas-Salcedo et al., 2011),
including the ISCCP simulator, CALIPSO simulator, MODIS sim-
ulator, et al., was provided for different model development cen-
ters. Satellite simulators in COSP have also been integrated into
CMIP6 models for implementing the CFMIP-3 model experi-
ments.

The reference area analyzed in this study is the Arctic Basin.
The domain of the Arctic Basin is defined the same as that in Wei
et al. (2019) (in their Fig. 1), which covers the ocean area north of
70°N, excluding the Nordic Seas, the Barents sea, and the Baffin
Bay (Fig. 1). Basin-averaged values are calculated on the original
grid of each CMIP6 model and each observation dataset, while
for the spatial maps of multi-model mean and inter-model
spread, as well as the spatial distribution of model-observation
differences, all data sets are re-gridded onto a 2° (longitude) x 1°
(latitude) grid. Note that in this study the four seasons are defined
as follows: winter (December-February), spring (March-May),
summer (June-August) and autumn (September-November).

3 Results

3.1 Mean Arctic Basin surface radiative fluxes
Figures 2-7 present the spatial patterns, climatological annu-

Greenland

al means, and seasonal cycles of Arctic Basin surface radiative
fluxes from both CMIP6 models and CERES-EBAF. For the Arctic
Basin, both the individual radiation component and the net radi-
ation fluxes show consistent spatial patterns in the multi-model
mean and in CERES-EBAF, with obvious latitudinal gradients
modified by the occurrence of topography (Figs 2, 4 and 6). Simu-
lated incoming shortwave (SW) radiative flux is lower than obser-
vation within the Arctic Basin. Surface upward SW radiative flux
is mainly determined by the surface albedo and the amount of
downward component, with maximum values in the Greenland
due to the high albedo of the Greenland Ice sheet (Fig. 2). Sur-
face SW radiative flux from October to February is nearly zero,
while the maximum SW occurs in summer months (June, July,
and August) following the seasonal variation of solar elevation
angle (Fig. 3). Net annual SW radiative flux within the Arctic
Basin is about 5.3 W/m? lower than in the CERES-EBAF (Fig. 3).
The spread among different models and the model-observation
bias may come from different surface or cloud properties.

The spatial distribution and the variation of downward long-
wave (LW) radiative flux are closely related to the vertical struc-
tures of the boundary layer and the cloud fraction and optical
properties, while upward LW radiative flux highly depends on the
surface temperature. On the contrary to net SW radiative flux, net
LW radiative flux is increasing with latitude in the Arctic Ocean
(Fig. 4). Compared to CERES-EBAF, downward LW is overestim-
ated by the models, which may be related to the model biases in
cloud properties and the cloud radiative forcing. Net LW radi-
ation in the Arctic Basin is negative all year round (Fig. 5). In
CMIP6 multi-model mean, net LW radiative flux is greater than
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Fig. 1. Bathymetry of the Arctic region derived from ETOPOL. The black curve highlights the domain of the Arctic Basin defined in
this study. This figure is a revised version of Fig. 1 of Wei et al. (2019).
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Fig. 2. Climatological maps of annual mean Arctic Basin surface shortwave (SW) radiative fluxes over 2001-2014: CMIP6 multi-model
mean (left) and CERES-EBAF (right) surface downward, upward, and net SW radiative fluxes. Contours in the left panels represent the
inter-model spreads, i.e., the standard deviation among different models. The upward component is positive up and the downward

and net radiation is positive down.

CERES-EBAF for all 12 months (especially in warm months),
leading to 8.4 W/m? overestimation of annual mean LW radiative
flux (Fig. 5€). This overestimation means that the surface energy
loss by LW is not enough in the models. Annual mean LW radiat-
ive flux from FGOALS-g3 (-37.1 W/m?) and KACE-1-0-G (-36.5 W/m?)
is mostly close to CERES-EBAF (-36.9 W/m?). The seasonal vari-

ation of net LW radiative flux differs significantly between CMIP6
and CERES-EBAF. Winter net LW radiative flux in CMIP6 is lower
than summer, quite different from that in CERES-EBAF (Fig. 5f).
For net surface radiation, underestimation of SW radiative
flux and overestimation of LW radiative flux in CMIP6 are par-
tially canceled each other out and result in an overestimation of
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Fig. 3. Arctic Basin annual (left) and monthly (right) surface downward (a, b), upward (c, d), and net (e, f) shortwave (SW) radiation
from CERES-EBAF and 22 CMIP6 models over 2001-2014. The gray shaded areas in the right panels indicate the range of the models.
The error bars of CERES-EBAF annual mean and monthly radiative fluxes in 14 years are also shown.

3.1 W/m? in annual net surface radiation in the Arctic Basin (Figs 6
and 7). Simulated annual mean net surface radiation fluxes are
positive in most models except for EC-Earth3, EC-Earth3-Veg
and FGOALS-g3. In the Arctic Basin, the RMSEs of basin-wide
annual averaged radiation between CMIP6 multi-model mean
and CERES-EBAF are 5.5 W/m?, 8.6 W/m?2 and 3.5 W/m? for net
SW, net LW and net radiation, respectively. According to previ-
ous studies, large biases in surface radiation budget stem from
improper parameterizations of radiative transfer algorithms or
cloud schemes in different climate models (Christensen et al.,
2016). The spatial pattern of SW, i.e., decreasing with latitude, is

consistent between models and CERES-EBAF, while for LW and
net radiation, some distinct discrepancies exist. While CMIP6
multi-model mean reveals a uniform distribution of net SW with-
in central Arctic Basin, the unrealistically net LW/net radiation
increase north of about 82°N in CERES-EBAF seems to result
from the limitation for MODIS cloud detection in very high-latit-
udes, as mentioned in Section 2.

3.2 The cloud climatology over the Arctic Basin
Figure 8 shows the spatial distribution of seasonal mean Arc-
tic CF in CMIP6 model and satellite observations during the
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Fig. 4. Climatological maps of annual mean Arctic Basin surface longwave(LW) radiative fluxes over 2001-2014: CMIP6 multi-model
mean (left) and CERES-EBAF (right) surface downward, upward, and net LW radiative fluxes. Contours in the left panels represent the
inter-model spreads, i.e., the standard deviation among different models. The upward component is positive up and the downward

and net radiation is positive down.

available period for CloudSat-CALIPSO (2007-2010). In summer
and autumn, CERES-MODIS CF is much higher than the other
two observations, while the winter CF in APP-x is higher than that
in CloudSat-CALIPSO and CERES-MODIS. The general spatial
patterns of CF in 3 observation products are successfully repro-
duced in CMIP6 models except for summer. High CF is located in

the Atlantic sector, which is mainly due to the high atmospheric
humidity and temperature over the open water and the frequent
storm activity over this area. Low CF in the Pacific sector, the
central Arctic Ocean and the Canadian Archipelago is related to
the strong anticyclones over those regions and lack of moisture
(Liu et al., 2012). However, the simulated CF amounts over the
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Fig. 5. Arctic Basin annual (left) and monthly (right) surface downward (a, b), upward (c, d), and net (e, f) longwave (LW) radiation
from CERES-EBAF and 22 CMIP6 models over 2001-2014. The gray shaded areas in the right panels indicate the range of the models.

The error bars of CERES-EBAF annual mean and monthly radiative fluxes in 14 years are also shown.

whole study region are substantially overestimated compared to
observations.

To compare the modeled area-weighted average of annual
mean and seasonal cloud fractions with results from different re-
mote sensing products (CERES-MODIS, APP-x, and CloudSat-
CALIPSO), the analysis of all datasets is constrained in the same
region (Arctic Basin) and within the same time period
(2007-2010). Table 2 shows that there are some common fea-
tures among different cloud products. For all data sets, largest CF
occurs in autumn, while winter and spring experience the least
cloud cover. CFs detected in CloudSat-CALIPSO are lower than
in CERES-MODIS and APP-x in all seasons, partly due to the

“pole hole” in CloudSat-CALIPSO observations. Winter CF in
APP-x is much higher than those in the other two observations,
possibly resulting from the poor discrimination of thick clouds
and ice-covered surface (with comparable reflectance) in APP-x.
The RMSE of 2007-2010 annual mean Arctic Basin CF between
CloudSat-CALIPSO and CERES-MODIS (about 7.6%) is slightly
lower than that between CloudSat-CALIPSO and APP-x (around
8.0%).

For 2001-2014, the annual CF in CMIP6 multi-model mean is
about 84.9%, closer to APP-x and slightly higher than CERES-
MODIS (Fig. 9). Obviously, the error bars show that the observed
inter-annual variation of the CF is much lower in July-October
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models. The net radiation is positive down.

13.4
12.2

10.2 10.6

9.3

6.6

Annual mean net radiative
flux/(W-m2)
i

Model

Annual cycle of net radiative

L ———CERES-EBAF
120 | b ———CMIP6 MEAN
- -4 - BCC-CSM2-MR
100 - =¥ - BCC-ESM1
--e - CanESM5
80 -4 - CESM2
r -~ - CESM2-FV2
- M2-WACCM
~ 60 - -4 - CESM2-WACCM-FV2
i --v - E3SM-1-0
g - -e - EC-Earth3
= 40 --¢ - EC-Earth3-Veg
= - % - FGOALS-f3-L
= -+ - FGOALS-g3
£ 020 GISS-E2.1-G
= INM-CM4-8
0+ INM-CMS5-0
IPSL-CM6A-LR
KACE-1-0-G
20 MIROC6
MPI-ESM1-2-HR
40 L MRI-ESM2-0
NESM3
SAMO-UNICON
760 1 1 1 1 1 1 1 1 1 1 1 1
ST A SSFY RO &S
L3 Nd [ O g
FEFIITTIFISS
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than in other months (same as in CMIP6 multi-model mean, but
not shown in the figure). Cloud formation are mainly controlled
by large-scale atmospheric circulation and local turbulent fluxes
between ocean and atmosphere (Kay and Gettelman, 2009).
From winter to spring, atmospheric circulation generally shows
more significant variations, which may explain the higher vari-
ations of CF than in late summer and autumn. More cloud in au-
tumn and less cloud in winter and spring are consistent in two
observations and in CMIP6 multi-model mean. A more cloudy
state in autumn is related to the surface properties and the air-
sea interactions in the Arctic. Near-surface static stability signific-
antly affects cloud formation and evolution. Low clouds form ex-
tensively over newly open water in the early autumn. The relat-
ively low static stability in autumn favors the upward turbulent
fluxes of heat and moisture, which may result in more CF in
autumn than in spring (Kay and Gettelman, 2009). CF in CERES-
MODIS shows a more “fluctuating” seasonal changes, while in
CMIP6 multi-model mean and APP-x, the seasonal variation is
much weaker.

Generally, seasonal variations of CF modeled by different
models are consistent with observations. However, the great
spread of CF (especially in winter and spring) among the CMIP6

models makes it difficult for the comparison between different
data sets. For example, BCC-CSM2-MR, FGOALS-g3, and
MIROCS exhibit strong seasonal cycles similar to CERES-MODIS,
but four CESM2 models (CESM2, CESM2-FV2, CESM2-WACCM,
and CESM2-WACCM-FV2) have small fluctuations with the CF
being larger than observations throughout the year. Seasonal
cycles of CF in CMIP6 models are consistent with CMIP5 models,
but the spread of CF among CMIP6 models is much smaller than
that in CMIP5 (Boeke and Taylor, 2016) if the extremely low CF
from FGOALS-g3 is excluded. The negative net radiative flux in
FGOALS-g3 (Fig. 7a) is probably related to its underestimation of
CF. Note that the methods to calculate CF are totally different
between models and satellite retrievals, resulting in the large
inter-model spread and the differences between modeled and
observed CF (Qu et al., 2014; Huang et al., 2017a). In general,
models using PDF-based (e.g., four CESM2 models and E3SM-1-0)
and prognostic (e.g., two INM-CM models and two EC-Earth3
models) CF schemes simulate more cloud cover than those us-
ing RH-based empirical scheme (e.g., MIROC6 and FGOALS-g3),
although most models overestimate the total CF compared to ob-
servations. The different horizontal and vertical resolutions are
also potentially inducing large inter-model spreads and large dif-
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Fig. 8. Climatological maps of seasonal mean Arctic cloud fraction (CF) over January 2007-December 2010 from CMIP6 multi-model
mean (the first column) and three observations (CloudSat-CALIPSO, CERES-MODIS and APP-x) (the second to the fourth columns).
Contours in the first column represent the inter-model spreads, i.e., the standard deviation among different models

Table 2. Arctic Basin total cloud fraction (CF) in 2007-2010 from different products

CF/%
Winter Spring Summer Autumn Annual mean
CMIP6 MEAN 84.0 81.3 87.0 87.5 84.9
CloudSat-CALIPSO 59.1 60.6 60.6 74.6 63.9
CERES-MODIS 59.8 65.6 78.9 82.1 71.4
APP-x 72.4 66.3 71.0 77.2 71.7

ferences between modeled and observed CF, especially when do-
ing the regional averaged analysis after resampling the data.

In order to minimize the impacts of inconsistent algorithms
and spatial resolutions used to calculate CF in models and obser-
vations, COSP outputs of CMIP6 models are also analyzed. At
present, COSP outputs of CALIPSO and MODIS from three mod-
els (BCC-CSM2-MR, IPSL-CM6A-LR and MRI-ESM2-0)
are available. The derived climatological spatial patterns and sea-
sonal cycles of CF are compared with the original model outputs
and the corresponding observations (Figs 10 and 11). It is obvi-
ous that the use of satellite simulator could significantly reduce

the model-observation differences of CF in cold seasons and in
the central Arctic Ocean, especially for the model IPSL-CM6A-
LR. Moreover, the inter-model spreads of monthly CF are also
smaller than those in the original model results in autumn,
winter, and spring (Fig. 11). Therefore, reduced model-observa-
tion discrepancies can be expected if more COSP outputs of
CMIP6 models are released.

Basin-averaged cloud CWP and LWP in Arctic Basin show
common seasonal changes in all CMIP6 models, with the highest
in July to September and lower in other months (Figs 12a and b).
The persistent high LWP in summer and fall is consistent with the
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results based on the GCM-Oriented CALIPSO (CALIPSO-GOC-
CP) product (Cesana et al., 2012), although a different area of
60°-82°N was focused due to the pole hole in CALIPSO observa-
tions. Compared to LWP, the IWP of clouds over the Arctic Ocean
is relatively constant over the year, with little seasonal variation
(Fig. 12c¢). This is in consistent with the 4-year CloudSat-
CALIPSO observations for the whole Arctic shown in Lenaerts et
al. (2017). IWP seasonal cycles present a relatively large inter-
model spread. Multi-model mean IWP is the smallest in early
summer (May-July) and the greatest in early autumn (Septem-
ber and October). The disagreements in CWPs among different
models possibly result from different cloud parameterization
schemes used to determine polar cloud properties.

3.3 Arctic Basin cloud radiative effect (CRE)
It is shown in Fig. 13 that the seasonal evolution of net sur-
face CRE in the Arctic is mainly dominated by the SW CRE both

in CMIP6 and in CERES-EBAF. The cloud SW cooling effect and
LW warming effect all year round in CMIP6 are also consistent
with previous studies (Kay and L’Ecuyer, 2013; Boeke and Taylor,
2016). Annually, both the cooling effect and the warming effect in
CMIP6 mean are slightly overestimated compared to CERES-
EBAF. Net CRE in Arctic Basin is only negative from June to Au-
gust, indicating the significant “cloud SW albedo effect” that sur-
passes the “cloud LW warming effect” in summer months. Annu-
al mean total net CRE is 20.2 W/m? in CMIP6 model mean, about
1.3 W/m? slightly higher than CERES-EBAF. In comparison, glob-
ally, clouds contribute to a negative surface radiative effect by re-
flecting more SW than they trap LW radiation (Cesana and
Storelvmo, 2017), reflecting the spatial discrepancy of cloud ef-
fects on surface radiation. In the next section, the impacts of Arc-
tic Basin CF and CWP onto the CREs in different seasons are pre-
liminarily estimated.

Based on CMIP6 model results, the area-weighted averaged
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Fig. 12. Monthly Arctic Basin cloud water path (CWP) (a), liquid
water path (LWP) (b), and ice water path (IWP) (c) averaged dur-
ing 2001-2014. The shaded regions indicate the range of the
models.

CF and CWP in the Arctic Basin show sufficiently different im-
pacts onto CREs. The scatterplots in Figs 14 and 15 represent the
relationships between Arctic cloud properties and different com-
ponents of CREs. Each dot stands for the seasonal mean value of
CF/CWP (horizontal axis) and CRE (vertical axis) in each year.
The linear regression lines for the dots on each scatterplot are
given. According to the determination coefficient (R?) of each fit-
ting line, it is found that the “greenhouse effects” of CF, CWP and
LWP on net LW are prominent during winter (Fig. 14), while
these effects are significant for CF and CWP in spring (Fig. 15). In
the CERES observations, the LW warming effect of CF in winter is
also significant (figure is omitted). The SW cooling effect of CF is
prominent in spring. The relationships between CREs and CF/CWPs
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Fig. 13. Monthly Arctic Basin cloud radiative effects (CREs) dur-
ing 2001-2014: CMIP6 (a) and CERES-EBAF (b) multi-model
mean surface SW CRE, LW CRE, and total CRE. Numbers in a and
b represent annual mean CREs for SW, LW and net radiation. The
shaded areas in a and b indicate the ranges of the models and the
standard deviations of CERES-EBAF monthly CREs, respectively.

shown in the scatterplots are only based on short-term (14-year)
model outputs and CERES observations, and are limited only in
part of the Arctic. In the near future, detailed analysis will be con-
ducted on the different CREs from different cloud properties,
such as cloud base height, cloud size, cloud types, et al., using
more available observations in the Arctic. As pointed by Goosse
et al. (2018), the presence of different phases of water in polar re-
gions implies that many processes and feedbacks are highly non-
linear. Results in Figs 14 and 15 may include effects from other
climate parameters or other climate feedbacks (such as the posit-
ive cloud-sea ice feedback).

3.4 Variability of and changes in the Arctic Basin surface radi-
ation budget
Figure 16 shows the annual mean net surface radiation in the
Arctic Basin during 2001-2014, as well as the annual CF and
CWPs. The year-to-year changes in CMIP6 net surface radiation
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is well correlated with those in CERES-EBAF before the year 2008
(with a correlation coefficient of 0.95). Possible causes for the
weak correlation after 2008 is unknown at present. Several pos-
sible reasons could result in the difference in cloud inter-annual
variation between models and observations shown in Fig. 16b,
including the poor satellite cloud detection quality in winter and
in polar regions (Liu et al., 2010), as well as the deficiencies in the
model’s cloud parameterization schemes (Qu et al., 2014).

Net surface radiation shows no obvious trend in both CERES-
EBAF and CMIP6 model mean (figure omitted). Among all sea-
sons, autumn CF in CERES-MODIS shows significant decreasing
trend (-0.38% per year, figure is omitted) that is consistent with in
situ observations from ARM/NSA (Dong et al., 2010), but not
consistent with other studies such as Huang et al. (2017a). Annual
and spring CFs in CMIP6 multi-model mean increase signific-
antly, with the linear trends of 0.07% and 0.16% per year (Fig. 17).
Generally, most models show increasing trends of seasonal mean
CF (especially spring CF) during 2001-2014, but only a few are
significant enough. Different study regions and time periods ana-
lyzed in different studies are responsible for those discrepancies
in Arctic CF trends. No significant trend was found in CMIP6
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LWP/IWP during the 14-year study period either, while the inter-
annual variations are large for both parameters.

4 Summary and discussion

Arctic Basin surface radiation budget, clouds and the cloud
radiative effects (CREs) in the atmospheric model intercomparis-
on project (AMIP) experiments of 22 CMIP6 models have been
evaluated against satellite observations for 2001-2014. The main
conclusions are summarized below.

(1) Most of the 22 CMIP6 models show smaller annual net
shortwave (SW) radiation than CERES-EBAF. The multi-model
mean net longwave (LW) radiation in CMIP6 models is much lar-
ger than CERES-EBAF during spring and summer. The mean bi-
as and the root-mean-square error (RMSE) of annual averaged
net LW between multi-model mean and CERES-EBAF are
8.4 W/m? and 8.6 W/m?, larger than those for net SW (-5.3 W/m?
and 5.5 W/m?). The underestimation of SW radiation and overes-
timation of LW radiation in CMIP6 are partially canceled each
other out, resulting in a 3.1 W/m? bias in annual mean net radi-
ation compared to CERES-EBAF. The spatial variations of SW,
LW and net radiation within the Arctic Basin are small in the
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Fig. 14. Scatter plots of Arctic Basin cloud properties and cloud CREs in winter (DJF) during 2001-2014 based on CMIP6 models. The
dots are values of CREs/cloud properties for 14 years. Regression lines are the linear fittings of these dots with the uncertainty of the
slope in parentheses. The determination coefficients (R?) of fitting lines are also shown.
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CMIP6 multi-model mean result. Simulated annual mean net
surface radiation fluxes are positive in most models except for
three models (EC-Earth3, EC-Earth3-Veg and FGOALS-g3).

(2) Generally, Arctic Basin cloud fraction (CF) in CMIP6 mod-
els shows consistent spatial patterns with the observations from
CloudSat-CALIPSO, CERES-MODIS, and APP-x during the peri-
od (2007-2010) when all these data were available, with lower
fraction in the Pacific sector than in the Atlantic sector. During
2001-2014, the multi-model mean annual CF in CMIP6 is closer
to APP-x than CERES-MODIS, but the seasonal variation is simil-
ar to CERES-MODIS. The spread of CF among the CMIP6 models
is much smaller than in CMIP5 if excluding the extremely low CF
in FGOALS-g3. The seasonal cycles of cloud liquid water path
(LWP) and ice water path (IWP) present large inter-model
spreads, which are possibly resulted from the discrepancies of
cloud microphysical parameterizations.

(3) Annually, net surface cloud radiative effect (CRE) in the
Arctic Basin is positive. SW CRE is negative all year round, while
LW CRE keeps positive except for summer months. The warming
effects of CF, CWP and LWP on net LW are prominent in winter,
while these effects are also significant for CF and CWP in spring.
The cooling effect of CF on net SW is prominent in spring. The
LW warming effect from CF in winter is also detected in CERES
cloud and radiation observations.

(4) During 2001-2014, modeled net surface radiation within
the Arctic Basin is well correlated with CERES-EBAF observation
before the year 2008. Spring CF increases significantly in CMIP6
multi-model mean, which is in agreement with previous work
based on AVHRR longer-term observations. The inter-annual
variability of CF in CMIP6 models differs greatly from observa-
tions. Cloud LWP and IWP in CMIP6 models show great inter-an-
nual variation but no obvious trend during the 14 years.

The model-observation discrepancies of Arctic cloud proper-
ties and surface radiation budget may have several sources. Pass-
ive remote sensing like MODIS has its challenges due to the poor
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Fig. 17. Linear trends of the annual and seasonal mean Arctic
Basin CFs derived from CERES-MODIS, APP-x and CMIP6 mod-
el output. The solid circles indicate the trends passing 95%
Mann-Kendall significance test.

thermal and visible contrast between clouds and the underlying
snow and ice surface (especially at nighttime), small radiances
from the cold polar atmosphere, and temperature inversions in
the lower troposphere of polar regions (Liu et al., 2010). The spa-
tial interpolation of satellite tracks may introduce errors in the
gridded products in CERES-MODIS, APP-x, and CloudSat-
CALIPSO. Moreover, the crude representation of surface albedo
in the satellite product algorithms may lead to significant uncer-
tainties in downwelling shortwave radiation retrievals, especially
over the ice sheets and over sea ice in high latitudes.

More importantly, different cloud parameterization schemes
used in different models lead to the large inter-model spreads in
Arctic CF and surface radiation fluxes. In CMIP6 climate models,
cloud cover is either parameterized through the relative humid-
ity with some consideration of thermal stability effects (RH-based
empirical or semi-empirical schemes) (e.g., BCC-CSM2-MR,
FGOALS-g3, GISS-E2-1-G, NESM3), or determined by account-
ing for the sub-grid scale variability in both water content and
temperature using PDF-based scheme (e.g., CESM2, E3SM-1-0,
IPSL-CM6A-LR). As pointed out by previous studies, climate
models cannot reproduce realistic strong inversions especially
those in the polar region due to their insufficient vertical resolu-
tion (e.g., Kawai et al., 2019). In addition, five models (EC-Earth3,
EC-Earch3-Veg, INM-CM4-8, INM-CM5-0, and KACE-1-0-G)
take CF as a prognostic variable. The source and sink terms of the
prognostic equation include boundary layer turbulence and
large-scale condensation and evaporation. Thus the models’
abilities of simulating cloud cover and CREs are also related to
the different planetary boundary layer (PBL) schemes used in dif-
ferent models. Therefore, inter-model spreads and model-satel-
lite observation differences are introduced by those problems.

Due to the short and incomplete observational records, as
well as the limited COSP output of CMIP6 models, large uncer-
tainties exist in the analyses of the Arctic surface radiation budget
and the role clouds play. Surface cloud radiative forcing depends
not only on the cloud macrophysical properties (e.g., cloud frac-
tion), but also the microphysical properties. We suggest that fu-
ture studies and model simulations should focus on better con-
straining physical processes related to cloud formation and cloud
radiative feedback using more observational data sets.
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