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longwave cloud radiative effect (LW CRE) and (c) downwelling shortwave flux (SW_down) .216 
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F8. The seasonal spatial distributions of (a)-(d) the sea ice concentration in CESM_1850 control 

run (CESM_1850_ctl) and (e)-(h) sea ice concentration difference between CESM_1850 

experimental run (CESM_1850_exp) and control run. In panels (e)-(h), the red color means less 

sea ice, while the blue color indicates more sea ice. The black dot indicates the difference 

between control and experimental run is larger than one standard deviation of control run .......217 

F9. The differences of seasonally average (a)-(d) liquid water path (LWP), (e)-(h) downwelling 

longwave flux (LW_down) and (i)-(l) downwelling shortwave flux (SW_down) at the surface 

between CESM_1850 experimental run and control run. The black dots indicate the results 

between CESM_1850_ctl and CESM_1850_exp are significantly different at 90% confidence 

level. The values given in the parentheses are pattern correlations between sea ice response (as 

shown in Fig. 8e-h) and each cloud and radiative variable over the Arctic Ocean. The values with 

* indicate that pattern correlations are statistically significant at 99% confidence level ............218 
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ABSTRACT 

 

Over the past few decades, the Arctic has experienced dramatic changes, the most 

recognized being the amplified warming and substantial decline in both sea ice coverage and 

thickness at impressive rates. The cloud-radiation feedback is believed to be one of the critical 

reasons for Arctic sea ice long-term trends and variability. Therefore, this study aims to 

investigate the role of cloud-radiation feedback in modulating Arctic sea ice changes from 

seasonal to interannual scales utilizing an integrative analysis. 

             The reanalysis product is a convenient and necessary tool in the Arctic climate study.  

However, their uncertainties should be quantified first before utilizing these reanalyses in Arctic 

climate studies. Therefore, we first estimate the uncertainties of Arctic cloud and radiative 

properties in five global reanalysis products using NASA satellite retrievals and conclude that all 

five reanalysis products estimate radiative fluxes better than cloud properties, and MERRA-2 

and JRA-55 have relatively better performance on the representation of Arctic cloud and 

radiation properties. This study paves the way for us to properly use these products in the 

following Arctic climate studies. 

 Then we investigate the impacts of cloud and radiation on Arctic sea ice variations at 

various time scales. Specifically, we show how cloud and radiation properties modulate the 

timing of melt onset in spring based on global reanalysis. In early melting events, the higher-

than-average cloud fractions and cloud water paths result in increased downwelling longwave 

radiative flux at the surface, which triggers the initial melt of sea ice. In contrast, the late melt 

onset is usually linked to lower-than-average precipitable water vapor and downward longwave 

flux at the surface. The increased downward shortwave radiation during the period from middle 

to late June plays a more important role in accelerating the melting, aided further by the stronger 

than normal cloud warming effects. 

On seasonal scale, the relationships between long-term trend of cloud and radiation in 

spring and September sea ice retreat have been studied. Based on NASA satellite retrievals, it is 

hypothesized that increasing springtime cloud fraction and downward longwave flux at the 

surface tend to enhance sea ice melt via strong cloud warming effect, while surface shortwave 

fluxes play a more important role in determining September sea ice extent during late spring and 

early summer. Therefore, we conduct several model simulations using Community Earth System 

Model (CESM) to further prove this hypothesis and demonstrate their causal relationships.  

To further explore the impacts of Arctic clouds on Arctic sea ice variations, we examine 

two important factors controlling Arctic clouds: large-scale circulation and cloud microphysics. 

First, we explore how large-scale atmospheric circulation variability regulates changes in low 

clouds, as well as the important role of low clouds on modulating sea ice melt in summer. Using 

both observations and model simulations, we conclude that the summertime low clouds play a 

crucial role in driving sea ice melt by amplifying the warming effect induced by a stronger 

anticyclonic circulation. Moreover, we find that a less efficient Wegener–Bergeron–Findeisen 

(WBF) process in the model leads to a better simulation of Arctic cloud and radiative properties 

in CESM compared to satellite retrievals. As a response, the sea ice tends to melt over the North 

Atlantic Ocean. 
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These results improve our understanding of cloud process and its influence on surface 

energy budget as well sea ice melt over the Arctic. This will inform the Earth System Models 

with a more realistic cloud-radiation process that governs the seasonal sea ice evolution. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Motivation 

          Global climate change signals are expected to be amplified in the Arctic by a factor of 1.5 

- 4.5 by modeling studies, which makes it an area of high interest in the research community 

(Holland and Bitz 2003). Over the last few decades, changes in various components of the Arctic 

climate system have been observed, including surface temperature and albedo, atmospheric 

circulation, precipitation, snowfall, the biogeochemical cycle, and vegetation (e.g., Wang et al. 

2012). These dramatic changes in the Arctic sea ice affect a growing community of diverse 

stakeholders including scientists, politicians, and business leaders. Accompanying this growing 

interest is an urgent demand to increase the pace and scope of the advancements in physical 

understanding and predictive capabilities. 

          Sea ice plays a major role in the Arctic climate system by regulating the amount of 

insolation received at the surface (Porter et al. 2010, 2011) and the salinity of sea surface water, 

which is one of the key influences on thermohaline circulations (Levermann et al. 2007). Over 

the last few decades, thinner, less expansive Arctic sea ice and a longer melting season have been 

observed (Notz and Stroeve 2018; Serreze and Stroeve 2015; Markus et al. 2009). Since the 

dawn of the satellite era, Arctic summer sea ice has declined by nearly 50% and has accelerated 

in the early 21st century (Notz and Stroeve 2018; Serreze and Stroeve 2015; Comiso et al. 2008), 

leading to a larger exposed area of open water that persists longer than before. The Arctic basin 

is a complex physical system with various interacting processes. The most important processes 

associated with sea ice decline have yet to be clearly identified, but potentially include 

dynamical processes (changes in wind patterns, ocean currents and cyclone behaviors) and 

thermodynamical processes (changes in air temperature, cloud and radiation, turbulent energy 

fluxes and ocean heat storage) (e.g., Simmonds and Keay 2009; Kay et al. 2009; Rinke et al. 

2019; Kapsch et al. 2013, 2018).  

          The surface energy budget anomaly is one of the most important thermodynamic forces 

associated with Arctic sea ice changes, whereas the cloud-radiation feedback is believed to be 

one of the critical reasons for the amplification of Arctic warming (Curry et al. 1996; Wang et al. 

2012; Dong et al. 2014; Comiso and Hall, 2014). To better predict long-term Arctic climate 

change, it is important to understand cloud and radiation processes, their interrelationships with 

atmospheric dynamics and the underlying boundary, and their impacts on the Arctic climate 

system (Curry et al. 1996). Generally, clouds impact the shortwave radiation budget primarily 

through their high albedo and have an impact on longwave radiation by changing atmospheric 

emissivity and emitting temperature (Gorodetskaya and Tremblay 2008). However, due to the 

high albedo of the snow/ice surface, large solar zenith angle, the absence of solar radiation 

during winter, extremely low temperatures and humidity, the presence of temperature inversions, 

as well as the frequent occurrence of supercooled mixed-phase clouds, the clouds and radiation 

processes and their interactions with other components are very complex and poorly understood 

over the Arctic (Curry et al. 1996; Shupe and Intrieri 2004; Walsh et al. 2009). Therefore, the 

essential goal of this study is to investigate the role of cloud-radiation feedback in modulating 

seasonal-to-interannual scale Arctic sea ice change through an integrative analysis, including 

surface and satellite observations, global reanalysis and Earth System Model simulations. 
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1.2 Objective 

One of the significant problems in Arctic climate study is the lack of reliable data. 

However, due to its unique and extreme environment, it is a great challenge to obtain 

observations in the Arctic. Therefore, the reanalysis product is a convenient and necessary tool in 

Arctic climate study. Specifically, a reanalysis combines an unchanging data assimilation 

scheme and model results with all available observations into a spatially complete gridded 

meteorological dataset, which provides a long-term representation of the state of the atmosphere 

(Dee et al. 2011). However, their uncertainties should be quantified first before utilizing these 

reanalyses in Arctic climate studies. By comparing the recent satellite observations with different 

global reanalysis products (Section 2.1), we clearly quantify the uncertainties in each climate 

model for cloud and radiation simulations, identify the specific regions and seasons with largest 

uncertainties, as well as provide guidance for model users and suggestions for model developers 

to further improve the models.  

Several studies have demonstrated that the length of melting season has become longer in 

the past few decades, with the earlier melt onset dates in spring and the delayed freeze-up in 

autumn (Belchansky et al. 2004; Markus et al. 2009; Stroeve et al. 2014; Hegyi and Deng 2017). 

The impacts of atmospheric physical and dynamical processes on the early and late initial sea ice 

melting events are also investigated for the selected years through the NASA MERRA-2 

reanalysis (Section 2.2). 

On seasonal timescale, using NASA CERES-MODIS satellite observations, we build the 

linkage between the changes in springtime cloud and radiation properties with September sea ice 

decline (Section 2.3). We focus on the transitional springtime months from March to June both 

because observational studies have determined large signals during this time period, and it is a 

period important for sea ice seasonal forecasts (Huang et al. 2017b; Kapsch et al. 2013; Cox et 

al. 2016). However, as the atmosphere and sea ice can influence each other, attributing cause and 

effect is always difficult in a coupled system. Therefore, through modeling analysis, we have 

isolated the atmospheric response to Arctic sea ice changes from the atmosphere-sea ice coupled 

system (Section 2.4). We use experiments from the Community Earth System Model-Large 

Ensemble (CESM-LE) project to assess the possible impact of internal variability in observed 

cloud trends and to disentangle the role of coupled interactions (Kay et al. 2015). These coupled 

ensemble experiments are then compared with atmosphere-only experiments that use prescribed 

sea ice conditions.  

The physical controls on Arctic clouds include large-scale meteorology, cloud 

microphysical processes and surface-atmosphere coupling (Beesley and Moritz 1999). Therefore, 

we examine the contribution of the atmospheric circulation to summertime Arctic low cloud 

variability utilizing satellite observations, global reanalysis and fully coupled CESM simulations 

(Section 2.5). We aim to provide a more comprehensive understanding of how large-scale 

atmospheric circulation variability regulates changes in low clouds, as well as the important role 

of low clouds on modulating sea ice melt by linking dynamical to thermodynamical processes in 

summer.    

In addition to large-scale atmospheric circulation, we also explore the impacts of cloud 

microphysical process on Arctic clouds. Compared with observations, CESM1 simulates 
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insufficient cloud liquid water over the Arctic. This is believed to be caused by an overactive 

Wegener–Bergeron–Findeisen (WBF) process as too much supercooled liquid is scavenged by 

precipitating ice (McIlhattan et al. 2017). Therefore, we reduce the efficiency of WBF process in 

the CESM1 cloud microphysics scheme in order to identify climate response over the Arctic 

(Section 2.6). 

These results will eventually help to improve the representation of cloud-radiation-sea ice 

interactions in Earth System Models and better predict the Arctic’s future climate. The sea ice 

coverage and length of the open water season are important for human activities and wildlife. 

The long-term time series will inform future planning of military, civilian, and commercial 

infrastructure. 

 

1.3 Dataset and Methodology 

1.3.1 Satellite retrievals 

1.3.1.1 CERES-MODIS SYN1deg Editions 3A and 4.1 

Satellite retrieved cloud properties was obtained from Clouds and the Earth's Radiant 

Energy System (CERES)- Moderate Resolution Imaging Spectroradiometer (MODIS) SYN1 

Editions 3A and 4.1 gridded dataset (1° × 1°), which combines data from the Aqua and Terra 

satellites. Details related to the CERES-MODIS Edition 2 retrieval methods for cloud properties 

can be found in Minnis et al. (2011a), and their uncertainties have been quantified using 

Atmospheric Radiation Measurement (ARM) ground-based observations and/or satellite 

retrievals (Dong et al. 2008, 2016; Xi et al. 2010, 2014; Minnis et al. 1999, 2002, 2011b). For 

Edition 4, the CERES project has taken advantage of the next generation geostationary satellite 

(GEO) imager capabilities rather than relying solely on first-generation GEO cloud retrievals. In 

addition, Both the MODIS and GEO cloud retrieval algorithms were significantly improved 

compared to Edition 3A (CERES_SYN1deg_Ed4A Data Quality Summary, 2017). 

According to Minnis et al. (2008), the CM Aqua and Terra cloud fraction (CF) retrievals 

have been extensively compared with other observations and they found a 7% uncertainty in 

CERES-MODIS global CF retrievals. The global mean total CF from CERES-MODIS Edition 2 

is the lowest among 12 different satellite retrievals (Stubenrauch et al. 2013), whereas its low-

level and high-level CFs are close to the averages of the 12 datasets. Thus, other than having 

lower mid-level CFs than all other retrievals except for Cloud-Aerosol Lidar and Infrared 

Pathfinder Satellite Observation (CALIPSO), the CERES-MODIS derived CFs are representative 

of passive satellite cloud amounts globally. For single-layer cirrus clouds, Mace et al. (2005) 

found that the CERES-MODIS derived ice water paths (IWPs) was 3.3 ± 16.2 gm−2 less than the 

IWPs derived from ground-based radar. Roughly, the mean CERES-MODIS IWP for all ice 

clouds is similar to the mean IWP from CloudSat in both magnitude and distribution (Waliser et 

al. 2009; Stanfield et al. 2014). Over the Arctic, the CM derived IWPs are compared with the 

CloudSat and CALIPSO Ice Cloud Property Product (2C-ICE, Deng et al., 2015); their summer 

mean values over the Arctic from 2006 to 2010 are 74.2 gm-2 and 78.6 gm-2, respectively. 
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Minnis et al. (2011b) found that the CERES-MODIS derived global mean liquid water 

path (LWP) over the ocean has a mean bias of −0.2 gm−2 and a standard deviation of 53.6 gm−2 

(R2 = 0.59) compared to matched overcast Aqua Advanced Microwave Scanning Radiometer-

Earth Observing System (AMSR-E) footprints. Over the Arctic, Dong et al. (2016) compared the 

CERES-MODIS Edition 4 retrieved LWPs over snow-free and snow conditions with ARM 

North of Slope Alaska (NSA) ground-based retrievals over the period of 03/2000-12/2006. Mean 

differences and correlation coefficients (R) of the CERES retrieved LWPs relative to ARM 

retrieved LWPs are −0.6 gm−2 and 0.73 under snow-free conditions (surface albedo ≤ 0.3), 5.6 

gm−2 and 0.59 for snow cases (surface albedo ＞ 0.3).  

1.3.1.2 CERES EBAF-TOA and -Surface Editions 2.8 and 4.1 

The CERES Energy Balanced and Filled (EBAF)-top-of-atmosphere (TOA) and surface 

radiative fluxes, which are also monthly mean gridded (1° × 1°) datasets, are both used in this 

study to evaluate reanalyzed radiative fluxes. In the EBAF product, the CERES shortwave and 

longwave fluxes are adjusted within their measurement uncertainties such that the CERES long-

term global annual mean net flux is consistent with the long-term annual mean ocean heat 

storage data (Loeb et al. 2009).  EBAF surface fluxes are calculated using the Langley modified 

Fu-Liou radiative transfer model with inputs from CERES-MODIS retrieved cloud properties, 

meteorological data from a reanalysis system, and aerosol data from an aerosol assimilation 

system. CERES observed TOA irradiances are used to constrain surface irradiance computations 

such that the computed TOA irradiances are consistent with CERES TOA observations.   

The uncertainties of CERES EBAF Edition 2.8 products can be found in several previous 

studies. The regional uncertainties of CERES EBAF-TOA shortwave and longwave fluxes are 

summarized by the CERES science team as follows: clear-sky upward longwave (LW_up) flux 

(3.6 Wm−2), clear-sky upward shortwave (SW_up) flux (2.6 Wm−2), all-sky LW_up flux (2 

Wm−2), and all-sky SW_up flux (~5 Wm−2 for 03/2000-06/2002 and ~ 4 Wm−2 for 07/2002-

12/2010 (CERES_EBAF_Ed2.8 Data Quality Summary, 2015). Kato et al. (2013) compared the 

calculated EBAF-surface radiative fluxes with the surface observations at 24 surface sites, and 

made the following conclusions: the biases (Root-mean-square differences; RMSDs) for 

downwelling shortwave (SW_down) flux are −1.7 (7.8) Wm−2 over the land and 4.7 (13.3) Wm−2 

over the ocean, while for downwelling longwave (LW_down) flux, they are −1.0 (7.6) Wm−2 

over the land and −2.5 (13.3) Wm−2 over the ocean (CERES_EBAF-surface_Ed2.8 Data Quality 

Summary, 2015). However, these estimations mainly focused on the tropical and mid-latitude 

sites. Therefore, it is necessary to estimate the uncertainties of CERES EBAF-surface radiative 

fluxes over the Arctic. 

Compared to the surface SW_down flux measurements at five selected sites over the 

Arctic, the CERES derived SW_down flux has positive biases (RMSDs) of +8.86 (9.06) Wm−2, 

+0.12 (1.58) Wm−2 and +2.27 (4.91) Wm−2 for summer, winter and annual mean, respectively. 

As for the surface LW_down flux, its biases (RMSDs) are +0.88 (2.05) Wm−2, +6.46 (6.47) 

Wm−2 and +4.41 (6.17) Wm−2 for summer, winter and annual mean, respectively. Although the 

biases are relatively large for specific season(s), the average monthly mean differences are lower 

than the estimated uncertainties of monthly gridded irradiances as presented in Kato et al (2013).  
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The EBAF-Surface Edition 4 monthly mean downward irradiances have been evaluated 

using surface measurements at 46 buoys and 36 land sites (Kato et al. 2018) and concluded that 

mean biases of downwelling shortwave and longwave irradiances averaged for all sites are 

smaller than 5 Wm−2. Specifically, by comparing four surface sites over the Arctic, the regional 

biases (RMSDs) are +3.6 (13.0) Wm−2 for SW_downflux and +0.2 (12.3) Wm−2 for LW_down 

flux. 

In general, Christensen et al. (2016) concluded that CERES EBAF-surface should be 

considered as a key benchmark for evaluating the Arctic surface radiation budget, as they found 

smaller RMSDs than the expected uncertainties by Kato et al. (2013) (Boeke and Taylor 2016). 

However, the uncertainties of CERES EBAF-surface could be higher over the ocean or other 

surface types that lack surface validation. 

1.3.1.3 Combined CloudSat/CALIPSO/CERES-MODIS (CCCM) product 

Due to the large uncertainty of derived cloud properties from passive remote sensors over 

the Arctic, we consider active remote sensor CloudSat-CALIPSO derived CFs as a ground truth 

to validate the CFs derived from CERES-MODIS and five reanalyses in this study. The Cloud-

Aerosol Lidar with Orthogonal Polarization (CALIOP) and Cloud Parameter Retrievals from 

07/2006 to 06/2010 obtained from CCCM (Kato et al. 2010) Rel1B data product are used for 

total column CF comparisons.    

1.3.1.4 The GCM-Oriented CALIPSO Cloud Product (CALIPSO-GOCCP) 

In this study, CALIPSO-GOCCP is used for evaluating clouds in global climate models 

(GCMs). This product contains observational cloud diagnostics fully consistent with the ones 

simulated by the ensemble "GCM+lidar simulator" (Chepfer et al. 2008, 2010, 2013; Cesana et 

al. 2016). It has been developed from CALIOP level 1 product (Winker et al. 2009). Specifically, 

cloud detection in CALIPSO-GOCCP occurs every 333 m spaced profile with a vertical 

resolution of 480 m, which is based on the scattering ratio as well as difference between the total 

and molecular attenuated backscattered signal. Cloudy pixels are then classified as liquid-

containing, ice-dominated or undefined. After the classification, the retrievals are further 

averaged over a 2˚ × 2˚ grid box to generate global monthly three-dimensional cloud profile 

(Cesana et al. 2012, 2016).  

1.3.1.5 NASA AIRS product 

This study uses vertical profile of relative humidity from Atmospheric Infrared Sounder 

(AIRS)/Aqua level 3 version 6 monthly standard physical retrieval product (Kahn et al. 2013). 

The AIRS is a grating spectrometer (R = 1200) aboard the second Earth Observing System 

(EOS) polar-orbiting platform, EOS Aqua. In combination with the Advanced Microwave 

Sounding Unit (AMSU) and the Humidity Sounder for Brazil (HSB), AIRS constitutes an 

innovative atmospheric sounding group of visible, infrared, and microwave sensors (Susskind et 

al. 2014). The data were obtained from NASA Goddard Earth Sciences (GES) Data and 

Information Services Center (DISC) with 1˚ x 1˚ spatial resolution from 2003 to 2016.  

1.3.1.6 NSIDC passive microwave sea ice concentration 
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The daily and monthly sea ice concentration and extent are obtained from Nimbus-7 

SSMR and DMSP SSM/I-SSMIS passive microwave data version-1 provided by the National 

Snow and Ice Data Center (Cavalieri et al. 1996). Sea ice concentration is derived from surface 

brightness temperatures measured from the following sensors: Nimbus-7 SMMR, the DMSP-F8, 

-F11 and -F13 SSM/I, and the DMSP-F17 SSMIS. The data is provided in the polar 

stereographic projection with a grid cell size of 25 km × 25 km in polar stereographic grid from 

October 1978 to present. The uncertainty of sea ice concentration over the Arctic is within ±5% 

during the winter and increases to ±15% during the summer when melt ponds are present on the 

sea ice (Cavalieri et al. 1992). Note that the sea ice extent is computed as the total area in the 

Arctic with sea ice concentrations greater than 15% at each grid box. The conversion of sea ice 

concentration to sea ice extent is conducted at the daily timescale. 

 

1.3.2 Global reanalysis products 

1.3.2.1 Japan Meteorological Agency (JMA) JRA-55 

JMA conducted the second Japanese global atmospheric reanalysis, called Japanese 55-

year Reanalysis (JRA-55), based on the TL319 spectral resolution version of the JMA global 

spectral model. It provides information back to 1958, when regular radiosonde observations 

started becoming available globally. The sea ice albedo is a function of solar zenith angle and 

skin temperature in the model used in the JRA-55 (Kobayashi et al. 2015).  

1.3.2.2 National Oceanic and Atmospheric Administration (NOAA)-CIRES 20CRv2c 

NOAA’s twentieth century reanalysis (20CR) was generated by assimilating surface 

pressure, sea surface temperatures, and sea ice distributions as boundary conditions using the 

Ensemble Kalman Filter method (Whitaker and Hamill 2002). 20CR version 2c (20CRv2c) used 

the same model as the National Centers for Environmental Prediction (NCEP) Global Forecast 

System  2008ex (Compo et al. 2011) version 2 but involved new sea ice boundary conditions 

from the COBE-SST2 (Hirahara et al. 2014), new pentad Simple Ocean Data Assimilation with 

the input of sea surface temperature fields (SODAsi.2) and additional observations from ISPD 

version 3.2.9 (NCAR 2015). Recent updates to the GFS can be found in Moorthi et al. (2001). 

1.3.2.3 NCEP-CFSR 

The Climate Forecast System Reanalysis (CFSR), undertaken by the NCEP, covers the 

modern satellite era from 1979 to the present based on a fully coupled atmosphere-ocean-land 

model and the 3D-Var assimilation technique (Saha et al. 2010). Comparing with previous 

reanalysis in NCEP, a sea ice merging scheme is used in the CFSR to add sea ice concentration 

into the system, which generates more realistic interactions between sea ice and the atmosphere 

in the polar regions (Wu and Grumbine 2013). 

1.3.2.4 European Centre for Medium-Range Weather Forecast (ECMWF) ERA-Interim 

ECMWF Reanalysis Interim (ERA-Interim) is produced with the ECMWF Integrated 

Forecast System, a forecast model with three fully coupled components for the atmosphere, land 

surface, and ocean waves. In addition, the 12-hourly 4D-Var of the upper-air atmospheric state is 

the key component of its data assimilation system (Dee et al. 2011). For sea ice, monthly mean 
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albedos based on Ebert and Curry (1993) are used for the Arctic Ocean. A bare sea ice albedo 

value is applied for summer, while a dry snow albedo is applied during winter. In addition, the 

different albedo values at visible and near-infrared spectral bands are also considered (ECMWF 

2014). 

1.3.2.5 National Aeronautics and Space Administration (NASA) MERRA-2 

Modern-Era Retrospective-Analysis for Research and Applications Version-2 (MERRA-

2) is a reanalysis using a recent version of the Goddard Earth Observing System Data 

Assimilation System Version 5 (GEOS-5) covering the modern satellite era. The MERRA-2 

reanalysis includes updates to dynamics, physics, aerosol assimilation and incorporates more 

satellites observations than the MERRA reanalysis. In MERRA-2, the sea ice albedo is now 

seasonally prescribed whereas this value was fixed as a constant of 0.6 in the MERRA reanalysis 

(Rienecker et al. 2011; Bosilovich et al. 2015). 

 

1.3.3 NCAR Community Earth System Model (CESM) 

In this study, we use CESM version 1 (CESM1) for numerical experiments. As a 

participant of phase 5 of the Coupled Model Intercomparison Project (CMIP5), the CESM is a 

fully coupled, global climate model, which simulates climate states for Earth's past, present, and 

future. Our experiments were run with CESM-LE project code base (Kay et al. 2015) with 

Community Atmosphere Model version 5 (CAM5). All simulations are run on standard 0.9˚ × 

1.25˚ horizontal grid and 30 vertical levels with CESM1.1.2.  Particularly, the two-moment cloud 

microphysics scheme in CAM5 is described by Morrison and Gettelman (2008), while Park et al. 

(2014) provide details about cloud macrophysics. Moreover, Iacono et al. (2008) and Mlawer et 

al. (1997) describe radiative transfer calculations in the longwave and shortwave components. 

Additional details about dynamics and model physics can be found in Neale et al. (2010).  

 

1.3.4 Community Earth System Model-Large Ensemble (CESM-LE) project 

To further examine whether the Earth System Model is able to capture the observed features, we 

mainly focus on model simulations from CESM-LE project, which provides a comprehensive 

resource for studying climate change in the presence of internal climate variability (Kay et al. 

2015). The CESM-LE is run with fully coupled atmosphere, ocean, land and sea ice components 

from 1920 to 2100. Forty ensemble members are simulated that use the same model and external 

forcing, but with small round-off level variations in their air temperature initial conditions. For 

this study we use the monthly mean atmospheric variables from 40 members of the CESM-LE, 

which is provided in a grid of 0.94°(latitude) × 1.25°(longitude) (Kay et al. 2012, 2015). Overall, 

CESM can capture general Arctic cloud, radiation and sea ice features (Kay et al. 2012; Barton et 

al. 2012). And their biases have been clearly quantified using observations in previous studies 

(e.g. Barton et al., 2012). Particularly, CAM5 simulated Arctic CF is biased with twice as much 

winter cloud as the CALIPSO observations. When compared appropriately through the use of a 

cloud simulator, the seasonal cycle of simulated CF is in better agreement with observed one 

from CALIPSO (Kay et al. 2012, 2016a). At the same time, CAM5 has too few liquid clouds in 
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the Arctic. Therefore, it is not surprising that CESM-LE underestimates LW_down flux at the 

surface in all months (McIhattan et al. 2017). We do understand that Arctic cloud and radiation 

are not perfectly simulated by CESM, however, it is still an important tool for us to understand 

causal relationship in Arctic climate system.  
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CHAPTER 2: PRESENT STUDY 

 

2.1 Quantifying the Uncertainties of Reanalyzed Arctic Cloud and Radiation Properties 

using Satellite-surface Observations 

Reanalyses have proven to be convenient tools for studying the Arctic climate system, 

but their uncertainties should first be identified. In this study, five reanalyses (JRA-55, 20CRv2c, 

CFSR, ERA-Interim and MERRA-2) are compared with NASA CERES-MODIS derived cloud 

fractions (CFs), cloud water paths (CWPs), TOA and surface longwave and shortwave radiative 

fluxes over the Arctic (70°-90°N) during the period of 2000-2012, and CloudSat-CALIPSO (CC) 

derived CFs from 2006 to 2010. Twelve years of gridded monthly mean data from both CERES 

satellite products and reanalysis datasets from 03/2000 through 02/2012 are bilinearly 

interpolated and re-gridded to the same spatial resolution (2° × 2°) during the comparisons. 

Although CERES satellite products have a more complete temporal and spatial coverage, their 

uncertainties should first be estimated before using them as a reference to evaluate the 

reanalyzed results. Therefore, the CM derived CFs (both temporal and spatial) are compared 

with the 4-year CC observations, and CM derived surface shortwave and longwave fluxes are 

compared with the surface observations at five selected sites over the Arctic. These estimated 

uncertainties have been considered in reanalysis evaluation. 

First, the seasonal cycles of cloud properties from satellite retrievals and global reanalysis 

products during the period of 2000-2012 are presented. Since the five selected reanalyses use 

different parameterizations to generate cloud properties in their models, they create large 

discrepancies in the seasonal cycle. The CC derived CFs range from 65.4% in February to 85.7% 

in October with an annual mean of 74.4% during the period of 2006-2010. The seasonal 

variations of CFs in MERRA-2, CFSR, ERA-Interim and 20CRv2c resemble that of CC. In 

terms of monthly means, all reanalyses except for JRA-55, agree well with CC from May to 

September, but overestimate CF from October to April, resulting in positive biases ranging from 

+4.8% (MERRA-2) to +11.7% (20CRv2c). JRA-55 reanalyzed CFs have a relatively large 

negative bias (−25.4%) compared to the annual mean (74.4%) from CC. English et al. (2014) 

discussed that Arctic clouds during the wintertime are near the surface and/or too optically thin 

to be observed by CALIPSO, which may lead to an unfair comparison between native model 

output and observations. Using Cloud Feedback Model Intercomparison Project (CFMIP) 

Observation Simulator Package (COSP) could be a potential way to make this comparison in a 

more consistent way. Using CALIPSO instrument simulator, the Arctic winter clouds in CAM5 

can be reduced by 20-30% from native model output, as mentioned in English et al. (2014), 

which may explain large positive biases of winter clouds in these global reanalyses. Therefore, 

Arctic wintertime cloud amount cannot be confidently evaluated until instrument simulators are 

implemented in reanalysis products (Bodas-Salcedo et al. 2011). Compared to active CC derived 

CFs, the passive CERES-MODIS derived CFs during the period of 2000-2012 have a negative 

bias of −11.2% for annual mean, with almost identical values in summer (within ±2%), but a 

large negative bias (~ −20%) from October to April, indicating that the CERES-MODIS derived 

CFs are reliable in summer, but not in winter. Note that the terms “summer” and “winter” used in 

this study represents June, July, August (JJA) and December, January, February (DJF), 
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respectively. It is well known that passive remote sensors have difficulties with distinguishing 

clouds from the highly reflective snow/ice surfaces underneath without solar radiation during the 

winter.  

The monthly mean CWPs (liquid water path + ice water path) derived from CERES-

MODIS range from 107 to 160 gm−2 with an annual mean of 126 gm−2. Compared to CERES-

MODIS derived CWPs (126 gm−2), the MERRA-2 and ERA-Interim reanalyzed CWPs are about 

half (62.5 and 63.4 gm−2) of the observed one, whereas 20CRv2c and JRA-55 reanalyzed CWPs 

are even lower (53.7 and 40.4 gm−2).  In addition, the monthly mean LWP in MERRA-2 is 

nearly identical to that of CERES-MODIS. Therefore, we can conclude that the CWP bias in 

MERRA-2 is primarily due to the underestimation in IWP over the Arctic, while the CWP bias 

in JRA-55 is caused by the wrong representation of both IWP and LWP. English et al. (2015) 

found that the insufficient liquid water is one of the main reasons for longwave bias in the 

CMIP5 models, especially in mixed-phase clouds (Komurcu et al. 2014).  

The radiative properties have also been evaluated against satellite retrievals. The annual 

mean differences in TOA and surface shortwave and longwave fluxes between CERES EBAF 

and reanalyses are less than 6 Wm−2 for TOA radiative fluxes and 16 Wm−2 for surface radiative 

fluxes. All reanalysis products show positive biases along the northern and eastern coasts of 

Greenland due to model elevation biases or possible CERES-MODIS clear-sky retrieval issues. 

The correlations between the reanalyses and CERES satellite retrievals indicate that all five 

reanalysis products estimate radiative fluxes better than cloud properties, and MERRA-2 and 

JRA-55 exhibit comparatively higher correlations for Arctic cloud and radiation properties. 

This study has been published in the Journal of Climate. For details of this study, please 

see Appendix A for this paper:  

Huang, Y., X. Dong, B. Xi, E. Dolinar, R. Stanfield and S. Qiu, 2017: Quantifying the 

uncertainties of reanalyzed Arctic cloud and radiation properties using satellite-surface 

observations. J. Climate, 8007-8029, doi: 10.1175/JCLI-D-16-0722.1. 

 

2.2 A Survey of the Atmospheric Physical Processes Key to the Onset of Arctic Sea Ice Melt 

in Spring  

Several studies have demonstrated that the length of melting season has become longer in 

past few decades, with the earlier melt onset dates and the delayed freeze-up dates in autumn 

(Belchansky et al. 2004; Markus et al.2009; Stroeve et al. 2014). The timing of melt onset affects 

the amount of sea ice melted in summer by altering the surface albedo and surface energy budget 

(Perovich and Polashenski 2012; Stroeve et al. 2014; Mortin et al. 2016). To better understand 

the Arctic sea ice variability, it is critical to figure out the physical mechanisms that control the 

large inter-annual variations of sea ice melt onset because the Arctic-wide onset between years 

can vary by up to three weeks (Stroeve et al. 2014; Mortin et al. 2014; Mortin et al. 2016). 

Therefore, in this study, we use the NASA Arctic sea ice melt onset data (Markus et al. 2009) 

and 36-year MERRA-2 reanalysis to investigate the impacts of atmospheric physical and 

dynamical variables on the Arctic sea ice melting onset from selected four early melting years 

and four late melting years. 
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The daily atmospheric variables from MERRA-2 dataset are calculated from 5-day 

running mean, while the anomalies are calculated with respect to the 36-year (1980-2015) 

average of each day. In addition to radiative fluxes, shortwave (SW) and longwave (LW) cloud 

radiative effects (CREs) are introduced to show the overall effects of cloud and radiation 

properties on the surface, which are defined as the difference of net radiative fluxes between all-

sky and clear-sky conditions. 

September sea ice concentration is found to be most sensitive to the early melting onset 

over the East Siberian Sea and Laptev Sea (73°-84°N, 90°-155°W) in the Arctic, which is 

defined as the area of focus (AOF) in this study. The day with melting onset exceeding 10% of 

the AOF size is marked as the areal initial melt date for a given year. With this definition, we 

selected four early melting years (1990, 2012, 2003, 1991) to compare with four late melting 

years (1996, 1984, 1983, 1982). In order to utilize the strongest signals of cloud, radiation and 

other climate components accompanying with sea ice melt onset, we identified the first major 

melting event in each year and compared the variations of atmospheric variables before and after 

this event. The early melting is more likely to be associated with positive Arctic Oscillation 

phase in spring. The intensified atmospheric eddy activities and enhanced moisture flux 

convergence over the east boundary and southwest corner of the AOF have been observed in 

March and April. This synoptic pattern brings more warm and moist air into the AOF, leading to 

the increase of air temperature, precipitable water vapor, and/or CF and CWP from 15 days prior 

to the melting event. The increased LW_down flux at the surface and its associated cloud 

warming effect then play a crucial role to trigger the initial melt of sea ice. In comparison, the 

late melting onset is usually linked to negative Arctic Oscillation phase in spring where the 

SW_down flux at the surface is a more significant contributor to the sea ice melt. 

This study has been published in the Climate Dynamics. For details of this study, please 

see Appendix B for this paper:  

Huang, Y., X. Dong, B. Xi, and Y. Deng, 2018: A Survey of the atmospheric physical processes 

key to the onset of Arctic sea ice melt in spring. Clim. Dyn., 52(7-8), 4907-4922, doi: 

10.1007/s00382-018-4422-x. 

 

2.3 The Footprints of 16-year Trends of Arctic Springtime Cloud and Radiation Properties 

on September Sea Ice Retreat 

In this study, we build the linkage between the changes in springtime cloud and radiation 

properties with September sea ice decline using satellite observations. Specifically, the sea ice 

concentration is obtained from Nimbus-7 SSMR and DMSP SSM/I-SSMIS passive microwave 

data (Cavalieri et al. 1996) version-1 provided by the National Snow and Ice Data Center. Cloud 

properties including CF and CWP used in this study are from the CERES-MODIS SYN1deg 

Edition 3A daily gridded dataset (1° × 1°) from March 2000 to October 2015, while the surface 

radiation fluxes are from the CERES EBAF Surface Edition 2.8 datasets.  

Due to the varied spatial resolutions of the satellite products used in this study, sea ice 

concentration data are re-gridded from their native 25 km × 25 km resolution to 1° × 1° grid box 

to make them comparable to the CERES SYN1deg and CERES EBAF datasets. In this study, we 
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use sea ice concentration for spatial distribution comparisons, while sea ice extent is used for 

describing total amount of sea ice over a region. Our sea ice extent is further filtered as the total 

area in the Arctic with sea ice concentrations greater than 15%. The conversion of sea ice 

concentration to sea ice extent is conducted at the daily time scale. In addition, the monthly 

means of sea ice extent used in this study are averaged from the daily means. Furthermore, we 

divide springtime into eight 15-day periods in order to capture short-term variations of each 

variable from March to June. The 15-day average is calculated from the daily average only if 

there are more than 10 daily means available for each grid box. Similarly, 16-year linear trends 

and correlations are calculated when there are more than 10 years of data.  

The most prominent September sea ice concentration decline during the period 2000 - 

2015 occurs over the Siberian Sea, Laptev Sea and Kara Sea, where the sea ice has been 

retreating on average over 3.2% per year at the 5% significance level. Then we calculate the 

correlations between CF and September sea ice concentration in each 15-day time period. 

Generally, the correlations over the areas where the sea ice rapidly decreases turn from being 

strongly negative (03/16-05/14), slightly negative (05/15-05/29), to a mixture of negative and 

positive (05/30-06/13) and strongly positive (06/14-06/28). The strong negative correlations 

from mid-March to mid-May indicate that increasing clouds during the springtime tends to 

enhance sea ice melting due to the cloud warming effect, which further reduces September sea 

ice concentration. While surface shortwave fluxes start to play an important role from May to 

June when the onset of sea ice melting occurs. 

In order to eliminate the overall effects of climate change and better explain inter-annual 

variability, the correlations between linearly detrended surface net CRE and September sea ice 

concentration are also calculated for comparison with non-detrended results. We find that 

September SIC has a strong negative correlation with surface net CRE from mid-March to April 

and becomes slightly positive in May. Particularly, the correlation patterns of surface net CREs 

are similar to those of CF and LW_down from mid-March through April, while matching closer 

to SW_down flux during late spring and early summer. This result supports our conclusion that 

surface shortwave fluxes tend to be more important in the late spring. However, when we 

compare the detrended and non-detrended correlation patterns over the September sea-ice retreat 

areas, we found that they match closely over the Chukchi/Beaufort Sea (AOF2: 74°-84°N, 160°-

210°E) but not over the Laptev/Siberian Sea (AOF1: 78°-85°N, 60°-155°E). For example, 

significant negative correlations over the AOF1 during March 16 to April 29 (03/16-04/29) 

become much weaker after detrending data. It means that large part of the correlations between 

cloud/radiation properties and September sea ice concentration over this region should be 

explained by long-term trends instead of inter-annual variability, although this region shows the 

most significant negative trends of September sea ice concentration. In the meantime, the 

significant impacts of springtime cloud and radiation properties on September sea ice retreat 

occur over the Chukchi/Beaufort Sea (AOF2) at inter-annual time scale.  

This study has been published in the Journal of Geophysical Research, Atmospheres. For 

details of this study, please see Appendix C for this paper:  
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Huang, Y., X. Dong, B. Xi, E. Dolinar and R. Stanfield, 2017: The footprints of 16-year trends 

of Arctic springtime cloud and radiation properties on September sea ice retreat. J. Geophys. Res. 

Atmos., 122, doi: 10.1002/2016JD026020. 

 

2.4 The Impacts of Springtime Cloud and Radiation Properties on Arctic Sea Ice Changes 

in CESM 

NASA Observations show that increased Arctic cloud cover in the spring is linked with 

accelerated sea ice decline in early 21st century (Huang et al. 2017a). In general, atmosphere and 

the sea ice are believed to actively interact with each other in spring, as suggested by 

observations (Kay et al. 2009). Therefore, this study seeks to answer the following questions 

with greater precision: Does the atmosphere primarily drive the sea ice changes or does the sea 

ice dominate changes in atmosphere in the spring, and how do these relationships differ by 

month? Through an integrative analysis of observations and model simulations, we have isolated 

the atmospheric response to Arctic sea ice changes from the atmosphere-sea-ice coupled system. 

In addition to analyzing NASA CERES-MODIS satellite observations and CESM-LE 

output, a CESM atmosphere-only experiment was conducted to investigate the uncoupled 

atmospheric response to forcing from different September Arctic sea ice extent trends. Due to 

internal climate variability, all 40 members in CESM-LE exhibit different linear trends in the 

Northern Hemisphere in early 21st century (2006-2021). Seven ensemble members (member 15, 

40, 12, 30, 17, 25, 13) among them are selected to provide a large contrast in September sea ice 

extent linear trends. We then calculate the regression slope between September sea ice extent in 

the Northern Hemisphere and sea ice thickness in each grid cell for 12 months over the Arctic 

using all 40 members from CESM-LE. The same methods are also applied for sea ice 

concentration and sea surface temperature (SST). Based on the monthly regression maps 

between September sea ice extent and sea ice related variables, we then generate the sea ice input 

data files for seven selected members, respectively, as prescribed surface conditions for the 

Atmospheric Model Intercomparison Project (AMIP)-style simulations. Specifically, we use 

calculated sea ice and SST data in the sea ice covered regions in the Northern Hemisphere and 

40-member ensemble mean in the tropics and Southern Hemisphere. Seven CESM AMIP 

experiments are then run with active atmosphere and land models and the different prescribed 

SST, sea ice concentration and thickness values. We use external forcing Representative 

Concentration Pathway 8.5 (RCP8.5) from 2006-2021 for consistency with CESM-LE 

simulations, which follows CMIP5 design protocol. Also, the utilized configuration of CAM5 

has a horizontal resolution of 1.25° longitude by 0.9° latitude and 30 vertical levels (Kay et al. 

2015).  

We analyze the model output from CESM AMIP experiments, particularly the linear 

trends of cloud and radiation properties in March from the AMIP experiments under different 

prescribed September Arctic sea ice extent trends during the period of 2006-2021. With more sea 

ice loss and increased SST, relatively stronger evaporation is observed in the Atlantic sector of 

the Arctic Ocean and Bering Sea. As a result, an increasing trend of LWP is enhanced with faster 

sea ice decline and surface warming. Meanwhile, an increase in sea ice extent and sea surface 

cooling are related to reduced LWP. The LWP results are highlighted here because the presence 
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of liquid water substantially increases the cloud longwave effect compared to ice water (Shupe 

and Intrieri 2004). The increasing trends of LW_down flux at the surface tend to increase with 

larger sea ice retreat, higher temperature, stronger evaporation and increased cloud water. Note 

that a clear atmosphere response (CWP, evaporation rate and surface LW_down flux) to different 

sea ice extent trends can only be found in March as changes in key atmospheric variables are 

highly affected by sea ice decline/increase. The trends of related atmospheric variables in the 

other three months are random, indicating that there are no significant atmosphere responses with 

different sea ice retreat rates in late spring. In early spring, the atmosphere and sea ice are 

strongly coupled due to lower static stability. From April to June, however, the impacts of cloud 

and radiation on sea ice become dominant and sea ice has a limited influence on the overlying 

atmosphere. The cloud and radiation changes during this time period are instead mainly 

controlled by large-scale atmospheric circulation variability (Kay et al. 2009; Ding et al. 2017; 

Huang et al. 2018).  

This study has been published in the Geophysical Research Letters. For details of this 

study, please see Appendix D for this paper:  

Huang, Y., X. Dong, D.A. Bailey, M.M. Holland, B. Xi, A.K. DuVivier, J. E. Kay, L. Landrum 

and Y. Deng, 2019: Thicker Clouds and Accelerated Arctic Sea Ice Decline: The Atmosphere-

Sea Ice Interactions in Spring. Geophys. Res. Lett., doi: 10.1029/2019GL082791 

 

2.5 Linking Summertime Low-level Cloud Changes with Large-scale Atmospheric 

Circulation Variability 

As pointed out by previous studies, there exists an active coupling between the clouds 

and sea ice in early spring. In late spring and summer, clouds become more sensitive to large-

scale circulation and thus may more actively drive sea ice variations (Kay et al. 2009; Huang et 

al. 2019; Ding et al. 2017).  The main goal of this study is thus to gain a more comprehensive 

understanding of how large-scale atmospheric circulation variability regulates changes in low 

clouds, as well as the important role of low clouds on modulating sea ice melt versus that 

induced by anthropogenic forcing in summer. The Arctic low clouds (cloud top height < 3 km) 

are an important climate feature of the atmospheric boundary layer over the Arctic Ocean during 

summer (Cesana et al. 2012; Curry et al. 1988). Arctic low clouds are key to Arctic climate 

because their proximity to sea ice and strong strength to influence the amount of solar and 

infrared radiation that is incident on the ice surface (Dong et al. 2010) thus affecting the melting 

rate of the pack ice. In addition, low cloud variability can strongly modify the vertical structure 

of temperature and humidity in the boundary layer, affecting the low-level heat, moisture and 

momentum fluxes (Curry et al. 1988), that the sea ice is most sensitive to. Through a comparison 

of model simulations and observations, we are able to examine the contribution of the 

atmospheric circulation to summertime low cloud variability and other key fields in the Arctic.  

Observations show that the decline of September sea ice extent occurred along with 

increasing Z200 in summer during the period 2000-2016, which owns a strong internal origin as 

suggested by several early studies (Ding et al. 2017, 2019: Baxter et al. 2019). Over the same 

period, summertime (June, July and August, JJA) low CF and associated LW CRE have been 
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significantly increasing over the Beaufort Sea and Chukchi Sea, which is believed to amplify 

adiabatic heating due to circulation itself. To identify the key mechanisms linking large-scale 

atmospheric circulation and low cloud variability, we examine the vertical thermodynamical 

structures over the Beaufort Sea and Chukchi Sea. The increased Z200 associated with the 

anticyclone circulation aloft has found to be highly correlated with summertime vertical motion 

in the lower troposphere (Ding et al. 2017). Therefore, a stronger downward motion at 500 hPa 

occurs over the Beaufort, Chukchi and East Siberian Seas, which closely match with the areas 

with the largest positive trend of low CF. In principal, the subsidence is thought to inhibit the 

vertical growth of the cloud layer by warming and drying the atmosphere. However, when there 

is a humidity inversion above cloud top, the subsidence would transport moisture into the cloud 

layer, which facilitates the formation and maintenance of clouds (Curry et al. 1988; Qiu et al. 

2015). In the Arctic, both temperature and humidity inversions are prevalent, especially the 

coincidence of both inversions near the cloud top. They can serve as a moisture source for cloud 

formation (Qiu et al. 2015).  

Then we examine the model output from CESM-LE RCP8.5 and pre-industrial 

simulations to show the detailed process associated with the amplification effect applied by low 

clouds. Overall, the comparison between model output and observations suggests that the CESM 

has some capabilities to capture the circulation-cloud-sea ice relationship over the Arctic when 

the observed circulation trend is captured well by chance. This circulation variability with a high 

pressure trend over the northeastern Canada and Greenland appears to be mostly internally 

driven and thus it does not rely on the presence of anthropogenic forcing. However, some key 

mechanisms (e.g., vertical motion) to link large-scale circulation with other thermodynamical 

variables, cannot be fully reproduced by the model in our fingerprint analysis. Therefore, an 

atmospheric nudging experiment is necessary to further assess how low clouds and sea ice 

respond when observed winds are imposed in the model. 

To directly examine how observed winds regulate low cloud variability since 2000, we 

conducted eight fully coupled simulations using CESM, in which the atmospheric circulations in 

the Arctic (60˚N northward) are partially nudged to the three-dimensional (3D) wind fields from 

daily ERA-Interim reanalysis. Greenhouse gas concentrations are prescribed using year 2000 

climatological mean values to mute the impacts of global warming (Lamarque et al. 2010; Liu et 

al. 2012). Here, we discuss the results averaged from eight ensemble members. The linear trend 

of JJA Z200 and vertical velocity at 500 hPa exhibit almost the same spatial patterns as in ERA-

Interim reanalysis, since the CESM’s zonal and meridional winds at different vertical levels have 

been nudged to the reanalysis. Due to enhanced downward motion, the increased relative 

humidity at 950 hPa occurs over the larger areas (extending from Laptev and East Siberian Seas 

to Beaufort Sea). Compared to pre-industrial simulation, the magnitudes of linear trend 

(0.4%yr−1) in the nudging runs are closer to the satellite retrievals (0.5%yr−1). More abundant 

moisture favors the formation of clouds, thus the increased low CF (0.7%yr−1) and enhanced 

LW_down flux (0.7 Wm−2 yr−1) can be found in the nearly entire Arctic Ocean, with the 

comparable magnitudes relative to the satellite retrials. As a response to the surface warming, the 

sea ice has been decreasing with the most negative trend (−3%yr−1) over the East Siberian Sea.   

Therefore, the absorbed solar radiation at the surface is increased (1.5Wm−2yr−1) due to 

decreased surface albedo and ice-albedo feedback. Recall that the greenhouse gas concentrations 
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remain constant for all nudging simulations, therefore, our results demonstrate that summertime 

large-scale circulation plays a crucial role in driving cloud changes and sea ice melt over the 

Arctic.  

Our study highlights the importance of Arctic summertime low clouds in linking large-

scale atmospheric circulation and sea ice variations in the melting season. It suggests that 

accurately simulating summertime large-scale circulation, as well as cloud response to 

circulation, is a critical step toward increasing the reliability of seasonal sea ice forecasts and the 

rate of future sea ice loss. The benefits span short term navigation of the pack in a changing 

climate to planetary-scale understanding of key processes affecting Earth’s energy balance.  

This study is going to be submitted to Nature Climate Change. For details of this study, 

please see Appendix E for this paper:  

Huang Y., Q. Ding, X. Dong, and B. Xi (2020): The summertime low clouds: bridging large-

scale circulation and sea ice variations over the Arctic. To be submitted to Nature Climate 

Change.  

 

2.6 The Climate Response to Increasing Cloud Liquid Water over the Arctic in CESM1 

Clouds have significant impacts on long-term trend and variability of Arctic sea ice by 

strongly modulating radiative energy fluxes at the surface. But cloud feedbacks remain to be the 

largest source of uncertainty in estimates of Earth’s changing climate, especially for the Arctic 

warming. Compared with observations, the CESM1 is known to underestimate Arctic cloud 

liquid water. This is believed to be caused by an overactive Wegener–Bergeron–Findeisen (WBF) 

process as too much supercooled liquid is scavenged by precipitating ice (McIlhattan et al. 2017). 

Therefore, in this study, we reduce the efficiency of WBF process in the CESM1 cloud 

microphysics scheme in order to identify climate response over the Arctic. 

For all experimental runs, we reduce the efficiency of WBF process on both cloud ice 

(berg) and snow (bergs) by a factor of 10 in cloud microphysics scheme. Then different types of 

experiments were conducted in order to meet different purposes. First, we would like to 

demonstrate the importance of WBF process in Arctic cloud and radiation simulation. Therefore, 

the present-day AMIP style simulation (CAM5_AMIP) was run to be compared with satellite 

retrievals. The present-day AMIP simulation was run with observed SST and sea ice boundary 

condition from 2006 to 2015 with RCP8.5 climate forcing. Note that the CALIPSO lidar 

simulator was turned on with this run. This is a part of CFMIP COSP version 1.4 (Bodas-Salcedo 

et al. 2011) that has been integrated into CESM (Kay et al. 2012). In this case, the cloud 

comparison between CALIPSO-GOCCP and “CAM5+lidar simulator” is quite consistent 

because they use the same horizontal and vertical resolutions, and the same cloud detection 

thresholds (Kay et al. 2016a). The radiative properties simulated by CAM5 would be compared 

with CERES-EBAF satellite product. Furthermore, to differentiate changes in cloud and 

radiation due to external forcing (RCP8.5 vs. pre-industrial), we completed another atmosphere-

only simulation with constant pre-industrial (1850) climate conditions (CAM5_1850). This run 

starts with initial conditions from January 1st, year 402 from pre-industrial fully coupled control 

run of CESM-LE project. In addition, the pre-industrial fully coupled runs (CESM_1850) were 
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conducted to further investigate the response in climate system, especially the sea ice, to the 

WBF process suppression. Note that we mainly focus on the experiment with model tuning for 

the analysis as it reaches equilibrium state (TOA radiation is balanced).  

We first compare cloud and radiation simulation from present-day AMIP simulation with 

satellite retrievals. The annual average of total CF in CALIPSO-GOCCP is 71.3% with a peak in 

spring and another one in fall. Compared to observations, there is an underestimation in lidar 

simulated CAM5 CF, with an annual average of 59.8%. With WBF process suppression, the 

annual mean of total CF has increased by 6.5%. The largest changes are found in spring (MAM) 

compared to control run. Of particular interest to this experiment is the representation of liquid 

CF. It clearly shows that seasonal cycle of lidar simulated model CF matches better with 

observed one. In contrast to control run, the annual mean of experimental run increased by 5.3% 

with relatively larger changes in winter and spring. Previous studies have pointed out that the 

majority of CMIP5 models have insufficient cloud liquid water, especially for mixed-phase 

clouds (Komurcu et al. 2014). And this becomes one of the main reasons for longwave bias in 

the CMIP5 models (English et al. 2015).  

Moreover, it clearly shows that both total CF and LWP increase year-round in all types of 

experiments through WBF process suppression, but with different magnitudes of change. It 

indicates that the impacts of WBF process on clouds are quite consistent and robust.  Particularly, 

the comparison between pre-industrial atmosphere-only simulation (CAM5_1850) and 

CAM5_AMIP run suggests that the atmosphere-sea ice coupling amplifies the impacts of 

increasing cloud liquid water over the Arctic, especially in winter and spring.  Last, a fully 

coupled simulation has been run to identify the Arctic sea ice response to less efficient WBF 

process. As a response, Arctic sea ice tends to be melting over the Atlantic sector of the Arctic 

Ocean (Greenland Sea, Barents and Kara Sea), most likely caused by the enhanced cloud 

warming effect during non-summer months. These results improve our understanding of the 

large-scale effects of the WBF process and the role of cloud liquid water in the Arctic climate 

system. 

This study has been submitted to the Climate Dynamics and it is under review. For details 

of this study, please see Appendix F for this paper:  

Huang, Y., X. Dong, J.E. Kay, B. Xi and E.A. McIlhattan, 2020: The Climate Response to 

Increased Cloud Liquid Water over the Arctic in CESM1: A Sensitivity Study of Wegener–

Bergeron–Findeisen Process. Clim. Dyn. In review.  
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CHAPTER 3: CONCLUSIONS AND FUTURE WORK 

 

3.1 Conclusions 

Observations show a decline in both Arctic sea ice cover and sea ice thickness in recent 

decades. The surface radiative imbalance has large impacts on the long-term trends and year-to-

year variability of Arctic sea ice. Clouds are believed to be a key factor in regulating this 

radiative imbalance, whose underlying processes and mechanisms, however, are not well 

understood. Therefore, this study aims to investigate the role of cloud-radiation feedback in 

modulating Arctic sea ice changes from seasonal to interannual time scales. We first quantify the 

uncertainties of Arctic cloud and radiative properties in different global reanalysis products using 

satellite retrievals, which paves the way for us to properly use these products in the following 

Arctic climate studies. And then we investigate the impacts of cloud and radiation on Arctic sea 

ice variations at various time scales Specifically, we show how cloud and radiation properties 

modulate the timing of melt onset in spring based on global reanalysis. On seasonal scale, the 

relationships between long-term trend of cloud and radiation in spring and September sea ice 

retreat have been investigated using both satellite retrievals and model simulations. Last, two 

important factors controlling Arctic clouds, large-scale circulation and cloud microphysical 

processes, have been examined.  

One of the significant problems in Arctic climate study is the lack of reliable data. Due to 

its unique and extreme environment, it is a great challenge to obtain the observations in the 

Arctic. Reanalyses have proven to be convenient tools for studying the Arctic climate system, 

but their uncertainties should first be identified. Therefore, we compare five reanalyses with 

NASA CERES-MODIS derived cloud and radiative properties over the Arctic, and CC derived 

CFs. The correlations between the reanalyses and satellite retrievals indicate that all five 

reanalysis products estimate radiative fluxes better than cloud properties, and MERRA-2 and 

JRA-55 exhibit comparatively higher correlations for Arctic cloud and radiation properties. 

In the past few decades, the length of melting season has become longer, with the earlier 

melt onset dates in Spring and the delayed freeze-up dates in autumn. Therefore, based on NASA 

MERRA-2 reanalysis, the impacts of atmospheric physical and dynamical variables on the early 

and late initial sea ice melting events are investigated for the selected years. In the early melting 

years, the positive Arctic Oscillation phase is dominant during springtime, which is accompanied 

by intensified atmospheric transient eddy activities in the Arctic and enhanced moisture flux 

convergence in the AOF and consequently enhanced northward transport of moist and warm air.  

As a result, positive anomalies of air temperature, precipitable water vapor and/or CF and CWP 

were found over the AOF, increasing downward longwave radiative flux at the surface. The 

associated warming effect further contributes to the initial melt of sea ice. In contrast, the late 

melt onset is usually linked to the negative Arctic Oscillation phase in spring accompanied with 

negative anomalies of precipitable water vapor and downward longwave flux at the surface. The 

increased downward shortwave radiation during the period from middle to late June plays a more 

important role in accelerating the melting, aided further by the stronger than normal cloud 

warming effects. 
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On seasonal scale, NASA satellite observations suggest that increasing springtime CF 

and LW_down flux at the surface tends to enhance sea ice melt in the Arctic via strong cloud 

warming effect, while surface shortwave fluxes during late spring and early summer play a more 

important role in determining September sea ice extent. However, in a coupled system, it 

remains a question whether the atmosphere drives the sea ice changes or sea ice affects the 

atmosphere. Through an integrative analysis of observational and modeling efforts, we find that 

there is active coupling between the atmosphere and sea ice in early Spring. Sea ice melting and 

thus the presence of more open water leads to stronger evaporation and promotes cloud 

formation that increases LW_down flux at the surface, leading to even more ice melt. In late 

spring and summer, however, clouds become more active to drive sea ice rather than respond to 

sea ice changes. The cloud and related radiation changes during summer are mainly controlled 

by large-scale atmospheric circulation variability. 

Therefore, based on satellite observations and model simulations, we find that that the 

variability of relative humidity and low cloud fraction is mainly driven by the large-scale 

atmospheric circulation in summer, particularly the circulation changes in the upper troposphere. 

The increased low clouds facilitate sea ice melt underneath by emitting longwave radiation and 

warming the lower troposphere. The decreased surface albedo then triggers positive ice-albedo 

feedback, which further enhances sea ice melt. As a bridge between upper-level atmospheric 

circulation and the surface, the summertime low clouds play an important role in driving sea ice 

melt by amplifying the warming effect induced by a stronger anticyclonic circulation. 

In addition to large-scale atmospheric circulation, we also examine the impacts of cloud 

microphysical process on Arctic clouds. Compared to observations, CESM1 fails to reproduce 

observed cloud-radiation-sea ice relationship due to insufficient cloud liquid water over the 

Arctic. This is believed to be caused by an overactive WBF process as too much supercooled 

liquid is scavenged by precipitating ice. With suppressed WBF process, the simulated Arctic 

cloud and radiative properties in CESM have a better agreement with satellite retrievals. 

Specifically, CESM1 simulated liquid cloud fractions increased, especially in winter and spring. 

The cloud response resulted in increased downwelling longwave flux and decreased shortwave 

flux at the surface. As a response, the sea ice tends to melt over the North Atlantic Ocean, most 

likely caused by the enhanced cloud warming effect during non-summer months. 

These results improve our understanding of cloud process and its influence on surface 

energy budget as well sea ice melt over the Arctic. This will inform the Earth System Models 

with a more realistic cloud-radiation process that governs the seasonal sea ice evolution. In 

addition, with a better representation of observed cloud-radiation-sea ice relationship, we can 

substantially improve earth system models’ ability in simulating and predicting future Arctic sea 

ice changes. Predicting changes in the seasonality and variability of fragmented sea ice is 

fundamental for forecasting transporting routes, resource development, coastal erosion, and 

threats to Arctic coastal communities. This research may also inform observational system 

design. 
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3.2 Future Work 

As the model output from Coupled Model Intercomparison Project Phase 6 (CMIP6, 

Eyring et al. 2016) has been released, we can investigate the representation of Arctic clouds and 

their impacts on sea ice variations in state-of-the-art global climate models. The cloud and water 

vapor properties (e.g., CF, LWP) in each CMIP6 model can be systematically evaluated using 

observations from multiple NASA satellites (e.g. CALIPSO, CERES-MODIS, AIRS). However, 

the direct comparison between model and satellite observations may be unfair due to their 

different definitions of clouds (Kay et al. 2016). Therefore, the available COSP-embedded 

CMIP6 model output should be incorporated (Bodas-Salcedo et al. 2011). Particularly, the 

seasonal cycle, spatial distribution, vertical profile, long-term trend, and cloud-radiation 

relationship can be examined to assess how well the CMIP6 models capture the observed 

features over different surface types. Moreover, the CMIP6 results will be compared with their 

predecessor CMIP5 simulations to identify any major improvements in cloud representation. It is 

important to use all available ensemble members in CESM version 2 (CESM2, Danabasoglu et 

al. 2020) and other CMIP6 models, which is a critical step to distinguish the model spread 

induced by model physics or internal variability. The multi-model approach provides a way to 

describe the structural uncertainty in Arctic clouds and their interactions with the sea ice, and 

that large ensembles for each model allow an estimate of the internal variability. 

Note that all model simulations in this dissertation are based on the CESM version 1 

(CESM1). The CESM2 has been improved in simulating liquid-containing clouds, surface 

radiative fluxes and precipitation in the Arctic (McIlhattan et al. 2019). Therefore, it is necessary 

to conduct several sensitivity tests of the updated Morrison-Gettelman (MG2) cloud 

microphysics scheme in CESM2. In addition to WBF time scale, the fraction of dust aerosols 

active as ice nuclei and ice crystal fall speed can be tested. Those parameters were found to be 

significant for the variance in cloud phase partitioning in mixed-phase clouds (Tan and 

Storelvmo 2016). The autoconversion and accretion enhancement factors, which are related to 

the cloud to precipitation process, could also be tested (Wu et al. 2018). By tuning these 

parameters and assessing the overall climate response, we will dig deeper into the underlying 

physics and how it is represented in the MG2 scheme, and how these processes impact radiative 

balance and sea ice variations in the Arctic. 

To test the cloud-induced changes in Arctic sea ice, the “cloud-locking” method could be 

used by prescribing cloud radiative effects in a fully coupled model. Specifically, cloud fields 

(CF, cloud liquid/ice water content, cloud droplet number concentration) are prescribed in the 

radiation module every two hours of the model run to prevent clouds from radiatively interacting 

with their surroundings. This technique has been implemented in CAM version 5/6 and well 

described in Middlemas et al. (2019) and Grise et al. (2019). In the control run, all modules 

would be active, thereby including the interactions between cloud, radiation and sea ice. For the 

experimental run, the instantaneous cloud fields will be first extracted from the CESM2 pre-

industrial control run for multiple low and high sea ice years. Then the “cloud-locking” 

experiments will be performed using cloud fields from each selected year with constant pre-

industrial forcing. In this case, the year-long cloud parameter data is repeated to remove 

interannual climate variability from cloud fields while maintaining the seasonal and diurnal cycle 

(Middlemas et al. 2019).   



 

35 

 

REFERENCES 

 

Barton, N. P., S.A. Klein, J. S. Boyle, and Y.Y. Zhang, 2012: Arctic synoptic regimes: 

Comparing domain‐wide Arctic cloud observations with CAM4 and CAM5 during 

similar dynamics. J. Geophys. Res. Atmos., 117(D15). 

Baxter, I. and Coauthors, 2019: How tropical Pacific surface cooling contributed to 

accelerated sea ice melt from 2007 to 2012 as ice is thinned by anthropogenic forcing. 

J. Clim., 32(24), 8583-8602. 

Beesley, J.A., and Moritz R.E., 1999: Toward an explanation of the annual cycle of 

cloudiness over the Arctic Ocean. J. Clim., 12(2): 395-415. 

Belchansky GI, Douglas, D.C., and Platonov, N.G., 2004:  Duration of the Arctic sea ice melt 

season: Regional and interannual variability, 1979–2001. J. Clim., 17(1), 67-80.  

Bodas-Salcedo, A. and Coauthors, 2011: COSP: Satellite simulation software for model 

assessment. B. Am. Meteorol. Soc., 92(8), 1023-1043. 

Boeke, R. C. and Taylor P.C., 2016: Evaluation of the Arctic surface radiation budget in 

CMIP5 models. J. Geophys. Res. Atmos., 121, 8525–8548. 

Bosilovich, M. and Coauthors, 2015: MERRA-2: Initial Evaluation of Climate. Technical 

Report Series Technical Report Series on Global Modeling and Data Assimilation, 

Volume 43. [Available online at 

http://gmao.gsfc.nasa.gov/pubs/tm/docs/Bosilovich803.pdf] 

Cavalieri, D. J. and Coauthors, 1992: NASA Sea Ice Validation Program for the DMSP 

SSM/I: Final Report, NASA Technical Memorandum 104559, National Aeronautics 

and Space Administration, Washington, D. C. 126 pages. 

Cavalieri, D., C. Parkinson, P. Gloersen, and H. J. Zwall, 1996: updated yearly, Sea Ice 

Concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive 

Microwave Data, Version 1. Boulder, Colorado USA: NASA DAAC at the National 

Snow and Ice Data Center. http://dx.doi.org/10.5067/8GQ8LZQVL0VL.  

CERES_EBAF-Surface_Ed2.8 Data Quality Summary [Available online at 

http://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_EBAF-

Surface_Ed2.8_DQS.pdf] 

http://gmao.gsfc.nasa.gov/pubs/tm/docs/Bosilovich803.pdf
http://dx.doi.org/10.5067/8GQ8LZQVL0VL
http://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_EBAF-Surface_Ed2.8_DQS.pdf
http://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_EBAF-Surface_Ed2.8_DQS.pdf


 

36 

 

CERES_SYN1deg_Ed4A Data Quality Summary [Available online at 

https://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_SYN1deg_Ed4A_DQ

S.pdf] 

Cesana, G., Kay, J.E., Chepfer, H., English, J.M. and De Boer, G., 2012: Ubiquitous 

low‐level liquid‐containing Arctic clouds: New observations and climate model 

constraints from CALIPSO‐GOCCP. Geophys. Res. Lett., 39(20). 

Cesana, G., H. Chepfer, D. Winker, B. Getzewich, X. Cai, O. Jourdan, G. Mioche, H. 

Okamot, Y. Hagihara, V. Noel and M. Reverdy, 2016: Using in situ airborne 

measurements to evaluate three cloud phase products derived from CALIPSO. J. 

Geophys. Res. Atmos., 121(10), 5788-5808. 

Chepfer, H., S. Bony, D. Winker, M. Chiriaco, J.L. Dufresne and G. Sèze, 2008: Use of 

CALIPSO lidar observations to evaluate the cloudiness simulated by a climate model. 

Geophys. Res. Lett., 35(15). 

Chepfer, H., S. Bony, D. Winker, G. Cesana, J. L. Dufresne, P. Minnis, C. J. Stubenrauch, 

and S. Zeng, 2010: The GCM‐oriented calipso cloud product (CALIPSO‐GOCCP). J. 

Geophys. Res. Atmos., 115(D4). 

Chepfer, H., G. Cesana, D. Winker, B. Getzewich, M. Vaughan, and Z. Liu, 2013: 

Comparison of two different cloud climatologies derived from CALIOP-attenuated 

backscattered measurements (Level 1): The CALIPSO-ST and the CALIPSO-

GOCCP. J. Atmospheric Ocean. Technol., 30(4), 725-744. 

Christensen, M. W., A. Behrangi, T.S. L’ecuyer, N. B. Wood, M.D. Lebsock, and G.L. 

Stephens, 2016: Arctic observation and reanalysis integrated system: a new data 

product for validation and climate study. Bulletin of the American Meteorological 

Society, 97(6), 907-915. 

Comiso, J. C., C.L. Parkinson, R. Gersten, and L. Stock, 2008: Accelerated decline in the 

Arctic sea ice cover. Geophys. Res. Lett., 35(1). 

Comiso, J. C., and D. K. Hall, 2014: Climate trends in the Arctic as observed from space, 

Wiley Interdisciplinary Reviews: Climate Change, 5(3), 389-409. 

Compo, G.P. and Coauthors, 2011: The Twentieth Century Reanalysis Project. Q. J. Roy. 

Meteor. Soc.,137,1-28. 

https://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_SYN1deg_Ed4A_DQS.pdf
https://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_SYN1deg_Ed4A_DQS.pdf


 

37 

 

Cox, C. J., T. Uttal, C. N. Long, M. D. Shupe, R. S. Stone, and S. Starkweather, 2016: The 

Role of Springtime Arctic Clouds in Determining Autumn Sea Ice Extent. J. Clim., 

29(18), 6581-6596. 

Curry, J.A., Ebert, E. E., and Herman, G. F.,1988: Mean and turbulence structure of the 

summertime Arctic cloudy boundary layer. Q. J. R. Meteorol. Soc. 114(481), 715-

746. 

Curry, J.A., J. L. Schramm, W.B. Rossow, and D. Randall, 1996: Overview of Arctic Cloud 

and Radiation Characteristics. J. Clim., 9, 1731-1764. 

Danabasoglu, G., Lamarque, J.‐F., Bacmeister, J., Bailey, D. A., DuVivier, A. K., Edwards, 

J., et al., 2020: The Community Earth System Model Version 2 (CESM2). Journal of 

Advances in Modeling Earth Systems, 12, e2019MS001916.  

Dee, D.P. and Coauthors, 2011: The ERA-Interim reanalysis: configuration and performance 

of the data assimilation system. Q. J. Roy. Meteor. Soc., 137, 553-597. 

Deng, M., G.G. Mace, Z. Wang, and E. Berry, 2015: CloudSat 2C-ICE product update with a 

new Ze parameterization in lidar-only region. J. Geophys. Res. Atmos., 120, 12198-

12208. 

Ding, Q., and Coautors, 2017: Influence of high-latitude atmospheric circulation changes on 

summertime Arctic sea ice. Nat. Clim. Change, 7(4), 289. 

Ding, Q., and Coauthors, 2019: Fingerprints of internal drivers of Arctic sea ice loss in 

observations and model simulations. Nat. Geosci., 12(1), 28-33. 

Dong, X., P. Minnis, B. Xi, S. Sun-Mack, and Y. Chen, 2008: Comparison of CERES-

MODIS stratus cloud properties with ground-based measurements at the DOE ARM 

Southern Great Plains site. J. Geophys. Res. Atmos., 113(D3). 

Dong, X., B.J. Zib, B. Xi, R. Stanfield, Y. Deng, X. Zhang, B. Lin, and C.N. Long, 2014: 

Critical mechanisms for the formation of extreme arctic sea-ice extent in the summers 

of 2007 and 1996. Clim. Dyn., 43, 53-70.  

Dong, X., B. Xi, K. Crosby, C.N. Long, R. Stone and M. Shupe, 2010: A 10-yr Climatology 

of Arctic Cloud Fraction and Radiative Forcing at Barrow, Alaska. J. Geophys. Res.,   

115, D12124. 



 

38 

 

Dong, X., B. Xi, S. Qiu, P. Minnis, S. Sun-Mack, and F. Rose, 2016: A Radiation Closure 

Study of Arctic Cloud Microphysical Properties using the collocated satellite-surface 

data and Fu-Liou Radiative Transfer Model. J. Geophys. Res. Atmos., 121(17). 

Ebert, E.E. and J.A. Curry, 1993: An intermediate one‐dimensional thermodynamic sea ice 

model for investigating ice‐atmosphere interactions. J. Geophys. Res.-Oceans, 

98(C6), 10085-10109. 

English, J. M., J.E. Kay, A. Gettelman, X. Liu., Y. Wang, Y. Zhang and H. Chepfer, 2014: 

Contributions of clouds, surface albedos, and mixed-phase ice nucleation schemes to 

Arctic radiation biases in CAM5. J. Clim., 27(13), 5174-5197. 

English, J.M., A. Gettelman and G.R. Henderson, 2015: Arctic radiative fluxes: Present-day 

biases and future projections in CMIP5 models. J. Clim., 28(15), 6019-6038. 

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., and Taylor, K. 

E., 2016: Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) 

experimental design and organization, Geosci. Model Dev., 9, 1937-1958, 

doi:10.5194/gmd-9-1937-2016. 

Gorodetskaya I.V. and L.B. Tremblay LB, 2013: Arctic Cloud Properties and Radiative 

Forcing from Observations and their Role in Sea Ice Decline Predicted by the NCAR 

CCSM3 Model During the 21st Century. In: Arctic Sea Ice Decline: Observations, 

Projections, Mechanisms, and Implications. American Geophysical Union, 47-62. 

Grise, K.M., Medeiros, B., Benedict, J.J. and Olson, J.G., 2019. Investigating the influence of 

cloud radiative effects on the extratropical storm tracks. Geophysical Research 

Letters, 46(13), 7700-7707. 

Hegyi B.M., and Y. Deng, 2017: Dynamical and Thermodynamical Impacts of High- and 

Low-Frequency Atmospheric Eddies on the Initial Melt of Arctic Sea Ice. J. Clim., 

30(3), 865-883. 

Hirahara S., M. Ishii, and Y. Fukuda, 2013: Centennial-Scale Sea Surface Temperature 

Analysis and Its Uncertainty. J. Clim., 27, 57-75. 

Holland, M. M., and C.M. Bitz, 2003: Polar amplification of climate change in coupled 

models. Clim. Dyn., 21(3-4), 221-232. 

Huang, Y., X. Dong, B. Xi, E.K. Dolinar, and R.E. Stanfield, 2017a: The footprints of 16 

year trends of Arctic springtime cloud and radiation properties on September sea ice 

retreat. J. Geophys. Res. Atmos., 122(4), 2179-2193. 

http://www.geosci-model-dev.net/9/1937/2016/gmd-9-1937-2016.html
http://www.geosci-model-dev.net/9/1937/2016/gmd-9-1937-2016.html


 

39 

 

Huang, Y., X. Dong, B. Xi, E.K. Dolinar, R.E. Stanfield, and S. Qiu, 2017b: Quantifying the 

uncertainties of reanalyzed Arctic cloud and radiation properties using satellite 

surface observations. J. Climate, 30(19), 8007-8029. 

Huang, Y., Dong, X., Xi, B. and Deng, Y., 2018: A survey of the atmospheric physical 

processes key to the onset of Arctic sea ice melt in spring. Clim. Dyn., 52(7-8), 4907-

4922. 

Huang, Y., X. Dong, X., D.A. Bailey, M.M. Holland, B. Xi, A.K. DuVivier, J.E. Kay, L. 

Landrum, and Y. Deng, 2019: Thicker clouds and accelerated Arctic sea ice decline: 

The atmosphere‐sea ice interactions in spring. Geophys. Res. Lett. 

Huang, Y., X. Dong, J.E. Kay, B. Xi and E.A. McIlhattan, 2020a: The Climate Response to 

Increased Cloud Liquid Water over the Arctic in CESM1: A Sensitivity Study of 

Wegener–Bergeron–Findeisen Process. Climate Dynamics. In review.  

Huang Y., Q. Ding, X. Dong, B. Xi and N. Loeb 2020b: The summertime low clouds: 

bridging large-scale circulation and sea ice variations over the Arctic. To be 

submitted to Nature Climate Change. 

Iacono, M.J., Delamere, J.S., Mlawer, E.J., Shephard, M.W., Clough, S.A. and Collins, 

W.D., 2008: Radiative forcing by long‐lived greenhouse gases: Calculations with the 

AER radiative transfer models. J. Geophys. Res. Atmos., 113(D13). 

Kahn, B. H. and Coauthors, 2013: The Atmospheric Infrared Sounder Version 6 cloud 

products. Atmos. Chem. Phys. 13, 14477-14543. 

Kato, S., S. Sun-Mack, W. F. Miller, F. G. Rose, Y. Chen, P. Minnis, and B. A. Wielicki, 

2010: Relationships among cloud occurrencefrequency, overlap, and effective 

thickness derived from CALIPSOand CloudSat merged cloud vertical profiles. J. 

Geophys. Res., 115(D4).  

Kato, S., and Coauthors, 2013： Surface Irradiances Consistent with CERES-Derived Top-

of-Atmosphere Shortwave and Longwave Irradiances. J. Clim., 26, 2719-2740. 

Kato, S. and Coauthors, 2018: Surface irradiances of edition 4.0 clouds and the earth’s 

radiant energy system (CERES) energy balanced and filled (EBAF) data product. J. 

Clim., 31(11), 4501-4527. 



 

40 

 

Kapsch, M.L., R.G. Graversen, and M. Tjernström, 2013: Springtime atmospheric energy 

transport and the control of Arctic summer sea-ice extent. Nat. Clim. Change, 3, 744-

8. 

Kapsch, M.L., Skific, N., Graversen, R.G., Tjernström, M. and Francis, J.A., 2019: Summers 

with low Arctic sea ice linked to persistence of spring atmospheric circulation 

patterns. Clim. Dyn., 52(3-4), 2497-2512. 

Kay, J. E. and A. Gettelman, 2009: Cloud influence on and response to seasonal Arctic sea 

ice loss. J. Geophys. Res. Atmos., 114(D18). 

Kay, J. E., and Coauthors, 2012: Exposing global cloud biases in the Community 

Atmosphere Model (CAM) using satellite observations and their corresponding 

instrument simulators. J. Clim., 25(15), 5190-5207. 

Kay, J. E., and Coauthors, 2015: The Community Earth System Model (CESM) large 

ensemble project: A community resource for studying climate change in the presence 

of internal climate variability. Bull. Am. Meteor. Soc., 96(8), 1333-1349. 

Kay, J. E., T. L’Ecuyer, H. Chepfer, N. Loeb, A. Morrison, and G. Cesana, 2016: Recent 

advances in Arctic cloud and climate research. Current Climate Change Reports, 2(4), 

159-169. 

Kobayashi, S. and Coauthors, 2015:  The JRA-55 Reanalysis: General specifications and 

basic characteristics. J. Meteor. Soc. Japan, 93, 5-48. 

Komurcu, M. and Coauthors, 2014: Intercomparison of the cloud water phase among global 

climate models. J. Geophys. Res.-Atmos., 119(6), 3372-3400. 

Lamarque, J.‐F. and Coauthors, 2010: Historical (1850–2000) gridded anthropogenic and 

biomass burning emissions of reactive gases and aerosols: Methodology and 

application. Atmos. Chem. Phys., 10(15), 7017–7039. 

Levermann, A., J. Mignot, S. Nawrath, and S. Rahmstorf, 2007: The role of northern sea ice 

cover for the weakening of the thermohaline circulation under global warming. J. 

Clim., 20(16), 4160-4171. 

Liu, X. and Coauthors, 2012: Toward a minimal representation of aerosols in climate models: 

Description and evaluation in the Community Atmosphere Model CAM5. Geosci. 

Model Dev., 5(3), 709–739. 



 

41 

 

Loeb, N. G. and Coauthors, 2009: Toward optimal closure of the Earth's top-of-atmosphere 

radiation budget. J. Clim., 22(3), 748-766. 

Mace, G.G., Y. Zhang, S. Platnick, M.D. King, P. Minnis, and P Yang, 2005: Evaluation of 

cirrus cloud properties from MODIS radiances using cloud properties derived from 

ground-based data collected at the ARM SGP site. J. Appl. Meteor., 44, 221–240. 

Markus T., Stroeve J.C., Miller J., 2009: Recent changes in Arctic sea ice melt onset, 

freezeup, and melt season length. J Geophys Res: Oceans, 114(C12).  

McIlhattan, E.A., T.S. L’Ecuyer, and N.B. Miller, 2017: Observational evidence linking 

arctic supercooled liquid cloud biases in CESM to snowfall processes. J. Climate, 

30(12), 4477-4495. 

McIlhattan, E.A., J. Kay, T.S. L’Ecuyer, 2019: Arctic clouds and precipitation in CESM2. 

Submitted to J. Geophys. Res. Atmos. 

Middlemas, E.A., Clement, A.C., Medeiros, B. and Kirtman, B., 2019: Cloud Radiative 

Feedbacks and El Niño–Southern Oscillation. Journal of Climate, 32(15), pp.4661-

4680. 

Minnis, P., D.F. Young, B.A. Wielicki, P.W. Heck, X. Dong, L.L. Stowe, and R.M. Welch, 

1999: CERES cloud properties derived from multispectral VIRS data. Proceedings of 

SIPE 3867, satellite remote sensing of clouds and the atmosphere IV, 91, 8 December 

199. 

Minnis, P., and Coauthors, 2002: A global cloud database from VIRS and MODIS for 

CERES. Proceedings of SIPE 4891, optical remote sensing of the atmosphere and 

clouds III 115, 9 April 2003. 

Minnis, P., and Coauthors, 2008: Cloud detection in non-polar regions for CERES using 

TRMM VIRS and Terra 615 and Aqua MODIS data. IEEE Transactions on 

Geoscience and Remote Sensing, 46, 3857-3884. 

Minnis, P. and Coauthors, 2011a: CERES edition-2 cloud property retrievals using TRMM 

VIRS and Terra and Aqua MODIS data—Part I: Algorithms. IEEE Transactions on 

Geoscience and Remote Sensing, 49, 4374-4400. 

Minnis, P. and Coauthors, 2011b: CERES edition-2 cloud property retrievals using TRMM 

VIRS and Terra and Aqua MODIS data—Part II: Examples of average results and 

comparisons with other data. IEEE Transactions on Geoscience and Remote 

Sensing, 49, 4401-4430, doi:10.1109/TGRS.2011.2144602. 



 

42 

 

Mlawer, E.J., S.J. Taubman, P.D. Brown, M.J. Iacono and S.A. Clough, 1997: Radiative 

transfer for inhomogeneous atmospheres: RRTM, a validated correlated‐k model for 

the longwave. J. Geophys. Res. Atmos., 102(D14), 16663-16682. 

Mortin, J., Howell, S.E., Wang, L., Derksen, C., Svensson, G., Graversen, R.G., Schrøder, 

T.M., 2014: Extending the QuikSCAT record of seasonal melt–freeze transitions over 

Arctic sea ice using ASCAT. Remote sensing of environment, 141, 214-230. 

Mortin, J., Svensson, G., Graversen, R.G., Kapsch, M.L., Stroeve, J.C.,  Boisvert, L.N., 

2016: Melt onset over Arctic sea ice controlled by atmospheric moisture transport. 

Geophys. Res. Lett., 43(12), 6636-6642 

Morrison, H., and Gettelman, A., 2008: A new two-moment bulk stratiform cloud 

microphysics scheme in the Community Atmosphere Model, version 3 (CAM3). Part 

I: Description and numerical tests. J. Climate, 21(15), 3642-3659. 

Moorthi, S., H.L. Pan and P. Caplan, 2001: Changes to the 2001 NCEP operational 

MRF/AVN global analysis/forecast system. NWS Tech. Procedures Bulletin 484, 14 

pp. [Available online at http://www.nws.noaa.gov/om/tpb/484.pdf] 

National Center for Atmospheric Research (NCAR), 2015: The Climate Data Guide: NOAA 

20th-Century Reanalysis, Version 2 and 2c. [Available online at  

https://climatedataguide.ucar.edu/climate-data/noaa-20th-century-reanalysis-version-

2-and-2c.]  

Neale, R. B., and Coauthors, 2010: Description of the NCAR Community Atmosphere 

Model (CAM 5.0). NCAR Tech. Note NCAR/TN-4861STR, 289 pp. [Available at 

http://www.cesm.ucar.edu/models/cesm1.0/cam/docs/description/cam5_desc.pdf.] 

Notz, D., and J. C. Stroeve, 2018: The trajectory towards a seasonally ice-free Arctic Ocean. 

Current Climate Change Reports, 4(4), 407-416. 

Park, S., C.S. Bretherton, and P.J. Rasch, 2014: Integrating cloud processes in the 

Community Atmosphere Model, version 5. J.  Climate, 27(18), 6821-6856. 

Perovich, D.K., and Polashenski, C., 2012: Albedo evolution of seasonal Arctic sea ice. 

Geophys. Res. Lett., 39(8). 

Porter, D. F., J. J. Cassano, M. C. Serreze, and D. N. Kindig, 2010: New estimates of the 

large-scale Arctic atmospheric energy budget. J. Geophys. Res. Atmos., 115, D08108. 

http://www.cesm.ucar.edu/models/cesm1.0/cam/docs/description/cam5_desc.pdf


 

43 

 

Porter, D. F., J. J. Cassano, and M. C. Serreze, 2011: Analysis of the Arctic atmospheric 

energy budget in WRF: A comparison with reanalyses and satellite observations. J. 

Geophys. Res., 116, D22108. 

Qiu, S., Dong, X., Xi, B., and Li, J. L, 2015: Characterizing Arctic mixed‐phase cloud 

structure and its relationship with humidity and temperature inversion using ARM 

NSA observations. J. Geophys. Res. Atmos., 120(15), 7737-7746. 

Rienecker, M.M. and Coauthors, 2011: MERRA: NASA’s Modern-Era Retrospective 

Analysis for Research and Applications. J. Clim., 24, 3624-3648. 

Rinke, A., Knudsen, E.M., Mewes, D., Dorn, W., Handorf, D., Dethloff, K. and Moore, J.C., 

2019: Arctic Summer Sea Ice Melt and Related Atmospheric Conditions in Coupled 

Regional Climate Model Simulations and Observations. J. Geophys. Res. Atmos., 

124(12), 6027-6039. 

Rutan, D.A., F.G. Rose, N.M. Smith, and T.P. Charlock, 2001: Validation data set for 

CERES surface and atmospheric radiation budget (SARB), WCRP/GEWEX 

Newsletter, Vol 11, No. 1, 11-12. 

Saha, S. and Coauthors, 2010: The NCEP Climate Forecast System Reanalysis. B. Am. 

Meteorol. Soc., 91, 1015-1057.  

Serreze, M. C., and J.C. Stroeve, 2015: Arctic sea ice trends, variability and implications for 

seasonal ice forecasting. Phil. Trans. R. Soc. A., 373(2045). 

Shupe, M.D. and J.M. Intrieri, 2004: Cloud radiative forcing of the Arctic surface: The 

influence of cloud properties, surface albedo, and solar zenith angle. J. Clim., 17, 

616-628. 

Simmonds, I., and K. Keay, 2009: Extraordinary September Arctic sea ice reductions and 

their relationships with storm behavior over 1979–2008. Geophys. Res. Lett., 36, 

L19715. 

Stanfield, R.E., X. Dong, B. Xi, A. Kennedy, A.D. Del Genio, P. Minnis, and J.H. Jiang, 

2014: Assessment of NASA GISS CMIP5 and post-CMIP5 simulated clouds and 

TOA radiation budgets using satellite observations. Part I: Cloud fraction and 

properties. J. Clim., 27(11), 4189-4208, doi:10.1175/JCLI-D-13-00588.1. 

Stroeve, J.C., Markus, T., Boisvert, L., Miller, J., Barrett, A., 2014: Changes in Arctic melt 

season and implications for sea ice loss. Geophys. Res. Lett., 41(4), 1216-1225. 



 

44 

 

Stubenrauch, C.J. and Coauthors, 2013: Assessment of global cloud datasets from satellites: 

703 Project and database initiated by the GEWEX Radiation Panel. Bull. Amer. 

Meteor. Soc., 94(7), 1031-1049. 

Susskind, J., Blaisdell J. M. and Iredell, L, 2014: Improved methodology for surface and 

atmospheric soundings, error estimates, and quality control procedures: the 

atmospheric infrared sounder science team version-6 retrieval algorithm. J. Applied 

Rem. Sensing, 8(1), 084994. 

Tan, I., and Storelvmo, T., 2016: Sensitivity study on the influence of cloud microphysical 

parameters on mixed-phase cloud thermodynamic phase partitioning in CAM5. J. 

Atmos. Sci., 73(2), 709-728. 

Waliser, D.E. and Coauthors, 2009: Cloud ice: A climate model challenge with signs and 

expectations of progress. J. Geophys. Res. Atmos., 114 (D8), 

doi:10.1029/2008JD010015. 

Walsh, J.E., W.L., Chapman, and D.H. Portis, 2009: Arctic Cloud Fraction and Radiative 

Fluxes in Atmospheric Reanalyses. J. Clim., 22, 2316-2334. 

Wang, X., J. R. Key, Y. Liu, C. Fowler, J. Maslanik, and M. Tschudi, 2012: Arctic climate 

variability and trends from satellite observations. Advances in Meteorology, 2012. 

Whitaker, J.S. and T.M. Hamill, 2002: Ensemble Data Assimilation without Perturbed 

Observations. Mon. Weather Rev., 130, 1913-1924. 

Wielicki, B.A, B.R. Barkstrom, E.F. Harrison, R.B. Lee III, G.L. Smith, and J.E. Cooper, 

1996: Clouds and the Earth's Radiant Energy System (CERES): An Earth Observing 

System Experiment. Bull. Amer. Meteor. Soc., 77, 853-868. 

Winker, D.M., Vaughan, M.A., Omar, A., Hu, Y., Powell, K.A., Liu, Z., Hunt, W.H. and 

Young, S.A., 2009: Overview of the CALIPSO mission and CALIOP data processing 

algorithms. Journal of Atmospheric and Oceanic Technology, 26(11), 2310-2323. 

Wu, X., and R. Grumbine, 2013: Sea Ice in the NCEP Climate Forecast System Reanalysis. 

Science and Technology Infusion Climate Bulletin. The 38th NOAA Annual Climate 

Diagnostics and Prediction Workshop. [Available online at 

http://www.nws.noaa.gov/ost/climate/STIP/38CDPW/38cdpw-XWu.pdf] 

Wu, P., B. Xi, X. Dong, and Z. Zhang, 2018: Evaluation of autoconversion and accretion 

enhancement factors in GCM warm-rain parameterizations using ground-based 

https://science.gsfc.nasa.gov/sed/index.cfm?fuseAction=people.jumpBio&iphonebookid=12698
https://science.gsfc.nasa.gov/sed/index.cfm?fuseAction=people.jumpBio&iphonebookid=6093
http://www.nws.noaa.gov/ost/climate/STIP/38CDPW/38cdpw-XWu.pdf


 

45 

 

measurements over the Azores.  Atmos. Chem. Phys., 18, 1–16, doi:10.5194/acp-18-

1-2018. 

Xi, B., X. Dong, P. Minnis, and M.M. Khaiyer, 2010: A 10 year climatology of cloud 

fraction and vertical distribution derived from both surface and GOES observations 

over the DOE ARM SPG site. J. Geophys. Res. Atmos., 115. 

Xi, B., X. Dong, P. Minnis, and S. Sun-Mack, 2014: Comparison of marine boundary layer 

cloud properties from CERES-MODIS Edition 4 and DOE ARM AMF measurements 

at the Azores. J Geophys. Res.-Atmos., 119, 9509-9529. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

46 

 

APPENDIX A: QUANTIFYING THE UNCERTAINTIES OF REANALYZED ARCTIC 

CLOUD AND RADIATION PROPERTIES USING SATELLITE-SURFACE 

OBSERVATIONS 

 

(Published in the Journal of Climate) 

 

 

 

 

 

 

 

Yiyi Huang1, Xiquan Dong1, Baike Xi2, Erica K. Dolinar2, Ryan E. Stanfield2 and Shaoyue Qiu1 

 

1Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, AZ, USA 

 
2Department of Atmospheric Sciences, University of North Dakota, Grand Forks, ND, USA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Huang, Y., X. Dong, B. Xi, E. Dolinar, R. Stanfield and S. Qiu, 2017: Quantifying the 

uncertainties of reanalyzed Arctic cloud and radiation properties using satellite-surface 

observations. J. Climate, 8007-8029, doi: 10.1175/JCLI-D-16-0722.1. 

 

 

© American Meteorological Society. Used with permission 



 

47 

 

 



 

48 

 

 



 

49 

 

 



 

50 

 

 



 

51 

 

 



 

52 

 

 



 

53 

 

 



 

54 

 

 



 

55 

 

 



 

56 

 

 



 

57 

 

 



 

58 

 

 



 

59 

 

 



 

60 

 

 



 

61 

 

 



 

62 

 

 



 

63 

 

 



 

64 

 

 



 

65 

 



 

66 

 



 

67 

 

 



 

68 

 



 

69 

 

 



 

70 

 

APPENDIX B: A SURVEY OF THE ATMOSPHERIC PHYSICAL PROCESSES KEY 

TO THE ONSET OF ARCTIC SEA ICE MELT IN SPRING 

 

(Published in the Climate Dynamics) 

 

 

 

 

 

 

 

Yiyi Huang1, Xiquan Dong1, Baike Xi1 and Yi Deng2 

1Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, AZ, USA 

2School of Earth and Atmospheric Science, Georgia Institute of Technology, Atlanta, GA, USA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Huang, Y., X. Dong, B. Xi, and Y. Deng, 2018: A Survey of the atmospheric physical processes 

key to the onset of Arctic sea ice melt in spring. Clim. Dyn., 52(7-8), 4907-4922, doi: 

10.1007/s00382-018-4422-x. 

 

 

© Springer. Used with permission 



 

71 

 



 

72 

 



 

73 

 



 

74 

 



 

75 

 



 

76 

 



 

77 

 



 

78 

 



 

79 

 



 

80 

 



 

81 

 



 

82 

 



 

83 

 



 

84 

 



 

85 

 



 

86 

 

 



 

87 

 

Supplementary material 

 

Table 1. The areal initial melt date and Arctic Oscillation (AO) index during March-June for 

each year from 1980 to 2015. The correlations between areal initial melt date and AO index for 

each month are shown as well. 

Year Initial melt 

date 

(Julian 

day) 

AO index 

March April May June March-

June 

ave. 

1980 152 -1.433 -0.419 -1.155 0.721 -0.572 

1981 147 -1.645 0.430 0.180 -0.438 -0.368 

1982 158 1.074 1.454 -0.209 -1.180 0.285 

1983 158 -0.567 -0.738 -0.441 0.313 -0.358 

1984 161 -2.386 -0.284 0.479 0.007 -0.546 

1985 154 0.551 0.652 -0.432 -0.347 0.106 

1986 154 1.931 0.103 0.367 0.535 0.734 

1987 155 -1.746 0.387 0.325 -0.710 -0.436 

1988 149 -0.197 -0.561 -0.846 0.061 -0.386 

1989 152 1.530 -0.250 0.889 0.345 0.629 

1990 122 2.990 1.879 0.943 0.304 1.529 

1991 139 -0.527 0.530 0.486 -0.115 0.094 

1992 155 0.984 -0.521 1.341 -0.302 0.376 

1993 141 0.764 -0.435 -1.607 -0.520 -0.450 

1994 149 1.881 0.225 -0.115 1.606 0.899 

1995 146 0.393 -0.963 -0.891 -0.112 -0.393 

1996 170 -1.483 -1.525 -0.226 0.497 -0.684 

1997 148 1.091 0.324 -0.961 -0.815 -0.090 

1998 153 -0.254 -0.038 0.429 -0.711 -0.144 

1999 142 -1.492 0.284 0.226 0.707 -0.069 

2000 142 -0.451 -0.279 0.969 0.586 0.206 

2001 151 -1.687 0.906 0.452 -0.015 -0.086 

2002 147 0.902 0.748 0.401 0.573 0.656 

2003 137 0.933 -0.178 1.017 -0.102 0.418 

2004 153 0.318 -0.409 -0.094 -0.236 -0.105 

2005 144 -1.348 -0.046 -0.763 -0.383 -0.635 

2006 148 -1.604 0.138 0.156 1.071 -0.060 

2007 135 1.182 0.544 0.894 -0.555 0.516 

2008 146 0.586 -0.455 -1.205 -0.090 -0.291 

2009 144 0.121 0.973 1.194 -1.351 0.234 

2010 144 -0.432 -0.275 -0.919 -0.013 -0.410 

2011 148 1.424 2.275 -0.035 -0.858 0.702 
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2012 128 1.037 -0.035 0.168 -0.672 0.125 

2013 151 -3.185 0.322 0.494 0.549 -0.455 

2014 145 1.206 0.972 0.464 -0.507 0.534 

2015 148 1.837 1.216 0.763 0.427 1.061 

Correlation -0.389* -0.349* -0.161 0.092 -0.415* 

*Indicates 95% statistical significant 
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Figure 1. The composite storm track density map in March for (a) early melting years, (b) late 

melting years and (c) early-late difference over 30°N northward in Northern Hemisphere. The 

area of focus (AOF: 73°-84°N, 90°-155°E) is outlined in green. 
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Figure S1. The linear trends of September sea ice extent in the Northern Hemisphere from 40 

members in CESM-Large Ensemble during the period 2006-2021. The seven selected members 

for the CESM AMIP experiments are marked in yellow (including member 25).  
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Figure S2. The spatial distributions of regression slope between September sea ice extent in 

Northern Hemisphere and sea ice thickness for spring and winter (July-December).  
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Figure S3. The linear trends of total cloud fractions over the Arctic in April for (1)-(40) 40 

members from CESM-Large Ensemble during the period 2006-2021; (41) the ensemble mean of 

40 members from CESM-Large Ensemble; (42) CERES-MODIS SYN1 Ed3.0 during the period 

2000-2015. The black dots mark the regions where p<0.05 (statistical significance at 95% 

confidence level).  
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Figure S4. The scatter plots between the linear trends of September sea ice concentration (SIC) 

and springtime cloud water path (CWP) during the period 2006-2021 for (a) March; (b) April; 

(c) May and (d) June. Each black star represents an ensemble member in CESM-Large 

Ensemble, while the red star represents observed SIC trends from Nimbus-7 passive microwave 

satellite data sets and satellite retrieved CWP trends from CERES-MODIS SYN1 Ed3.0.  
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Figure S5. Same as Figure S4 but for the linear trends of downward longwave (LW_down) flux 

at the surface. 
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Figure S6. The correlations between Arctic downward longwave flux at the surface in April and 

September SIC for (1)-(40) 40 members from CESM-Large Ensemble during 2006-2021; (41) all 

40 members from CESM-Large Ensemble; (42) CERES-MODIS EBAF Ed2.8 during the period 

2000-2015. The black dots mark the regions where p<0.05 (statistical significance at 95% 

confidence level). 
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Figure S7. The correlations between (a1)-(d1) linearly detrended springtime total CF and 

September sea ice concentration (SIC) in CESM-Large Ensemble (CESM-LE, upper, 2006-2021) 

and CERES-MODIS (lower, 2000-2015); (a2)-(d2) springtime total cloud water path (CWP) and 

September SIC in CESM-LE (upper) and CERES-MODIS (lower); (a3)-(d3) springtime 

downward longwave (LW_down) flux at the surface and September SIC in CESM-LE (upper) 

and CERES-MODIS (lower) from March to June in the early 21st century. The black dots mark 

the regions where p<0.05 (statistical significance at 95% confidence level).  
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Figure S8. The linear trends for Arctic (a1)-(g1) sea ice concentration; (a2)-(g2) sea surface 

temperature (SST); (a3-(g3) evaporation rate; (a4)-(g4) liquid water path; (a5)-(g4) downward 

longwave flux at the surface in March during early 21st century (2006-2021) in CESM AMIP 

experiments. The seven members (member 15, 40, 12, 30, 17, 25, 13) are displayed from the 

most negative sea ice extent trend (left) to most positive trend (right) in September. The numbers 

of linear trends over the Arctic (60°N northward) are shown at the top of each panel. The black 

dots mark the regions where p<0.05 (statistical significance at 95% confidence level). Note that 

sea ice concentration and SST is prescribed in the CESM AMIP experiment, and its linear trend 

is statistically significant everywhere. 
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Figure S9. The linear trends of springtime total cloud water path (liquid + ice) in CESM AMIP 

experiments during the period 2006-2021 for (1)-(7) March; (8)-(14) April; (15)-(21) May and 

(22)-(28) June. The seven members (15, 40, 12, 30, 17, 25, 13) are displayed from the most 

negative sea ice extent trend (left) to most positive trend (right) in September. The numbers of 

linear trends over the entire Arctic (70°N northward) are shown at the top of each panel. The 

black dots mark the regions where p<0.05 (statistical significance at 95% confidence level). 
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Figure S10. The difference of linear trends of total cloud water path (liquid + ice) between 

CESM AMIP simulations and CESM-LE results during the period 2006-2021 for (1)-(7) March; 

(8)-(14) April; (15)-(21) May and (22)-(28) June. The seven members (15, 40, 12, 30, 17, 25, 13) 

are displayed from the most negative sea ice extent trend (left) to most positive trend (right) in 
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September. Note that only the difference of two datasets with 95% statistically significance level 

is shown in each panel. 

 
Figure S11. Time series of September sea ice extent (SIE) in the Northern Hemisphere (NH) for 

40 members in CESM-Large Ensemble during the period 2000-2100. The black thick line 

represents ensemble mean from 40 members, while the dashed thin line represents each single 

ensemble member.  
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Figure S12. The probability distribution functions of linear trends of downward longwave 

(LW_down) flux at the surface in different periods for (a) March; (b) April; (c) May and (d) 

June. The black line represents the linear trends in early 21st century (2006-2021), blue line 

represents the linear trends in middle 21st century (2046-2061), and red line represents the linear 

trends in late 21st century (2085-2100).  
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Figure S13. The correlations between downward longwave (LW_down) flux at the surface in 

spring (March-June) and summertime cumulative sea ice concentration in CESM-Large 

Ensemble for (a1)-(d1) early 21st century (2006-2021); (a2)-(d2) middle 21st century (2046-

2061); (a3)-(d3) late 21st century (2085-2100). Note that the significance level is not included in 

this figure because most of grid points are 95% statistically significant due to large number of 

data points (640 data samples for each grid box).  
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Abstract 

The rapid Arctic sea ice retreat in the early 21st century is believed to be driven by several 

dynamic and thermodynamic feedbacks. However, the role of clouds in these feedbacks remains 

unclear since the causality between clouds and these processes is complex. Here, we use 

observational and modeling analyses to suggest that summertime low clouds have played an 

important role in driving sea ice melt by amplifying the adiabatic warming induced by a stronger 

anticyclonic circulation aloft. The upper-level high pressure regulates low clouds through 

stronger downward motion and increasing lower troposphere relative humidity. The increased 

low clouds favor more sea ice melt via emitting stronger longwave radiation, then decreased 

surface albedo triggers a positive ice-albedo feedback, which further enhances sea ice melt. 

Considering the importance of summertime low clouds, accurate simulation of this process is a 

prerequisite for climate models to produce reliable future projections of Arctic sea ice.  

 

Observations show a substantial decline in Arctic sea ice at alarming rates over the past few 

decades1-3, raising a growing concern that the Arctic climate has shifted to a new normal. The sea 

ice is melted by various dynamical and thermodynamical processes. Among them, clouds could 

play an important role through their interactions with the ocean and sea ice4-7. Of particular 

significance are Arctic low clouds (cloud top height < 3 km), which are a key climate feature of 

the atmospheric boundary layer over the Arctic Ocean during summer8,9. Arctic low clouds are 

important because of their proximity to the sea ice and strong influence on the amount of solar 

and infrared radiation that is incident on the surface10, thus affecting the ice melting rate. In 

addition, low cloud variability can strongly modify the low-level heat, moisture and momentum 

fluxes that sea ice is most sensitive to9. 

Previous studies demonstrate that there exists an active coupling between clouds and sea ice in 

early spring. In late spring and summer, clouds become more sensitive to large-scale circulation 

and thus may more actively drive sea ice variations5,11,12. Specifically, a strong upper-level 

barotropic anticyclone over the Arctic is found to be able to warm the lower troposphere by 

adiabatic descent in summer (June, July, August, JJA) during the period of 1979-201412. Some 

studies suggest that warm and dry conditions associated with the strong barotropic high pressure 

lead to reduced cloudiness and enhanced downwelling shortwave (SW) radiation. The increase in 

solar radiation leads to more ice melt, or indirectly enhances basal ice melt by heating the ocean 

surface13-15. On the other hand, it is speculated that this anomalous high pressure system could 

create conditions conducive for increased low cloud amount, which leads to more longwave (LW) 

radiative flux at the surface to melt sea ice12,16,17. Although the statistical relationship between 

summertime large-scale circulation and clouds is significant, it is difficult to sort out the causal 

relationship as these processes are closely coupled together. The main hurdle to understand these 

underlying processes is that current climate models have a limitation to fully reproduce large-

scale circulation variability in the real world.  
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To make progress, here we use two novel approaches including: I) a fingerprint analysis to focus 

on those sub-periods of a long integration of model simulations when the observed circulation 

patterns are successfully reproduced; II) nudging experiments in which observed winds in the 

Arctic are imposed in a climate model. The main goal of this study is thus to gain a more 

comprehensive understanding of how large-scale atmospheric circulation variability regulates 

changes in low clouds, as well as the important role of low clouds in modulating sea ice melt 

versus that induced by anthropogenic forcing in summer. Since reliable cloud observations are 

available after 2000, we focus on the 17-year period from 2000 to 2016, during which sea ice 

experienced the most significant changes in the past four decades. 

 

Results 

Observed relationships between the clouds, circulation and Arctic sea ice 

A previous study has demonstrated the strong linkage between summertime large-scale 

circulation and September sea ice variations over the Arctic12. It shows that the decline of 

September sea ice concentration (SIC) is preceded by increasing pan-Arctic geopotential height 

at 200 hPa (Z200) in JJA from 2000 to 2016 (Fig. 1a), with a strong negative correlation r=−0.68. 

Specifically, the JJA Z200 has been rising over northeastern Canada, Greenland and northeastern 

Eurasia (Fig. 1b), while September SIC has been retreating over the Beaufort, Chukchi, and East 

Siberian Seas (Fig. 1c). In the meantime, the NASA Clouds and Earth’s Radiant Energy System 

(CERES) satellite product18 shows that JJA low cloud fraction (CF, >700 hPa) has been 

generally increasing over the Arctic Ocean (Fig. 1d). The most prominent changes are found 

over the Beaufort and Chukchi Seas, the region hereafter defined as the area of focus (AOF, 71˚-

80˚N, 162˚-222˚) in this study. These increased low clouds are mainly liquid-containing clouds, 

with the largest positive trend occurring below ~920 hPa, which has been confirmed by both 

active remote sensing product CALIPSO (Supplementary Fig.1) and ERA-Interim reanalysis 

(hereafter ERA-I, Supplementary Fig.2). In contrast to ice clouds, Arctic liquid-containing 

clouds generally have higher optical depths and a larger influence on surface LW radiation19. 

Therefore, the increasing downwelling LW (LW_down) cloud radiative effect (CRE) at the 

surface has been observed over the marginal seas in summer, particularly over the AOF (Fig. 1e). 

Note that the surface LW_down flux has also been increasing over the Arctic Ocean, except over 

the Canadian Archipelago, and its linear trend is most likely attributable to low clouds, with the 

largest contribution over the AOF (Supplementary Fig.3).   

To better demonstrate the relationships between circulation, clouds and sea ice, we applied 

maximum covariance analysis (MCA) to objectively determine the primary coupled patterns 

between upper-level circulation and low clouds in summer. As shown in Fig. 1f, the leading 

MCA mode (MCA1) for the JJA Z200 time series is significantly correlated (r=0.79) with JJA 

low CF. We then calculated correlations of MCA1 JJA low CF time series with SIC from June to 
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September. The strongest negative correlations occur over the Beaufort, Chukchi, and East 

Siberian Seas in August and September (Fig. 1g), suggesting that increasing JJA low CF 

potentially leads to subsequent sea ice decline because of enhanced LW CRE. Note that the 

correlation patterns do not show substantial changes with detrended data (Supplementary Fig.4). 

We also find significant positive correlations between low clouds and SIC in the northern 

Canadian Archipelago. In summer, the SW flux also plays an important role in controlling sea 

ice melt. The increased low CF reflects more incoming solar radiation, which may prevent the 

surface from absorbing tremendous amounts of solar radiation due to reduced sea ice, thus 

resulting in a cooling effect13,20,21. However, the upwelling SW flux is substantially reduced with 

decreased surface albedo and thus leads to an increase in absorbed solar radiation 

(Supplementary Fig.5). Therefore, we believe that the increased LW CRE enhances the ice melt 

that in turn could trigger the pan-Arctic ice-albedo feedback.   

Next, we explore the key mechanisms to link large-scale atmospheric circulation and low cloud 

variability. Figure 2 provides additional details about the summertime atmospheric state during 

the period 2000-2016. The low-level vertical structures of temperature and humidity over the 

AOF suggest that both temperature and humidity inversions exist below 900 hPa (Figs 2a, 2b), 

while the relative humidity (RH) decreases with height (Fig. 2c). The increased Z200 associated 

with the anticyclonic circulation aloft is found to be highly correlated with summertime vertical 

motion in the lower troposphere12. Therefore, stronger downward motion at 500 hPa occurs over 

the AOF (Fig. 2e).  In principal, the subsidence is thought to inhibit the vertical growth of cloud 

layer by warming and drying the atmosphere. However, when there is a humidity inversion 

above cloud top, the subsidence would transport moisture into the cloud layer, which facilitates 

the formation and maintenance of clouds9. In the Arctic, both temperature and humidity 

inversions are prevalent, especially the coincidence of both inversions near the cloud top. They 

can serve as a moisture source for cloud formation and this mechanism has been confirmed by 

various previous studies based on long-term ground-based observations22, aircraft observations9, 

field campaigns23 and model simulations24. Therefore, due to the co-existence of humidity and 

temperature inversions along with stronger downward motion, RH has been increasing below 

875 hPa over the AOF (Fig. 2f). The enhanced RH leads to increases in clouds below ~925 hPa, 

with the largest trend at around 975 hPa. In addition to vertical motion, the advection also plays a 

crucial role for Arctic summertime low stratiform clouds9,25,26. Enhanced poleward moisture 

transport at 950 hPa is found from the Laptev Sea to central Arctic Ocean during 2000-2016 

(Supplementary Fig. 6). The stratus clouds could result from the influx of warm and moist air 

from subpolar latitudes into the Arctic Basin25. Previous studies suggest that clouds in the 

Beaufort Sea that form in this situation tend to have relatively low cloud bases27. Moreover, the 

transport of aerosol particles might also be important for Arctic low cloud formation28. Note that 

no summer cloud response to sea ice loss is found in either observations5 or model 

simulations29,30. In summer, a weaker air-sea temperature gradient occurs with a melting sea ice 

surface, resulting in a more stable atmosphere, which limits the turbulent flux exchange and thus 

reduces cloud formation5,25,31. 
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The spatial patterns shown in Figs 2g and 2h indicate that the most prominent inversions occur 

over the Beaufort, Chukchi and East Siberian Seas, with the greatest intensities around ~3K and 

~0.4g/kg for temperature and humidity inversions, respectively. Moreover, the largest positive 

trend (~0.5%/yr) of RH is found over the North Atlantic Ocean and Norwegian Sea, as well as 

Beaufort and Chukchi Seas. The latter shows a substantial increasing trend of low-level liquid-

containing clouds.   

Overall, a plausible mechanism, based upon observational analysis, could operate such that 

increased JJA low clouds, which may be strongly affected by upper-level atmospheric circulation, 

enhance the LW_down flux at the surface, lead to further sea ice decline and the newly open 

water then allows more solar heating of the upper ocean. In this case, the summertime low clouds 

could play an important role in modulating sea ice variations by bridging the large-scale 

circulation and surface. 

Simulated relationships between the clouds, circulation and Arctic sea ice 

To examine whether a climate model is capable of capturing the observed features, we analyze 

model output from the CESM Large Ensemble (CESM-LE) Project32. The ensemble mean of 40 

members in CESM-LE Representative Concentration Pathway 8.5 (RCP8.5) simulation has been 

analyzed (Supplementary Fig. 7) to show the forced response due to rapidly increased 

greenhouse gas emissions in the early 21st century. The increased JJA Z200 can be found over 

the entire Arctic, but with a different spatial pattern and much smaller magnitudes compared to 

the observed one. Since all 40 members use the same model and external forcing, with only 

small round-off level differences in their initial conditions, their spread in Z200 linear trends can 

be attributed to the model’s inherent internal variability32. The comparison between ERA-I and 

CESM-LE suggest that increased Z200 in the early 21st century is mainly induced by internal 

variability. This is consistent with the results in a previous study12, although they use a longer 

record from 1979 to 2014. Due to the absence of anticyclonic circulation in the forced response, 

no significant linear trend of vertical velocity is found over the ocean in CESM-LE. In addition, 

CESM can capture the JJA temperature and humidity inversions as shown in ERA-I. However, 

the temperature inversion intensity in CESM-LE is much higher than that in reanalysis, 

particularly over the Beaufort Sea, while the humidity inversion intensity is lower, especially 

over the East Siberian Sea. As for the RH at 950 hPa and low CF, the positive trends in CESM-

LE are rather weak and not significant over the Arctic Ocean. The increased surface LW_down 

flux can be observed in the entire Arctic, but with smaller magnitudes. The changes in LW flux 

are more likely caused by the recent surface warming, as a result of anthropogenic forcing. 

Furthermore, the substantial sea ice decline shown here is believed to largely follow 

anthropogenic greenhouse gas emissions33. Interestingly, the CESM-LE does not capture the sea 

ice decline in the coastal regions as shown in observations. Moreover, the positive trend in net 

SW flux can also be found over the central Arctic Ocean, but with much smaller magnitudes. A 

comparison of observations with the forced response in CESM suggests that anthropogenic 

forcing is not sufficient to fully explain what has occurred in the Arctic in the past two decades 
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and thus additional factors, such as large-scale circulation variability and low clouds should be 

carefully taken into account.    

To determine whether the model exhibits internal variability that is similar to what has happened 

in the observations in terms of the circulation trends and their linkage to the surface, we analyze 

CESM-LE pre-industrial simulation using a fingerprint pattern matching method16,34. 

Specifically, we partition the 1800-yr pre-industrial simulation into 1780 20yr-long pseudo-

ensemble members. The linear trend of JJA Z200 over the 20-year period is calculated for each 

member. Figure 3 shows the results from one member exhibiting the highest spatial correlation 

(r=0.90 at 1% significance level) with ERA-I (Fig. 1b). By design, the linear trend of the JJA 

Z200 spatial pattern matches closely with that observed in the early 21st century (Fig. 3a), but 

with overall smaller magnitudes and a more prominent negative trend over the Laptev-Kara Sea. 

The JJA temperature (Fig. 3c) and humidity inversion intensities (Fig. 3d) show similar spatial 

patterns with ERA-I. Moreover, the majority of the Arctic Ocean exhibits positive trends in RH 

at 950 hPa, with the greatest signals over the Laptev and East Siberian Seas (Fig. 3e).  As a result, 

the increased low CF (0.7%yr−1, Fig. 3f) and LW_down flux (0.7Wm−2yr−1, Fig. 3g) occur 

mainly over the Chukchi and East Siberian Seas, with comparable magnitudes in observations 

(Fig. 1). Meanwhile, the sea ice has been retreating over the Pacific sector during this 20-yr 

period (Fig. 3h). The SIC decline in this member has a similar magnitude (−3%yr−1) as in 

observations over the Beaufort Sea. As a result of increased low clouds and decreased sea ice, 

increased net SW flux (Fig. 3i) is found over the Chukchi and Beaufort Seas, with comparable 

magnitudes (1.5Wm−2yr−1) relative to observations. However, the stronger downward motion, 

which is believed to highly correlate with circulation changes in the upper troposphere, is not 

perfectly simulated by CESM (Fig. 3b), and is possibly due to stronger low pressure over the 

Laptev-Kara Sea compared to observations. Moreover, similar spatial patterns are found if we 

average the results from the best five non-overlapping pseudo-ensemble members that own a 

high spatial correlation with the observed one, but with much smaller magnitudes 

(Supplementary Fig. 8).  

Overall, CESM has some capabilities to capture the observed features over the Arctic when the 

observed circulation trend is captured well by chance. This high-pressure trend over northeastern 

Canada and Greenland appears to be mostly internally driven and thus does not rely on the 

presence of anthropogenic forcing. However, some key mechanisms (e.g., vertical motion) that 

link large-scale circulation with other thermodynamical variables, cannot be fully reproduced by 

the model. Therefore, an atmospheric nudging experiment is necessary to further assess how low 

clouds and sea ice respond when observed winds are imposed in the model. 

Atmospheric nudging experiments 

To directly demonstrate the impacts of large-scale circulation, we conducted eight fully coupled 

simulations using CESM, in which the model’s circulation in the Arctic (60˚N northward) is 

partially nudged to the three-dimensional wind fields from 6-hourly ERA-I. Greenhouse gas 

concentrations are prescribed using year 2000 climatological values35,36 to mute the impacts of 
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global warming. We only nudge the winds above 850 hPa to ERA-I because we would like to 

give the model some freedom to behave below 850 hPa. To ensure the reliability of our results, 

we integrate the model for two different lengths with very diverse initial conditions (See 

Methods). Both sets show quite similar results so that the simulations over the period are quite 

stable and robust. Specifically, the global top-of-atmosphere (TOA) radiation imbalance of each 

simulation (Supplementary Fig. 9) is between 0.57 and 0.91 Wm−2  during 2000-2016, which is 

close to estimates from CERES (0.92 Wm−2) and ERA-I (0.69 Wm−2), indicating the TOA 

energy budget in our simulations are reasonable and not disrupted.  

Figure 4 shows the results averaged from eight ensemble members. The linear trend of JJA Z200 

and vertical velocity at 500 hPa exhibit very similar spatial patterns as in ERA-I, since the 

CESM’s zonal and meridional winds have been nudged to the reanalysis. Due to enhanced 

downward motion, increases in RH at 950 hPa (Fig. 4c) occur from the Laptev and East Siberian 

Seas to the Beaufort Sea. Compared to the pre-industrial simulation, the magnitudes of the linear 

trends (0.4%yr−1) in the nudging runs are closer to the satellite retrievals (0.5%yr−1). More 

abundant moisture favors the formation of clouds, thus the increased low CF (Fig. 4d, 0.7%yr−1) 

and enhanced LW_down flux (Fig. 4e, 0.7 Wm−2 yr−1) can be found across nearly the entire 

Arctic Ocean, with comparable magnitudes relative to the satellite retrievals. As a response to the 

surface warming, the sea ice decreases with the strongest negative trend (−3%yr−1) over the East 

Siberian Sea (Fig. 4f) and the surface albedo is decreased. Therefore, the absorbed solar radiation 

is increased (Fig. 4g, 1.5Wm−2yr−1) due to the ice-albedo feedback. Recall that the greenhouse 

gas concentrations remain constant for all nudging simulations, therefore, our results 

demonstrate the key role of summertime large-scale circulation in driving cloud changes and sea 

ice melt in the Arctic.  

 

Conclusions and Discussion 

Observations show that the decline of September SIC occurred along with increasing Z200 in 

summer during 2000-2016, which owns a strong internal origin. In the meantime, JJA low CF 

and associated LW CRE have been substantially increasing over the Beaufort and Chukchi Seas. 

The modeling studies suggest that the variability of RH and low CF is mainly driven by large-

scale atmospheric circulation, particularly the changes in the upper troposphere. The increased 

low clouds facilitate sea ice melt underneath by emitting LW radiation and warming the lower 

troposphere. This forcing can also trigger the ice-albedo feedback, allowing more solar radiation 

to be retained by the ocean surface and further enhance sea ice melt. As a bridge between upper-

level atmospheric circulation and the surface, the summertime low clouds eventually amplify the 

warming effect induced by stronger anticyclonic circulation over the Arctic.  

Arctic clouds are generally believed to warm the surface during most of the year and cool the 

surface in summer5,10,19,21. By emphasizing low clouds, our study makes an advancement to this 

understanding. First, most of studies focus on total clouds19-21 instead of low clouds, which are 



 

138 

 

closer to the surface and thus more efficient to regulate the surface temperature through LW 

radiation37. Second, low clouds and high clouds may behave differently in controlling SW flux 

passing through.  Overall, clouds may cool the surface for a very short time (~30 days) during 

the most intense summer ice melt, due to its high cloud albedo21. However, low clouds must 

work with the surface to determine how much solar radiation could reach the surface. Note that 

the decreasing JJA SW_down flux has been observed during 2000-2016 (Supplementary Fig. 5a), 

and it shows a very weak pattern correlation (−0.05) with JJA low CF trend, but strong positive 

pattern correlations with SIC trend in June and July (0.57 and 0.65 at 1% significance level). 

With ice melt, the decreased SW_down flux could be mainly caused by a reduction in multiple 

reflection between clouds and surface38.   

Our study thus highlights the importance of Arctic summertime low clouds in linking large-scale 

atmospheric circulation and sea ice variations. Based on model simulations, the Arctic is 

projected to become cloudier under greenhouse forcing in a warmer world due to newly open 

water28. However, how sea ice will behave in the future remains a difficult question since it is 

very uncertain how climate models reproduce the observed circulation-cloud-sea ice relationship. 

Therefore, our study suggests that accurately simulating summertime large-scale circulation, as 

well as the cloud response to circulation, is a critical step toward increasing the reliability of 

seasonal sea ice forecasts and the rate of future sea ice loss.  

 

Methods 

Data: NSIDC passive microwave sea ice concentration. Monthly SIC and extent are obtained 

from Nimbus-7 SSMR and DMSP SSM/I-SSMIS passive microwave data version-1 provided by 

the National Snow and Ice Data Center39. SIC is derived from surface brightness temperatures 

measured from the following sensors: Nimbus-7 SMMR, the DMSP-F8, -F11 and -F13 SSM/I, 

and the DMSP-F17 SSMIS. The data is provided in the polar stereographic projection with a grid 

cell size of 25 km × 25 km in polar stereographic grid from October 1978 to present. The 

uncertainty of SIC over the Arctic is within ±5% during the winter and increases to ±15% during 

the summer when melt ponds are present on the sea ice40. Note that the sea ice extent is 

computed as the total area in the Arctic with SIC greater than 15% at each grid box. The 

conversion of SIC to sea ice extent is conducted at the daily timescale. 

Data: ERA-Interim global reanalysis. ERA-I is produced with the European Centre for 

Medium-Range Weather Forecasts (ECMWF)’s Integrated Forecast System (IFS), a forecast 

model with three fully coupled components for the atmosphere, land surface, and ocean waves. 

In addition, the 12-hourly four-dimensional (4D) variational data assimilation (4D-Var) of the 

upper-air atmospheric state is the key component of its data assimilation system41. The ERA-I 

product contains 60 model levels with the highest level being 0.1 hPa, and the horizontal 

resolution is T255 (nominally 0.70°). The ERA-I product has been evaluated over the Arctic in 

the previous studies, including surface temperature, radiative fluxes, precipitation, wind speed 
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and cloud properties42,43. It was found that the ERA-I reanalysis stands out among several global 

reanalysis products as being more consistent with independent observations. 

Data: NASA CERES-MODIS SYN1deg Edition 4.1. Cloud properties used in this study are 

from the CERES Moderate Resolution Imaging Spectroradiometer (MODIS) SYN1deg Edition 

4.1 (Ed4.1) monthly gridded dataset (1° × 1°) from 2000 to 2016, which is derived from both 

Aqua and Terra satellite measurements18. For Ed4, the CERES project has taken advantage of the 

next generation geostationary satellite (GEO) imager capabilities rather than relying solely on 

first-generation GEO cloud retrievals. In addition, both the MODIS and GEO cloud retrieval 

algorithms were significantly improved compared to Edition 3A44. A previous study found that 

there is a global 7% uncertainty in CERES-MODIS Aqua and Terra CF retrievals45. In the Arctic, 

monthly mean CFs from CERES SYN1deg have almost identical values (within ±2%) with 

active remote sensing product Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation 

(CALIPSO) in summer43. Specifically, the CERES SYN1deg Ed4A low CF (>700 hPa) is 

generally consistent with the low CF (< 3 km) from in-situ measurements at Atmospheric 

Radiation Measurement (ARM) Program Northern Slope of Alaska (NSA, 71.33˚N -156.61˚) site 

(Supplementary Fig.10). As suggested by the CERES team, the Terra or Aqua SSF1deg Ed4A 

MODIS-retrieved cloud properties are of climate quality and can be used to determine long-term 

regional cloud trends44. Therefore, we also compare the linear trend of low CF between 

SYN1deg Ed4.1 and Terra/Aqua SSF1deg Ed4.1 products. The Aqua SSF1deg product exhibits 

almost the same spatial pattern (Supplementary Fig.11a) as shown in the SYN1deg product. The 

Terra SSF1deg Ed4.1 product also shows a similar spatial distribution (Supplementary Fig.11b) 

as SYN1deg with the greatest positive trend over the AOF, but the magnitude is much smaller 

than SYN1deg and Aqua SSF1deg products. Since both Terra and Aqua SSF1deg products do 

not encompass the entire diurnal cycle, we still focus on the SYN1deg in the main text.  

Data: CERES EBAF-Surface Edition 4.1. CERES-EBAF Surface Edition 4.1 (Ed4.1) datasets, 

with a monthly temporal scale and 1° × 1° spatial resolution. EBAF surface fluxes were 

calculated using the Langley modified Fu-Liou radiative transfer model with inputs from 

MODIS retrieved cloud properties, meteorological data from a reanalysis system, and aerosol 

data from an aerosol assimilation system46. The EBAF Surface Ed4 monthly mean downward 

irradiances have been evaluated using surface measurements at 46 buoys and 36 land sites47 and 

concluded that mean biases of downwelling shortwave and longwave irradiances averaged for all 

sites are smaller than 5 Wm−2. Specifically, by comparing four surface sites over the Arctic, the 

regional biases (Root-mean-square differences) are +3.6 (13.0) Wm−2 for downwelling 

shortwave flux and +0.2 (12.3) Wm−2 for downwelling longwave flux. Previous studies 

concluded that CERES-EBAF surface fluxes should be considered as a key benchmark for 

evaluating the Arctic surface radiation budget43, 48, 49. 

Data: NASA AIRS product. This study uses vertical profiles of RH from Atmospheric Infrared 

Sounder (AIRS)/Aqua level 3 version 6 monthly standard physical retrieval product50. The AIRS 

is a grating spectrometer (R = 1200) aboard the second Earth Observing System (EOS) polar-
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orbiting platform, EOS Aqua. In combination with the Advanced Microwave Sounding Unit 

(AMSU) and the Humidity Sounder for Brazil (HSB), AIRS constitutes an innovative 

atmospheric sounding group of visible, infrared, and microwave sensors51. The data were 

obtained from NASA Goddard Earth Sciences (GES) Data and Information Services Center 

(DISC) with 1˚ x 1˚ spatial resolution from 2003 to 2016. Note that we use the vertical structure 

of RH from ERA-I in Figs 2c and 2f, because the vertical resolution of AIRS is too coarse (12 

vertical levels). In addition, both ERA-I and AIRS can capture the positive trend of RH in the 

lower troposphere over the AOF (Supplementary Figs 12a, 12b). However, ERA-I cannot well 

capture the increasing trend of RH over the AOF in terms of spatial distribution (Supplementary 

Figs 12c, 12d). Therefore, the spatial pattern in Fig. 2i is based on AIRS instead of ERA-I. 

Data: CESM Large Ensemble (CESM-LE).  As a comprehensive resource for studying 

climate change in the presence of internal climate variability, the CESM-LE is run with fully 

coupled atmosphere, ocean, land and sea ice components from 1920 to 2100. Forty ensemble 

members are simulated that use the same model and external forcing, but with small round-off 

level variations in their air temperature initial conditions32. In this study, we used the monthly 

mean output from Community Atmosphere Model version 5 (CAM5), which is provided in a 

grid of 0.94°(latitude) × 1.25°(longitude). Here we mainly focus on 1800 years of pre-industrial 

(1850) fully coupled simulation and 40 ensemble members from RCP 8.5 simulation in CESM-

LE project32. 

Overall, CESM can capture general Arctic temperature, humidity, cloud, radiation and sea ice 

features32,51,53. Particularly, the CESM simulated seasonal cycle of Arctic sea ice extent matches 

very well with observations in the late 20th century. The spatial distribution of sea ice thickness is 

also in a good agreement with observations53. In addition, CAM5 simulated Arctic CF is biased 

with twice as much winter cloud as the CALIPSO satellite observations6. In the meantime, 

CAM5 has too few liquid clouds in the Arctic54. Therefore, it is not surprising that CESM-LE 

underestimates LW_down flux and overestimate SW_down flux at the surface. And the model 

represents the spatial pattern of surface LW_down flux fairly well, but the magnitude is 

consistently too low54.  

CESM nudging experiments. In this study, we use CESM1.2.2.153 for the nudging experiments. 

As a participant in CMIP5, CESM1 is a fully coupled community GCM, which simulates climate 

states for Earth's past, present, and future. All simulations are conducted in National Center for 

Atmospheric Research (NCAR)’s supercomputer, Cheyenne. The CAM5 is run using the finite 

volume dynamical core with the standard ~0.9˚ × 1.25˚ horizontal grid and 30 vertical levels. 

Details about dynamics and model physics for CAM5 can be found in the NCAR technical note55. 

The land model is run with the same horizontal resolution as the atmosphere model. Moreover, 

the ocean and sea ice models use the displaced pole gx1v6 grid.  

We completed eight simulations, in which the atmospheric circulations in the Arctic (60˚N 

northward) are nudged to the 3D wind fields (zonal and meridional winds at different vertical 

levels) from ERA-I 6-hourly winds (zonal and meridional) reanalysis. The strength of nudging is 
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set to 0.5 (0 indicates no nudging and 1 means to replace the model’s wind fields with 

observations completely) for all experiments, allowing the model to generate its own dynamical 

fields to some extent12. We find that our result is not sensitive to this nudging strength if it is set 

above 0.5. In addition, we only nudged the winds above 850 hPa to the reanalysis because we 

would like to give the model some freedom to behave below 850 hPa, in which observations 

show an increasing trend of low clouds.  Greenhouse gas concentrations are prescribed using 

year 2000 climatological values35,37. Note that the first four experiments (Exp-1 to Exp-4) are run 

from 1979 to 2016 and the results before 2000 are considered as “spin-up” and thus discarded 

from analysis. The last four experiments (Exp-5 to Exp-8) are run from 2000 to 2016. The results 

from both sets are relatively stable after 2000 in terms of global TOA radiation imbalance. To 

examine how sensitive the simulations are to the initial states, we use very diverse initial sea ice 

conditions for the last four experiments. The results from each individual member indicate that 

the responses of low clouds (Supplementary Fig.13) and sea ice (Supplementary Fig.14) to 

atmospheric circulation are quite consistent and robust, although slight regional differences are 

found across those members. Additional details on our experimental design are introduced in 

Supplementary Table 1.  

Exp-1: Default initial conditions for B_2000_CAM5_CN component set; the atmospheric 

circulations in the Arctic are nudged to the ERA-I wind (u,v) fields from 860 hPa to the TOA 

during 1979-2016; the results during 2000-2016 are analyzed.  

Exp-2: Same as Exp-1, except that circulations are nudged from surface to the TOA. 

Exp-3: Same as Exp-1, except that we use initial conditions from year 2000 in CESM-LE 

historical simulation member 23 (b.e11.B20TRC5CNBDRD.f09_g16.023); this member shows 

the largest Arctic sea ice area among member 1-30. 

Exp-4: Same as Exp-1, except that we use initial conditions from year 2000 in CESM-LE 

historical simulation member 22 (b.e11.B20TRC5CNBDRD.f09_g16.022); this member shows 

the smallest Arctic sea ice area among member 1-30. 

Exp-5: Same as Exp-3, except that the simulation is only performed during 2000-2016. 

Exp-6: Same as Exp-4, except that the simulation is only performed during 2000-2016. 

Exp-7: Same as Exp-5, except that we use initial conditions from year 2000 in CESM-LE 

historical simulation member 14 (b.e11.B20TRC5CNBDRD.f09_g16.014); this member shows 

the highest Arctic sea ice volume among member 1-30. 

Exp-8: Same as Exp-6, except that we use initial conditions from year 2000 in CESM-LE 

historical simulation member 20 (b.e11.B20TRC5CNBDRD.f09_g16.020); this member shows 

the second lowest Arctic sea ice volume among member 1-30; it provides a reasonable 

comparison to Exp-7 because the ensemble member 14 and 20 shows the substantial contrast on 

sea ice volume but with similar sea ice area values. 
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Maximum Covariance analysis (MCA). This analysis is used to identify patterns in two space-

time datasets which explain a maximum fraction of the covariance between them56,57. Here we 

applied MCA to space-time data for JJA Z200 (60˚N northward) from ERA-I and JJA low CF 

(70˚ northward) during 2000-2016. Specifically, the MCA uses singular value decomposition of 

a covariance matrix between Z200 and low CF. The leading patterns show the time series and 

spatial patterns of the two fields that are optimally coupled. 

The significance of correlation. To test the statistical significance of correlations, we use 

effective sample size N* by considering the impact of secular trend on the correlation58, which is 

given by 

 

Where N is the number of available time steps and  and  are lag-one autocorrelation 

coefficients of each variable. A significance level 10% (α=0.1) is used in this study to determine 

the significance of correlation.  
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Figure 1.  Relationships between the summertime low-level clouds, large-scale circulation 

and September Arctic sea ice during 2000-2016. a, Time series of JJA geopotential height at 

200 hPa (Z200) in the Arctic north of 60˚N and September Arctic sea ice extent (SIE). b, Linear 

trend of JJA Z200 in ERA-I. c, Linear trend of September sea ice concentration in NSIDC 

passive microwave sea ice product. d, Linear trend of JJA low cloud fraction (CF, below 700 

hPa) in CERES SYN1deg Ed4.1 satellite product. e, Linear trend of JJA downwelling longwave 

(LW_down) cloud radiative effect (CRE) at the surface in CERES-EBAF Ed4.1 satellite product. 

f, Leading mode time series of JJA Z200 and low CF obtained from maximum covariance 

analysis, which accounts for 49.6% of the covariance of two variables. g, Correlations between 

September sea ice concentration and leading mode time series of low-level CF. The black dots 

indicate statistically significant linear trends at 10% significance level. The green box in c, d, e 

and g marks the area with the most significant increasing trend of JJA low CF. This area is 

defined as area of focus (AOF, 71˚-80˚N, 162˚-222˚) in this study.  
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Figure 2.  The mechanisms responsible for increasing summertime low clouds during 2000-

2016 over the Arctic. a, Vertical structure of average JJA air temperature over the AOF (71˚-

80˚N, 162˚-222˚) in ERA-I. b, Vertical structure of average JJA specific humidity over the AOF 

in ERA-I. c, Vertical structure of average JJA relative humidity (RH) over the AOF in ERA-I. d, 

Average JJA vertical velocity (omega) at 500 hPa in ERA-I (Positive values represent downward 

motion). e, Linear trend of JJA vertical velocity (omega) at 500 hPa in ERA-I. f, Vertical 

structure of JJA linear trend of thermodynamical parameters over the AOF in ERA-I. g, Average 

JJA temperature inversion intensity below 900 hPa in ERA-I. h, Average JJA humidity inversion 

intensity below 900 hPa in ERA-I. i, Linear trend of JJA RH at 925 hPa in NASA AIRS satellite 

product. The black dots indicate statistically significant linear trends at the 10% significance 

level. The green box in d, e, g, h and i marks the area with the most significant increasing trend 

of JJA low CF. This area is defined as area of focus (AOF, 71˚-80˚N, 162˚-222˚) in this study.  
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Figure 3. The linear trend of summertime low clouds, large-scale circulation and 

September Arctic sea ice from selected 20-year episodes in CESM pre-industrial fully 

coupled simulation. a, Linear trend of JJA geopotential height at 200 hPa (Z200). b, Linear 

trend of JJA vertical velocity at 500 hPa. c, Strength of JJA temperature inversion below 900 hPa. 

d, Strength of JJA humidity inversion below 900 hPa. e, Linear trend of JJA relative humidity at 

950 hPa. f, Linear trend of JJA low cloud fraction (CF, below 700 hPa). g, Linear trend of JJA 

downwelling longwave flux (LW_down) at the surface. h, Linear trend of September sea ice 

concentration. i, Linear trend of JJA net shortwave flux (SW_net) at the surface. The black dots 

indicate statistically significant linear trends at 10% significance level. The selected pseudo-

ensemble member exhibiting the highest JJA Z200 pattern correlation (r=0.90 at 1% significance 

level) with ERA-I based on fingerprint pattern matching method. 
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Figure 4.  The linear trend of summertime cloud and radiative properties and September 

Arctic sea ice during 2000-2016 from CESM nudging experiments. a, Linear trend of JJA 

geopotential height at 200 hPa (Z200). b, Linear trend of JJA vertical velocity at 500 hPa. c, 

Linear trend of JJA relative humidity (RH) at 950 hPa. d, Linear trend of JJA low cloud fraction 

(CF, below 700 hPa). e, Linear trend of JJA downwelling longwave flux (LW_down) at the 

surface. f, Linear trend of September sea ice concentration. g, Linear trend of JJA net shortwave 

flux (SW_net) at the surface. All results are averaged from eight CESM nudging experiments.  
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Supplentary information 

Supplementary Table 1. Description of Community Earth System Model (CESM) nudging experiments. 

All simulations are run with CESM1.2.2.1. The Community Atmosphere Model version 5 (CAM5) has a 

horizontal resolution of 1.25° longitude by 0.9° latitude and 30 vertical levels. The ocean and sea ice 

models use displaced pole gx1v6 grid. Greenhouse gas concentrations are prescribed using year 2000 

climatological values. 

Experiment 
Initial 

conditions 

Wind fields 
from ERA-

Interim 

Vertical levels 
for nudging 

The length of 
simulation 

Rationale 

Exp-1 
Default initial  

condition from 
B2000 

U,V during 
1979-2016 

850 hPa 
above 

38 years (1979-
2016)  

To examine the stability of the 
nudging runs; The simulations 

during the 1979-1999 are 
considered as “spin-up”, thus 

being discarded from the analysis. 

Exp-2 
Default initial  

condition from 
B2000 

U,V during 
1979-2016 

All levels 

Exp-3 

Year 2000 from 
CESM-LE BTR20 

member 23 
(large sea ice 

area) 

U,V during 
1979-2016 

850 hPa 
above 

Exp-4 

Year 2000 from 
CESM-LE BTR20 

member 22 
(small sea ice 

area) 

U,V during 
1979-2016 

850 hPa 
above 

Exp-5 

Year 2000 from 
CESM-LE BTR20 

member 23 
(large sea ice 

area) 

U,V during 
2000-2016 

850 hPa 
above 

17 years 
(2000-2016) 

To examine the impacts of 
summertime large-scale 

atmospheric circulation on cloud, 
radiation and sea ice with 

different initial conditions; No 
“spin-up” for this sets of 

simulations 

Exp-6 

Year 2000 from 
CESM-LE BTR20 

member 22 
(small sea ice 

area) 

U,V during 
2000-2016 

850 hPa 
above 

Exp-7 

Year 2000 from 
CESM-LE BTR20 

member 14 
(thick sea ice) 

U,V during 
2000-2016 

850 hPa 
above 

Exp-8 

Year 2000 from 
CESM-LE BTR20 

member 20 (thin 
sea ice) 

U,V during 
2000-2016 

850 hPa 
above 
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Supplementary Figure 1. Linear trend of cloud fraction as a function of height and latitude for 

(a) total cloud fraction, (b) liquid cloud fraction and (c) ice cloud fraction from the Global 

Climate Model (GCM) Oriented Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observation (CALIPSO) Cloud Product (CALIPSO-GOCCP) during 2006-2016.  
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Supplementary Figure 2. Same as Supplementary Figure 1, but using data from ERA-Interim 

reanalysis during 2000-2016.  

 

 

 

 

 

 

 

 



 

155 

 

 

 

Supplementary Figure 3. Linear trend of JJA (a) downwelling longwave (LW_down) flux and 

(b) LW_down cloud radiative effect (CRE) at the surface during 2000-2016 in CERES-EBAF 

Ed4.0 satellite product. The ratio between (c) climatological mean LW_down CRE relative to 

LW_down flux as well as (d) linear trend of LW_down CRE relative to LW_down flux. (e) The 

correlations between LW_down flux and low cloud fraction (CF) using linearly detrended data. 

(f) The correlations between LW_down CRE and low cloud fraction (CF) using linearly 

detrended data 
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Supplementary Figure 4. Same as Supplementary Figures 1f and 1g, but using detrended data.  
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Supplementary Figure 5. Linear trend of JJA (a) downwelling shortwave (SW_down) flux, (b) 

upwelling shortwave (SW_up) flux, and (b) net shortwave (SW_net) flux at the surface during 

2000-2016 in CERES-EBAF Ed4.0 satellite product. (d) Correlations between JJA SW_down 

flux and leading mode time series of low cloud fraction (CF) obtained from maximum 

covariance analysis. (e) Correlations between JJA SW_up flux and leading mode time series of 

low cloud fraction. (f) Correlations between JJA SW_net flux and leading mode time series of 

low cloud fraction. Among three SW components, the low CF exhibits the statistically 

significant positive correlations over the AOF, indicating the role of low CF in triggering ice-

albedo feedback. 
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Supplementary Figure 6. (a) The JJA average meridional moisture transport (vq) at 950 hPa. 

(b)The linear trend of JJA meridional moisture transport at 950 hPa during 2000-2016 in ERA-

Interim reanalysis.  
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Supplementary Figure 7. Same as Figure 3, but using ensemble mean from CESM-LE RCP8.5 

simulation during 2006-2022.  
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Supplementary Figure 8. Same as Figure 3, but using CESM-LE pre-industrial fully coupled 

simulation averaged from five selected non-overlapping 20-year episodes. These five pseudo-

ensemble members exhibit the largest Z200 pattern correlations with ERA-Interim reanalysis.  
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Supplementary Figure 9. The time series of global top-of-atmosphere radiation imbalance 

during 1979-2016. The colorful lines represent results from different CESM nudging 

experiments. The black solid line depicts results from ERA-Interim reanalysis, while black 

dashed line indicates results from CERES-EBAF Ed4.0 satellite product. The global weighted 

averages for radiation imbalance during 2000-2016 are provided for each simulation and dataset.  
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Supplementary Figure 10. The time series of low cloud fraction during 2000-2016. The black 

solid line represents results from surface in-situ measurements at Atmospheric Radiation 

Measurement (ARM) North Slope of Alaska (NSA, 71.33˚N -156.61˚) site. The red solid line 

depicts result from CERES SYN1deg Ed4.1 satellite product at NSA site, while the red dashed 

line indicates cloud fraction averaged over the area of focus (AOF, 71˚-80˚N, 162˚-222˚). The 

low clouds are defined as clouds below 700 hPa in CERES satellite product, while they represent 

clouds below 3 km in surface in-situ measurements. Note that the results from surface in-situ 

measurements during 2012-2016 are lower than those in 2000-2011 are caused by instrumental 

transitions.  
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Supplementary Figure 11. The linear trend of low cloud fraction (below 700 hPa) in (a) NASA 

CERES-MODIS SSF1deg Terra Edition 4.1 (2000-2016) and (b) NASA CERES-MODIS 

SSF1deg Aqua Edition 4.1 (2002-2016). 
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Supplementary Figure 12. Vertical structure of JJA relative humidity (RH) linear trend over the 

AOF (71˚-80˚N, 162˚-222˚) in (a) ERA-Interim reanalysis (2000-2016) and (b) NASA AIRS 

satellite product (2003-2016). The linear trend of (c) RH at 950 hPa and (d) RH at 925 hPa in 

ERA-Interim reanalysis and (e) RH at 925 hPa in AIRS satellite product.  
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Supplementary Figure 13. The linear trend of JJA low cloud fraction (below 700 hPa) during 

2000-2016 from eight sets of CESM nudging experiments. 
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Supplementary Figure 14. Same as Supplementary Figure 13, but for September sea ice 

concentration.  
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APPENDIX F: THE CLIMATE RESPONSE TO INCREASED CLOUD LIQUID WATER 

OVER THE ARCTIC IN CESM1: A SENSITIVITY STUDY OF WEGENER–

BERGERON–FINDEISEN PROCESS 
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Abstract 

The surface radiative imbalance has large impacts on the long-term trends and year-to-year 

variability of Arctic sea ice. Clouds are believed to be a key factor in regulating this radiative 

imbalance, whose underlying processes and mechanisms, however, are not well understood. 

Compared with observations, the Community Earth System Model version 1 (CESM1) is known 

to underestimate Arctic cloud liquid water. Here, the following hypothesis is tested: that this 

underestimation is caused by an overactive Wegener–Bergeron–Findeisen (WBF) process as too 

many supercooled liquid droplets are scavenged by ice crystals via deposition. In this study, the 

efficiency of the WBF process in CESM1 was reduced to investigate the Arctic climate response, 

and differentiate the response induced by coupling and global warming. By reducing the 

efficiency of the WBF process, CESM1 simulated liquid cloud fractions increased, especially in 

winter and spring. The cloud response resulted in increased downwelling longwave flux and 

decreased shortwave flux at the surface. Arctic clouds and radiation in simulations with reduced 

WBF efficiency show a better agreement with satellite retrievals. In addition, both coupling and 

global warming amplify the cloud response to a less efficient WBF process. As a response, the 

sea ice tends to melt over the North Atlantic Ocean, most likely caused by the enhanced cloud 

warming effect during non-summer months. These results improve our understanding of the 

large-scale effects of the WBF process and the role of cloud liquid water in the Arctic climate 

system. 
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1. Introduction 

Observations show a decline in both Arctic sea ice cover and sea ice thickness in recent 

decades (e.g., Notz and Stroeve 2018; Kwok and Rothrock 2009). Both dynamic and 

thermodynamic forces drive sea ice decline. Among them, clouds may have been influential in 

recent rapid Arctic sea ice loss by modulating the surface energy balance (e.g., Kay et al. 2008, 

2016a; Kapsch et al. 2013). Specifically, years with low sea ice extent in September are usually 

associated with an increase in cloudiness and humidity in the previous spring; resulting in an 

enhanced greenhouse effect (Kapsch et al. 2013). Therefore, downwelling longwave radiation at 

the surface is larger than usual in spring, which enhances ice melt (Kapsch et al. 2013; Cox et al. 

2016). Huang et al. (2017a) has also shown that the recent September sea ice retreat is 

accompanied by an increasing trend in springtime cloud fraction in the early 21st century, as 

demonstrated by satellite observations. Leveraging Community Climate System Model 

simulations, Vavrus et al. (2011) suggested that clouds promote abrupt Arctic climate change 

during rapid sea ice loss events through increased cloudiness in autumn and decreased cloudiness 

in summer over the first half of the 21st century. Changes in sea ice have in turn been shown to 

influence cloud fraction in certain seasons. Particularly, more liquid clouds are observed over 

newly open water in all seasons except summer as a response to rapid sea ice loss (Morrison et al. 

2018). Despite their importance, the simulation of clouds by global climate models (GCMs) is a 

key ongoing challenge in the numerical representation of Earth's climate (e.g., Boucher et al. 

2013; Klein et al. 2013; Ceppi et al. 2017; Webb et al. 2017). The relatively large biases and 

considerable across-model spread in Arctic cloud variables remains in the fifth phase of the 

Coupled Model Intercomparison Project (CMIP5) ensemble (e.g., Karlsson and Svensson 2013; 
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English et al. 2015). Issues with Arctic cloud representation in GCMs have been well 

documented and include: insufficient cloud amount (English et al. 2015), divergent 

representations of cloud annual cycle (e.g., Liu and Key 2016; Huang et al. 2017b; Taylor et al. 

2019), unrealistic cloud phase partitioning (e.g., Cesana et al. 2012; Komurcu et al. 2014), and 

insufficient cloud liquid water (e.g., English et al. 2014; McIlhattan et al. 2017).  

In this study, we focus on the representation of Arctic liquid-containing clouds in the 

Community Earth System Model version 1 (CESM1). Here, the liquid-containing clouds include 

both liquid and mixed-phase (comprised of both ice and supercooled liquid water) clouds. 

Liquid-containing clouds are ubiquitous throughout the Arctic and have been observed in all 

seasons by flight and ship campaigns, ground-based observations and spaceborne lidar (e.g., 

Shupe 2011; Cesana et al. 2012). In contrast to ice clouds, Arctic liquid-containing clouds 

generally have higher optical depths and a larger influence on surface net longwave radiation 

(Shupe and Intrieri 2004). Previous studies based on observational and modeling efforts 

suggested that cloud liquid water amount in the Arctic is mainly affected by local microphysical 

and large-scale synoptic meteorological processes (e.g., Morrison et al. 2012; Cesana et al. 2012).   

Compared with observations, CESM1 underestimates cloud liquid water over the Arctic 

(e.g., Cesana et al. 2012). More recently, McIlhattan et al. (2017) leveraged NASA A-Train 

satellite observations to show that CESM1 simulates too few supercooled liquid-containing 

clouds and further demonstrated that the supercooled liquid-containing clouds that are present in 

the model produce snowfall too often. The authors suggested that both biases could be linked to 

an overactive WBF process in the model. The WBF process consists of the rapid growth of ice 

crystals at the expense of evaporating cloud droplets when the ambient vapor pressure is 
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supersaturated for ice but subsaturated for cloud liquid water (Wegener 1911; Bergeron, 1935; 

Findeisen 1938). This process frequently occurs in mixed-phase clouds in the polar regions 

(Storelvmo and Tan 2014). The WBF process, along with other cloud microphysical processes, 

controls the conversion rate of liquid to ice, which further affects cloud radiative properties and 

precipitation release (Komurcu et al. 2014). However, accurately modeling the WBF process is 

quite challenging for global and regional climate models, cloud resolving models as well as large 

eddy simulation (e.g., Storelvmo et al. 2008; Klein et al. 2009; Fan et al. 2011).  

Tan and Storelvmo (2016) conducted several sensitivity experiments within the 

Community Atmosphere Model version 5 (CAM5) to identify which parameters are more 

important for the simulation of supercooled liquid cloud. They concluded that the WBF time 

scale for the growth of ice crystals in mixed-phase clouds accounts for the vast majority of the 

variance in the supercooled liquid clouds globally. Inspired by previous studies, the major goal 

of this study is to understand the importance of the WBF process to Arctic climate system, as 

well as assess Arctic climate response to a reduction in the efficiency of WBF process. 

Specifically, we explore the following questions:  

• To what extent do the liquid-containing clouds respond to a less efficient WBF 

process over the Arctic?  

• What is the role of coupling and global warming in the cloud response to a less 

efficient WBF process over the Arctic?  

• How does the Arctic sea ice respond to a less efficient WBF process? 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012GL053385#grl29653-bib-0026
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012GL053385#grl29653-bib-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012GL053385#grl29653-bib-0009


 

172 

 

Three sets of sensitivity experiments were conducted to address those questions by 

reducing the efficiency of WBF process in the CESM1. A few previous studies have tuned WBF 

process for different purposes in GCMs, regional climate models, single column models, and 

cloud resolving models (e.g., Fan et al. 2011; Klaus et al. 2012; Tan and Storelvmo 2016; Zhang 

et al. 2019). However, this study is unique due to: 1) The utilization of a satellite simulator in the 

model experiments and the GCM-Oriented Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observation (CALIPSO) Cloud Product (CALIPSO-GOCCP), which allows a more appropriate 

comparison between model simulation and satellite observations; 2) The assessment of overall 

Arctic climate response to the less efficient WBF process, particularly sea ice variations; 3) 

Disentangling the roles of coupling and global warming on Arctic climate response induced by 

changes in WBF process. These methods have not been used in previous studies.   

The results from these experiments improve our understanding of the large-scale effects 

of the WBF process as well as the role of cloud liquid water in the Arctic climate system. It is 

our goal that this comprehensive study will shed light on the importance of improving 

representation of cloud-radiation-sea ice interactions in Earth System Models. 

 

2. Datasets, model and methods 

To test the importance of the WBF process in CESM1 and assess the climate response to 

less efficient WBF process induced by coupling and global warming, we have conducted three 

sets of experiments. In this study, we mainly focus on the climate response in the Arctic (70˚N 

northward). The model simulations were also compared with satellite observations to identify the 
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changes in cloud and radiation due to a less efficient WBF process. The methodology and 

datasets are described as below.  

a. Model and experiments 

In this study, we used CESM1 (Hurrell et al. 2013) for numerical experiments. As a 

participant in CMIP5, CESM1 is a fully coupled community GCM, which simulates climate 

states for Earth's past, present, and future. Our experiments were run with CESM-Large 

Ensemble (CESM-LE) project code base (Kay et al. 2015) using CAM5 for the atmosphere. All 

simulations used version CESM1.1.2 and were run with finite volume dynamical core on 

standard ~0.9˚ × 1.25˚ horizontal grid and 30 vertical levels using the National Center for 

Atmospheric Research (NCAR)’s supercomputer, Cheyenne. We chose this resolution in order to 

compare our experimental runs with the CESM-LE simulations. The two-moment bulk stratiform 

cloud microphysics scheme used in CAM5 was described by Morrison and Gettelman (2008) 

and treats several microphysical processes, including: hydrometeor collection, 

condensation/evaporation, freezing, melting, and sedimentation. This scheme predicts mass 

mixing ratios ( ) and number concentrations (  of cloud liquid droplet (subscript l) and 

cloud ice particle (subscript i). Park et al. (2014) provided details about the cloud macrophysics 

scheme. Additional details about dynamics and model physics for CAM5 can be found in Neale 

et al. (2010).  

The CAM5 cloud microphysics scheme first calculates cloud water mixing ratio, and then 

partitions this into cloud liquid water ( ) and cloud ice . Basically, at temperatures colder 

than −40°C, cloud liquid water freezes instantaneously to form cloud ice; at temperatures 
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warmer than 0°C, cloud ice melts instantaneously to form cloud water; at temperatures between 

−40° and 0°C, both cloud ice and liquid water are allowed to coexist in the scheme (Morrison 

and Gettelman 2008). The subgrid variability of cloud properties is only considered for cloud 

liquid mixing ratio by assuming a Gamma distribution with a fixed variance, while the subgrid 

variability of cloud ice and precipitation is neglected (Fan et al. 2011). The liquid cloud fraction 

( ) is defined as 

                                    

The partitioning between cloud liquid and ice is modified by the WBF process (Rotstayn et al. 

2000). The in-cloud deposition rate of water vapor onto cloud ice A is given by  

 

where  is the in-cloud water vapor mixing ratio,  is the in-cloud vapor mixing ratio at ice 

saturation, is the psychrometric correction to account for the release of latent heat, which is 

given by 

 

 where  is the latent heat of sublimation,  is the specific heat at constant pressure, and 

 is the change of ice saturation vapor pressure with temperature.  in Equation (2) is the 

supersaturation relaxation time scale associated with ice deposition. 
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where  is the diffusivity of water vapor in air,  and are the slope and intercept of the ice 

particle size distribution represented by gamma distribution (Morrison and Gettelman 2008).  

Note that time scale  is different in WBF process for cloud ice and snow.  

Therefore, to reduce the efficiency of the WBF process in the cloud microphysics scheme, 

the mixing ratio tendency due to WBF process for cloud ice (model variable “berg”) and snow 

(model variable “bergs”) was reduced by a factor of 10 (berg(s)×0.1). These two model variables 

are equivalent to A in Equation (2) for cloud ice and snow, respectively. It should be noted that 

the choice for the scale factor 10 is arbitrary, but it is reasonable because there is often an 

overestimation in the efficiency of the WBF time scale due to lack of subgrid-scale variability 

involved in the WBF process (Fan et al. 2011). The overestimation can be up to six orders of 

magnitude in the most extreme case compared to actual observations on scales as small as tens of 

meters (Tan and Storelvmo 2016). We also did additional experiments with different scale 

factors (berg(s)×0.05, berg(s)×0.01) and the results are consistent. Therefore, we focus on the 

experiments with a scale factor of 10 (berg(s)×0.1) in this study, but some discussion of 

additional experiments will be provided.  

Three distinct experiments were conducted to explore different aspects of the influence of 

the WBF process. The details on our experimental design are introduced in Table 1. The first 

experiment demonstrates the importance of WBF process in simulated Arctic clouds and 

radiation by removing the coupled ocean and sea ice to isolate the atmospheric response. The 

present-day Atmospheric Model Intercomparison Project (AMIP)-style simulation 
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(CAM5_AMIP) was run with observed sea surface temperature (SST) and sea ice boundary 

conditions from 2006 to 2015 with representative concentration pathway 8.5 (RCP8.5) climate 

forcing. The CALIPSO lidar simulator was used in this run so that the results could be 

meaningfully compared with satellite observations and retrievals. The definition of cloud 

between the CALIPSO-GOCCP satellite product and satellite simulator output is consistent 

because they use the same horizontal and vertical resolutions, and the same cloud detection 

thresholds (Kay et al. 2016a). The satellite simulator is available as part of Cloud Feedbacks 

Model Intercomparison Project (CFMIP) Observation Simulator Package (COSP) version 1.4 

(Bodas-Salcedo et al. 2011) that has been integrated into CESM (Kay et al. 2012). Note that the 

lidar simulator used in this study includes correction of error in the treatment of snow crystal size 

(English et al. 2014).  

To differentiate the changes in cloud and radiation induced by global warming, our 

second experiment used an atmosphere-only simulation with constant pre-industrial (1850) 

emission scenario (CAM5_1850). Similar as CESM-LE experimental design, this run was 

initialized from January 1st, year 402 from the pre-industrial fully coupled control run of CESM-

LE project for atmosphere and land. The surface conditions were prescribed using monthly mean 

SST and sea ice averaged over years 402-1510 from CESM-LE pre-industrial control run (Kay et 

al. 2015).   

In the third experiment, the pre-industrial fully coupled simulation (CESM_1850) was 

conducted to further investigate the response in the climate system, particularly the sea ice, to a 

less efficient WBF process. This 50-year-long experiment was run with fully coupled 

atmosphere, ocean, land and sea ice components thereby incorporating the interactions between 
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cloud, radiative processes and sea ice. Note that we have tuned the fully coupled experiment by 

adjusting the relativity humidity threshold for low cloud formation from 0.8925 to 0.9200 to 

obtain global energy balance. This method has been used in Kay et al. (2016b) and Mauritsen et 

al. (2012). Combining the changes in WBF process and relative humidity threshold, the climate 

of fully coupled experiment (CESM_1850_exp) quickly reaches a new equilibrium climate state. 

The net shortwave and outgoing longwave radiation in CESM_1850_exp run is balanced at the 

Top-Of-Atmosphere (TOA) within 0.15 Wm−2 for 50-year averages (Supplementary information 

Fig. S1), which is smaller than the standard deviation (0.37 Wm−2) of radiation imbalance in 

control run (CESM_1850_ctl). Moreover, the global ocean heat flux does not show significant 

changes over time in the CESM_1850 simulation (Supplementary information Fig. S2).  Since 

no clear trends were found in key atmospheric and oceanic components, the 50-year-long 

simulation could be used to understand the fully coupled climate system response to the a less 

efficient WBF process. 

b. Satellite retrievals 

In this study, we used two satellite products to compare with the CAM5_AMIP 

simulations. The Arctic cloud fraction was compared between the CALIPSO-GOCCP and lidar 

simulator output. To demonstrate the changes in surface radiative fluxes, we compared the 

Clouds and the Earth's Radiant Energy System (CERES) Energy Balanced And Filled (EBAF) 

product with the CAM5_AMIP model output. These two satellite products were chosen because 

of their relatively complete temporal and spatial coverage. More importantly, their uncertainties 

have been well estimated by long-term ground-based observations and retrievals, and they are 

representative of cloud and radiation properties over the Arctic. Both satellite products and 
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model simulations have been bilinearly interpolated and re-gridded to the same spatial resolution 

(2° × 2°) for comparison. Details for these products are described below. 

1) The GCM-Oriented CALIPSO Cloud Product (CALIPSO-GOCCP) 

In this study, the CALIPSO-GOCCP satellite retrievals were used to evaluate the CESM1 

simulated cloud fraction (total, liquid, ice). The CALIPSO-GOCCP product contains 

observational cloud diagnostics that are directly comparable to CESM1 satellite simulator output 

("GCM + lidar simulator" described in Section 2a) (Chepfer et al. 2008, 2010, 2013; Cesana et al. 

2016). It was developed from the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) 

level 1 product (Winker et al. 2009).  The cloud detection in CALIPSO-GOCCP occurs every 

333 m horizontally with a vertical resolution of 480 m. Using the polarization state of laser light 

scattered by cloud particles, cloudy pixels are classified as liquid-containing, ice-dominated or 

undefined. After the classification, the retrievals are further averaged over a 2˚ × 2˚ grid box to 

generate a global monthly three-dimensional cloud profile (Cesana et al. 2012, 2016).  

2) CERES-EBAF Surface Edition 4.0 

The surface radiative fluxes (downwelling longwave and shortwave flux) were obtained 

from CERES-EBAF Surface Edition 4.0 (Ed4) datasets, with a monthly temporal scale and 1° × 

1° spatial resolution. EBAF surface fluxes were calculated using the Langley modified Fu-Liou 

radiative transfer model with inputs from CERES- Moderate Resolution Imaging 

Spectroradiometer (MODIS) retrieved cloud properties, meteorological data from a reanalysis 

system, and aerosol data from an aerosol assimilation system (Kato et al. 2013). Kato et al. (2018) 

evaluated the EBAF Surface Ed4 monthly mean downward irradiances using surface 
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measurements at 46 buoys and 36 land sites and concluded that mean biases of downwelling 

shortwave and longwave irradiances averaged for all sites are smaller than 5 Wm−2. Specifically, 

by comparing four surface sites over the Arctic, the regional biases (Root-mean-square 

differences) are +3.6 (13.0) Wm−2 for downwelling shortwave flux and +0.2 (12.3) Wm−2 for 

downwelling longwave flux. It should be noted that the uncertainty of CERES-EBAF is highly 

variable spatially and temporally over polar regions. Cloud, surface, and atmospheric properties 

are more variable than those at other regions, while surface and in-situ measurements are 

difficult to obtain, particularly during polar nights. In addition, the retrieval errors depend on day, 

night or surface type, which vary depending on the season (Kato et al. 2018). Nevertheless, 

previous studies concluded that CERES-EBAF surface fluxes should be considered as a key 

benchmark for evaluating the Arctic surface radiation budget (Boeke et al. 2016; Christensen et 

al. 2016; Huang et al. 2017b). 

 

3. Results 

a. The comparison of the simulations with observations 

When the efficiency of WBF process is reduced, we expect large changes in the 

simulated cloud fields. We first look at the responses in cloud microphysical processes to the 

modification of WBF process in the CAM5_AMIP simulation. To quantify the creation and 

depletion of the cloud liquid, the tendency terms for cloud liquid are introduced here to show 

conversion rates between cloud liquid and other phases of hydrometeor (e.g., McIlhattan et al. 

2017). Specifically, the tendency terms are changes in cloud water mixing ratio per unit time 
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(mg/kg/hr) due to the physical processes represented by the model (Kay et al. 2016b). In general, 

the removal of cloud liquid is mainly controlled by cloud microphysical processes in the Arctic. 

Dynamic processes (deep convection) may remove a small fraction of cloud liquid at the surface 

(McIlhattan et al. 2017). Figure 1 shows the mean tendency terms for cloud liquid attributed to 

all cloud microphysical processes over the Arctic. In the control run, the transition from cloud 

liquid to precipitation (green lines) is the primary sink for cloud liquid, while the conversion to 

ice (blue lines) is the secondary sink. The latter process occurs mainly through the WBF process 

(Kay et al. 2016b). The sedimentation (yellow lines) and conversion to vapor (red lines) are a 

minor sink and source for cloud liquid, respectively. In the experimental run, there is less cloud 

liquid removed through microphysical processes (black lines) below 850 hPa, with the reduction 

in conversion rates of both cloud liquid to ice (blue lines) and cloud liquid to precipitation (green 

lines) processes. Moreover, less efficient WBF process slightly enhances cloud liquid removal 

(black lines) above 750 hPa due to an enhancement of cloud liquid to precipitation (green lines) 

tendency. Note that there is no meaningful change above 300 hPa as all tendency terms are close 

to zero. With the modification of the WBF process, the changes in cloud microphysical process 

are not uniform at all levels. These findings are consistent with the results from Zhang et al. 

(2019), in which they tuned the WBF process in a single column model. 

With smaller conversion rate of cloud liquid to ice in simulations with reduced WBF 

efficiency, we expect to see higher liquid cloud fraction as the cloud liquid can stay in the 

atmosphere for a longer time. Figure 2 shows the comparison in vertical structure of Arctic 

domain averaged cloud fraction between CAM5_AMIP simulation and CALIPSO-GOCCP 

observations. It is known that low‐level liquid‐containing clouds occur frequently over the Arctic 
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(e.g., Cesana et al. 2012). This feature is well captured by both satellite observations and CAM5. 

Compared to observations, the liquid cloud fraction in the CAM5_AMIP control run (blue solid 

line) is lower at all levels. With less efficient WBF process, the liquid cloud fraction (red solid 

line) has been increased between 1.7 and 7 km. Particularly, the liquid cloud fraction between 

1.7-3 km in CAM5_AMIP_exp simulation has a nearly perfect match with the observations. 

Near the surface (0.2-1.2 km), however, the liquid cloud fraction is slightly decreased in the 

simulation with reduced WBF efficiency relative to the control run. It should be noted that liquid 

cloud fraction is not only controlled by cloud microphysical tendencies shown in Fig.1. The 

boundary layer turbulence parametrization could play an important role in boundary layer cloud 

simulation (Barton et al. 2012). In terms of ice clouds (dashed lines), the simulated cloud fraction 

in the CAM5_AMIP control and experimental runs is generally lower than the observations 

below 5 km, but much higher than the observations in the upper-level atmosphere. Overall, the 

ice cloud fraction does not show significant changes with a less efficient WBF process, most 

likely due to a compensating effect from other ice phase process such as accretion of liquid by 

snow (Zhang et al. 2019).  

The reduced WBF efficiency influences the liquid cloud fraction at all vertical levels. 

Next, we investigate how those model changes induced by modifying WBF process affect 

seasonal variations of clouds and radiation. Figure 3 shows the comparison of seasonal variations 

of total cloud fraction (liquid, ice, and mixed-phase clouds) and liquid cloud fraction (liquid and 

mixed-phased clouds) between satellite retrievals and CAM5_AMIP simulations. Starting with 

the seasonal cycle of total cloud fraction (Fig. 3a), we find that CALIPSO-GOCCP observations 

are minima from December to March, then monotonically increase from ~60% in March to 
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~80% in May and level off until September, and finally decrease to December with an annual 

mean of 71.3%. In contrast, the annual mean of CAM5 lidar simulated total cloud fraction is 

53.3%, which is much lower than that of observations. With less efficient WBF process, the 

annual mean of total cloud fraction has increased by 6.5% relative to the control run, with the 

largest increase in spring (MAM). 

 As mentioned earlier, the WBF process is one of the major cloud microphysical 

processes for depletion of cloud liquid in the Arctic. Therefore, we are particularly interested in 

the impact of less efficient WBF on liquid-containing clouds. In general, both CAM5_AMIP 

control and experimental run capture the shape of the observed seasonal cycle of liquid cloud 

fraction (Fig. 3b). The CAM5_AMIP control run (CAM5_AMIP_ctl) simulated liquid cloud 

fractions are much lower than the observed ones except in summer (JJA). Then by reducing the 

efficiency of WBF process, relatively larger changes can be observed in winter (DJF), while no 

changes occur in summer. Compared to CAM5_AMIP_ctl simulation, the annual mean of liquid 

cloud fraction in CAM5_AMIP_exp was increased by 5.3% with relatively large increases 

(~10%) in spring (MAM), minor increases (~5%) in late fall (SON) and winter, but almost no 

changes in summer. This could be explained by the contrast of air temperature in different 

seasons. Theoretically, the maximum rates of ice particle growth and water droplet evaporation 

occur at −12℃ where the largest difference between saturation vapor pressure over ice and that 

over liquid is observed. However, this may not always be true since other factors such as vertical 

velocity can affect the efficiency the WBF process (Korolev 2008). Tan and Storelvmo (2016) 

found that the WBF time scale for ice dominates the variance in supercooled liquid-containing 

cloud fraction at the −20℃ and −30℃ isotherms in CAM5, especially over the 70˚-90˚N zonal 
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band. At the −10℃ isotherm, the other cloud microphysical parameters (e.g. fraction of dust 

aerosols active as ice nucleation) could also play an important role in the variance of supercooled 

liquid-containing clouds. Our results are consistent with this conclusion as the average air 

temperature below 300 hPa in winter and spring is close to −30℃ and −20℃ in the 

CAM5_AMIP simulation, respectively (Supplementary information Fig. S3a). The air 

temperature in summer is close to or even above −10℃, where the WBF time scale exerts 

weaker influence on the liquid-containing clouds. In addition, the Arctic region is generally 

dominated by downdrafts based on the CAM5_AMIP simulation (Supplementary information 

Fig. S3b-c), which is believed to favor the operation of WBF process (Fan et al. 2011). 

Compared to the CAM5_AMIP_ctl run, the downdrafts tend to be weaker from May to August 

in CAM5_AMIP_exp run, particularly at 500 hPa. This can further explain smaller cloud 

response in summer in the simulations with a less efficient WBF process. In comparison, the 

downdrafts become stronger or show little changes during October-April due to reduced 

efficiency of WBF process. 

The spatial distributions of liquid cloud fraction in satellite retrievals and CAM5_AMIP 

simulations provide more details on the regional impacts of WBF process. The CALIPSO-

GOCCP observations (Fig. 4a-d) show that liquid cloud fraction is high over the Atlantic side of 

the Arctic Ocean throughout the year, consistent with the year-round open water, warmer surface 

temperatures and frequent North Atlantic cyclones over this region (Curry et al. 1996; Serreze et 

al. 1998). In summer and fall, liquid cloud fraction is more uniform in each subregion of the 

Arctic. Compared to observations, the lidar simulated liquid cloud fraction in the 

CAM5_AMIP_ctl run is much lower in fall, winter, and spring, with particularly large negative 
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biases over the Pacific Sector (Beaufort Sea and Chukchi Sea) and the East Siberian Sea. In 

summer, there is an overestimation of liquid cloud cover the North Atlantic Ocean and Baffin 

Bay, while the largest low biases occur over Greenland in the control run. Through a less 

efficient WBF process, the negative biases have been substantially reduced in the experimental 

run in fall, winter and spring. The negative biases over Greenland have been reduced in summer 

along with positive biases over the North Atlantic Ocean and Baffin Bay. However, in spring, the 

positive biases induced by a reduction of WBF process efficiency were found in Eurasia and 

Canadian Archipelago. Overall, the simulated liquid cloud fraction with a less efficient WBF 

process is in a closer agreement with satellite observations. 

Likely due in large part to the underestimated liquid cloud fraction in CAM5_AMIP 

simulations, the monthly means of simulated downwelling longwave flux at the surface are lower 

than CERES-EBAF values year-round (Fig. 5a). In the experimental run with reduced WBF 

process, the annual mean of downwelling longwave flux is 223.6 Wm-2, which is 4.4 Wm-2 

higher than the control run. Both control and experimental runs in CAM5_AMIP simulations 

have a close agreement with CERES-EBAF results during the period of July-August. This is 

likely because the simulated liquid cloud fraction is nearly the same as CALIPSO-GOCCP (Fig. 

3b). In winter and spring, the downwelling longwave flux at the surface is ~10 Wm-2 lower than 

the satellite retrievals, even though the simulated liquid cloud fraction from CAM5_AMIP_exp 

is closer to the CERES-EBAF (Fig. 3b). The underestimation of downwelling longwave flux in 

winter and spring could be attributed to the biases in cloud base temperature, air temperature or 

water vapor in the boundary layer. 
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Less cloud liquid is linked with decreased cloud optical depth (Liou 2002), so we expect 

more sunlight to penetrate clouds with reduced liquid and thus downwelling shortwave flux at 

the surface will be increased. Therefore, the simulated downwelling shortwave fluxes at the 

surface in both runs are positively biased compared to observations (Fig. 5b). But the annual bias 

was reduced by 5.2 Wm-2 with the less efficient WBF process. The largest changes occur in 

summer because it is the season with strongest incoming solar radiation. Note that the changes in 

shortwave flux (−5.2 Wm−2) are larger than that of longwave flux (+4.4 Wm-2) in terms of annual 

average. But it would be quite different if we focus on specific months or subregions. The most 

prominent changes for the longwave component were found in spring and fall, which were 

highly related to larger cloud response induced by less efficient WBF process. As for the 

shortwave flux, the largest changes occurred in summer, during which the incoming solar 

radiation is strongest in a year.  

b. The cloud response to less efficient WBF process induced by coupling and global warming 

Based on the results from the CAM5_AMIP simulations, the total and liquid cloud 

fraction in the Arctic increases in response to the less efficient WBF process, which further 

increases downwelling longwave flux and reduces shortwave flux at the surface. Next, we 

compare the seasonal cycles of cloud properties from all three sets of experiments, which are 

shown in Figure 6. Note that the values here are the changes in the experimental runs relative to 

their individual control runs. Figure 6 clearly shows that both total cloud fraction and liquid 

water path (LWP) increase nearly year-round in all three experiments with a less efficient WBF 

process, but the magnitudes of changes are not uniform. For all three sets of experiments, the 

maximum change in total cloud fraction is in spring with a secondary peak in fall, indicating that 
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the impacts of WBF process on CESM1 simulated clouds are quite consistent and robust. The 

comparison between individual lines provides more insight into the cloud response.  

First, comparing the two atmosphere-only simulations (CAM5_AMIP and CAM5_1850) 

demonstrates the role of global warming in cloud response to a less efficient WBF process. 

Focusing on the cloud fraction response, we see the change in annual mean of total cloud 

fraction in CAM5_AMIP run (+2.9%, red line) is larger than that of CAM5_1850 simulation 

(+2.1%, blue line). Compared month by month, we found that the major difference between 

CAM5_AMIP and CAM5_1850 simulations occurs during the period from October to April. The 

increased greenhouse gas emissions (RCP8.5) appear to further enhance the WBF process’ 

impacts on cloud fraction with the reduced WBF efficiency. This can be explained by different 

sea ice conditions in pre-industrial and RCP8.5 emission scenarios. As mentioned earlier, sea ice 

condition is fixed to the pre-industrial mean values in the CAM5_1850 run, while the 

CAM5_AMIP run uses observed boundary conditions with a rapid sea ice decline during the 

period 2006-2015. In this case, the sea ice concentration in the CAM5_AMIP run is much lower 

than that in the CAM5_1850 run, especially in summer and fall (Supplementary information 

Fig.S4c-d). In the meantime, a less efficient WBF process is linked to decreased lower 

tropospheric stability (Supplementary information Fig.S5), most likely caused by latent heat 

released during cloud formation. Therefore, a more unstable lower troposphere along with the 

newly open water in CAM5_AMIP run led to an increase in evaporation rate in spring and fall 

(Supplementary information Fig.S6). This mechanism generally favors the cloud formation, so it 

induces a larger cloud response in CAM5_AMIP run, particularly over the Atlantic sector of the 

Arctic Ocean in spring (Supplementary information Fig. S7b, 7f). This is consistent with 
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previous studies based on satellite observations (Kay et al. 2009; Taylor et al. 2015). Using 

instantaneous CALIPSO spaceborne lidar observations, Morrison et al. (2018) found out that 

more liquid clouds can form over the newly open water than over sea ice in all seasons except 

summer. As for the LWP, the annual mean response in the CAM5_AMIP is also greater than that 

of CAM5_1850. Particularly, the relatively larger changes can be found from August to 

November in the CAM5_AMIP run.   

 The difference between pre-industrial atmosphere-only run (CAM5_1850) and pre-

industrial fully coupled experiment (CESM_1850) helps to identify the role of coupling in cloud 

response to less efficient WBF process. In terms of annual mean, the increase in cloud fraction in 

the CESM_1850 is greater (+2.6%, black line) than that of the CAM5_1850 run (+2.1%, blue 

line), particularly from May to October. In summer, the difference mostly occurs over the central 

Arctic Ocean (Supplementary information Fig. S7g, 7k). Similar results can be found in LWP. 

To identify the mechanism responsible for the larger cloud response in the fully coupled run, 

multiple cloud-controlling factors have been examined including lower tropospheric stability, air 

temperature, vertical velocity, sea level pressure, geopotential height, etc. The differences 

between CAM5_1850 and CESM_1850, however, are neither very prominent nor well 

associated with cloud response over the Arctic Ocean (not shown). Therefore, none of them can 

completely explain the larger summertime cloud response in the CESM_1850 run. Instead, it 

shows that relative humidity has been slightly increased over the central Arctic Ocean in summer 

due to a less efficient WBF process in the CESM_1850 run (Supplementary information Fig. 

S8k). On the other hand, in the CAM5_1850 simulation, the relative humidity has been slightly 

decreased (Supplementary information Fig. S8g). This was likely caused by the reduced 
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northward water transport into Beaufort Sea (Supplementary information Fig. S9g). In general, 

the coupling amplifies the cloud response to a less efficient WBF process over the Arctic, mostly 

likely due to the modulation of meridional water transport.  

The changes in liquid-containing clouds have a dominant influence on Arctic surface 

radiative fluxes (e.g., Shupe and Intrieri, 2004). In this case, we compare the response in 

downwelling radiative flux at the surface across the three sets of experiments (Fig. 7). Generally, 

larger cloud fraction and higher LWP tend to increase downwelling longwave flux (Fig. 7a) and 

decrease downwelling shortwave flux (Fig. 7c) at the surface. The changes in downwelling 

longwave flux are then decomposed into two components: longwave cloud radiative effects 

(CRE) and longwave flux under clear-sky condition. Overall, the changes in downwelling 

longwave flux (Fig. 7a) are more likely dominated by clearly-sky longwave flux (Supplementary 

information Fig. S10a), as they show very similar seasonal variations with each other. 

Comparing each individual experiment, it shows that the simulation with a larger increase in 

longwave CRE (Fig. 7b) is consistent with its larger cloud response (Fig. 6). The changes in 

clear-sky downwelling longwave flux (Supplementary information Fig. S10a) could be 

controlled by near-surface air temperature (Fig. S10b) and precipitable water vapor (Fig. S10c). 

The higher near-air surface air temperature tends to increase longwave flux at the surface; more 

abundant precipitable water vapor would also increase longwave flux by increasing the air 

emissivity (e.g., Dong and Mace 2003; Dong et al. 2006). In this case, the CESM_1850 

simulation shows the largest magnitude of changes in clear-sky longwave flux, which is 

consistent with its relative larger increase in near-air surface temperature and smaller decrease in 
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precipitable water vapor. In contrast, the downwelling shortwave fluxes have been reduced in all 

three experiments, with the largest changes in May and June (Fig. 7c). 

c. The sea ice response in the fully coupled experiments 

 With those changes in cloud and radiative fields, the sea ice is expected to respond to the 

changes in surface energy budget. Figure 8 shows the spatial distributions of sea ice 

concentration in the pre-industrial fully coupled run (CESM_1850) for four seasons. The fully 

coupled simulations provide good insight into the climate response to a less efficient WBF 

process as they include the feedbacks between atmosphere, ocean, land and sea ice. Overall, the 

sea ice was decreased over the Greenland Sea in all seasons (Fig. 8e-h). In summer and fall (Fig. 

8g-h), the area with sea ice retreat is even larger, extending from the Greenland Sea to the 

Barents and Kara Seas.  

The sea ice variations can be affected by various dynamical (atmospheric circulation 

patterns, summer storm activity, ocean current, etc.) and thermodynamical processes (surface air 

temperature, precipitable water vapor, sensible/latent heat, etc.). First, we examined the changes 

in LWP and radiative fluxes, because these variables are directly affected by the modification of 

WBF process. The spatial distribution of the LWP response (Fig. 9a-d) closely matches with the 

sea ice response. The relatively larger LWP increase (~20 gm-2) can be found over the Greenland 

Sea, Barents Sea, and Kara Sea except for summer. In summer (Fig.9c), the changes are 

comparable to the rest of the Arctic. As expected, the similar patterns can be found in 

downwelling longwave flux at the surface (Fig. 9e-h). In addition, the reduction of downwelling 

shortwave flux mainly occurs in spring and summer (Fig. 9i-l), with relatively larger changes 



 

190 

 

over the Greenland Sea and Kara Sea. To better demonstrate these relationships, the pattern 

correlations between sea ice variations and the changes in cloud and radiative properties over the 

Arctic Ocean have been calculated. The changes in both LWP and downwelling longwave flux 

exhibit significant negative correlations with sea ice response in winter, spring and fall. It 

indicates that increased cloud warming effect tends to enhance sea ice melt during non-summer 

months, which is consistent with previous studies (Huang et al. 2017; Kapsch et al. 2013). In the 

meantime, the downwelling shortwave flux shows strong positive correlations with sea ice 

variations in spring, which can be explained by the cloud cooling effect induced by increased 

LWP. In fact, the increase in longwave flux (+8.6 Wm-2) is nearly equal to the reduction in 

shortwave flux (-8.9 Wm-2) in spring (Supplementary information Fig. S11). However, in the 

CESM_1850_ctl run, the seasonal mean of longwave flux is ~20 Wm-2 higher than that of 

shortwave flux in spring. And their difference (~40 Wm-2) is even much larger in the 

CESM_1850_exp run. In this case, the cloud-greenhouse (longwave) effect overwhelms the 

cloud-albedo (shortwave) effect, and this warming effect further dominates the sea ice decline, 

particularly in early spring (Dong et al. 2014). The downwelling shortwave flux starts to play a 

more important role once sea ice melt has started as surface albedo decreases and more solar 

radiation is absorbed by the surface (Cox et al. 2016; Huang et al. 2017; Kapsch et al. 2013).  

By tuning the WBF process in the fully coupled model, various components could have 

been changed. Therefore, other variables related to the sea ice melt were also investigated in the 

CESM_1850 run. First, the time series of Atlantic Meridional Overturning Circulation (AMOC) 

strength (Mahajan et al. 2011) were calculated and there are no substantial changes in the 

simulations with less efficient WBF process relative to the control run (Supplementary 
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information Fig. S12). It suggests that the ocean circulation has not been strongly affected by 

less efficient WBF process. We also examined several key dynamical and thermodynamical 

processes in the atmosphere. In terms of sea level pressure, the experimental run shows a surface 

low-pressure center anomaly relative to the control run over south Greenland and the Greenland 

Sea in winter; while a high-pressure center anomaly occurs over the central Arctic in spring 

(Supplementary information Fig. S13e-h). But these changes cannot adequately explain the sea 

ice response shown in Fig.8. The near-surface air temperature increases year-round over the 

Arctic Ocean (Supplementary information Fig. S14). The relatively large increase in air 

temperature over the Barents and Kara Sea in winter and fall might be related to the sea ice 

decline over these regions. The wind speed and direction with less efficient WBF process do not 

show substantial changes relative to the control run (Supplementary information Fig. S15). 

However, the meridional heat transport (Supplementary information Fig. S16) could be 

responsible for the sea ice variations. In winter, the enhanced northward heat transport, along 

with the increased cloud warming effect, contribute to the sea ice decline over the Barents Sea 

and Greenland Sea. In summer, the reduced southward heat transport in northwestern Eurasia 

and Kara Sea (45˚-90˚E, 60˚-90˚N) can partially explain the sea ice decline in Kara Sea and 

Barents Sea. In spring and fall, the meridional heat transport response neither shows substantial 

changes nor exhibits strong relationships with sea ice decline. 

Note that there still might be other processes (e.g., ice drift, ocean salinity) affecting sea 

ice variations. Since the interactions between the atmosphere, ocean and sea ice are highly non-

linear, it is quite challenging to explain their causality with sea ice melt in the fully coupled 

environment. Based on our analysis above, the increase in LWP and associated cloud warming 
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effect is likely one of the major reasons for sea ice retreat during non-summer months. The 

enhanced (reduced) northward (southward) meridional heat transport, an indirect effect caused 

by less efficient WBF process, could partially explain the sea ice decline in spring and summer.  

 

4. Discussion 

The experiments shown in this study were run with the efficiency of the WBF process on 

both cloud ice and snow reduced by a factor of 10. We also conducted sensitivity experiments by 

applying different scale factors (0.1, 0.05, 0.01) to the efficiency of the WBF process. The 

changes are very subtle between those simulations (Supplementary information Fig. S17). A 

recent study by Zhang et al. (2019) also found out that the cloud macrophysical properties such 

as cloud fraction are insignificantly sensitive to the perturbation magnitude on the WBF process. 

It suggests that a better representation of WBF process can only partially improve the Arctic 

cloud simulation. There are many other factors controlling the amount of cloud liquid water as 

well as cloud phase partitioning over the Arctic. Remember that the WBF process is important 

only when a few ice crystals have been nucleated in liquid clouds (e.g., Storelvmo and Tan 2015). 

For this reason, the liquid water contents of mixed-phase clouds are dependent on the processes 

of ice crystal nucleation, growth, and removal rates (Komurcu et al. 2014). For example, English 

et al. (2014) conducted a few numerical experiments with CAM5 using two new ice nucleation 

schemes, which provide a more physically realistic representation of mixed-phase cloud 

nucleation processes. They concluded that the Arctic climate simulation has been improved in 

winter by increasing cloud fraction and LWP. The results of Tan and Storelvmo (2016) 
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suggested that the fraction of dust aerosols active as ice nuclei and parameters related to the ice 

crystal fall speed also have an influence on the variance in cloud phase partitioning in mixed-

phase clouds. In addition, other microphysical processes like heterogeneous freezing of cloud 

liquid droplets into ice crystals, autoconversion processes (e.g., collision and coalescence of 

cloud droplets), the collection of cloud liquid water droplets by rain, and the accretion of cloud 

liquid water droplets by snowflakes could play a role in determining the liquid‐containing cloud 

amount (Kretzschmar et al. 2019; Klaus et al. 2012; Rotstayn et al. 2000).  

Other than cloud microphysics, the physical controls on Arctic clouds include large-scale 

meteorology and surface-atmosphere coupling (Beesley and Moritz 1999). Morrison et al. (2012) 

pointed out that large‐scale atmospheric circulation patterns play a key role in modulating 

atmospheric temperature, moisture, and aerosol content and further strongly impact Arctic 

mixed-phase clouds and surface radiation budget. More recently, Yu et al. (2019) concluded 

lower tropospheric stability is the primary factor affecting the seasonality of cloud LWP in the 

Arctic. In addition, mid-tropospheric subsidence, lower tropospheric air temperatures as well as 

boundary layer turbulence make additional contribution to errors in the atmospheric 

thermodynamic and dynamic state (e.g., Barton et al. 2012; Taylor et al. 2019), which further 

affect the Arctic cloud simulation.  

 

5. Conclusion 

It is well known that CESM1-CAM5 does not simulate enough supercooled liquid-

containing clouds over the Arctic. CESM1 has also been shown to overestimate the frequency of 
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supercooled clouds producing snowfall, hinting at an overactive WBF process (McIlhattan et al. 

2017). Motivated by these previous studies, we conducted three sets of experiments with CESM1 

in which we reduced the efficiency of WBF process in order to identify the climate response in 

the Arctic. Specifically, the CAM5_AMIP run helps to quantify the importance of WBF process 

to cloud and radiation simulation over the Arctic. Another atmosphere-only simulation 

(CAM5_1850) was run with pre-industrial forcing to disentangle the role of global warming in 

cloud response to a less efficient WBF process. The fully coupled simulation (CESM_1850) 

provides good insight into the Arctic climate response to cloud changes due to an imposed 

reduction in WBF efficiency. The comparison between coupled and non-coupled experiments 

gives us an idea about how coupling affects cloud response. 

Overall, the simulated cloud and radiative properties with a less efficient WBF process 

have a better agreement with satellite retrievals over the Arctic. The less efficient WBF process 

led to an increase in total and liquid cloud cover in all three experiments, particularly in winter 

and spring, which show a corresponding increase in downwelling longwave flux and decreased 

downwelling shortwave flux at the surface. The difference between CAM5_AMIP and 

CAM5_1850 simulations suggests that global warming amplifies the WBF’s impacts on cloud 

liquid water over the Arctic, especially in spring. Through the comparison between the pre-

industrial atmosphere-only (CAM5_1850) and the fully coupled simulation (CESM_1850), the 

coupling was found to enhance the cloud response to a less efficient WBF process in summer, 

most likely due to the modulation of meridional water transport. The results from CESM_1850 

simulation indicate that Arctic sea ice concentration tends to decrease over the Atlantic sector of 

the Arctic Ocean with the reduced WBF efficiency, mainly caused by the enhanced cloud 
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warming effect during non-summer months. The changes in meridional heat transport could also 

partially explain the sea ice decline in spring and summer.  

In a fully coupled Earth System Model, the changes to the WBF process parameterization 

would affect various components in atmosphere, land, ocean and sea ice. The major goal of study 

is to provide a more systematic understanding of the influence of increased cloud liquid water on 

the coupled Arctic climate system, through a reduction in the efficiency of WBF process. This 

work paves the way for a more realistic representation of cloud-radiation-sea ice interactions in 

the Earth System Models, which will increase the credibility of future projections of Arctic 

warming and sea ice loss under increased greenhouse emission scenarios.   
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Table 1. Description of Community Earth System Model (CESM) experimental design. All 

simulations are run with CESM1.1.2. The Community Atmosphere Model version 5 (CAM5) has 

a horizontal resolution of 1.25° longitude by 0.9° latitude and 30 vertical levels.  

Run type Simulation Year(s) SST/Sea ice Climate 

forcing 

Cloud 

simulator 

Description Rationale 

CAM5_AMIP 

(Atmosphere-

only) 

CAM5_AMIP_ctl 10  

(2006-

2015) 

Observations RCP8.5 Lidar 

simulator 

 

To compare with the satellite 

observations and retrievals CAM5_AMIP_exp 10 

(2006-

2015) 

Observations RCP8.5 Lidar 

simulator 

Less efficient WBF process 

(berg(s)x0.1) 

CAM5_1850 

(Atmosphere-

only) 

CAM5_1850_ctl 20 Prescribed 

monthly 

mean SST 

and sea ice 

averaged 

over years 

402-1510 of 

the Large 

Ensemble 

1850 control 

run 

Pre-

industrial 

(1850) 

N/A Large Ensemble 1° Pre-

Industrial Atmosphere and 

Land Control 

f.e11.F1850C5CN.f09_f09.00

1 

To disentangle the role of 

global warming in cloud 

response to less efficient WBF 

process 

CAM5_1850_exp 20 Prescribed 

monthly 

mean SST 

and sea ice 

averaged 

over years 

402-1510 of 

the Large 

Ensemble 

1850 control 

run 

Pre-

industrial 

(1850) 

N/A Less efficient WBF process 

(berg(s)x0.1); Initial 

condition: Jan 1, year 402 of 

Large Ensemble 1850 control 

run 

b.e11.B1850C5CN.f09_g16.0

01 

CESM_1850 

(Fully coupled) 

CESM_1850_ctl 50 N/A Pre-

industrial 

(1850) 

N/A Large Ensemble 1° Pre-

Industrial Fully Coupled 

Control 

f.e11.F1850C5CN.f09_f09.00

1 
To disentangle the role of 

coupling in cloud response to 

less efficient WBF process; To 

identify sea ice response to 

less efficient WBF process 

CESM_1850_exp 50 N/A Pre-

industrial 

(1850) 

N/A Less efficient WBF process 

((berg(s)x0.1)); Initial 

condition: Jan 1, year 402 of 

Large Ensemble 1850 control 

run 

b.e11.B1850C5CN.f09_g16.0

01 
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Figure 1. The average tendency terms for cloud liquid attributed to all microphysical processes 

over the Arctic (70˚N northward) during the period 2006-2015. The solid lines depict the results 

from CAM5_AMIP control simulation (CAM5_AMIP_ctl), while dashed lines indicate the 

CAM5_AMIP experimental run (CAM5_AMIP_exp). Each color represents an individual 

component in microphysical processes, while the black line is the sum of all individual 

microphysical processes.  
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Figure 2. The vertical structure of liquid and ice cloud fractions over the Arctic (70˚N northward) 

during the period 2006-2015. The solid lines represent liquid cloud fraction, while the dashed 

lines depict ice cloud fraction. The black lines represent CALIPSO_GOCCP satellite retrievals, 

blue lines represent the results from CAM5_AMIP control simulation (CAM5_AMIP_ctl), and 

red lined are the results from CAM5_AMIP experimental run (CAM5_AMIP_exp). 
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Figure 3. The seasonal variations of (a) total cloud fraction (CF) and (b) liquid CF over the 

Arctic (70˚N northward) during the period 2006-2015. The black lines represent CALIPSO-

GOCCP satellite retrievals, blue lines represent the results from CAM5_AMIP control 

simulation (CAM5_AMIP_ctl), and red lines are the results from CAM5_AMIP experimental 

run (CAM5_AMIP_exp).  
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Figure 4. The seasonal spatial distributions of liquid cloud fraction (CF) over the Arctic (70˚N 

northward) during the period 2006-2015. The first row (a)-(d) represents the CALIPSO-GOCCP 

derived liquid CF, the second row (e)-(h) is the differences between CAM5_AMIP_ctl run 

simulated liquid CF and CALIPSO-GOCCP retrieved liquid CF, and the bottom row (i)-(l) is the 

same as the second row but from CAM5_AMIP_exp run with the less efficient WBF process. 

The four seasons used in this study are winter (DJF), spring (MAM), summer (JJA) and fall 

(SON). The black dots indicate the results between model simulations and observations are 

significantly different at 10% significance level. 
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Figure 5. Same as Fig.3, with variables (a) downwelling longwave flux (LW_down) and (b) 

downwelling shortwave flux (SW_down) at the surface.  
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Figure 6. The changes in monthly average (a) total cloud fraction (CF) and (b) liquid water path 

(LWP) over the Arctic (70˚N northward) for all three sets of experiments. The values shown here 

are the differences between the experimental run and control run. Different colored lines 

represent different types of experiments. The difference in annual mean is provided for each 

simulation and each variable. The triangle indicates the monthly mean difference between 

control and experimental run is larger than one standard deviation of control run. 
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Figure 7. Same as Fig. 6 with variables (a) downwelling longwave flux (LW_down), (b) 

longwave cloud radiative effect (LW CRE) and (c) downwelling shortwave flux (SW_down) at 

the surface.  
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Figure 8. The seasonal spatial distributions of (a)-(d) the sea ice concentration in CESM_1850 

control run (CESM_1850_ctl) and (e)-(h) sea ice concentration difference between CESM_1850 

experimental run (CESM_1850_exp) and control run. In panels (e)-(h), the red color means less 

sea ice, while the blue color indicates more sea ice. The black dot indicates the difference 

between control and experimental run is larger than one standard deviation of control run.  
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Figure 9. The differences of seasonally average (a)-(d) liquid water path (LWP), (e)-(h) 

downwelling longwave flux (LW_down) and (i)-(l) downwelling shortwave flux (SW_down) at 

the surface between CESM_1850 experimental run and control run. The black dots indicate the 

results between CESM_1850_ctl and CESM_1850_exp are significantly different at 90% 

confidence level. The values given in the parentheses are pattern correlations between sea ice 

response (as shown in Fig. 8e-h) and each cloud and radiative variable over the Arctic Ocean. 

The values with * indicate that pattern correlations are statistically significant at 5% significance 

level. 
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Supplementary Information 

 

Figure S1. The time series of global Top-of-Atmosphere radiation imbalance in CESM pre-

industrial fully coupled simulation (CESM_1850). The black line represents CESM_1850 

control simulation (CESM_1850_ctl), and red lined indicates CESM_1850 experimental run 

(CESM_1850_exp). The long-term global average is provided for each run, while the value in 

parentheses represents standard deviation relative to the long-term average. 
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Figure S2. Same as Fig. S1, with the variable global internal ocean heat flux. 
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Figure S3. The monthly variations of (a) average air temperature below 300 hPa, (b) vertical 

velocity (omega) at 500 hPa, and (c) vertical velocity at 850 hPa over the Arctic (70˚N 

northward) during the period 2006-2015. In (b) and (c), positive (negative) values represent 

downdraft (updraft). The blue lines represent the results from CAM5_AMIP control 

(CAM5_AMIP_ctl) simulation, while the red lines are the results from CAM5_AMIP 

experimental (CAM5_AMIP_exp) run. The domain-weighted annual mean is provided for each 

dataset and each variable. 
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Figure S4. The seasonal spatial distributions of (a)-(d) sea ice concentration difference between 

CAM5_AMIP run and CAM5_1850 run and (e)-(h) sea ice concentration difference between 

CESM_1850 experimental run (CESM_1850_exp) and CAM5_1850 run. The red color means 

less sea ice, while blue color indicates more sea ice. 
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Figure S5. The seasonal variations of lower tropospheric stability (defined as , θ 

represents potential temperature, LML stands for lowest model level) over the Arctic (70˚N 

northward) for all three sets of experiments. The solid lines represent control run, while dashed 

lines indicate experimental run. The domain-weighted annual mean is provided for each 

simulation.  
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Figure S6. The seasonal spatial distributions of evaporation rate between experimental run and 

control run in (a)-(d) CAM5_AMIP simulation, (e)-(h) CAM5_1850 simulation and (i)-(l) 

CESM_1850 simulation. The red color means more evaporation, while blue color indicates less 

evaporation. 
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Figure S7. The seasonal spatial distributions of total cloud fraction between experimental run 

and control run in (a)-(d) CAM5_AMIP simulation, (e)-(h) CAM5_1850 simulation and (i)-(l) 

CESM_1850 simulation. The red color means more cloud fraction, while blue color indicates 

less cloud fraction. 
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Figure S8. The seasonal spatial distributions of average relative humidity (RH) below 300 hPa 

between the experimental run and control run in (a)-(d) CAM5_AMIP simulation, (e)-(h) 

CAM5_1850 simulation and (i)-(l) CESM_1850 simulation. The red color means higher RH, 

while blue color indicates lower RH. 
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Figure S9. The seasonal spatial distributions of meridional water transport (vq) at 850 hPa 

between the experimental run and control run in (a)-(d) CAM5_AMIP simulation, (e)-(h) 

CAM5_1850 simulation and (i)-(l) CESM_1850 simulation. The red color means more (less) 

northward (southward) water transport, while blue color indicates less (more) northward 

(southward) water transport. 
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Figure S10. The changes in monthly average (a) downwelling longwave flux (LW_down) under 

clear-sky condition, (b) near-surface air temperature and (c) precipitable water vapor (PWV) 

over the Arctic (70˚N northward) for all three sets of experiments. The values shown here are the 

differences between the experimental run and control run. Different colored lines represent 

different types of experiments. The difference in annual mean is provided for each simulation 

and each variable. The triangle indicates the monthly mean difference between control and 

experimental run is larger than one standard deviation of control run. 
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Figure S11. (a) The monthly variations of downwelling longwave (red) and shortwave (blue) 

fluxes over the Arctic Ocean (70˚N northward) in CESM_1850 control run (CESM_1850_ctl, 

solid line) and CESM_1850 experimental run (CESM_1850_exp, dashed line). The domain-

weighted annual mean is provided for each simulation and each variable. (b) The difference in 

monthly averaged downwelling longwave (red) and shortwave (blue) flux between 

CESM_1850_exp and CESM_1850_ctl simulations over the Arctic Ocean (70˚N northward). 

The sign of downwelling shortwave flux response has been reversed to be better compared with 

the changes of magnitudes in longwave flux. The difference in annual mean is provided for each 

simulation and each variable.  
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Figure S12. The time series of Atlantic Meridional Overturning Circulation (AMOC) in CESM 

pre-industrial fully coupled simulation (CESM_1850). The black line represents CESM_1850 

control simulation (CESM_1850_ctl), and red lined indicates CESM_1850 experimental run 

(CESM_1850_exp). The long-term global average is provided for each run. 
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Figure S13. The seasonally average (a)-(d) sea level pressure in CESM_1850 control run and 

(e)-(h) the difference of sea level pressure between CESM_1850 experimental run 

(CESM_1850_exp) and control run (CESM_1850_ctl). 
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Figure S14. The seasonally average (a)-(d) near-surface air temperature in CESM_1850 control 

run and (e)-(h) the difference in near-surface air temperature between the CESM_1850 

experimental run (CESM_1850_exp) and control run (CESM_1850_ctl). 
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Figure S15. The seasonally average (a)-(d) wind direction and speed at 950 hPa in the 

CESM_1850 control run (CESM_1850_ctl) and (e)-(h) CESM_1850 experimental run 

(CESM_1850_exp). 
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Figure S16. The seasonally average (a)-(d) meridional heat transport (vt) at 950 hPa in 

CESM_1850 control run and (e)-(h) difference of meridional heat transport at 950 hPa between 

CESM_1850 experimental run (CESM_1850_exp) and control run (CESM_1850_ctl). The red 

color means more (less) northward (southward) heat transport, while blue color indicates less 

(more) northward (southward) heat transport. 
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Figure S17. The seasonal variations in liquid cloud fraction over the Arctic (70˚N northward) 

during the period 2006-2015. The thick black lines represent CALIPSO-GOCCP satellite 

retrievals, blue lines represent the results from CAM5_AMIP control simulation, red lines 

indicate CAM5_AMIP_exp0.1 simulation (berg(s)x0.1), green lines are CAM5_AMIP_exp0.05 

simulation (berg(s)x0.05) and yellow lines are CAM5_AMIP_exp0.01 simulation (berg(s)x0.01). 

The domain-weighted annual mean is provided for each dataset.  

 


