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ABSTRACT

Snow depth over sea ice is an essential variable for understanding the Arctic energy budget. In this study, we evaluate
snow  depth  over  Arctic  sea  ice  during  1993–2014  simulated  by  31  models  from  phase  6  of  the  Coupled  Model
Intercomparison  Project  (CMIP6)  against  recent  satellite  retrievals.  The  CMIP6  models  capture  some  aspects  of  the
observed snow depth climatology and variability. The observed variability lies in the middle of the models’ simulations. All
the models show negative trends of snow depth during 1993–2014. However, substantial spatiotemporal discrepancies are
identified.  Compared  to  the  observation,  most  models  have  late  seasonal  maximum  snow  depth  (by  two  months),
remarkably thinner snow for the seasonal minimum, an incorrect transition from the growth to decay period, and a greatly
underestimated interannual variability and thinning trend of snow depth over areas with frequent occurrence of multi-year
sea ice. Most models are unable to reproduce the observed snow depth gradient from the Canadian Arctic to the outer areas
and the largest thinning rate in the central Arctic. Future projections suggest that snow depth in the Arctic will continue to
decrease from 2015 to 2099. Under the SSP5-8.5 scenario, the Arctic will be almost snow-free during the summer and fall
and  the  accumulation  of  snow  starts  from  January.  Further  investigation  into  the  possible  causes  of  the  issues  for  the
simulated snow depth by some models based on the same family of models suggests that resolution, the inclusion of a high-
top atmospheric model, and biogeochemistry processes are important factors for snow depth simulation.
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Article Highlights:

•  The observed variability lies in the middle of CMIP6 simulations. All models show negative trends of Arctic snow depth
during 1993–2014.

•  Most  models  cannot  reproduce the  observed spatial  gradient  of  snow depth  and the  largest  thinning rate  in  the  central
Arctic.

•  Future projections suggest that Arctic snow will continue to thin during 2015–99 and be almost snow-free in summer and
fall under the SSP5-8.5 scenario.

 

 
 

1.    Introduction
Snow over sea ice is a critical component of the Arctic

climate  system  due  to  its  reflective  and  insulating  proper-
ties  (Warren,  1982; Perovich  et  al.,  2002; Sturm  et  al.,
2002),  and has variability associated with a broad range of
processes. Snow regulates the energy balance of the Arctic
through  its  high  reflectivity;  approximately  85%–95%  of
the  incoming  solar  radiation  is  reflected  from  the  surface
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(Warren, 1982; Perovich et  al.,  2002).  The increases in the
surface albedo as snow accumulates over sea ice can lead to
reduced  solar  radiation  absorbed  by  the  ice.  Positive  feed-
back  occurs  as  snow  melts  and  decreases  in  coverage  and
depth, which would lead to increased absorption of solar radi-
ation  and  warmer  temperature  (Holland  and  Landrum,
2015).  This  modulates  the  growth  and  decay  of  sea  ice
(Maykut,  1978; Sturm and Massom,  2010).  Snow can also
decrease the turbulent energy transferred from the ocean to
the  atmosphere  (Ledley,  1993)  and  slow  down  the  growth
of sea ice (Maykut and Untersteiner,  1971; Perovich et  al.,
2017). Sea ice thickness can be affected by snow owing to
superimposed ice (Kawamura et al., 1997; Haas et al., 2001)
and  snow-ice  formation  (Leppäranta,  1983).  Superimposed
ice  forms  as  snow  melts  or  rain  penetrates  through  the
snowpack and refreezes at the snow–ice interface. Snow-ice
forms when the ice surface is depressed below the sea sur-
face due to  the load of  thick snow, which leads to  ice-sur-
face flooding (Jeffries et al., 2001; Massom et al., 2001; Mak-
sym and Markus,  2008). Merkouriadi  et  al.  (2020) sugges-
ted  that  there  is  potential  for  snow-ice  formation  for  level
ice in the Arctic basin since the 1980s. As the snow melts,
the occurrence, location and timing of melt pond formation
are  modulated  by  the  distribution  of  snow  (Eicken  et  al.,
2004; Petrich et al., 2012; Polashenski et al., 2012, 2017). It
is  suggested  that  the  seasonal  ice  becomes  more  common
and the melt onset is earlier (Nghiem et al., 2007; Markus et
al., 2009; Maslanik et al. 2011; Bliss and Anderson, 2018),
which facilitate the loss of sea ice due to enhanced solar radi-
ation  absorption.  By  affecting  the  properties  and  growth/
decay processes of sea ice, snow further modulates the sensit-
ivity and response of sea ice to anthropogenic warming (Led-
ley, 1991; Webster et al., 2018). The buoyancy of seawater
can be affected by melting snow, which modulates the fresh-
water input into the ocean. The atmosphere–ice drag coeffi-
cient and interactions can be modulated by snow due to its
effects on the surface roughness of sea ice (Untersteiner and
Badgley,  1965).  Additionally,  snow over sea ice can affect
light available for photosynthesis, and thus the primary pro-
duction  in  and  underneath  the  sea  ice  (Alou-Font  et  al.,
2013; Lund-Hansen et al., 2018).

Thus,  snow over  Arctic  sea  ice  is  an  essential  climate
variable in diagnosing changes in the surface heat and fresh-
water budget of the Arctic climate system and mass balance
of sea ice. Because of amplified warming in the Arctic, and
the potential role of the Arctic in rapid climate change, it is
important to know how well coupled global climate models
simulate snow depth over Arctic sea ice, so that the represent-
ation  of  physical  processes  in  the  Arctic  Ocean  can  be
improved and uncertainties  in  the  projections  of  future  cli-
mate  change  can  be  reduced. Hezel  et  al.  (2012) validated
the multi-model mean snow depth in the Arctic archived by
phase  5  of  the  Coupled  Model  Intercomparison  (CMIP5)
against  the  observational  data  reported  by Warren  et  al.
(1999) and  IceBridge  data  (Kwok  et  al.,  2011)  for  April
only  and  found  an  underestimation  by  the  CMIP5  models.
Light  et  al.  (2015) suggested  that  summer  Arctic  snowfall
events  and  associated  effects  on  sea-ice  conditions  are  not

well represented in Community Climate System Model ver-
sion 4  (CCSM4) simulations  (Gent  et  al.,  2011). Blazey et
al.  (2013) showed that biases in precipitation and omission
of snow processes in CCSM4 likely lead to wrong reproduc-
tions in snow depth over sea ice. To date, there is very lim-
ited  research  on  the  assessment  of  model-simulated  snow
depth over sea ice, which is largely owing to a lack of high-
quality  Arctic-wide  and  long-term  snow  depth  observation
data.

Recently,  phase  6  of  the  Coupled  Model  Intercompar-
ison  Project  (CMIP6; Eyring  et  al.  2016)  has  released  the
latest climate model simulations whose ability to simulate cur-
rent  climate  has  been  improved.  Meanwhile,  the  Sea-Ice
Model Intercomparison Project  (SIMIP) has been endorsed
by CMIP6, which aims to define a comprehensive set of dia-
gnostics for a better understanding of the role of sea ice for
the changing climate (Notz et al., 2016). Snow depth on sea
ice  is  one  of  the  most  fundamental  variables  that  SIMIP
requests  to  quantify  the  physical  cause  and  location  of  ice
growth and melt (Notz et al., 2016).

The goal of this paper is to provide a comprehensive eval-
uation of the simulations for historical snow depth over sea
ice in the Arctic basin and how snow depth may change in
the  future.  Specifically,  we  want  to  answer  the  following
three questions:

(1)  How  well  do  CMIP6  models  perform  in  reprodu-
cing the historical snow depth over Arctic sea ice from the
perspectives  of  climatology,  interannual  variability,  and
trend?

(2) How will snow depth in the Arctic basin change in
the future compared to the present day under different emis-
sion scenarios?

(3) What are the possible effects of different configura-
tions  of  the  CMIP6 models  (coarse/fine  resolution  etc.)  on
the simulations of snow depth over Arctic sea ice?

2.    Data

2.1.    Satellite-derived snow depth

To  assess  the  capability  of  current  state-of-the-art
global climate models in simulating snow depth over Arctic
sea ice, a recently developed satellite-based snow depth data-
set  is  used  in  this  study.  This  dataset  is  retrieved  from the
brightness  temperatures  measured  by  the  Special  Sensor
Microwave  Imager/Sounder  at  all  frequencies  using  an
ensemble-based deep neural network, and validated against
snow depth measured by the sea-ice mass balance buoy [see
Liu et al. (2019) for details]. This satellite-based snow depth
dataset  (referred  to  as  SD-LZ19  hereafter)  is  available  for
both first-year  sea ice (FYI)  and multi-year  sea ice (MYI),
as  well  as  during  the  melting  period  since  1993.  SD-LZ19
has  higher  correlations  and  lower  root-mean-square  errors
than previous Arctic-wide snow depth datasets and provides
better  snow depth estimates  over  Arctic  sea ice  (Liu et  al.,
2019). Figure 1 shows the annual mean snow depth climato-
logy  and  uncertainty  of  SD-LZ19.  The  thickest  snow
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(~30–40  cm)  is  found  in  the  areas  north  of  Greenland  and
the Canadian Archipelago, and the thinner snow dominates
the  periphery  of  the  Arctic  Basin  (see  details  in  section
3.2.1).  The  largest  uncertainty  of  SD-LZ19  is  also  in  the
areas  covered by the  thickest  snow (about  10 cm),  and the
uncertainty decreases toward the Eurasian Basin to approxim-
ately 2–5 cm (Fig. 1b). In the central Arctic, the uncertainty
is roughly in the range of 5–9 cm. Here, the monthly-mean
snow  depth  is  calculated  from  the  original  SD-LZ19  data
with a daily temporal resolution and then interpolated onto
the grid with a horizontal resolution of 1° × 1° from the ori-
ginal polar stereographic grid with a spatial resolution of 25 km.
The  snow  depth  climatology  developed  by  the  sea-ice
remote sensing group of the University of Bremen using the
brightness temperatures from AMSR-2 (SD-UB AMSR2) is
used  as  an  additional  satellite  retrieval  of  snow depth  over
Arctic  sea  ice  (ftp://ftp.awi.de/sea_ice/auxiliary/snow_on
_sea_ice/w99_amsr2_merged/),  but  it  has  no  snow  depth
information during the melting season (May to September)
and is only available since 2012 (Rostosky et al., 2018).

To facilitate the analysis of snow depth over the areas fre-
quently covered by different types of sea ice (FYI vs MYI),
a weekly sea-ice age dataset during 1993–2014 is obtained
from the National Snow and Ice Data Center (https://nsidc.
org/data/nsidc-0611), which uses Lagrangian tracing to estim-
ate  the  age  of  sea  ice:  if  one  parcel  survived  the  summer
then the parcel’s age is incremented by one year (Maslanik
et al., 2011; Tschudi et al., 2019). Using these ice-age data,
we  generate  a  mask  to  separate  the  areas  with  high  fre-
quency  of  occurrence  of  MYI/FYI  (HF-MYI/HF-FYI)  in
the Arctic Ocean. Specifically, HF-MYI regions are defined
as the grids that  are covered by MYI at  least  two thirds of
the total time during 1993–2014. As shown in Fig. 1c, HF-
MYI covers the eastern Beaufort Sea, Canadian Arctic, and
north of the Greenland Sea.

2.2.    CMIP6 climate models

The simulated monthly-mean snow depths are obtained
from coupled climate models archived at the CMIP6 portal
based on data availability (Eyring et al., 2016). Specifically,
we utilize 31 and 21 models, respectively, for the historical
simulation (1993–2014) and the future projection (2015–99)

under the two scenarios of SSP2-4.5 and SSP5-8.5 (O’Neill
et  al.,  2016; Gidden  et  al.,  2019;  see Table  1 for  details).
The future projections are driven by a new set  of  emission
and  land-use  scenarios  produced  with  integrated  assess-
ment models based on new future pathways of societal devel-
opment, the Shared Socioeconomic Pathways (SSPs), which
are similar to the corresponding CMIP5 Representative Con-
centration Pathways (RCPs; Taylor et al., 2012). The SSP2-
4.5  (SSP5-8.5)  scenario  represents  a  medium  (high)
increase  in  the  radiative  forcing by 4.5  (8.5)  W m−2 in  the
year  2100  compared  to  the  pre-industrial  level.  Here,  only
the first realization (r1i1p1f1) from each model is analyzed.
Since each of the CMIP6 models has its own grid configura-
tion, the simulated snow depth over Arctic sea ice is interpol-
ated from model grids to the grid with a spatial resolution of
1° × 1°. To ensure the comparability between CMIP6 simula-
tions and SD-LZ19, the same mask shown in Fig. 1c is used
for all the models. The domain selected for this assessment
encompasses the Arctic Ocean and peripheral seas. The com-
mon period for all the data is 1993–2014, since the observed
snow depth starts in 1993 and the historical simulation ends
in 2014.

3.    Results

3.1.    Temporal variation

3.1.1.    Seasonal cycle

Figure  2 shows  the  seasonal  cycle  of  the  Arctic-wide
averaged  snow depth  calculated  from the  31  CMIP6  mod-
els,  SD-LZ19,  and  SD-UB  AMSR2.  According  to  SD-
LZ19, the seasonal variation of snow depth over Arctic sea
ice  reaches  a  maximum in  March (24.8  cm) and minimum
in August (7.3 cm) (Fig. 2). The amplitude of the observed
snow depth season cycle is 17.6 cm, which is calculated by
subtracting  the  minimum  value  from  the  maximum  value.
SD-LZ19  shows  that  the  snow  depth  grows  quickly  from
August  (7.3  cm)  to  December  (23.6  cm)  and  it  tends  to
increase very slowly to the succeeding March. After that, it
decreases until August. The uncertainty for each individual
month of the SD-LZ19 snow depth is approximately 7.2 cm

 

 

Fig.  1.  (a)  Annual  mean  snow depth  climatology  of  SD-LZ19  during  1993–2014  (units:  cm).  (b)  Uncertainties  of
SD-LZ19 (units: cm). (c) Mask of areas with high frequency of occurrence of multi-year sea ice (yellow) and first-
year sea ice (blue).
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from November to June, which is relatively larger than that
from July to October (~3.9 cm, Fig. 2). The snow depth of
SD-UB AMSR2 is  about  2–4  cm smaller  than  that  of  SD-
LZ19 from October to April. Note that the temporal cover-
age of SD-UB AMSR2 is after 2012, whereas SD-LZ19 cov-
ers 1993–2014. The snow depth difference between SD-UB
AMSR2  and  SD-LZ19  is  in  part  due  to  the  different  time
period.  SD-UB  AMSR2  also  shows  that  the  snow  depth
increases  very  slowly  after  December  and  maximizes  in
March (22.1 cm).

The  multi-model  ensemble  mean  (MMM)  shows  that
the maximum snow depth occurs in May (25.8 cm), which
is two months later than that from the observation. Among

the 31 models, 26 models have the maximum snow depth in
May and the other 5 maximize in April. The minimum snow
depth  of  the  MMM  occurs  in  August,  which  is  consistent
with the observation, but its magnitude is remarkably smal-
ler than that of the observation (1 cm vs 7.3 cm). A total of
22  out  of  31  models  have  the  minimum  snow  depth  in
August and the other 9 models minimize in July. As a res-
ult, the MMM has a larger seasonal variation (24.8 cm) relat-
ive to that of the observation (17.6 cm) (Fig. 2). Unlike SD-
LZ19  and  SD-UB  AMSR2,  the  MMM  has  an  extended
growth  period  to  the  succeeding  May  (two  months  longer
than  both  satellite  retrievals).  The  MMM  also  produces  a
much  larger  decrease  in  snow  depth  during  the  decay

Table 1.   List of CMIP6 models used in this study and their resolutions.

No. Model Modeling group
Approximate resolution (km)

Atmos. Land Ocean Sea ice

1 ACCESS-CM2* Commonwealth Scientific and Industrial Research
Organisation - Australian Research Council Centre of

Excellence for Climate System Science

250 250 100 100

2 ACCESS-ESM1-5* Commonwealth Scientific and Industrial Research
Organisation - Australian Research Council Centre of

Excellence for Climate System Science

250 250 100 100

3 AWI-CM-1-1-MR* Alfred Wegener Institute 100 100 50 50
4 BCC-CSM2-MR* Beijing Climate Center 100 100 50 50
5 BCC-ESM1 Beijing Climate Center 250 250 50 50
6 CAMS-CSM1-0* Chinese Academy of Meteorological Sciences 100 100 100 100
7 CAS-ESM2-0 Chinese Academy of Sciences 100 100 100 100
8 CESM2-FV2 National Center for Atmospheric Research 250 250 100 100
9 CESM2-WACCM-FV2 National Center for Atmospheric Research 250 250 100 100
10 CESM2-WACCM* National Center for Atmospheric Research 100 100 100 100
11 CESM2* National Center for Atmospheric Research 100 100 100 100
12 CanESM5* Canadian Centre for Climate Modelling and Analysis 500 500 100 100
13 E3SM-1-0 E3SM-Project 100 100 50 50
14 E3SM-1-1-ECA E3SM-Project 100 100 50 50
15 E3SM-1-1 E3SM-Project 100 100 50 50
16 EC-Earth3-Veg* EC-Earth-Consortium 100 100 100 100
17 EC-Earth3* EC-Earth-Consortium 100 100 100 100
18 FGOALS-f3-L* Institute of Atmospheric Physics, Chinese Academy of

Sciences
100 100 100 100

19 FIO-ESM-2-0* First Institute of Oceanography - Qingdao National
Laboratory for Marine Science and Technology

100 100 100 100

20 GFDL-CM4* National Oceanic and Atmospheric Administration,
Geophysical Fluid Dynamics Laboratory

100 100 25 25

21 GFDL-ESM4* National Oceanic and Atmospheric Administration,
Geophysical Fluid Dynamics Laboratory

100 100 50 50

22 IPSL-CM6A-LR* Institut Pierre Simon Laplace 250 250 100 100
23 MIROC6 MIROC 250 250 100 100
24 MPI-ESM-1-2-HAM HAMMOZ-Consortium 250 250 250 250
25 MPI-ESM1-2-HR* Max Planck Institute for Meteorology 100 100 50 50
26 MPI-ESM1-2-LR* Max Planck Institute for Meteorology 250 250 250 250
27 MRI-ESM2-0* Meteorological Research Institute 100 100 100 100
28 NESM3* Nanjing University of Information Science and Technology 250 2.5 100 100
29 NorCPM1 NorESM Climate modeling Consortium 250 250 100 100
30 NorESM2-LM* NorESM Climate modeling Consortium 250 250 100 100
31 NorESM2-MM* NorESM Climate modeling Consortium 100 100 100 100

Notes: the 21 models marked with an asterisk (*) were used for the future projections.
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period, especially from May to July, compared to SD-LZ19.
Thus, the CMIP6 models have certain problems in reprodu-
cing  the  observed  season-to-season  variability,  especially
the transition from the growth to the decay period. Both SD-
LZ19  and  SD-UB  AMSR2  show  thicker  snow  depth  than
the  MMM  from  October  to  February,  which  indicates  that
the CMIP6 models underestimate the Arctic-wide averaged
snow depth during the freeze-up period.

Some significant differences are found between each indi-
vidual model simulation and satellite observation. Specific-
ally, NorCPM1 simulates extremely large snow depth (Figs. 2,
3 and 4a), with thick biases for all the months compared to
other  models  and  the  observation  (the  annual  mean  values
are 28.2 and 18.5 cm for NorCPM1 and SD-LZ19, respect-
ively).  In  addition  to  NorCPM1,  MIROC6  produces  much
thicker  snow  compared  to  other  models,  but  mainly  from
December to May. The spread of the simulated snow depth
among  the  models  can  be  as  large  as  9.1  cm  in  March,  a
factor of 3.6 larger than that in August (2.5 cm), even with
NorCPM1  and  MIROC6  excluded.  For  the  annual  mean
snow  depth,  only  MIROC6  and  CanESM5  are  within  one
standard deviation (std) of the observed snow depth in SD-
LZ19 (here,  1 std is  calculated based on snow depth simu-
lated by 31 models). However, MIROC6 is a balance of the
thick  snow bias  from February  to  June  and  thin  snow bias
for  the  rest  of  the  months  compared  to  the  observed  one
(Fig. 2). In total, 17 models are within 2 std of the observed
snow depth in SD-LZ19.

3.1.2.    Variability and trend

Figure  3 shows  the  historical  variation  of  the  annual
mean Arctic-wide averaged snow depth. The observed snow
depth is larger than all of the model simulations except for
NorCPM1 and MIROC6. The interannual variability of the
observed  annual  mean  snow  depth  is  1.2  cm  during  the
period 1993–2014 (Fig. 4b). SD-LZ19 indicates a declining
linear trend of −1.3 cm (10 yr)−1 in the annual mean Arctic-

wide  averaged  snow  depth  (significant  at  the  95%  confid-
ence level) from 1993 to 2014. We also apply a regime shift
detection  algorithm  proposed  by Rodionov  (2004) to  the
time series of the observed snow depth. The result indicates
that a regime shift occurred in 2006, from the annual mean
value  of  19.4  cm  during  1993–2006  to  17.2  cm  during
2007–2014.

Encouragingly, there is no single model with simulated
interannual variability exceeding the 1.5 interquartile range
(Fig. 4b, “ALL”). A total of 13 out of 31 models have interan-
nual variability within 1 std of the observed SD-LZ19 (here,
1 std is calculated based on the interannual variability of the
annual  mean snow depth  simulated  by 31 models),  includ-
ing ACCESS-CM2,  ACCESS-ESM1-5,  AWI-CM-1-1-MR,
BCC-CSM2-MR, CAMS-CSM1-0, CESM2-FV2, E3SM-1-
1-ECA,  EC-Earth3-Veg,  EC-Earth3,  FIO-ESM-2-0,

 

 

Fig. 2. Seasonal cycles of Arctic-wide averaged snow depth (unit: cm). The thick black line represents SD-LZ19 and
the thick red line represents the CMIP6 MMM. Thin various-colored lines represent each individual CMIP6 model.
The gray shaded area represents the uncertainty of the SD-LZ19 seasonal cycle. Blue dots represent snow depth from
SD-UB AMSR2, which is only available after 2012 from October to April.

 

Fig. 3. Time series of annual mean Arctic-wide averaged snow
depth  based  on  SD-LZ19  and  31  CMIP6  models.  The  thick
black  line  represents  SD-LZ19,  and  the  red  thick  line
represents  the  MMM.  Other  various-colored  thin  lines
represent  each individual  model  using the same color  scheme
as in Fig. 2.
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MIROC6, MPI-ESM-1-2-HAM, MRI-ESM2-0. The MMM,
which  filers  out  the  internal  variability,  reproduces  a  sim-
ilar thinning trend of −1.2 cm (10 yr)−1. The trend of snow
depth  simulated  by  each  individual  model  varies  (Fig.  4c).
A total of 27 out of 31 models simulate the Arctic-wide aver-
aged  snow  depth  trend  within  1  std  of  the  observed  one
(here, 1 std is calculated using the trend of snow depth simu-
lated  by  31  models),  except  for  NorCPM1,  BCC-ESM1,
CAMS-CSM1-0,  and NorESM2-MM. NorCPM1 dramatic-
ally overestimates the thinning rate of snow depth in the Arc-
tic  [−5.9  cm  (10  yr)−1; Table  2].  On  the  contrary,  BCC-
ESM1,  CAMS-CSM1-0,  and  NorESM2-MM  show  little
trend of snow depth.

3.1.3.    HF-MYI vs HF-FYI

Next, we extend the analysis to the areas with high fre-
quency of occurrence of MYI/FYI (HF-MYI and HF-FYI).
Boxplots  are  utilized  to  show  the  performance  of  the
CMIP6  models  against  SD-LZ19  from  the  perspectives  of
the annual mean snow depth climatology, interannual variabil-
ity,  and linear  trend (detailed statistics  are  also included in
Table 2).

In terms of the climatology, SD-LZ19 (MMM) reports
a  snow  depth  of  15.2  (11.0)  and  35.3  (23.0)  cm  over  HF-
FYI and HF-MYI, respectively. The median values of the cor-
responding simulated snow depth are 10.5 and 21.7 cm. The
snow  depth  of  SD-LZ19  over  both  HF-FYI  and  HF-MYI
falls  outside  the  upper  bound  of  whiskers  of  the  CMIP6
model simulations (the 1.5 interquartile range; Fig. 4a). This
confirms that  the CMIP6 models  underestimate the Arctic-
wide averaged snow depth regardless of the underlying sea-
ice  types.  The  observation  shows  that  HF-MYI  has  much
thicker snow compared to that of HF-FYI. The MMM cap-
tures this feature. However, the MMM produces greatly thin-
ner snow over HF-MYI relative to the observation. It is notice-
able that the spread of whiskers is larger over HF-MYI com-

pared  to  HF-FYI,  suggesting  that  the  CMIP6  models  have
more  difficulty  in  simulating  snow  depth  over  HF-MYI.
According to the whiskers, NorCPM1 can be considered as
an outlier over both HF-MYI and HF-FYI, while MIROC6
is  only  considered  as  an  outlier  with  anomalously  thick
snow  over  HF-FYI  (Fig.  4a).  CAMS-CSM1-0,  CanESM5,
MIROC6,  and  MPI-ESM-1-2-HAM  simulate  snow  depth
over  HF-FYI  within  1  std  of  the  observation  (15.2  cm),
whereas CanESM5 and MIROC6 simulate snow depth over
MYI within 1 std of the observation (35.3 cm).

In terms of the interannual variability, SD-LZ19 reports
an  annual  mean  snow  depth  variability  of  0.5  and  4.0  cm
over  HF-FYI  and  HF-MYI,  respectively  (Table  2).  The
median  values  of  the  simulated  snow  depth  variability  are
0.9 and 2.0 cm. The variability of SD-LZ19 over both HF-
MYI  and  HF-FYI  falls  outside  the  range  of  whiskers  (the
1.5  interquartile  range),  but  exceeds  the  upper  bound  for
HF-MYI  and  the  lower  bound  for  HF-FYI.  This  suggests
that  the  CMIP6  models  tend  to  underestimate  the  interan-
nual variability of snow depth over HF-MYI while overestim-
ating it  over  HF-FYI.  ACCESS-ESM1-5,  CanESM5,  MPI-
ESM-1-2-HAM,  and  NorCPM1  are  considered  as  outliers
on  the  high  side  for  the  simulated  snow  depth  variability
over HF-FYI (Fig. 4b). In total, 12 models simulate the inter-
annual variability of snow depth over HF-FYI within 1 std
of  the  observed  one  (0.5  cm),  including  CAS-ESM2-0,
CESM2-WACCM-FV2,  CESM2-WACCM,  CESM2,
E3SM-1-1,  EC-Earth3-Veg,  FIO-ESM-2-0,  GFDL-ESM4,
IPSL-CM6A-LR,  MPI-ESM1-2-LR,  NESM3,  and
NorESM2-MM. However, only 4 models simulate the interan-
nual variability of snow depth over HF-MYI within 1 std of
the observed one (4.0 cm), including CanESM5, EC-Earth3,
MRI-ESM2-0, and NorCPM1.

In terms of the linear trend, SD-LZ19 reports a decreas-
ing  rate  of  snow  depth  of  −2.9  cm  (10  yr)−1 (not  statistic-
ally significant) and −0.9 cm (10 yr)−1 (significant at 95% con-

 

 

Fig. 4. Boxplot of snow depth for the (a) annual mean climatology, (b) interannual variability, and (c) linear trend,
based on SD-LZ19 and 31 CMIP6 models. The Arctic-wide averaged snow depth is assigned as ALL; snow depth
averaged over the area frequently covered by multi-year and first-year sea ice are assigned as HF-MYI and HF-FYI,
respectively.  In  each  boxplot,  the  red  line  represents  the  median  value  of  31  CMIP6  models,  the  bottom  and  top
edges of the box indicate the 25th (Q1) and the 75th (Q3) percentiles, respectively. The whiskers correspond to the
1.5 interquartile range (IQR = Q3–Q1) above the 75th and below the 25th percentiles. Blue crosses represent outlier
models. Red (black) pentagrams corresponds to the values of the CMIP6 multi-model ensemble mean (SD-LZ19).
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fidence level) over HF-MYI and HF-FYI, respectively. The
MMM suggests a smaller thinning rate over HF-MYI [−1.8 cm
(10  yr)−1;  not  statistically  significant]  and  a  slightly  larger
thinning rate over HF-FYI [−1.2 cm (10 yr)−1; significant at
the 95% confidence level] compared to those for SD-LZ19.
Figure  4c shows  that  the  CMIP6  models  can  capture  the
observed  decreasing  tendency  regardless  of  the  underlying
sea-ice types, as both are in between the whiskers, although
many models underestimate the thinning rate for snow over
HF-MYI.  NorCPM1  extremely  overestimates  the  thinning
rate of snow depth over both HF-MYI and HF-FYI. With Nor-
CPM1  excluded,  the  spread  of  the  simulated  snow  depth
trend  is  larger  over  HF-MYI  than  HF-FYI,  suggesting
greater  uncertainty  in  the  trend  simulation  for  snow  depth
over HF-MYI. In total, 27 and 20 models simulate the trend

of snow depth over HF-FYI and HF-MYI within 1 std of the
observed one,  respectively.  By contrast,  5  models  simulate
the  opposite  trend  of  snow  depth  over  HF-MYI,  including
BCC-CSM2-MR, BCC-ESM1, GFDL-CM4, MIROC6, and
NorESM2-LM (Table 2).

3.2.    Spatial pattern

3.2.1.    Climatology

Figure  5 shows  the  spatial  distribution  of  the  annual
mean snow depth for the MMM averaged during the period
1993–2014.  For  SD-LZ19,  the  thickest  snow (~25–40  cm)
is found in the areas north of Greenland and the Canadian Arc-
tic,  where  MYI  dominates  (Fig.  1a).  In  the  central  Arctic,
the snow depth is approximately 20–30 cm. The snow is thin-

Table 2.   Climatology, interannual variability, and linear trend of the annual mean snow depth for SD-LZ19, historical simulations of 31
CMIP6 models, and their MMM. An asterisk (*) indicates the 95% confidence level. ALL, HF-FYI, and HF-MYI stand for the averaged
snow depth for the entire Arctic, HF-FYI, and HF-MYI areas, respectively.

Sources

Stats

Climatology (cm) Interannual variability (cm) Trend [cm (10 yr)−1]

ALL HF-FYI HF-MYI ALL HF-FYI HF-MYI ALL HF-FYI HF-MYI

SD-LZ19 18.6 15.2 35.3 1.2 0.5 4.0 −1.3* −0.9* −2.9
ACCESS-CM2 12.8 11.5 21.4 1.1 0.9 2.4 −0.7* −0.7* −0.8

ACCESS-ESM1-5 13.1 10.8 24.5 1.5 1.4 2.6 −1.0 −1.3 −0.7
AWI-CM-1-1-MR 14.3 12 26.2 1.4 1.4 2.9 −0.8 −0.7 −1.2
BCC-CSM2-MR 12.6 11.7 19.7 1.2 1 2.9 −0.5 −0.8* 0.1*

BCC-ESM1 10 9.8 14.4 0.9 0.9 1.7 −0.2 −0.3 0.3*
CAMS-CSM1-0 13.4 12.5 21 1 1 1.7 −0.2 −0.3 −0.1
CAS-ESM2-0 8.6 7.8 14.1 0.8 0.8 1.5 −0.4 −0.5 −0.4
CESM2-FV2 11.9 10.2 21.1 1.1 1 2.1 −1.6* −1.7* −2.0*

CESM2-WACCM-FV2 12.1 10.3 21.8 0.8 0.7 1.6 −1.4* −1.4* −1.7*
CESM2-WACCM 11.2 9.6 19.7 0.8 0.7 1.9 −1.8* −1.7* −2.7*

CESM2 10.5 8.9 19.1 0.8 0.7 1.5 −1.5* −1.2* −2.8*
CanESM5 15.6 12.7 29.7 1.7 1.5 3.8 −1.5* −1.0 −3.2
E3SM-1-0 9.5 7.6 18.5 0.8 0.9 1.6 −1.8* −1.7* −2.7*

E3SM-1-1-ECA 12.5 10.5 22.8 0.9 1 2 −2.2* −2.0* −3.4*
E3SM-1-1 11.2 9.1 21.3 0.6 0.6 1.3 −1.3* −1.2* −1.8*

EC-Earth3-Veg 12.8 10.4 24.4 1 0.8 2.6 −1.3* −0.4 −4.4*
EC-Earth3 14.1 11.3 27.3 1.3 1 3.5 −2.0* −1.9* −2.9*

FGOALS-f3-L 12.6 11 22.2 0.9 0.9 2 −0.5* −0.3 −1.1
FIO-ESM-2-0 12.3 9 26.2 0.9 0.6 2.5 −1.6* −0.8* −4.3*
GFDL-CM4 12.5 11.1 20.8 0.9 0.9 2.1 −0.7 −1.1* 0.1*
GFDL-ESM4 11.6 10.3 19.6 0.5 0.6 1.7 −0.7* −0.9* −0.3

IPSL-CM6A-LR 10.8 8.7 21 0.8 0.8 1.7 −0.4 −0.04 −1.7
MIROC6 18.2 16 31.3 1.3 1.2 2.7 −0.3 −0.6 0.3*

MPI-ESM-1-2-HAM 13.8 12.4 23.2 1.4 1.5 2.4 −0.5 −0.4 −0.9
MPI-ESM1-2-HR 12.8 11.2 22.2 0.8 0.9 2.5 −1.9* −2.4* −1.2
MPI-ESM1-2-LR 12.7 11.3 21.7 0.8 0.8 1.8 −0.8* −0.7* −1.2*

MRI-ESM2-0 13.2 10.5 25.9 1.3 1 3.5 −1.1* −1.1* −1.7
NESM3 10.8 10.3 16.3 0.7 0.8 1.3 −1.2* −1.4* −1.0

NorCPM1 28.2 23.5 52.0 1.9 2 3.9 −5.9* −4.8* −11.1*
NorESM2-LM 10.6 8.6 20.3 0.7 0.8 1.8 −0.5 −0.8* 0.3*
NorESM2-MM 12.7 11.1 22.1 0.8 0.7 1.9 −0.04* −0.02* −0.1

MMM 12.9 11 23 0.2 0.2 0.4 −1.2* −1.2* −1.8
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ner in an arc around the periphery of the Arctic Basin extend-
ing  from  the  southern  Beaufort  Sea  (~10–15  cm),  through
the  Chukchi  and  eastern  Siberian  seas  (~15–20  cm)  to  the
Kara and Barents seas (~15–20 cm). A major characteristic
of the observed spatial distribution is the large snow thick-
ness gradient from the Canadian Arctic to the outer areas. In
general,  the  MMM  underestimates  the  snow  depth  almost
everywhere  compared  to  SD-LZ19,  except  along  the  east
coast  of  Greenland  (Fig.  5).  Although  the  simulated  snow
depth  maximum  also  concentrates  over  the  areas  north  of
Greenland and the Canadian Arctic as well as the central Arc-
tic Ocean, a large underestimation of snow depth (~15 cm)
is  found  in  those  regions.  Small  to  moderate  underestima-
tion (~5 cm) is found in the arc around the periphery of the
Arctic  Basin  extending  from  the  Beaufort  Sea  to  the  Kara
Sea.  As a result,  the MMM cannot reproduce the observed
snow thickness gradient.

Figure  6 gives  the  annual  mean  snow  depth  distribu-
tion  simulated  by  the  31  CMIP6  models.  MIROC6  gener-
ates the spatial distribution of snow depth similar to that of
SD-LZ19 and reproduces the observed snow thickness gradi-
ent (note the cancellation effect between the overestimation
during the growth period and the underestimation during the
decay  period  by  MIROC6).  Besides  MIROC6,  CanESM5,
EC-Earth3, FIO-ESM-2-0 and MRI-ESM2-0 can simulate a
similar  snow thickness  gradient  as  SD-LZ19,  but  the  areas
covered  by  thick  snow  are  more  confined  to  the  north  of
Greenland  and  the  Canadian  Arctic.  To  a  lesser  extent,
ACCESS-ESM1-5,  AWI-CM-1-1-MR  and  EC-Earth3-Veg
produce some sort  of  thickness  gradient  in  snow depth but
only having thick snow in a very narrow area in the north of
Greenland.  These  models  also  tend  to  simulate  thick  snow
in the east coastal areas of Greenland, which is not the case
for  SD-LZ19.  Unlike  other  models,  NorCPM1  produces
greatly thicker snow for much of the Arctic basin, with the
thickest snow in the central Arctic (Fig. 6).

3.2.2.    Variability and trend

As shown in Fig. 7a, the Canadian Archipelago and the
areas north of Greenland, where the largest snow depth is loc-
ated, also have the largest interannual variability, at approxim-
ately 6–10 cm. The variability  of  annual  mean snow depth
decreases to approximately 2–6 cm in the central Arctic and
the eastern Beaufort Sea. The rest regions have small variabil-
ity  (<  2  cm).  Such  a  pattern  is  generally  similar  to  that  of
the snow depth. The MMM is obtained by averaging all mod-
els’ simulations.  By  doing  so,  only  the  signal  due  to  the
external forcing is preserved and the internal variability sig-
nal is filtered out by this ensemble averaging approach (Fig. 7b).
The  interannual  variability  shown  in Fig.  7a,  however,
includes signals from both external forcing and internal vari-
ability  because  it  is  based  on  the  observation.  By  compar-
ing Figs. 7a and b, it is suggested that the large interannual
variability of snow depth in the areas north to the Canadian
Arctic  and  Greenland,  as  well  as  the  moderate  interannual
variability  in  the  central  Arctic,  are  largely  due  to  the
internal variability.

Figure  8 shows  that  the  capability  of  reproducing  the
observed annual mean snow depth variability varies among
the CMIP6 models. CanESM5, EC-Earth3-Veg, EC-Earth3,
FIO-ESM-2-0,  and  MRI-ESM2-0  reproduce  similar  spatial
patterns  of  the  snow  depth  interannual  variability  to  the
observed  one.  However,  the  areas  with  high  variability
mainly  concentrate  in  the  narrow areas  north  of  Greenland
and  the  Canadian  Archipelago.  Besides,  those  models  also
have high variability of snow depth in the east coastal areas
of  Greenland  and  the  Beaufort,  Chukchi  and  East  Siberian
seas, compared to SD-LZ19. NorCPM1, on the other hand,
highly overestimates the interannual variability over almost
the entire Arctic.

As shown in Fig. 9, the annual mean snow depth in the
Arctic is dominated by a decreasing linear trend during the
period 1993–2014, especially in the central Arctic (signific-
ant  at  the  95% confidence  level).  However,  snow depth  in
parts of the northern Beaufort and Chukchi seas has a signific-
ant positive linear trend during the same period. Consistent
with  the  observation,  the  MMM  simulates  the  snow  depth
decreasing  in  the  Arctic  from  1993  to  2014,  but  (1)  only
scattered  areas  have  a  statistically  significant  trend  and  in
agreement  across  the  models  in  terms  of  the  direction  of
changes  [two  thirds  of  the  significant  models  agree  on  the
sign of the changes,  similar to Tebaldi et  al.  2011],  (2) the
decreasing trend in  the  central  Arctic  is  much weaker  than
that of the observation [roughly −1 cm (10 yr)−1 vs roughly
−5 cm (10 yr)−1], and (3) there is no increasing snow depth
as shown by SD-LZ19 (Fig. 9b).

Among  the  31  models,  E3SM-1-1  closely  reproduces
the  spatial  pattern  of  the  annual  mean  snow  depth  linear
trend  (Fig.  10).  E3SM-1-1  not  only  simulates  the  thinning
snow in the central Arctic during 1993–2014 but also repro-
duces the belt area with increasing snow depth in the north-
ern  Beaufort  and  Chukchi  seas.  The  magnitude  of  trends

 

Fig.  5.  Spatial  pattern  of  the  annual  mean  snow  depth
climatology  for  1993–2014  derived  from  the  MMM  of  31
CMIP6 models.
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Fig. 6. Spatial pattern of annual mean snow depth climatology for 1993–2014 derived from each individual model.
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reflected  by  E3SM-1-1  is  also  similar  to  that  of  SD-LZ19.
Besides  E3SM-1-1,  CESM2-FV2,  CESM2-WACCM-FV2,
CESM2-WACCM,  CESM2,  E3SM-1-1-ECA,  E3SM-1-0,
MPI-ESM1-2-HR,  and  NESM3 simulate  similar  trend  pat-
terns to a lesser extent—all are capable of capturing the negat-
ive trend in much of the Arctic, even though only E3SM-1-
1  and  MPI-ESM1-2-HR  can  simulate  the  positive  trend  in
the  northern  Beaufort  and  Chukchi  seas.  NorCPM1  highly
overestimates the negative trend of snow depth in the Arc-
tic.  Some  models,  i.e.,  BCC-ESM1,  IPSL-CM6A-LR,
MIROC6,  MPI-ESM-1-2-HAM,  NorESM2-LM,  and
NorESM2-MM, show more areas of the Arctic having posit-
ive trends of snow depth than that of the observation.

3.3.    Future change

Next, we examine how snow depth over Arctic sea ice
may  change  under  the  SSP2-4.5  and  SSP5-8.5  scenarios.
For  the  seasonal  cycle,  we  focus  on  two  periods,  2030–49
and  2080–99,  that  represent  the  early-to-middle  and  late
21st  century.  The  seasonal  cycle  of  snow  depth  of  the
MMM  and  model  spread  during  2030–49  under  SSP2-4.5
scenario resemble those under SSP5-8.5 scenario (Figs. 11a
and b).  Compared  to  the  historical  run  (1993–2014),  snow
depth decreases by 3–4 cm during 2030–49 under the SSP2-
4.5 and SSP5-8.5 scenarios, respectively. However, large dif-
ferences  are  found  during  2080–99  between  SSP2-4.5  and
SSP5-8.5.  First,  during  winter  and  spring,  snow  depth  is
reduced much more from 2030–49 to 2080–99 under SSP5-
8.5  (8.8  cm)  than  that  of  SSP2-4.5  (4.1  cm).  The  model
spread is enlarged under SSP5-8.5 relative to that of SSP2-
4.5.  Second,  under  the  SSP5-8.5  scenario,  little  snow  is
shown in the Arctic during summer and fall and snow accu-
mulation starts from January. However, under the SSP2-4.5
scenario, a moderate amount of snow still exists in June and
the  accumulation  starts  from  November,  which  is  two
months earlier than that of SSP5-8.5.

As shown in the time-varying snow depth averaged for
the Arctic basin (Fig. 12), the SSP2-4.5 scenario leads to a

decrease in snow depth at a rate of −0.6 cm (10 yr)−1, which
is nearly a factor of 2 smaller than that of the SSP5-8.5 scen-
ario  [−1.1  cm  (10  yr)−1].  Besides,  it  is  suggested  that  the
snow  depth  stops  declining  in  the  mid-2080s  under  the
SSP2-4.5 scenario—the annual mean snow depth is 6.7 cm
during 2080–99. However, under the SSP5-8.5 scenario, the
negative  trend  maintains  until  the  end  of  the  21st  century
and the annual mean snow depth drops to 3.5 cm.

Spatially,  the areas with a  relatively large reduction in
snow  depth  from  the  historical  period  of  1993–2014  to
2030–49 under the SSP5-8.5 scenario are broader than those
of SSP2-4.5, with a decrease of 4–6 cm distributed over the
entire central Arctic and the western Beaufort, Chukchi and
East  Siberian  seas  (Fig.  13c).  On  the  contrary,  the  areas
with a decrease of 4–6 cm only occur in a smaller area over
the central Arctic (10°W–60°E and 150°E–150°W; Fig. 13a)
under  the  SSP2-4.5  scenario.  The  differences  between
SSP2-4.5  and  SSP5-8.5  become  more  apparent  for  snow
depth during 2080–99. A greater amount of snow depth reduc-
tion  (more  than  10  cm)  occurs  in  the  central  Arctic  under
the SSP5-8.5 scenario (Fig. 13d) than that of SSP2-4.5 (< 8 cm;
Fig. 13b) relative to the historical period, especially for the
areas  north  of  Greenland and the  Canadian Arctic,  and the
east coastal areas of Greenland.

4.    Discussion

Clearly,  it  is  difficult  to  directly  attribute  the  issues  of
the simulated snow depth over Arctic sea ice identified here
to  specific  model  features  without  fully  investigating  each
individual  model  in  detail,  since  a  range  of  physical  pro-
cesses  can  influence  the  simulation  of  snow  depth  in
coupled climate models. This is particularly true when com-
paring models that employ different physical parameteriza-
tions, resolutions, and numerical methods. Here, we discuss
possible  causes  of  the  issues  of  the  simulated  snow  depth
for some models based on the same family of models with
comparable  configurations. Tables  2 and 3 provide  details

 

 

Fig.  7.  Spatial  pattern  of  interannual  variability  of  annual  mean  snow depth  for  1993–2014  derived  from (a)  SD-
LZ19 and (b) the MMM of 31 CMIP6 models.
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Fig. 8. Spatial pattern of the interannual variability of annual mean snow depth for 1993–2014 derived from each individual
model.
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on different resolutions and versions of components among
the same family of models.

(a)  The  BCC  model  family  includes  BCC-CSM2-MR
and BCC-ESM1. The major differences between the two mod-
els include that (1) BCC-CSM2-MR has a higher spatial and
vertical  resolution  for  the  atmospheric  and  land  surface
model components than those of BCC-ESM1, and (2) BCC-
ESM1  includes  an  atmospheric  chemistry  model  of  BCC-
AGCM3-Chem while  BCC-CSM2-MR does  not  (Table  3).
Both  models  greatly  underestimate  the  Arctic-wide  aver-
aged  snow  depth  against  SD-LZ19,  although  BCC-CSM2-
MR  has  thicker  snow  than  that  of  BCC-ESM1  (Table  2).
BCC-CSM2-MR produces interannual variability that is sim-
ilar  to the observation,  whereas BCC-ESM1 shows weaker
interannual  variability.  Both  models  greatly  underestimate
the observed decreasing rate of snow depth, although BCC-
CSM2-MR has  a  greater  negative  trend  than  that  of  BCC-
ESM1 (Table  2).  Thus,  the  utilization  of  fine  resolution  in
the atmospheric and land surface model might be helpful for
reducing  the  thin  snow  bias,  strengthening  the  interannual
variability, and enhancing the decline of snow depth for the
BCC model, although more investigation is needed to under-
stand  the  effect  of  the  inclusion  of  the  atmospheric  chem-
istry model on snow depth simulation by the BCC models.

(b)  The  CESM2  model  family  includes  CESM2,
CESM2-FV2,  CESM2-WACCM,  and  CESM2-WACCM-
FV2, with the same spatial resolution for the ocean and sea-
ice model components. Here, we consider the simulation by
CESM2 as the benchmark and compare the other three ver-
sions  against  CESM2.  For  the  Arctic-wide  averaged  snow
depth, as shown in Table 2, CEMS2 simulates substantially
thinner  snow,  weaker  interannual  variability,  and  a  relat-
ively larger decreasing trend than those of the observation.
CESM2-FV2 uses  a  coarser  resolution  for  the  atmospheric
and  land  surface  model  components  relative  to  CESM2.
This  change leads  to  increased  Arctic-wide  averaged snow
depth,  enhanced  interannual  variability,  and  a  slightly
greater  decreasing  trend.  Compared  to  CESM2,  CESM2-

WACCM  has  enhanced  vertical  resolution  in  the  strato-
sphere  and  mesosphere  and  incorporates  interactive  strato-
spheric  chemistry,  and  gravity  wave  parameterizations  in
the  upper  atmosphere.  These  features  give  this  model  a
much-improved representation of the stratosphere than low-
top  models.  These  changes  also  lead  to  increased  Arctic-
wide  averaged  snow  depth  and  a  much  greater  decreasing
trend,  but  no  change  in  interannual  variability.  Together,
CESM2-WACCM-FV2 leads to the largest increase in snow
depth,  no  change  in  interannual  variability,  and  a  slightly
reduced decreasing trend. Thus, both the coarser resolution
in  the  atmospheric  model  and  the  high-top  atmosphere
model  help  reduce  the  thin  snow  bias.  The  coarser  atmo-
spheric resolution tends to enhance the interannual variabil-
ity of snow depth,  whereas the high-top atmosphere model
tends to accelerate the decrease in snow depth.

(c)  The  E3SM  model  family  consists  of  E3SM-1-0,
E3SM-1-1, and E3SM-1-1-ECA. We consider E3SM-1-0 as
the  benchmark  and  compare  the  other  two  against  it.
Besides  the  newer  version  of  model  components  used  by
E3SM-1-1 compared to E3SM-1-0 (see details in Table 3),
E3SM-1-1 adds  active  biogeochemistry  in  the  land surface
model  component  and  oceanographic  biogeochemistry
model component. All these changes result in thicker snow
depth than that of E3SM-1-0, which substantially underestim-
ates  the Arctic-wide averaged snow depth compared to the
observation. However, E3SM-1-1 leads to a reduced interan-
nual  variability  and  slower  thinning  rate  than  those  of
E3SM-1-0. Therefore, the inclusion of biogeochemistry pro-
cesses  in  both  the  ocean  and  land  surface  model  compon-
ents can reduce the thin snow bias, and it tends to diminish
the  interannual  variability  and  decelerate  the  reductions  in
snow  depth.  Regarding  E3SM-1-1-ECA,  its  active  biogeo-
chemistry scheme uses the Equilibrium Chemistry Approxim-
ation (ECA) to  represent  carbon,  nitrogen,  and phosphorus
cycles  in  the land surface model  component,  while  E3SM-
1-1 uses the Converging Trophic Cascade. E3SM-1-1-ECA
has  thicker  snow,  a  slightly  larger  interannual  variability,

 

 

Fig. 9. Spatial pattern of the snow depth linear trend for 1993–2014 derived from (a) SD-LZ19 and (b) the MMM of
31 CMIP6 models.
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Fig. 10. Spatial pattern of the snow depth linear trend for 1993–2014 derived from each individual model.
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and a faster thinning rate than E3SM-1-1 as well as E3SM-
1-0. Therefore, the employment of ECA tends to reduce the
thin snow bias, enhance interannual variability, and acceler-
ate  the  decrease  in  snow  depth.  Note  that  the  effects  of
enhancement of interannual variability and the acceleration
of the thinning snow brought by the application of ECA in
E3SM-1-1-ECA  are  stronger  than  those  opposite  effects
brought  by  the  inclusion  of  biogeochemistry  processes  in
both  the  ocean  and  land  surface  model  components  in
E3SM-1-1.

(d)  The  EC-Earth  model  family  consists  of  EC-Earth3
and  EC-Earth3-Veg.  The  only  difference  between  the  two
models  is  that  EC-Earth3-Veg  adds  a  dynamic  vegetation

model (LPJ-GUESS version 4) in the land surface model com-
ponent  (Table  3).  Both  models  underestimate  the  Arctic-
wide averaged snow depth against SD-LZ19, although EC-
Earth3  has  larger  snow depth  than  that  of  EC-Earth3-Veg.
EC-Earth3-Veg  also  has  a  smaller  interannual  variability
and slower decreasing trend than those of EC-Earth3. There-
fore, the dynamic vegetation model used by EC-Earth3-Veg
tends to worsen the thin snow bias, decrease the interannual
variability,  and  improve  the  trend  by  substantially  slowing
the decrease. It also changes the spatial pattern of the snow
depth  trend.  EC-Earth3-Veg shows that  snow depth  with  a
statistically  significant  decreasing  trend  mainly  concen-
trates in the north of the Beaufort Sea and the Canadian Arc-
tic, while EC-Earth3 showing the thinning snow in the north
of Greenland and the Barents Sea, and east coastal areas of
Greenland (Fig. 10).

(e)  The  GFDL  model  family  consists  of  GFDL-CM4
and  GFDL-ESM4.  GFDL-CM4  has  33  levels  in  the  atmo-
sphere, fast chemistry for aerosol only with 21 tracers, and
BLINGv2  oceanographic  biogeochemistry  with  6  tracers,
whereas GFDL-ESM4 has 49 levels, full atmospheric chem-
istry with 103 tracers, and COBOLTv2 oceanographic biogeo-
chemistry  with  30 tracers.  Additionally,  GFDL-CM4 has  a
higher  resolution  for  the  ocean  and  sea-ice  models  than
GFDL-ESM4 (see Table 3 for details). They both underestim-
ate the Arctic-wide averaged snow depth against the observa-
tion.  However,  GFDL-CM4  has  thicker  snow  depth  than
GFDL-ESM4.  Also,  GFDL-CM4 simulates  higher  interan-
nual variability than GFDL-ESM4. It suggests that the applic-
ation of a finer resolution of 25 km by GFDL-CM4 can pos-
sibly reduce the thin snow bias and enhance the interannual
variability.  It  is  worth  noting  that  GFDL-CM4  reproduces
more features of the spatial pattern of the trend recorded by
SD-LZ19  than  GFDL-ESM4,  even  though  they  have  the

 

 

Fig.  11.  Seasonal  cycle  of  snow depth  over  Arctic  sea  ice  under  the  (a)  SSP2-4.5  and (b)  SSP5-8.5  scenario.  The
thick  blue  and  red  lines  represent  the  seasonal  cycle  of  snow  depth  for  the  MMM  during  2030–49  and  2080–99,
respectively.  The  shaded  areas  represent  the  uncertainty  in  the  future  projections  as  quantified  by  1  std  of  the
seasonal cycle among the projections produced by 21 CMIP6 models.

 

Fig.  12.  Time  series  of  annual  mean  snow  depth  over  Arctic
sea ice  for  the MMM from 2015 to  2099 under  the SSP2-4.5
(blue)  and  SSP5-8.5  (red)  scenarios.  The  shaded  areas
represent the uncertainty in the future projections as quantified
by 1 std of the time series projections produced by 21 CMIP6
models.
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same  values  of  the  trend  for  Arctic-wide  averaged  snow.
The  belt  area  over  the  Beaufort  Sea  with  thickening  snow
and the eastern central Arctic that is dominated by thinning
snow  from  1993  to  2014  are  reproduced  by  GFDL-CM4
(Fig. 10).

(f)  The  MPI-ESM  model  family  consists  of  MPI-
ESM1-2-LR,  MPI-ESM1-2-HR,  and  MPI-ESM-1-2-HAM.
We consider MPI-ESM1-2-LR as the benchmark and com-
pare the other two against it. MPI-ESM1-2-HR has a finer res-
olution  of  100  km  for  the  atmospheric  and  land  surface
model  components  and  50  km  for  the  ocean  and  sea-ice
model components, while MPI-ESM1-2-LR uses 250 km con-
sistently  (see  details  in Tables  2 and 3).  MPI-ESM1-2-LR
and  MPI-ESM1-2-HR  have  similar  Arctic-wide  averaged
snow depths,  which  are  substantially  smaller  than  those  of
SD-LZ19.  They also have the same interannual  variability,
which is much smaller than that of SD-LZ19. However, the
trend  simulated  by  MPI-ESM1-2-HR  is  much  larger  than
that  of  MPI-ESM1-2-LR  as  well  as  SD-LZ19.  It  suggests

that the application of the finer resolution by MPI-ESM1-2-
HR tends  to  accelerate  the  decreases  of  snow substantially
while showing small effects on snow depth and interannual
variability. MPI-ESM-1-2-HAM uses the same resolution as
MPI-ESM1-2-LR.  However,  MPI-ESM-1-2-HAM includes
the  sulfur  chemistry  processes  in  the  atmosphere  and  adds
HAM2.3 as  the  aerosol  scheme.  Compared to  MPI-ESM1-
2-LR, MPI-ESM-1-2-HAM has larger snow depth, a higher
interannual variability, and a slower thinning rate. However,
as shown in Fig. 10, the smaller thinning rate is mainly due
to the cancellation effect of the large increasing trend extend-
ing from the Beaufort Sea to the East Siberian Sea, which is
not  recorded  by  SD-LZ19.  Therefore,  it  suggests  that  the
inclusion  of  the  aerosol  and  sulfur  chemistry  processes  in
the  atmospheric  model  can  possibly  reduce  the  thin  snow
bias and enhance the interannual variability.

(g)  The  NorESM model  family  consists  of  NorESM2-
LM,  NorESM2-MM,  and  NorCPM1.  We  consider
NorESM2-LM as the benchmark. NorESM2-MM has much

 

 

Fig. 13. Changes in the climatology of annual mean snow depth (cm) for the MMM under the (a, b) SSP2-4.5 and (c,
d)  SSP5-8.5  scenario  during  (a,  c)  2030–49  and  (b,  d)  2080–99  compared  to  the  historical  simulation  during
1993–2014.
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thicker  Arctic-wide  averaged  snow  than  NorESM2-LM,
even though they both underestimate the snow depth against
SD-LZ19.  NorESM2-MM  has  similar  interannual  variabil-
ity  and  a  much  smaller  thinning  rate  compared  to
NorESM2-LM. It suggests that the application of the fine res-
olution in the atmospheric and land surface model compon-
ents  by  NorESM2-MM tends  to  reduce  the  thin  snow bias
and  decelerate  the  reductions  in  snow  depth.  Note  that,  as
shown in Fig.  10,  NorESM2-LM and NorESM2-MM have
distinct spatial patterns of the trend, especially for the areas
around the periphery of the Arctic Basin extending from the
east  coastal  areas  of  Greenland  to  the  East  Siberian  Sea.
Regarding  NorCPM1,  which  is  built  on  the  previous  ver-
sion  of  NorESM  (NorESM1)  employed  by  CMIP5  with
some  modifications  and  updates,  it  is  apparent  that  Nor-
CPM1 highly overestimates the snow depth, interannual vari-

ability and thinning trend of snow. From the other perspect-
ive, the differences between NorCPM1 and NorESM2-LM,
i.e., more realistic simulations of snow depth, interannual vari-
ability,  and  trend  by  NorESM2-LM,  can  be  considered  as
the improvements made by the latest NorESM employed by
CMIP6 against the previous version of NorESM.

Although models may have biases in snow depth simula-
tions, they all seem to have similar seasonal cycles in terms
of  the  shape,  which  is  different  from  the  one  reflected  by
SD-LZ19 and SD-UB AMSR2, especially for the period of
January–May  (Fig.  2).  Given  these  consistent  snow  depth
biases in the seasonal cycle simulated by all the model candid-
ates, a coordinated climate model experiment might help to
understand  the  causes  of  this  issue.  Some  possible  causes
include microphysics parameterizations,  heat transport pro-
cesses  between  the  ocean,  ice,  snow  and  atmosphere,  and

Table 3.   Different configurations of model components for selected CMIP6 models in the same family.

Model family Name Differences in model components

BCC BCC-CSM2-MR Atmos: BCC_AGCM3_MR (T106; 320 × 160 lon/lat; 46 levels; top level 1.46 hPa)
BCC-ESM1 Atmos: BCC_AGCM3_LR (T42; 128 × 64 lon/lat; 26 levels; top level 2.19 hPa);

AtmosChem: BCC-AGCM3-Chem
CESM2 CESM2 Atmos: CAM6 (0.9 × 1.25 finite volume grid; 288 × 192 lon/lat; 32 levels; top level 2.25 hPa)

CESM2-FV2 Atmos: CAM6 (1.9 × 2.5 finite volume grid; 144 × 96 lon/lat; 32 levels; top level 2.25 hPa)
CESM2-WACCM Atmos: WACCM6 (0.9 × 1.25 finite volume grid; 288 × 192 lon/lat; 70 levels; top level

4.5e-06 hPa);
CESM2-WACCM-FV2 Atmos: WACCM6 (1.9 × 2.5 finite volume grid; 144 × 96 lon/lat; 70 levels; top level

4.5e-06 hPa)
E3SM E3SM-1-0 Atmos: EAM (v1.0); Land: ELM (v1.0), MOSART (v1.0)

E3SM-1-1 Atmos: EAM (V1.1); Land: ELM (V1.1) with active biogeochemistry using the Converging
Trophic Cascade plant; ocnBgchem: BEC (biogeochemical Elemental Cycling model)

E3SM-1-1-ECA Atmos: EAM (V1.1); Land: ELM (V1.1) with active biogeochemistry using the Equilibrium
Chemistry Approximation to represent plant; ocnBgchem: BEC

EC-Earth EC-Earth3 Land: HTESSEL
EC-Earth3-Veg Land: HTESSEL and LPJ-GUESS v4

GFDL GFDL-CM4 Atmos: GFDL-AM4.0.1 (33 levels; top level 1 hPa); AtmosChem: Fast chemistry, aerosol
only; Land: GFDL-LM4.0.1; OcnBgchem: GFDL-BLINGv2; Resolution: ocean: 25 km; sea
ice: 25 km

GFDL-ESM4 Atmos: GFDL-AM4.1 (49 levels; top level 1 hPa); AtmosChem: GFDL-ATMCHEM4.1 (full
atmospheric chemistry); Land: GFDL-LM4.1; OcnBgchem: GFDL-COBALTv2; Resolution:
ocean: 50 km; sea ice: 50 km.

MPI-ESM MPI-ESM1-2-LR Aerosol: none, prescribed MACv2-SP; Atmos: ECHAM6.3 (spectral T63; 192 × 96 lon/lat;
47 levels; top level 0.01 hPa); Ocean: MPIOM1.63 (bipolar GR1.5, approximately 1.5°; 256
× 220 lon/lat)

MPI-ESM1-2-HR Aerosol: none, prescribed MACv2-SP; Atmos: ECHAM6.3 (spectral T127; 384 × 192 lon/lat;
95 levels; top level 0.01 hPa); Ocean: MPIOM1.63 (tripolar TP04, approximately 0.4°; 802 ×
404 lon/lat)

MPI-ESM-1-2-HAM Aerosol: HAM2.3; Atmos: ECHAM6.3 (spectral T63; 192 × 96 lon/lat; 47 levels; top level
0.01 hPa); AtmosChem: Sulfur chemistry; Ocean: MPIOM1.63 (bipolar GR1.5,
approximately 1.5°; 256 × 220 lon/lat)

NorESM NorESM2-LM Atmos: CAM-OSLO6 (2° resolution; 144 × 96 lon/lat; 32 levels; top level 3 hPa); Land:
CLM5; Ocean: updated MICOM (1° resolution; 360 × 384 lon/lat; 70 levels; top grid cell
minimum 0–2.5 m); Sea ice: CICE5

NorESM2-MM Atmos: CAM-OSLO6 (1° resolution; 288 × 192 lon/lat; 32 levels; top level 3 hPa); Land:
CLM5; Ocean: updated MICOM (1° resolution; 360 × 384 lon/lat; 70 levels; top grid cell
minimum 0–2.5 m); Sea ice: CICE5

NorCPM1 Atmos: CAM-OSLO4.1 (2° resolution; 144 × 96 lon/lat; 26 levels; top level ~2 hPa); Land:
CLM4; Ocean: MICOM1.1 (1° resolution; 320 × 384 lon/lat; 53 levels; top grid cell 0-2.5 m);
Sea ice: CICE4

Notes: Atmos, AtmosChem and OcnBgchem represent the atmospheric model, atmospheric chemistry model, and oceanographic biogeochemistry
model, respectively.
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dynamics  processes  associated  with  the  changes  in  snow
depth.

5.    Conclusions

This study provides a snapshot of to what extent the cur-
rent state-of-the-art coupled global climate models can cap-
ture  the  satellite-based  snow  depth  over  Arctic  sea  ice  for
the  period of  1993–2014 from the  perspectives  of  climato-
logy,  interannual  variability,  and  trend.  We  also  examine
how snow depth over Arctic sea ice may change from 2015
to 2099 under the SSP2-4.5 and SSP5-8.5 scenarios.

Our  results  show that,  overall,  the  CMIP6 models  can
reproduce some aspects of the observed snow depth climato-
logy and variability: (1) No single model simulates an interan-
nual variability exceeding the 1.5 interquartile range and the
observed interannual variability,  which is 1.2 cm, is within
the range of the simulations by the CMIP6 models. A total
of  13  out  of  31  models  have  an  interannual  variability
within 1 std of the observed one. (2) All the models show neg-
ative  trends  of  snow  depth  during  1993–2014  and  the
observed trend [−1.3 cm (10 yr)−1] is within the range of the
simulations.  The  MMM  shows  a  similar  thinning  rate  of
−1.2 cm (10 yr)−1. A total of 27 out of 31 models have an Arc-
tic-wide  averaged  annual  mean  snow  depth  linear  trend
within 1 std of the observed one. (3) Both the observed and
simulated snow depth minimum occurs in August. (5) Sim-
ilar  to  the  spatial  distribution  of  the  observed  snow  depth
trend, the MMM shows that snow depth in the Arctic is dom-
inated by a negative tendency and the thinning is strongest
in the central Arctic.

However,  substantial  spatiotemporal  discrepancies  are
identified:  (1)  SD-LZ19  indicates  that  the  thickest  snow
occurs in March, while in the MMM it occurs in May, sug-
gesting  a  late  seasonal  maximum  snow  depth  by  two
months  in  the  models.  (2)  The  observed  snow  depth  min-
imum (SD-LZ19) is 7.3 cm, while in the MMM it is only 1 cm,
suggesting  a  remarkable  thin  bias  for  seasonal  snow  min-
imum  simulation,  and  an  incorrect  transition  from  the
growth to decay period. (3) SD-LZ19 shows that the accumu-
lation  of  snow  is  from  August  to  December  and  tends  to
grow  very  slowly  to  the  succeeding  March.  After  that,  it
decreases until August. However, the MMM shows that the
snow continues to accumulate until the succeeding May, sug-
gesting  a  two-month  longer  growth  period  in  CMIP6.  (4)
Most models greatly underestimate the interannual variabil-
ity  for  snow  depth  over  HF-MYI  while  overestimating  it
over  HF-FYI.  (5)  The  observed  thinning  snow  tendency
over  HF-MYI is  underestimated by most  models.  (6)  Most
models cannot reproduce the observed snow depth gradient
from the north of Greenland and the Canadian Arctic to the
central Arctic and the outer areas due to the great underestima-
tion  of  thick  snow over  HF-MYI.  (7)  Most  models  cannot
reproduce the largest thinning rate in the central Arctic. Com-
pared  to  the  observed  trend,  the  thinning  rate  indicated  by
the  MMM  is  smaller,  and  only  scattered  areas  are  con-

sidered  as  statistically  significant  and  in  agreement  across
the models in terms of the direction of changes.

Future projections suggest that snow in the Arctic is dom-
inated by a negative tendency from 2015 to 2099. The declin-
ing  rate  of  snow depth  is  larger  [−1.1  cm (10  yr)−1]  under
the SSP5-8.5 scenario, which maintains until the end of the
21st  century,  than  that  of  the  SSP2-4.5  scenario  [−0.6  cm
(10 yr)−1],  in  which snow stops thinning in the mid-2080s.
Compared  to  the  historical  period  of  1993–2014,  snow
depth  during  2080–99  decreases  by  12.7  cm  under  the
SSP5-8.5  scenario,  and  the  Arctic  becomes  nearly  snow-
free  during  the  summer  and  fall  and  the  accumulation  of
snow  only  starts  from  January.  Under  the  SSP2-4.5  scen-
ario, the decrease in snow is smaller (7.4 cm), and snow can
still  exist  in  early  summer  (June)  and  starts  to  accumulate
from  November,  which  is  two  months  earlier  than  in  the
SSP5-8.5 scenario.

Given the substantial spatiotemporal discrepancies in sim-
ulating snow depth over Arctic sea ice during 1993–2014, fur-
ther  efforts  are  needed to improve the associated capabilit-
ies  of  the  CMIP6  models.  To  facilitate  this  effort,  in  this
study, we briefly discuss possible causes of the issues of the
simulated  snow depth  for  some models  based  on  the  same
family of models, which may provide useful information to
the modelers. In this way, we can be confident in our conclu-
sions as to whether or not greenhouse gas forcing is the dom-
inant player in recent amplified warming in the Arctic. Like-
wise,  the  uncertainties  in  the  projections  of  future  climate
change can be greatly reduced.

Acknowledgements.      This  research  was  supported  by  the
NOAA Climate  Program Office  (Grant  No.  NA15OAR4310163),
the  National  Key  R&D  Program  of  China  (Grant  Nos.
2018YFA0605904 and 2018YFA0605901), and the National Nat-
ural  Science  Foundation  of  China  (Grant  No.  41676185).  We
thank  the  two  anonymous  reviewers  for  their  comments,  which
helped improve and clarify this manuscript.

REFERENCES
 

Alou-Font, E., C.-J. Mundy, S. Roy, M. Gosselin, and S. Agustí,
2013:  Snow cover  affects  ice  algal  pigment  composition  in
the coastal Arctic Ocean during spring. Marine Ecology Pro-
gress  Series, 474,  89−104, https://doi.org/10.3354/meps
10107.

 

Blazey,  B.  A.,  M.  M.  Holland,  and  E.  C.  Hunke,  2013:  Arctic
Ocean sea ice snow depth evaluation and bias sensitivity in
CCSM. The  Cryosphere, 7,  1887−1900, https://doi.org/10.
5194/tc-7-1887-2013.

 

Bliss, A. C., and M. R. Anderson, 2018: Arctic sea ice melt onset
timing from passive microwave-based and surface air temper-
ature-based  methods. J.  Geophys.  Res., 123,  9063−9080,
https://doi.org/10.1029/2018JD028676.

 

Eicken, H., T. C. Grenfell, D. K. Perovich, J. A. Richter-Menge,
and K. Frey, 2004: Hydraulic controls of summer Arctic pack
ice  albedo. J.  Geophys.  Res., 109,  C08007, https://doi.org/
10.1029/2003JC001989.

 

Eyring, V., S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J.

184 SNOW DEPTH ARCTIC SEA ICE CMIP6 SATELLITE FUTURE VOLUME 38

 

  

https://doi.org/10.3354/meps10107
https://doi.org/10.3354/meps10107
https://doi.org/10.5194/tc-7-1887-2013
https://doi.org/10.5194/tc-7-1887-2013
https://doi.org/10.1029/2018JD028676
https://doi.org/10.1029/2003JC001989
https://doi.org/10.1029/2003JC001989
https://doi.org/10.3354/meps10107
https://doi.org/10.3354/meps10107
https://doi.org/10.5194/tc-7-1887-2013
https://doi.org/10.5194/tc-7-1887-2013
https://doi.org/10.1029/2018JD028676
https://doi.org/10.1029/2003JC001989
https://doi.org/10.1029/2003JC001989


Stouffer,  and K. E. Taylor, 2016: Overview of the Coupled
Model  Intercomparison  Project  Phase  6(CMIP6)  experi-
mental design and organization. Geoscientific Model Develop-
ment, 9,  1937−1958, https://doi.org/10.5194/gmd-9-1937-
2016. 

Gent, P. R., and Coauthors, 2011: The community climate system
model version 4. J. Climate, 24, 4973−4991, https://doi.org/
10.1029/2010JC006243. 

Gidden, M. J.,  and Coauthors, 2019: Global emissions pathways
under  different  socioeconomic scenarios  for  use  in  CMIP6:
A  dataset  of  harmonized  emissions  trajectories  through  the
end  of  the  century. Geoscientific  Model  Development, 12,
1443−1475, https://doi.org/10.5194/gmd-12-1443-2019. 

Haas, C., D. N. Thomas, and J. Bareiss, 2001: Surface properties
and processes of perennial Antarctic sea ice in summer. J. Gla-
ciol., 47,  613−625, https://doi.org/10.3189/1727565017818
31864. 

Hezel, P. J., X. Zhang, C. M. Bitz, B. P. Kelly, and F. Massonnet,
2012: Projected decline in spring snow depth on Arctic sea
ice  caused  by  progressively  later  autumn  open  ocean
freeze‐ up  this  century. Geophys.  Res.  Lett., 39,  L17505,
https://doi.org/10.1029/2012GL052794. 

Holland, M. M., and L. Landrum, 2015: Factors affecting projec-
ted  Arctic  surface  shortwave  heating  and  albedo  change  in
coupled  climate  models. Philosophical  Transactions  of  the
Royal Society A: Mathematical, Physical and Engineering Sci-
ences, 373,  20140162, https://doi.org/10.1098/rsta.2014.
0162. 

Jeffries, M. O., H. R. Krouse, B. Hurst-Cushing, and T. Maksym,
2001:  Snow-ice  accretion  and  snow-cover  depletion  on
Antarctic  first-year  sea-ice  floes. Annals  of  Glaciology, 33,
51−60, https://doi.org/10.3189/172756401781818266. 

Kawamura, T., K. I. Ohshima, T. Takizawa, and S. Ushio, 1997:
Physical,  structural,  and isotopic  characteristics  and growth
processes of fast sea ice in Lützow-Holm Bay, Antarctica. J.
Geophys.  Res., 102,  3345−3355, https://doi.org/10.1029/
96JC03206. 

Kwok, R., B. Panzer, C. Leuschen, S. Pang, T. Markus, B. Holt,
and S. Gogineni, 2011: Airborne surveys of snow depth over
Arctic sea ice. J. Geophys. Res., 116, C11018, https://doi.org/
10.1029/2011JC007371. 

Ledley, T. S., 1991: Snow on sea ice: Competing effects in shap-
ing  climate. J.  Geophys.  Res., 96,  1  7195−1  7208,
https://doi.org/10.1029/91JD01439. 

Ledley, T. S., 1993: Variations in snow on sea ice: A mechanism
for  producing  climate  variations. J.  Geophys.  Res., 98,  10
401−10 410, https://doi.org/10.1029/93JD00316. 

Leppäranta,  M.,  1983:  A  growth  model  for  black  ice,  snow  ice
and  snow  thickness  in  subarctic  basins. Hydrology
Research, 14, 59−70, https://doi.org/10.2166/nh.1983.0006. 

Light,  B.,  S.  Dickinson,  D.  K.  Perovich,  and  M.  M.  Holland,
2015: Evolution of summer Arctic sea ice albedo in CCSM4
simulations:  Episodic  summer  snowfall  and  frozen  sum-
mers. J.  Geophys.  Res., 120,  284−303, https://doi.org/10.
1002/2014JC010149. 

Liu, J. P., Y. Y. Zhang, X. Cheng, and Y. Y. Hu, 2019: Retrieval
of  snow  depth  over  arctic  sea  ice  using  a  deep  neural  net-
work. Remote  Sensing, 11,  2864, https://doi.org/10.3390/
rs11232864. 

Lund-Hansen, L. C., I. Hawes, M. Holtegaard Nielsen, I. Dahllöf,
and B.  K.  Sorrell,  2018:  Summer  meltwater  and spring  sea
ice primary production, light climate and nutrients in an Arc-

tic  estuary,  Kangerlussuaq,  west  Greenland. Arctic,  Antarc-
tic,  and  Alpine  Research, 50,  S100025, https://doi.org/10.
1080/15230430.2017.1414468. 

Maksym,  T.,  and  T.  Markus,  2008:  Antarctic  sea  ice  thickness
and snow-to-ice conversion from atmospheric reanalysis and
passive  microwave  snow  depth. J.  Geophys.  Res., 113,
C02S12, https://doi.org/10.1029/2006JC004085. 

Markus, T., J. C. Stroeve, and J. Miller, 2009: Recent changes in
Arctic sea ice melt onset,  freezeup, and melt season length.
J.  Geophys.  Res., 114,  C12024, https://doi.org/10.1029/
2009JC005436. 

Maslanik, J., J. Stroeve, C. Fowler, and W. Emery, 2011: Distribu-
tion and trends in Arctic sea ice age through spring 2011. Geo-
phys.  Res.  Lett., 38,  L13502, https://doi.org/10.1029/2011
GL047735. 

Massom, R. A., and Coauthors, 2001: Snow on Antarctic sea ice.
Rev.  Geophys., 39,  413−445, https://doi.org/10.1029/2000
RG000085. 

Maykut,  G.  A.,  and  N.  Untersteiner,  1971:  Some  results  from a
time-dependent  thermodynamic  model  of  sea  ice. J.  Geo-
phys.  Res., 76,  1550−1575, https://doi.org/10.1029/JC076i
006p01550. 

Maykut, G. A., 1978: Energy exchange over young sea ice in the
central  Arctic. J.  Geophys.  Res., 83,  3646−3658,
https://doi.org/10.1029/JC083iC07p03646. 

Merkouriadi,  I.,  G.  E.  Liston,  R.  M.  Graham,  and  M.  A.
Granskog,  2020:  Quantifying  the  potential  for  snow‐ ice
formation  in  the  Arctic  Ocean. Geophys.  Res.  Lett., 47,
e2019GL085020, https://doi.org/10.1029/2019GL085020. 

Nghiem, S. V., I. G. Rigor, D. K. Perovich, P. Clemente‐Colón,
J. W. Weatherly, and G. Neumann, 2007: Rapid reduction of
Arctic  perennial  sea  ice. Geophys.  Res.  Lett., 34,  L19504,
https://doi.org/10.1029/2007GL031138. 

Notz, D., A. Jahn, M. Holland, E. Hunke, F. Massonnet, J. Stro-
eve, B. Tremblay, and M. Vancoppenolle, 2016: The CMIP6
Sea-Ice Model Intercomparison Project (SIMIP): Understand-
ing sea ice through climate-model simulations. Geoscientific
Model Development, 9,  3427−3446, https://doi.org/10.5194/
gmd-9-3427-2016. 

O’Neill, B. C., and Coauthors, 2016: The scenario model intercom-
parison  project  (ScenarioMIP)  for  CMIP6. Geoscientific
Model Development, 9,  3461−3482, https://doi.org/10.5194/
gmd-9-3461-2016. 

Perovich, D., C. Polashenski, A. Arntsen, and C. Stwertka, 2017:
Anatomy of a late spring snowfall on sea ice. Geophys. Res.
Lett., 44,  2802−2809, https://doi.org/10.1002/2016GL07
1470. 

Perovich, D. K., T. C. Grenfell, B. Light, and P. V. Hobbs, 2002:
Seasonal evolution of the albedo of multiyear Arctic sea ice.
J. Geophys. Res., 107, 8044, https://doi.org/10.1029/2000JC
000438. 

Petrich,  C.,  H.  Eicken,  C.  M.  Polashenski,  M.  Sturm,  J.  P.  Har-
beck,  D.  K.  Perovich,  and  D.  C.  Finnegan,  2012:  Snow
dunes: A controlling factor of melt pond distribution on Arc-
tic  sea  ice. J.  Geophys.  Res., 117,  C09029, https://doi.org/
10.1029/2012JC008192. 

Polashenski, C., D. Perovich, and Z. Courville, 2012: The mechan-
isms of sea ice melt  pond formation and evolution. J.  Geo-
phys.  Res., 117,  C01001, https://doi.org/10.1029/2011JC
007231. 

Polashenski,  C.,  K. M. Golden, D. K. Perovich, E. Skyllingstad,
A.  Arnsten,  C.  Stwertka,  and  N.  Wright,  2017:  Percolation

FEBRUARY 2021 CHEN ET AL. 185

 

  

https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1029/2010JC006243
https://doi.org/10.1029/2010JC006243
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.3189/172756501781831864
https://doi.org/10.3189/172756501781831864
https://doi.org/10.1029/2012GL052794
https://doi.org/10.1098/rsta.2014.0162
https://doi.org/10.1098/rsta.2014.0162
https://doi.org/10.3189/172756401781818266
https://doi.org/10.1029/96JC03206
https://doi.org/10.1029/96JC03206
https://doi.org/10.1029/2011JC007371
https://doi.org/10.1029/2011JC007371
https://doi.org/10.1029/91JD01439
https://doi.org/10.1029/93JD00316
https://doi.org/10.2166/nh.1983.0006
https://doi.org/10.1002/2014JC010149
https://doi.org/10.1002/2014JC010149
https://doi.org/10.3390/rs11232864
https://doi.org/10.3390/rs11232864
https://doi.org/10.1080/15230430.2017.1414468
https://doi.org/10.1080/15230430.2017.1414468
https://doi.org/10.1029/2006JC004085
https://doi.org/10.1029/2009JC005436
https://doi.org/10.1029/2009JC005436
https://doi.org/10.1029/2011GL047735
https://doi.org/10.1029/2011GL047735
https://doi.org/10.1029/2000RG000085
https://doi.org/10.1029/2000RG000085
https://doi.org/10.1029/JC076i006p01550
https://doi.org/10.1029/JC076i006p01550
https://doi.org/10.1029/JC083iC07p03646
https://doi.org/10.1029/2019GL085020
https://doi.org/10.1029/2007GL031138
https://doi.org/10.5194/gmd-9-3427-2016
https://doi.org/10.5194/gmd-9-3427-2016
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1002/2016GL071470
https://doi.org/10.1002/2016GL071470
https://doi.org/10.1029/2000JC000438
https://doi.org/10.1029/2000JC000438
https://doi.org/10.1029/2012JC008192
https://doi.org/10.1029/2012JC008192
https://doi.org/10.1029/2011JC007231
https://doi.org/10.1029/2011JC007231
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1029/2010JC006243
https://doi.org/10.1029/2010JC006243
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.3189/172756501781831864
https://doi.org/10.3189/172756501781831864
https://doi.org/10.1029/2012GL052794
https://doi.org/10.1098/rsta.2014.0162
https://doi.org/10.1098/rsta.2014.0162
https://doi.org/10.3189/172756401781818266
https://doi.org/10.1029/96JC03206
https://doi.org/10.1029/96JC03206
https://doi.org/10.1029/2011JC007371
https://doi.org/10.1029/2011JC007371
https://doi.org/10.1029/91JD01439
https://doi.org/10.1029/93JD00316
https://doi.org/10.2166/nh.1983.0006
https://doi.org/10.1002/2014JC010149
https://doi.org/10.1002/2014JC010149
https://doi.org/10.3390/rs11232864
https://doi.org/10.3390/rs11232864
https://doi.org/10.1080/15230430.2017.1414468
https://doi.org/10.1080/15230430.2017.1414468
https://doi.org/10.1029/2006JC004085
https://doi.org/10.1029/2009JC005436
https://doi.org/10.1029/2009JC005436
https://doi.org/10.1029/2011GL047735
https://doi.org/10.1029/2011GL047735
https://doi.org/10.1029/2000RG000085
https://doi.org/10.1029/2000RG000085
https://doi.org/10.1029/JC076i006p01550
https://doi.org/10.1029/JC076i006p01550
https://doi.org/10.1029/JC083iC07p03646
https://doi.org/10.1029/2019GL085020
https://doi.org/10.1029/2007GL031138
https://doi.org/10.5194/gmd-9-3427-2016
https://doi.org/10.5194/gmd-9-3427-2016
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1002/2016GL071470
https://doi.org/10.1002/2016GL071470
https://doi.org/10.1029/2000JC000438
https://doi.org/10.1029/2000JC000438
https://doi.org/10.1029/2012JC008192
https://doi.org/10.1029/2012JC008192
https://doi.org/10.1029/2011JC007231
https://doi.org/10.1029/2011JC007231


blockage:  A  process  that  enables  melt  pond  formation  on
first  year  Arctic  sea  ice. J.  Geophys.  Res., 122,  413−440,
https://doi.org/10.1002/2016JC011994. 

Rodionov,  S.  N.,  2004:  A  sequential  algorithm  for  testing  cli-
mate  regime  shifts. Geophys.  Res.  Lett., 31,  L09204,
https://doi.org/10.1029/2004GL019448. 

Rostosky, P., G. Spreen, S. L. Farrell, T. Frost, G. Heygster, and
C. Melsheimer, 2018: Snow depth retrieval on Arctic sea ice
from  passive  microwave  radiometers  -  improvements  and
extensions to multiyear ice using lower frequencies. J. Geo-
phys. Res., 123, 7120−7138, https://doi.org/10.1029/2018JC
014028. 

Sturm,  M.,  and R.  A.  Massom, 2010:  Snow on sea  ice. Sea ice.
2nd ed.,  D.  N.  Thomas and G.  S.  Dieckmann,  Eds.,  Black-
well, 153−204, https://doi.org/10.1002/9781444317145.ch5. 

Sturm, M., D. K. Perovich, and J. Holmgren, 2002: Thermal con-
ductivity and heat transfer through the snow on the ice of the
Beaufort  Sea. J.  Geophys.  Res., 107,  8043, https://doi.org/
10.1029/2000JC000409. 

Taylor,  K.  E.,  R.  J.  Stouffer,  and  G.  A.  Meehl,  2012:  An  over-
view of CMIP5 and the experiment design. Bull. Amer. Met-

eor.  Soc., 93,  485−498, https://doi.org/10.1175/BAMS-D-
11-00094.1. 

Tebaldi, C., J. M. Arblaster, and R. Knutti, 2011: Mapping model
agreement  on  future  climate  projections. Geophys.  Res.
Lett., 38, L23701, https://doi.org/10.1029/2011GL049863. 

Tschudi,  M.,  W.  N.  Meier,  J.  S.  Stewart,  C.  Fowler,  and  J.
Maslanik,  2019:  EASE-grid  sea  ice  age,  version  4.  [Avail-
able online from https://doi.org/10.5067/UTAV7490FEPB] 

Untersteiner, N., and F. I. Badgley, 1965: The roughness paramet-
ers of sea ice. J. Geophys. Res., 70, 4573−4577, https://doi.org/
10.1029/JZ070i018p04573. 

Warren, S. G., 1982: Optical properties of snow. Rev. Geophys.,
20, 67−89, https://doi.org/10.1029/RG020i001p00067. 

Warren, S. G., I. G. Rigor, N. Untersteiner, V. F. Radionov, N. N.
Bryazgin,  Y.  I.  Aleksandrov,  and  R.  Colony,  1999:  Snow
depth  on  Arctic  sea  ice. J.  Climate, 12,  1814−1829,
https://doi.org/10.1175/1520-0442(1999)012<1814:SDOASI>2.0.
CO;2. 

Webster, M., and Coauthors, 2018: Snow in the changing sea-ice
systems. Nature Climate Change, 8, 946−953, https://doi.org/
10.1038/s41558-018-0286-7.

186 SNOW DEPTH ARCTIC SEA ICE CMIP6 SATELLITE FUTURE VOLUME 38

 

  

https://doi.org/10.1002/2016JC011994
https://doi.org/10.1029/2004GL019448
https://doi.org/10.1029/2018JC014028
https://doi.org/10.1029/2018JC014028
https://doi.org/10.1002/9781444317145.ch5
https://doi.org/10.1029/2000JC000409
https://doi.org/10.1029/2000JC000409
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1029/2011GL049863
https://doi.org/10.5067/UTAV7490FEPB
https://doi.org/10.1029/JZ070i018p04573
https://doi.org/10.1029/JZ070i018p04573
https://doi.org/10.1029/RG020i001p00067
https://doi.org/10.1175/1520-0442(1999)012%3C1814:SDOASI%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1814:SDOASI%3E2.0.CO;2
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1002/2016JC011994
https://doi.org/10.1029/2004GL019448
https://doi.org/10.1029/2018JC014028
https://doi.org/10.1029/2018JC014028
https://doi.org/10.1002/9781444317145.ch5
https://doi.org/10.1029/2000JC000409
https://doi.org/10.1029/2000JC000409
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1029/2011GL049863
https://doi.org/10.5067/UTAV7490FEPB
https://doi.org/10.1029/JZ070i018p04573
https://doi.org/10.1029/JZ070i018p04573
https://doi.org/10.1029/RG020i001p00067
https://doi.org/10.1175/1520-0442(1999)012%3C1814:SDOASI%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1814:SDOASI%3E2.0.CO;2
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1002/2016JC011994
https://doi.org/10.1029/2004GL019448
https://doi.org/10.1029/2018JC014028
https://doi.org/10.1029/2018JC014028
https://doi.org/10.1002/9781444317145.ch5
https://doi.org/10.1029/2000JC000409
https://doi.org/10.1029/2000JC000409
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1029/2011GL049863
https://doi.org/10.5067/UTAV7490FEPB
https://doi.org/10.1029/JZ070i018p04573
https://doi.org/10.1029/JZ070i018p04573
https://doi.org/10.1029/RG020i001p00067
https://doi.org/10.1175/1520-0442(1999)012%3C1814:SDOASI%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1814:SDOASI%3E2.0.CO;2
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1038/s41558-018-0286-7



