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ABSTRACT

Most global climate models, such as CMIP5 models, ignore the falling ice
(snow) radiative effects (FIREs). Extended from our previous works, we explore the
impacts of FIREs on the geographical distribution changes of sea ice concentration
(SIC), sea ice thickness and skin temperature (Ts) under 1% per year increase of at-
mospheric CO, concentration. We perform a pair of 140-year experiments including
FIREs (SoN) and excluding FIREs (NoS) using CESM1-CAMS. These two simula-
tions are compared with each other and against CMIP5 multi-model mean without
FIREs (CMIP5-NoS). The results show that the changes of SIC, thickness and radia-
tion fields in NoS minus SoN largely match the changes between CMIP5-NoS and
SoN in winter but less so in summer and annual mean. Both NoS and CMIP5-NoS
simulate less downward longwave and net radiative warming (~20 - 30 W m?), re-
sulting in colder Ts over Arctic and adjacent lands (~5 - 8 K colder) and stronger me-
ridional temperature gradient, leading to more SIC and thicker sea ice (~30 - 40 cm)
over the Arctic ocean. The inclusion of FIREs produces stronger changes in geo-
graphic patterns and magnitudes of Ts, SIC and thickness from the first to middle 20
years but less from the middle to last 20 years. The SIC and thickness changes in SoN
are associated with warmer Ts, increasing downward surface longwave warming and
thus net warming relative to NoS and CMIP5-NoS. With FIREs, the model shows
faster warming-driven sea ice retreats and thinning over the entire Arctic ocean, re-
sulting in a sea ice-free Arctic ocean 30 years earlier, as well as much warmer Ts (up
to 5 K) over the adjacent lands than in NoS case.

1. INTRODUCTION

The Arctic oceans and adjacent lands are becoming
warmer (Boisvert and Stroeve 2015) along with melting sea
ice, land ice melting (Jacob et al. 2012; Kjeldsen et al. 2015)
and model projected land degradation of permafrost affect-
ing the structural integrity of infrastructure (Shiklomanov et
al. 2017). The melting Arctic sea ice results in more open
oceans that may decrease local surface albedo (Smith and
Stephenson 2013), affect energy and moisture exchanges
and radiation balance at the top of atmosphere (Tietsche
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et al. 2011; Bintanja and Selten 2014). The faster melt-
ing Arctic sea ice associated with rapidly warmed surface
and lower atmosphere has profound impacts on inhabitants
of the Arctic region and surround areas. For example, the
warmer Arctic and its adjacent areas reduce the meridional
and latitudinal temperature gradient weakening the upper-
level jets, resulting in more frequent extreme weather events
at mid-high latitudes (Francis and Vavrus 2012). However,
the causality between the Arctic changes and the jet-stream
and thereby influence weather patterns farther south is still
an open question (Barnes and Screen 2015).The sea ice ex-
tent minima in 2007 and 2012 are related to the rapid retreat
of Arctic sea ice due to the surface energy changes caused
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by anomalous cloud cover reduction resulting in sea ice
thickness thinning (Kay et al. 2008) and atmospheric and
oceanic circulation exporting sea ice to out of Arctic oceans
(Smedsrud et al. 2017).

To explore the above-mentioned sea ice variations,
global climate models (GCMs) such as those participated in
the fifth phase of Coupled Model Intercomparison Project
(CMIPS, Taylor et al. 2012) models are commonly used.
These models show that the observed sea ice retreating and
extreme low sea ice have been attributed to wind-driven sea
ice advection (Rigor and Wallace 2004), global warming
and natural variability (Kay et al. 2011; Kirchmeier-Young
etal.2017).

It is essential to understand the above-mentioned phys-
ical and dynamical processes that are responsible for sea
ice and adjacent land skin temperature changes for future
projections needed by policy decision makers. In particular,
it is critical to project the time for an “ice free” Arctic, if it
would occur, and the speed of sea ice melting under various
anthropogenic warming scenarios. So far, the projections
with GCMs are not yet reaching a general consensus (Mas-
sonnet et al. 2012; Stroeve et al. 2012). For example, under
anthropogenic warming scenario experiments projected in
CMIPS, the ice free time reported in Massonnet et al. (2012)
is in 2041 - 2060, while in Stroeve et al. (2012) it is sug-
gested that it would be in next few decades.

The lack of a general consensus may be related to accu-
rate representation of relevant physics. Li et al. (2019) high-
lighted the role of falling ice (snow) radiative effects (FIREs)
in simulating the time series of the Arctic sea ice variations.
The observed sea ice variations such as faster melting and
slower formations are not simulated by the multi-model-
mean (MMM) and most individual CMIP5 GCMs due to the
lack of FIREs. Over the Antarctic, Li et al. (2017) found
that the FIREs are more important for the winter seasons and
annual mean state in present-day scenario (historical run in
CMIPS5) mainly because with the inclusion of two third of
falling ice mass increases, the downward longwave heating
on the sea ice areas increases, which in turn restricts sea-ice
growth while there is no solar radiation during winter. Over
the Arctic, the wintertime sea ice extent might be restricted
by adjacent lands and thicker sea ice; i.e., the mean thickness
of 3 - 4 m compared to Antarctic of 2 - 3 m (Kwok and Cun-
ningham 2008; Kurtz and Markus 2012).

There are many studies using the CMIP5 model out-
put to examine projected sea ice changes and associated
physical-dynamical processes (e.g., Cesana et al. 2012,
2015; Karlsson and Svensson 2013; Koenigk et al. 2014;
Tan et al. 2016; Horvat and Tziperman 2018; Massonnet et
al. 2018). As a summary, sea ice changes could be affected
by complex physical-dynamical processes, for example, any
process that affects the baseline thickness leading to future
retreat, ocean eddy heat flux and cloud schemes that affect
surface radiation and temperature change, as well as treat-

ment of the mixed phase clouds. Differences in atmospheric,
ocean and sea ice components among CMIP5 models may
cause complex changes in sea ice. In this study, we will use
CMIPS outputs to determine whether differences in project-
ed sea ice can be detected between models with FIREs and
non-FIREs. We will focus on this physical process using
controlled Community Earth System Model version 1 with
the Community Atmosphere Model version 5 (CESMI-
CAMS) simulations with and without FIREs, which allows
for a direct detection of our FIREs hypothesis.

This study extends from Li et al. (2019) but focuses on
the Arctic and adjacent lands. We attempt to quantify the
impacts of FIREs on the geographic distribution changes of
projected Arctic sea ice and land skin temperature and rela-
tionships with surface radiation budget under global warm-
ing. We discuss how the inclusion of FIREs (SoN), com-
pared to without (SoN), can substantially change simulated
Arctic sea ice extent and sea ice thickness and where the
geolocation of changes is under global warming. We pres-
ent the results in terms of annual mean and seasonal changes
of SIC, THK and radiation fields in NoS minus SoN with
warming climate, compared with those of CMIP5 without
FIREs (CMIP5-NoS) minus SoN.

In section 2, we describe the controlled simulations
and analysis methods. Results are presented in section 3.
We discuss and conclude major findings in section 4.

2. METHODS
2.1 Controlled Climate Model Simulations

Following the CMIP5 1%CO2 protocol, the climate
change simulations are initialized from a preindustrial con-
trol (piControl) run with an increase in atmospheric CO, at
1% yr! for 140 years. We perform a pair of simulations with
FIREs on (SoN) and off (NoS) using the National Center
for Atmospheric Research-Department of Energy (NCAR-
DOE) CESM1-CAMS. The model is composed of the
Earth’s atmosphere, ocean, land surface, and sea-ice. Model
codes and documentation are available at http://www.cesm.
ucar.edu/models/cesm1.0/. We only provide a brief descrip-
tion of the cloud microphysics parameterization used in
CESM1-CAMS here.

The Morrison-Gettelman scheme is a four-class (lig-
uid, ice, rain, and snow), two-moment cloud microphysics,
as described in Morrison and Gettelman (2008), which is
used to represent stratiform clouds and precipitation. It in-
cludes the diagnosis of falling ice mass flux at each model
level at each model physical time step (Morrison and Gettel-
man 2008; Gettelman et al. 2010). Falling ice (snow) in the
model represents falling large ice crystals with appreciable
falling velocities, whose radiative effects are considered
(Gettelman et al. 2010), using the diagnosed mass and ef-
fective radius of falling snow crystals (Morrison and Gettel-
man 2008). The snow particle shape recipe was based on
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the crystal shape observations at -45°C: 7% hexagonal col-
umns, 50% bullet rosettes, and 43% irregular ice particles.
The simulated cloud ice and snow are comparable to the
CloudSat retrieval (Gettelman et al. 2010). Further details
regarding the diagnosed snow mass is described in Mor-
rison and Gettelman (2008) and its radiative properties in
CAMS are provided in Gettelman et al. (2010). Note that the
diagnostic snow is for stratiform grid-scale clouds while the
subgrid-scale convective “floating” cloud ice and liquid are
diagnosed and used for radiative transfer in a very simple
form. The convective snow, however, is not yet included in
the version of NCAR CAMS used in this study (Gettelman
and Morrison 2015; Gettelman et al. 2015).

2.2 Analysis Method

The surface energy balance and its connection with
surface skin temperatures (Ts) and other cryosphere pa-
rameters, including sea ice concentration (SIC), thickness
(THK) and snow on sea ice area (SNOW) are analyzed fol-
lowing the method in earlier studies (Li et al. 2017, 2019).

The magnitudes of the area-averaged (over 60 - 90°N
ocean only; including sea ice coverage) surface downward
shortwave flux (RSDS), surface downward longwave flux
(RLDS) and reflected shortwave flux (RSUS) are much
larger than those of latent heat flux (LHF: ~10 - 20 W m™)
and sensible heat flux (SHF: ~2 - 15 W m?) (figures not
shown). That is, the effects of LHF and SHF are negligible
compared to net radiation contributions (~100 - 300 W m™).
By assuming a small net heat uptake or release from the
surface, which is a good approximation for studying non-
transient behavior (20-year average, in this study), the sur-
face energy budget may be written as:

€0T* = RLDS + RSDS - RSUS (1)

where € is the surface emissivity, O the Stefan-Boltzmann
constant, T, the surface skin temperature. The combina-
tion of the three radiative fluxes on the right-hand-side of
Eq. (1) is for the response of surface thermal emission, that
is, RLUS = €0T;, which can be called “approximated net
input flux for surface emitting longwave radiative flux” (re-
ferred as AELW) or “net radiative flux (Net)” with respect
to the net surface radiative flux and the response to the at-
mospheric radiative flux input for short. Interested readers
may refer to Li et al. (2017, 2019) for more details.

We analyze two 1%CO2 simulations with CESM1-
CAMS, and refer to these simulations as SoN (FIREs on)
and NoS (FIREs off). In addition, twelve CMIP5 models
(without FIREs included) with 1%CQO2 simulations are con-
sidered (Table 1), and their ensemble mean (CMIP5-NoS)
is compared against NoS and SoN. Note that none of 12
CMIP5 models includes FIREs except for CESM1-CAMS.

We found that the results are insensitive to the length
of averaging periods of 10 - 30 years, and we thus present
20-year averages here for three warming stages: “initial”
for years 1 - 20 (first 20 years), “middle” for years 61 - 80
(middle 20 years), and “warmest” for years 121 - 140 (last
20 years). Li et al. (2019) showed that present-day radiative
flux and sea ice biases are reduced when including FIREs
as in SoN. We also examine the climate change tendency
component by subtracting the mean of years 1 - 20 (first 20)
from that of years 121 - 140 (last 20), and denoted this as ()'.
The difference in simulated climate change due to FIREs is
the difference between the SoN and NoS experiments for
the change between two climates, which is donated as &()'.

Table 1. A list of 12 coupled atmosphere-ocean climate models in CMIP5 archive under 1%CO?2 used in this

study.
Model Description
ACCESS1-3 Commonwealth Scientific and Industrial ?:S:;z?ag)rganisation, and Bureau of Meteorology
BCC-CSM1-1 Beijing Climate Center, China Meteorological Administration (China)
BCC-CSM1-1-m Beijing Climate Center, China Meteorological Administration (China)
BNU-ESM College of Global Change and Earth System Science, Beijing Normal University (China)
CanESM2 Canadian Centre for Climate Modelling and Analysis (Canada)
CCSM4 National Center for Atmospheric Research (USA)
CNRM-CMS5 Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et Forma-

tion Avancees en Calcul Scientifique (France)

IPSL-CM5A-LR Institut Pierre-Simon Laplace (France)

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research

MIROC-ESM Institute (The University of Tokyo), and National Institute for Environmental Studies (Japan)
MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M) (Germany)

MRI-CGCM3 Meteorological Research Institute (Japan)

NorESM1-ME Norwegian Climate Centre (Norway)
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We examine geographical distributions (maps) over 40
- 90°N so that the majority of the sea ice and adjacent land
areas are included. While the average for time series over
70 - 90°N is used for sea ice to minimize differences due
to inconsistent land-sea masking between CMIP5 models.
For CESM1-CAMS the average over 60 - 90°N is used to
see the general impacts of the FIREs. For all simulations,
we examine surface radiative energy budget components:
upward and downward shortwave and downward longwave
fluxes, as well as surface skin temperature (including land)
and sea ice thickness (THK) and sea ice concentration (SIC).

3.RESULTS

3.1 Impacts of FIREs on Changes of Annual-Mean
Climatology for Three Stages

Figure 1a shows the time series of ocean-only area av-
erages of monthly SIC values from NoS, SoN and CMIP5-
NoS over the belts 70 - 90°N. For time series of single-month
(March and September) SIC and CMIP5-NoS intermodel
variability of SIC, see Li et al. (2019) and Supplementa-
ry Information Fig. S1. The impact of FIREs seems to be
small initially and then increases gradually with time. For
example, the SIC in NoS and CMIP5-NoS is slightly high-
er than SoN in the first 40 years and then becomes higher
in years 40 - 90 and in the last 20 years (years 120 - 140)
with differences of 10 - 25%. Similar to SIC, the surface
AELW (net flux) and skin temperature (Ts) show similar
trends (Figs. 1b and ¢) with differences of 5 - 20 W m? and
2 -5 K, respectively. Interestingly, the overall trends of SIC,
net flux and Ts start to diverge between NoS (and CMIP5-
NoS) and SoN at approximately year 40 with an oscillatory
behavior in the middle period. In general, SIC decreases and
surface temperature warms with time more rapidly when
FIREsS are included, due to stronger downward net flux. The
stronger radiative heating and warmer surface air reinforces
Arctic sea ice retreat.

Same as in Fig. 1 but for NoS and SoN only, Fig. 2
shows the annual-mean (ANN: Figs. 2a - c¢) and seasonal-
mean (DJF, Figs. 2d - f; MAM, Figs. 2g - i; JJA, Figs. 2j - 1;

(a) Sea Ice Concentration 1%CO2 70-90N

(b) Surface Net Flux

SON, Figs. 2m - 0) variations of area-averaged SIC, snow
on sea ice area (SNOW) and sea ice thickness (THK) over
the belts 60 - 90°N. Similar to Fig. 1, the impacts of FIREs
on SIC are small between years 1 - 40 and become signifi-
cant at the starting point of divergence between SoN and
NoS except for the melting seasons in JJA (Fig. 2j) and SON
[Fig. 2m; see Li et al. (2019) for September only] which
starts to diverge at year 10. In years 40 - 90, SIC is much
higher in NoS than in SoN except for the (MAM) frozen
season (Fig. 2g). After year 100, SICs of NoS and SoN dif-
fer less for all seasons except in DJF (Fig. 2d), when differ-
ences are up to 15 - 20% between years 120 and 140. There
is no apparent difference in snow on sea ice area (SNOW)
for annual and seasonal means between NoS and SoN
(Figs. 2b, e, h, k, n).

The impacts of FIREs on THK occur initially at year 5
with 0.2 - 0.3 m thicker in NoS than in SoN, suggesting that
part of the longwave warming dominated AELW in SoN is
used to thin sea ice at the initial warming stage. The thinning
is getting larger between years 40 and 100 with amplitudes
up to 0.6 m at year 60. However, THK differences become
smaller between NoS and SoN as the climate continues to
warm, which strongly impacts the formation/melting of sea
ice due to the thinner sea ice. Note that the THK during
the melting season reaches nearly zero for SoN at year 70,
which is ~30 years ahead of NoS at year 100 (Fig. 20).

Based on the results presented in Figs. 1 and 2, we
examine three stages of the geographical distribution of
changes in search of coherent relationships among radia-
tion (RLDS and net flux), Ts, SIC, and THK. Such coher-
ent relationships may not exist over all Arctic seas and can
be contributed by other physical-dynamical processes and
feedbacks (e.g., Mori et al. 2019), addition to FIREs.
Initial stage: Figures 3a - e show the geographical distribu-
tion of the impacts of FIREs on the initial 20-year mean
state of RLDS, AELW (Net), Ts, SIC, and THK. Relative
to the SoN simulation, with slight changes in SIC (from 2
to 5%; Fig. 3d), the NoS simulation generates much less
AELW (from -10 to -15 W m?; Fig. 3b) in conjunction
with colder Ts (from -2 to -3 K; Fig. 3¢) over three regions

1%C02 70-90N (C) surface skin Temp. 1%CO2 70-85N

100
. 1%RSDS_NoS  —— 1%R5DS_Sol 320 T%RSDS. Nos | ——— Ti%RED5 5ol . 1%RSDS_SoN
90+ 310 & v —— 1%RSDS_NoS =
oy —_ 1%CMIP5_NoS = — 1%CMIP5_NoS . e 1%CMIPS. NS
— 104 ; 290 :
X 604 = 280 =
Y 50 3 w0 P =z
v ] T =
40 ; 260
304 2 %0
204 240
104 230
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Fig. 1. Ocean only monthly mean time series of (a) sea ice concentration (%) for falling ice radiative effects (FIREs) off (NoS: black line), FIREs
on (SoN: red line), and CMIP5 multi-model mean (CMIP5-NoS) without FIREs averaged over the latitude belts 70 - 90°N under 1%CO?2 per year
for 140 years. (b) Same as (a) but for surface net flux (W m?); (c) same as (a) but for surface skin temperature (K).
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Fig. 2. (a) Ocean only monthly mean time series of sea ice concentration (SIC: %) for falling ice radiative effects (FIREs) off (NoS: black line) and
FIREs on (SoN: red line) averaged over the latitude belts 60 - 90°N under 1%CO?2 per year for 140 years. (b) Same as (a) but for snow on sea ice
area (SNOW: m); (c) same as (a) but for sea ice thickness (THK: m). (d) - (f) Same as (a) - (c) but only for mean December-January-February (DJF).
(g) - (i) Same as (a) - (c) but for mean season of March-April-May (MAM). (j) - (I) Same as (a) - (c) but for June-July-August (JJA). (m) - (0) Same
as (a) - (c) but for September-October-November (SON).
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(d)sIC Nos- SoN First 20
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Fig. 3. The difference between falling ice radiative effects (FIREs) on and off (NoS - SoN) annual mean from the first 20 years (1 - 20 years) for
(a) surface downward longwave radiation (RLDS: W m™), (b) same as (a) but for surface net flux (Net: W m?), (c) same as (a) but for surface skin
temperature (Ts: K), (d) same as (a) but for sea ice concentration (SIC: %), (e) same as (a) but for sea ice thickness (THK: m). (f) - (j) Same as
(a) - (e) but for the annual mean from the middle 20 years (61 - 80 years). (k) - (0) Same as (a) - (e) but for the annual mean from the last 20 years
(121 - 140 years). The NoS and SoN are from CESM1-CAMS experiments following the CMIP5 1%CO2 scenario for 140 years.

near the edges of North Alaska, the east and west coasts of
Greenland associated with thicker THK (from 0.4 to 0.8 m;
Fig. 3e) over the entire Arctic oceans.

Middle stage: It is evident that the spatial patterns of RLDS
(Fig. 3f) and AELW (Fig. 3g) and Ts (Fig. 3h) over the
entire Arctic oceans (north of 82°N) maintain the similar
differences at this stage with the magnitudes of differences
being amplified in SIC (> 15%; Fig. 3i) with slightly thicker
sea ice (Fig. 3j), in particular, over the north Greenland and
its west, compared to the initial 20-year mean state. These
larger differences are associated with slightly colder Ts (by
< -3 K), less AELW (< -15 W m?) over the same region,
compared to SoN. Note that the negative ALEW area is
larger than negative Ts area. The latter is larger than the
positive SIC and THK areas. This suggests that other phys-
ical-dynamical processes may play more important roles
over the lower latitudes, in addition to FIREs.

Warmest stage: In the last 20 years, the spatial patterns of
RLDS (Fig. 3k) and AELW (Fig. 31) and Ts (Fig. 3m) over
the entire Arctic oceans north of 82°N maintain the similar
differences with the magnitudes of differences being small-
er in SIC (~10%; Fig. 3n) and THK (~0.2 m; Fig. 30), in
particular, over the north Greenland and its west, compared
to the middle 20-year mean state. These differences are as-
sociated with slightly colder Ts (by < -2 K) and less AELW

(< -10 W m?) over the same region, compared to SoN. The
impacts on the north-south Ts gradient are enhanced over
north Atlantic Ocean between 60 and 80°N, indicating en-
hancement of north-south sea surface temperature gradients
with potential change in ocean circulations. Colder land Ts
are found over 60°N over Asia and North America in NoS.
These Ts gradient changes may change atmospheric circu-
lations and cause more extreme weather events at mid-high
latitudes (Francis and Vavrus 2012).

Shown in Appendix, Figs. Al and A2 show the sig-
nificant levels (p < 0.05) for the changes in radiation fields,
Ts and SIC and THK for DJF (Fig. A1) and JJA (Fig. A2)
from year 1 to 140 years. The stippled areas indicating the
changes are all significant for RLDS in DJF (Fig. A1) and
RSDS/RSUS in JJA (Fig. A2) leading to the changes in
skin temperature and SIC and thickness. Given the afore-
mentioned differences in 140 years of surface radiative
fluxes, Ts and SIC between NoS and SoN, we primarily
discuss three stages of the 140-year simulations, propos-
ing a mechanism explaining progressive changes from the
initial toward warmer climates as follows: models exclud-
ing FIREs produce colder Ts, which lead to increases in
SIC and sea ice thickness relative to those with FIREs. The
colder Ts is due to less AELW (heating) that is contributed
mainly from reducing surface downward longwave, and
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increasing summer (JJA) surface downward shortwave flux
(Figs. A3c - A5c) and their counteracting (cooling) upward
shortwave fluxes (up to 15 - 20 W m?) (Figs. A3f - A5f).

3.2 Impacts of FIREs on Seasonal Surface Energy
Budget, Sea-Ice Concentration, Thickness, and
Snowfall

To further qualify the impact of FIREs on progressive
warmer climates at three stages, we present NoS minus SoN
results for summer, June-July-August (JJA) and winter, De-
cember-January-February (DJF).

Same as in Fig. 3, the DJF season is shown in Fig. 4.
The spatial patterns of RLDS and AELW over the entire
Arctic are amplified for all three stages (< 15 - 25 W m™)
compared to other seasons (not shown). The associated skin
temperatures are getting much colder in winter from initial
to the warmest stages. In particular, in the last 20 years,
much colder land Ts (from 3 to 8 K; Fig. 4m) expands into
Asia and North America north of 60°N, resulting from
less RLDS (Fig. 4k) and AELW (Fig. 41). That is to say,
the model’s Ts would be several degrees higher when the
FIREs are included. The differences in SIC and THK of a
progressive warmer climate are similar to those of the an-
nual means shown in Figs. 3d, i, and n in SIC except in the
last 20 years when the SIC is much larger in NoS than in
SoN, which can be up to 15 - 30% (Fig. 4n).

These differences are found not only over the Arctic
oceans but also over all mid- and high-latitude continental
regions during the winter season (DJF). Interestingly, mod-
els including FIREs would produce stronger RLDS and
AELW warming (15 - 25 W m™), resulting in much warmer
Ts (by 3 - 8 K), compared to NoS in the last 20 years. The
impacts of FIREs on the north-south Ts gradient over west
Europe reach the maximum in the middle 20 years while
over Atlantic oceans they shift closer to the Arctic oceans
between 60 and 80°N, indicating weaker north-south sea
surface temperatures gradients over Atlantic Ocean.

Same as in Fig. 3 except for adding shortwave radia-
tive budget components [Eq. (1)], the progressive climate
changes of the NoS minus SoN maps in summer (JJA) for
three stages are shown in Fig. 5. Under the initial warming
stage, NoS produces colder Ts (up to -1 to -2 K) over Arctic
near the pole with less RLDS (5 - 10 W m) and decreasing
net flux (10 - 15 W m?) than the SoN simulation. From the
initial to last stages, NoS produces stronger surface albedo
cooling (Figs. 5c¢, j, q), offsetting more downward solar ra-
diation (Figs. 5b, j, p). The former contributes greatly to the
net surface cooling there (Figs. 5d, k, r). The summer sea
ice formation is stronger during the middle to last 20 years
(Figs. 5m, t) in NoS over the entire Arctic area. Amplifica-
tion of sea ice formation due to RLDS and RSUS cooling
increases the differences in THK (Figs. 5g, n) between NoS
and SoN up to 40 - 60 cm, but at the last stage the THK

differences (Fig. Su) are smaller in areas with small Ts dif-
ferences, which is related to the smaller mean sea-ice thick-
nesses at end of both simulations (Fig. 21).

In summary, without FIREs, from the initial to warm-
est climate, during winter (DJF) when solar radiation con-
tributes little to the net flux changes (Figs. A3 - AS5), the
changes in the net flux are becoming dominated by less
downward LW radiation, leading to broader regions (in-
cluding lands) of colder Ts with more sea ice concentration,
along with thicker sea ice over sea ice regions. Over parts of
the lower-latitude oceans, there are larger areas of warmer
Ts, compared to the annual mean, associated with increas-
ing net flux. The enhancement of south-north Ts gradients
might have important implications for ocean circulations
and atmospheric dynamics. For summer, Fig. 5 shows that
the relationship between radiative flux and SIC changes is
complex due to competition between downward (RSDS) and
upward surface shortwave (RSUS) and downward surface
longwave radiation (RLDS). In some regions such as over
Arctic oceans, there is an increase in downward shortwave
radiation (heating) as sea surface temperatures increase but
it is offset by RLDS and RSUS (cooling). While over the
mid- and high-latitudes land, the net flux increase depends
on the competition between RLDS and RSDS as differences
in surface shortwave reflection are small between NoS and
SoN. Over the Arctic oceans, the sea ice albedo cooling in-
creases along with an increase in sea-ice concentration and
thickness when FIREs are excluded (NoS). This seasonal
change indicates that the combination of small increases in
longwave surface heating with large net SW cooling help
with sea-ice growth with thicker sea ice, which leads to a
higher surface albedo. This increased cooling by increased
albedo is large enough to offset the reduction in longwave
heating and downward shortwave at the surface, resulting in
summertime sea ice growth in the NoS simulation.

The discussion above illustrates that the SoN simula-
tion produces consistently higher downward surface radia-
tive fluxes and less sea ice concentration with thinner sea
ice in a progressive warming climate over Arctic oceans
than the NoS simulation. FIREs are contributed by increas-
ing the downward longwave heating in winter, which reduc-
es SIC. In summer, FIREs are contributed by the shortwave
reflection over the same region, but reduced albedo could
restrict sea-ice growth with warmer Ts due to the increased
net radiative heating. This substantially reduces the forma-
tion of sea ice relative to the NoS simulation.

3.3 Comparisons with CMIP5 Models

The credential of using NCAR CESM1-CAMS5 with
SoN relative to NoS in annual-mean, annual cycle and
long-term sea ice melting trends from present-day towards
warming climate over Arctic oceans was highlighted in Li
et al. (2019). In this study, we use SoN as a reference for
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comparisons between NoS and CMIP5-NoS by showing
geographic distributions of climate changes in details. The
results are shown in Fig. 6 for the differences for winter
(DJF) between the last and first 20 years periods, represent-
ing the climate change between two periods (see section
2.2). The annual-mean and summer climatology are shown
in Figs. A6 and A7.

Shown in Fig. 6, in DJF, the distributions of NoS mi-
nus SoN climate changes, i.e., the last 20-year minus first 20
years of (NoS - SoN) of RLDS, AELW (Net), Ts and SIC
(Figs. 6a - d) are very similar to those in CMIP5-NoS minus
SoN (Figs. 6e - h) except for opposite tendency of changes
over far north-east Pacific Ocean regions. It is important
to point out that both NoS and CMIP5-NoS project higher
cooling tendency (magnitudes of ~3 - 8 K) over Europe,
north of 40°N, between longitudes of 30 - 90°E.

The annual mean climate changes of each of the four
radiative flux components (surface downward SW, LW,
and SW reflection to surface net flux; Fig. A6) are generally
similar between NoS minus SoN and CMIP5-NoS minus
SoN, but with a large disparity in AELW. Also, the summer
(JJA) seasonal climate changes in CMIP5-NoS minus SoN
(Fig. A7) are very different compared to the differences be-
tween NoS and SoN with broader covered regions than NoS
minus SoN. The above broader regions disparities seem
to be the product of ensemble average resulted from large
model spread in simulating the regional characteristics of
progressive climate changes among CMIP5 models (Li et al.

(a) RLDS NoS-SoN First 20 (b) Net NoS-SoN First 20 (c) Ts NoS-SoN First 20

d
sx _-Tw ’ m2)|

2017, 2019). In addition, differences in model physical pro-
cesses other than FIREs may contribute to the large model
spread. The lack of natural variability for single realization
of CESM1-CAMS simulations may be another factor.

The ocean-only area averages of SIC values over the
belts 60 - 90°N shown in Figs. 1 and 2 indicate that, during
melting seasons, the CESM1-SoN simulation shows a faster
long-term sea ice melting rate than the CESM1-NoS with-
out changes in snow on sea ice area, which can be found in
the geographical distribution from initial to warmest stages
(figures not shown).

4. DISCUSSION AND CONCLUSIONS

We examined the impacts of falling ice (snow) radia-
tive effects (FIREs) on geographical distribution changes of
sea ice concentration, sea ice thickness and skin tempera-
ture, following a highlight reported in Li et al. (2019). Most
of the GCMs participated in CMIP5 do not include FIREs
for climate projection. The inclusion of FIREs is one of the
important contributions in reducing mean-state and season-
al mean biases in terms of radiation, surface skin tempera-
tures, and sea ice concentration and thickness of the Arctic
Ocean both in CESM1 and CMIP5-MMM (Li et al. 2019).
In this study, we enabled FIREs (SoN) or disabled FIREs
(NoS) in the CESM1-CAMS fully-coupled runs, which fol-
low the CMIP5 1%CO2 scenario protocol. We have used a
similar methodology as in Li et al. (2017, 2019) to assess, in
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Fig. 4. Same as in Fig. 3 but for mean from December-January-February (DJF) only.
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Fig. 6. The difference between falling ice radiative effects (FIREs) off minus FIREs on (NoS - SoN) for December-January-February (DJF) from the
changes of annual mean in last 20 years (121 - 140 years) minus first 20 years (1 - 20 years) for (a) downward surface longwave radiation (ORLDS’:
W m?), (b) Surface Net flux (0Net’: W m™), (¢) Surface skin temperature (6T": K), (d) sea ice concentration (O0SIC’: %). (e) - (h) Same as (a) - (d)
but for CMIP5 multi-model mean (CMIP5-NoS) without FIREs minus SoN. The simulation outputs are from CESM1 experiments of NoS and SoN
and CMIP5 models following the CMIP5 1%CO2 scenario for 140 years.

terms of geographical distributions, how FIREs may impact
the changes of radiation budgets, skin temperatures and SIC
and THK over Arctic oceans and the radiation budgets and
land skin temperatures over adjacent areas.

With FIREs included, relative to neglecting falling ice
mass, the net flux warming (AELW) dominated by RLDS
could be up to 10 - 25 W m? over much of the Arctic Ocean
in the initial warming period. This difference is contributed
by increased downward longwave radiation and decreased
downward surface shortwave radiation and albedo cool-
ing. The spatial pattern of change in radiative properties,
SIC, sea ice thickness and Ts across the Arctic Ocean with
global warming is typically more sensitive in SoN relative
to NoS. The mass changes from snow on sea ice area have
less impacts on sea ice changes, indicating the importance
of energy adjustment rather than that of mass balance on the
sea ice simulations, which is similar to what has been found
for present-day simulation (Li et al. 2019).

We examined the geographical distributions of chang-
es in terms of annual-mean, winter (DJF) and summer (JJA)
means of radiative fluxes (RLDS, RSDS, RSUS, and Net
Flux), Ts, SIC, and THK for the initial stage (years 1 - 20),
middle stage (years 61 - 80), and warmest stage (years 121 -
140). The changes in annual-mean differences (NoS minus
SoN) of SIC and sea ice thickness from the first 20-year
to middle 20-year are small, while those of SIC increase,
accompanied with more sea ice thinning, from the middle
to last 20-year, which are associated with less RLDS and
AELW over the sea ice-covered regions. This is also the

case in winter (DJF). The increased warming restricts the
growth of area and thickness of sea ice, leading to a faster
melting rate in sea-ice concentration during the 140-year
integration, compared to the NoS simulation. During sum-
mer (JJA), the situation is more complex, i.e., when FIRE
is included, decreased surface albedo in conjunction to de-
creased downward SW could result in decreasing surface
SW cooling (because of smaller albedo) in sea ice-covered
regions. If the downward LW flux is sufficiently large so
that the net radiative flux increases, it results in retreats of
sea ice and thinning of sea ice. This albedo cooling effect
also partially offsets the increased amount of LW heating
due to FIREs, making sea ice changes more complex in
summer, as well as in spring and fall, resulting in lagged
sea ice response.

The sea ice thickness seasonal changes in DJF and JJA
between the last 20-year and first 20-year are similar to the
SIC changes, showing more retreats of sea ice and more
thinning in DJF than in JJA. During the melting seasons,
the ocean-only area averages of SIC values over the belts
60 - 90°N indicate that the CESM1-SoN simulation shows a
faster long-term sea ice melting rate than the CESM1-NoS
simulation without differences in snow on sea ice area dur-
ing the 140 years.

We also demonstrated that net downward radiation
reduction changes due to FIREs between the last and first
warming stages over sea-ice covered area and adjacent areas
between 40 and 90°N are similar to those in CMIP5-NoS
minus SoN during winter, but less so for annual mean and
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during summer. The geographical pattern of SIC and sea
ice thickness changes in NoS minus SoN with progressive
global warming largely matches that of CMIP5-NoS minus
SoN. It is found that in the last 20 years, with FIREs, the
SIC decreases over 15% with 20 - 60 cm thinning compared
to NoS and CMIP5-NoS. In DJF, the tendency changes
(last 20 years minus first 20 years) for NoS - SoN of radia-
tive fluxes, Ts and skin temperatures are similar to those of
CMIP5-NoS minus SoN except for opposite trend of chang-
es over the far north-east Pacific Ocean regions. Compared
to NoS and CMIP5-NoS, with FIREs, the model projects
stronger warming tendency of approximately 3 - 8°K over
Europe and north of 40°N, between longitudes of 30 - 90°E
as well as decreased south-north Ts gradients over Pacific
and Atlantic oceans around 50°N.

As discussed above, geographic patterns of change are
similar between CMIP5-NoS and NoS. This resemblance
implies that an improper representation of the falling ice-ra-
diation interaction contributes, at least partially, to differenc-
es in the simulation of climate change over the Arctic Ocean
and adjacent areas under the CO,-driven global warming.
Shown in Fig. A8 is Ocean only monthly mean time series
which indicates that with FIRESs, the contributions of net sur-
face flux (Fig. 1c) is mainly from surface downward long-
wave flux (Fig. A8a) for all seasons. The associated surface
downward shortwave flux (Fig. A8b) and surface reflected
shortwave flux (Fig. A8c) also play a non-negligible role
during the summer season. In these CESM1 simulations, it
appears that inclusion of FIREs drives faster sea ice melting
and thinning over the entire Arctic oceans, associated with
enhanced longwave warming and warmer Ts.

The results presented in this study have shown that
including FIREs is an important process for simulating the
changes of radiative balance and sea-ice concentration over
the Arctic Ocean under progressive global warming. Our re-
sults suggest that FIRE is potentially an important process
with substantial effects on simulated energy budgets and sea
ice formation and retreat although other physical-dynamical
processes not examined in this study may play a substantial
role. Nevertheless, such a physics-based improvement, if ap-
plied across all models, would increase our confidence on the
projections of regional changes affecting climate feedbacks
such as the albedo feedback. Inferring the results found in
this study to each CMIP5 model, however, is difficult be-
cause tests with each of these CMIP5 models are needed,
which is beyond the scope of this study, in order to determine
whether the enhanced dynamic and hydrological responses
to CO,-driven warming is robust for all CMIP5 models.

Finally, we are aware that FIRE is one of many domi-
nant processes in model response to the climate changes
in the Arctic. However, given the reduction in model-ob-
servation discrepancy of 39 - 66% with the inclusion of
FIREs for the present-day climate of the Arctic reported

in Li et al. (2019), we believe that excluding FIREs is a
critical shortcoming for most state-of-the-art GCMs used to
project the future state of Arctic climate and sea ice cov-
erage. Given that FIRE is already included in more CMIP
Phase 6 (CMIP6; Eyring et al. 2016) models, this study pro-
vides motivation for all other models to address an easily
understood physical process that may cause notable biases
in climate simulations, which will lead to improvement of
climate projection across the majority of climate models
used in an upcoming Intergovernmental Panel on Climate
Change (IPCC) assessment report.
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Fig. Al. Difference between CESM1 falling ice radiative effects (FIRE) off minus on (NoS - S) for December-January-February (DJF) mean for 140
years in 1%CO2 scenario for (a) skin temperature (TS: K), (b) same as (a) but for downward surface longwave radiation (RLDS: W m™), (¢) same
as (a) but for downward surface shortwave radiation (RSDS: W m™), (d) same as (a) but for upward surface shortwave radiation (RSUS: W m?), (e)
same as (a) but for sea ice concentration (SIC: %), (f) same as (a) but for sea ice thickness (THK: cm).
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Fig. A3. Difference between CESM1 falling ice radiative effects (FIRE) off minus on (NoS - SoN) for first 20 years (1 - 20 years) in 1%CO2
scenario for downward surface shortwave radiation (RSDS’: W m?) for (a) annual mean, (b) for DJF, (c) for JJA for downward surface shortwave
radiation (RSDS’: W m?). (d) - (f) Same as (a) - (c) but for upward surface shortwave radiation (RSUS’: W m?).
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Fig. A4. Same as Fig. A3 but for middle 20 years (61 - 80 years).
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Fig. A5. Same as Fig. A3 but for the last 20 years (121 - 140 years).
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Fig. A6. Annual mean for the changes between mean of the last 20 years and first 20 years in 1%CO2 scenario (i.e., the last 20 years minus the first
20 years) from NoS minus SoN for (a) Surface downward longwave radiation, ORLDS’, (b) Surface downward shortwave radiation, SORSDS’, (c)
Surface upward shortwave radiation, ORSUS’, (d) Surface net flux, dNet’. () - (h) Same as (a) - (d) but for CMIP5 multi-model mean (CMIP5-NoS).
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Fig. A7. As in Fig. A6, but for June-July-August (JJA).
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Fig. A8. Ocean only monthly mean time series of (a) surface downward longwave flux (W m) FIREs off (NoS: black line), FIREs on (SoN: red
line) and CMIP5 multi-model mean (CMIP5-NoS) without FIREs averaged over the latitude belts 70 - 90°N under 1%CO2 per year for 140 years.
(b) Same as (a) but for surface downward shortwave flux (W m?); (c) same as (a) but for surface reflected shortwave flux (W m?).



