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Key Points: 

• Cloud longwave scattering is more important in the polar regions than the extra-polar 
regions. 

• By surface-atmosphere radiative coupling, cloud longwave scattering can warm the polar 
surface, more in the winter than in the summer. 

• Cloud longwave scattering is a necessity instead of an option for correctly simulating 
polar climate and surface energy budget. 
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Abstract 

Most climate models neglect cloud longwave (LW) scattering because scattering is considered 

negligible compared to strong LW absorption by clouds and greenhouse gases. While this rationale 

is valid for simulating extra-polar regions, it is questionable for the polar regions, where the 

atmosphere is dry and hence has weak absorption, and ice clouds that have strong scattering 

capability frequently occur. Using the slab-ocean Community Earth System Model, we show that 

ice cloud LW scattering can warm winter surface air temperature by 0.8-1.8K in the Arctic and 

1.3-1.9K in the Antarctic, while this warming becomes much weaker in polar summer. Such 

scattering effect cannot be correctly assessed when sea surface temperature and sea ice are 

prescribed as its effect is manifest through a surface-atmosphere coupling. Cloud longwave 

scattering is a necessity for the correct simulation of polar climate and surface radiation budget, 

especially in the winter.  

 

Plain Language Summary 

Cloud longwave scattering has never been deemed as a necessity in climate models. Out of all 

climate models in the IPCC 5th and 6th Assessments, only three modeling centers have longwave 

scattering included in their models. Our study explained why the traditional wisdom of 

neglecting longwave scattering breaks down for the simulation of high-latitude climate in the 

fully coupled models. We showed the critical importance of atmosphere-surface radiative 

coupling for correctly assessing the role of cloud longwave scattering in the model simulation of 
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climate mean state as well as climate changes, an issue overlooked by all previous studies. We 

argued that the cloud longwave scattering is a necessity in climate models, not an option. 

 

1 Introduction 

Cloud-radiation interactions play an important role in the Earth’s climate system (Stephens, 

2005 and references therein), and sustained efforts have been invested in cloud-radiation 

parameterizations in climate models (Edwards & Slingo, 1996; Fu & Liou, 1993; Mlawer et al., 

1997; Pincus et al., 2003; Randall, 1989; Stephens, 1984; Yang et al., 2015). A cloud can absorb 

and scatter incident radiation, and emit longwave (LW) radiation itself. Accurately modeling 

radiative transfer in a scattering atmosphere is computationally infeasible for climate model 

simulations, so reasonable approximations and simplifications have to be made. One widely used 

approximation is the neglect of cloud LW scattering (Supporting Information Text S1). The 

traditional justification for this approximation is twofold: (1) the imaginary parts of the index of 

refraction of both ice and liquid in the LW are orders of magnitude larger than the counterparts in 

the shortwave. Therefore, the overall attenuation of longwave radiation by clouds is largely caused 

by absorption rather than scattering. (2) Furthermore, the LW has strong gaseous absorption by 

H2O, CO2, O3 and other trace gases. The single-scattering albedo of a vertical layer in the 

atmosphere, which describes the probability that an attenuated photon is scattered instead of being 

absorbed in the layer, can be expressed as  

𝜔𝜔 = 𝜔𝜔𝑐𝑐𝜏𝜏𝑐𝑐
𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎+𝜏𝜏𝑐𝑐

      (1), 
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where 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 and 𝜏𝜏𝑐𝑐 are the extinction optical thickness of gases and cloud in the layer, respectively, 

and ωc is the single-scattering albedo of cloud. Note that all variables in Eq. (1) are frequency 

dependent. As long as 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 ≫ 𝜏𝜏𝑐𝑐 , the scattering in the layer is negligible regardless of the value 

of ωc.  

 In the tropics and mid-latitudes, water vapor is abundant, so 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 ≫ 𝜏𝜏𝑐𝑐 in the water vapor 

bands, implying negligible scattering in these bands. This condition, however, breaks down in 

polar regions for three reasons. First, the imaginary part of the index of refraction of ice has a local 

minimum around 400 cm-1; as a result, ice clouds can have a single-scattering albedo as large as 

0.6-0.8 over 350-630 cm-1, a portion of the far-IR (10-650cm-1) spectrum (Supporting Information 

Figure S1). Second, the same portion of the far-IR spectrum, where ice clouds exhibit strong 

scattering, contributes ~35-40% of outgoing longwave radiation (Supporting Information Figure 

S2b) and ~50-65% of downward longwave radiation in the polar regions; thus its contribution to 

energy budgets is not small. Third, the high-latitude total column water vapor (TCWV) is much 

smaller than the TCWV in extra-polar regions (Supporting Information Figure S2a). The TCWV 

in the deep Antarctic is often <2 mm owing to its high elevation, and the winter to summer TCWV 

varies by a factor of ~2.5; in the Arctic, the TCWV is slightly above 10mm only in the summer 

and the summer-to-winter variation can be a factor of 4~5. Since the optical depth is proportional 

to the column density of the absorber, the optical depth of water vapor in high latitudes is also 

significantly less than in the extra-polar regions. Therefore, even for the same ice cloud, the 

scattering effect for the entire atmospheric layer can be larger in the high latitudes than in the rest 
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of the globe simply because 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 caused by water vapor absorption is small in the polar regions. 

Such scattering effects can be especially important over the aforementioned far-IR region where 

ice scattering effects peak and contribute to a large portion of the LW radiation budget.  

In this study, we investigate the ice cloud LW scattering effect on the simulated climate 

using a modified version of Community Earth System Model (CESM) version 1.1.1. The scattering 

effects of liquid clouds are generally small over the entire LW (Supporting Information Figure S1) 

and are not included in this study. A number of studies have investigated the influence of cloud 

LW scattering using climate model simulations (Jin et al. 2019; Wu et al. 2019; Zhao et al. 2018). 

Interestingly, none of these studies report the influences of cloud LW scattering in the polar 

regions. We speculate that because all these studies carried out climate simulations with prescribed 

sea surface temperatures (SSTs) and sea ice concentration, the LW radiative boundary condition 

is hence prescribed over oceans, thus limiting the surface response to the changes in LW flux due 

to cloud LW scattering. This study will reveal the role of atmosphere-surface coupling in assessing 

the cloud LW scattering effect in polar regions. 

 

2 Methods 

2.1 The modified version of CESM 1.1.1 

The CESM 1.1.1 slab-ocean model configuration (Hurrell et al., 2013) is used in this study, 

with default CAM4 physics package (Neale et al., 2010) except the radiation schemes, which has 

been manually configured to RRTMG_LW and RRTMG_SW, i.e., the schemes used in the CAM5 

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to Geophysical Research Letters 

 6 

(Neale et al., 2012). Because the model does not parameterize the LW scattering properties of 

clouds (Mitchell et al., 1996), nor its LW radiation scheme (RRTMG_LW; Mlawer et al., 1997) 

takes LW scattering into account, a new ice cloud-radiation scheme and a modified version of the 

RRTMG_LW are implemented into the model. This new ice-cloud LW radiation scheme is 

developed by Kuo et al. (2020), which parameterizes ice cloud extinction coefficient, single-

scattering albedo, and the asymmetry factor based on the MODIS (Moderate Resolution Imaging 

Spectroradiometer) Collection 6 ice cloud model (Platnick et al., 2017) with in-situ observed 

particle size distributions (Baum et al., 2011; Heymsfield et al., 2010, 2013). These obtained ice 

cloud LW optical properties were regressed as a function of the cloud ice particle effective 

diameter. The cloud ice effective diameter is parameterized as a function of temperature based on 

Kristjánsson et al. (2000), which is part of the CAM4 default cloud microphysics scheme.  

  The modified version RRTMG_LW scheme used in this study is also described in Kuo et 

al. (2020). This scheme uses a hybrid two-stream and four-stream (2S/4S) radiative transfer solver 

(Toon et al., 1989; Fu et al., 1997) to handle LW scattering calculations. Compared to the 128-

stream DISORT solver (DIScrete Ordinate Radiative Transfer; Stamnes et al., 1988), this modified 

RRTMG_LW scheme is accurate enough and computationally efficient in both clear and cloudy 

conditions (Kuo et al. 2020).  

It would be instructive to show the ice-cloud LW scattering effects from offline radiative 

transfer calculations, using the modified RRTMG_LW schemes described above with a typical 

sub-Arctic summer profile (McClatchy et al., 1972). In these offline calculations, a layer of ice 
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cloud with depth of 1 km is put at 7-8 km as a high-cloud case or at 1-2 km as a low-cloud case. 

The ice water path is fixed to 50 gm-2, which is a typical value for polar clouds. To represent 

different cloud optical depth, the ice particle effective diameter is varied from 10 to 200 microns. 

To show the dependence on the TCWV, the aforementioned sub-Arctic summer humidity profile 

is scaled by a factor from 0.125 to 1.25 to cover the range of TCWV from polar summer to winter. 

The ice-cloud LW scattering effect on outgoing LW radiation (OLR) and downward LW flux at 

the surface (FLDS) is shown in Fig. 1. 
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Figure 1. Upper row: Off-line radiative transfer calculation of the change of OLR (∆OLR) due to 
the inclusion of ice cloud longwave scattering for different combinations of TCWV and ice cloud 
effective diameter. The optical depth in the infrared-window (909 cm-1) is indicated on Y-axis. 
Left panel is for the case of high cloud and right for the low cloud case. Lower row: Same as the 
upper row, except for change of FLDS (∆FLDS). On each panel, two vertical dashed lines denote 
the typical TCWV for Arctic winter (left) and summer (right), respectively. 
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Consistent with previous studies (Costa & Shine, 2006; Kuo et al., 2017), inclusion of LW 

scattering leads to reduction of OLR and increase of FLDS. The scattering effect of low clouds is 

generally smaller than for high clouds, which can be explained using Eq. (1), because 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 due to 

water vapor absorption in the lower troposphere is much larger than in the upper troposphere. Like 

the case of shortwave, for the same ice water path, smaller cloud ice particles result in stronger 

scattering effect. When the ambient water vapor increases (i.e. large TCWV), the scattering effect 

is reduced, which again can be explained using Eq. (1). These features above suggest that, 

compared to moist tropics and mid-latitudes, cloud LW scattering likely play a more important 

role in the dry polar regions, as the polar region has smaller TCWV and ice clouds frequently occur 

throughout the year. In addition, given that the TCWV in polar regions varies substantially 

between winter and summer (Supporting Information Figure S2a), the scattering effect can be 

stronger in polar winter than summer.  

 

2.2 CESM simulation settings 

Using the modified version of CESM1.1.1, three sets of experiments are carried out. The 

first set of experiments enables the ice cloud LW scattering effect (hereby referred to as “Scat”). 

The second set is the same, except cloud LW scattering is turned off by setting the cloud extinction 

optical depth to the absorption optical depth and the cloud single scattering albedo to zero 

(“noScat”). To examine the contributions from the far-IR bands, the third set is also the same as 

Scat, except the ice cloud scattering in the far-IR bands is turned off (“noFIR”). The impact of ice 
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cloud LW scattering on the simulated climate is then deduced by differencing the results from Scat 

and noScat runs, or from noFIR and noScat runs. To understand how ice cloud LW scattering 

interacts with surface energy processes, these three experiments were carried out with a slab-ocean 

model (SOM), where SST and sea ice can have thermodynamic responses to the change of surface 

energy. We also carried out the same three sets of experiments with prescribed climatological SST 

and sea ice concentration. All simulations are forced with recent forcings at the level of year 2000. 

Four 35-year ensemble runs were performed in each experiment to account for model internal 

variability. The last 30 years of simulations are analyzed. The horizontal resolution of the 

simulations is 1.9o latitude by 2.5o longitude. Additional details about the simulation settings can 

be found in the Supporting Information Text S2. 

 

3 Result discussions 

3.1 The ice cloud LW scattering effect on surface air temperature  
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Figure 2. Left panel: Changes of DJF, zonal-mean surface air temperature (∆SAT) due to inclusion 
of ice cloud LW scattering in the CESM. Each solid line shows an ensemble-mean difference and 
shading shows the spread of four 30-year ensemble runs. Red indicates the difference between 
Scat and noScat in the SOM simulations. Blue shows the same difference from the prescribed-SST 
simulations. Yellow is the same as red but for the difference between noFIR and noScat. Right 
panel: Same as left panel but for JJA. 
 

Now we start to examine the impacts of ice-cloud LW scattering on the simulated climate. 

Figure 2 shows the impacts on the simulated zonal-mean surface air temperature (SAT) 

climatology for December-January-February (DJF) and June-July-August (JJA) periods, 

respectively. For prescribed SST runs, including or excluding LW scattering has little impact on 

simulated SAT except in the Antarctic region. This is consistent with traditional wisdom that LW 

scattering matters little in prescribed SST simulations. The simulated SAT difference (∆SAT) 

south of 60oS is explainable because the Antarctic continent covers a majority of the region and 
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the land surface temperature can respond to the changes due to the ice cloud LW scattering. Over 

the Arctic, the ensemble-mean ∆SAT is nearly zero but the ∆SAT of an individual member can be 

either positive or negative. This indicates that, when SST and sea ice are prescribed, including or 

excluding LW scattering behaves as a noisy perturbation on top of the already large internal 

variability of Arctic climate, and the ensemble-mean difference in SAT is not statistically different 

from zero.  

However, the zonal-mean SAT difference due to ice cloud LW scattering for the SOM runs 

is positive everywhere in all ensemble members (Fig. 2). Ensemble spreads in SOM runs are well 

separated from their counterparts in the prescribed SST runs. The ensemble-mean ∆SAT in the 

extra-polar regions is ~0.5K for both DJF and JJA periods. In contrast, the Arctic ensemble-mean 

∆SAT is ~ 1.8K in DJF and ~0.4K in JJA, i.e., a ~four-time differences between the summer and 

winter seasons. Moreover, all ensemble members show consistently positive ∆SAT increases in 

the Arctic in spite of the large internal variability. Two factors explain the large contrast between 

the Arctic summer and winter ∆SAT: (1) the seasonality of Arctic TCWV as mentioned above 

(less winter TCWV implies a stronger LW scattering effect); and  (2) the absence of shortwave 

radiation and reduced surface turbulent heat flux due to extensive ice coverage in winter lead to a 

radiative boundary layer with LW radiation playing a dominant role in regulating SAT (Overland 

& Guest, 1991; Serreze & Barry, 2005). In contrast, solar radiation plays a leading role in the 

summer Arctic surface energy balance. The ensemble-mean, Arctic domain-averaged net solar 

radiation at surface is 97.5 Wm-2, much larger than the net LW radiation (32.2 Wm-2), sensible 
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heat flux (8.4 Wm-2), and latent heat flux (14.2 Wm-2) (Supporting Information Figure S7). 

Moreover, summer snow and ice melting consumes energy and reduces energy available to further 

warm the surface. Similar contrasts between winter and summer ∆SAT can be seen in the 

Antarctic. 

Yellow curves in Fig. 2 show the impact on zonal-mean SAT when ice cloud scattering is 

turned off in the far-IR but on in the mid-IR (i.e. noFarIR – noScat). Here mid-IR refers to the 

spectral region between 650-2500 cm-1. Mid-IR scattering contributes to about half of total ∆SAT 

in the extra-polar regions. The mid-IR scattering primarily results from window regions (800-1200 

cm-1), where gaseous absorption is weak and thus 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎  is small. However, for both Arctic and 

Antarctic winter, ∆SAT in the noFIR run is much smaller than in the Scat run, indicating the 

dominant contribution of far-IR scattering to ∆SAT in the Scat run. Such a contrasting role of ice 

cloud far-IR scattering between polar winter and extra-polar regions can be largely understood 

using Eq. (1) and is primarily due to the drastic winter difference in TCWV (and hence ∆𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎) 

between extra-polar and polar regions. It is also partly due to the increasing importance of far-IR 

contributions to the LW radiation from tropics to polar regions (Supporting Information Figure 

S2b).  

3.2 Ice-cloud LW scattering manifested by surface-atmospheric LW radiative coupling 
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Figure 3. (a) Ensemble-mean, Arctic domain-averaged Scat-noScat difference of SAT (ΔSAT) 
with respect to the difference of FLDS (ΔFLDS) for each DJF. Results from the SOM and 
prescribed-SST runs are plotted as red and blue dots, respectively. The linear regression lines are 
also plotted. The numbers in parentheses are 95% confidence intervals. (b) Same as (a) but for 
∆FLDS with ∆TCWV. (c)-(d) Same as (a) and (b), respectively, but for summer (JJA).  (e)-(g) 
Difference in Arctic domain averaged vertical temperature, humidity, and cloud profiles for DJF, 
ensemble-mean results shown in thick colored lines and results from individual members in thin 
lightly colored lines. (h)-(j) Same as (e)-(g) but for JJA.  
 

Figure 3 includes several key diagnostics to reveal the reasons behind the differences 

between the SOM and prescribed SST runs. For both runs, the Arctic winter domain-averaged 

∆SAT is well correlated with the difference in FLDS (∆FLDS) caused by the ice cloud LW 

scattering. A linear regression can explain >90% of the variance in ∆SAT, and the linear regression 

slope is essentially the same for both the SOM and prescribed SST runs (Fig. 3a). The linear 

relations still hold for Arctic summer but can only explain ~55% of the variance. (Fig. 3c). These 

are consistent with the dominant role of LW radiation in regulating wintertime SAT. Similar good 

linear relations can also be found between wintertime ∆FLDS and ∆TCWV (Fig. 3b), and between 

zonal-mean ∆SAT and ∆FLDS, as well as zonal-mean ∆FLDS and ∆TCWV (Supporting 

Information Figure S3). The linear relations hold for each ensemble member as well (Supporting 

Information Tables S1 and S2). The spatial maps of ∆SAT, ∆FLDS, and ∆TCWV across the Arctic 

domain including both DJF and JJA are shown in Supporting Information Figure S4.  

The ensemble-mean and Arctic-averaged DJF vertical profile temperature and humidity 

changes due to including LW scattering are negligible in the prescribed SST run (Figs. 3e and 3f). 

However, the counterparts from the SOM runs are positive for all ensemble members and well 
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separated from the prescribed SST run results. The change of cloud amount vertical profile, 

however, is ~1% or even less, and the results from the prescribed SST and SOM runs are not well 

separated from each other (Fig. 3g). These results suggest that the contrast of DJF Arctic ∆SAT 

between the SOM and prescribed SST runs is not primarily due to a local cloud field change. 

Instead, it is due to a LW atmosphere-surface feedback mechanism: including LW scattering leads 

to an increase of FLDS, which in the wintertime alters the surface energy budget significantly and 

leads to an increase of surface temperature over the entire Arctic. This surface warming leads to 

an increase of tropospheric temperature and humidity, which further increases the downward LW 

flux and forms a positive feedback. This feedback mechanism is particularly effective in the winter 

as the summer surface temperature can be affected by multiple factors besides FLDS and the 

summer Arctic ocean SST is largely fixed at the melting point of ice.  

 

Table 1. Arctic domain-averaged analysis of the changes (∆) caused by the inclusion of ice cloud 
LW scattering. Linear regression coefficients show 95% confidence intervals, and (in parentheses) 
the fraction of variance explained by the linear regression. In the right column, regression-based 
differences from the prescribed SST and SOM runs are in blue and red, respectively.  

Δ: the difference between Scat and noScat simulations 
δ: the difference between SOM and SST simulations 

ΔFLDS = β1 ΔTCWV+c1; ΔSAT = β2 ΔFLDS+c2; ΔSAT = β3 ΔTCWV+c3 
 Prescribed-SST SOM δ Difference 

(SOM - 
Prescribed-SST) 

Estimated difference 

β1 16.0±2.1 (90.0%) 15.5±1.3 (95.2%)   
β2 0.26±0.02 (97%) 0.26±0.02 (94%)   
β3 4.02±0.73 (82%) 3.95±0.61 (86%)   
ΔT700 (K) 0.11 0.88 0.77  
ΔTCWV (mm) 0.021 0.22 0.20  
ΔFLDS (Wm-2) 0.53 4.56 4.03 δ(ΔFLDS) = β1δ (ΔTCWV) 

3.2±0.41 
3.1±0.26 
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ΔSAT (K) 0.075 1.35 1.27 δ(ΔSAT) = β1 β2δ 
(ΔTCWV) 
0.83±0.06 
0.81±0.06 
 
δ(ΔSAT) = β3δ (ΔTCWV) 
0.80±0.15 
0.79±0.12 

 

To further quantify the contributions of atmosphere-surface LW coupling to the simulated 

impact of cloud LW scattering, a domain-averaged analysis is performed. The Arctic-averaged 

DJF ∆TCWV due to ice cloud LW scattering is 0.02mm in the prescribed SST run but 0.22mm in 

the SOM run (Table 1): surface-atmosphere coupling amplifies the impact of LW cloud scattering 

on the simulated wintertime TCWV by a factor of 10. A similar drastic contrast between the 

prescribed SST and SOM runs can be seen for ∆FLDS. Such drastic contrasts are consistent with 

Fig. 3 and confirm the need to consider surface and atmospheric LW coupling to assess the full 

impact of ice cloud LW scattering in the polar regions.  

Since prescribed SST runs do not have surface-atmosphere LW coupling regardless of 

inclusion of cloud scattering or not, we use the contrast between the prescribed SST and SOM runs 

to assess the atmosphere-surface LW coupling. Because the change of TCWV is highly correlated 

with the change of tropospheric temperature, we use ∆TCWV as the sole linear predictor to 

represent the change of clear-sky atmospheric state and estimate ∆FLDS and ∆SAT with linear 

regression, i.e., 

∆FLDS = β1∆TCWV + c1,    (2) 

∆SAT = β2∆FLDS + c2,         (3) 
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∆SAT = β3∆TCWV + c3.       (4) 

The difference in ∆TCWV between the SOM and prescribed SST runs, denoted as δ(∆TCWV), 

reflects the difference due to surface-atmosphere LW radiative coupling, i.e., δ(ΔTCWV) = 

(ΔTCWV)SOM - (ΔTCWV)SST = (TCWVScat - TCWVnoScat)SOM - (TCWVScat - TCWVnoScat)SST. The 

difference in ∆FLDS and ∆SAT due to such coupling can be estimated as 

δ(∆FLDS)= β1δ(∆TCWV), δ(∆SAT)= β3δ(∆TCWV) or δ(∆SAT)= β2β1δ(∆TCWV). Estimated 

differences based on respective regressions from the SOM and prescribed SST runs are shown in 

the right column of Table 1 and are highly consistent with each other. Such linear relations with 

∆TCWV can explain 3.2 out of the 4.03 Wm-2 total difference in ∆FLDS and 0.8 out of the 1.27K 

total difference in ∆SAT. This supports our explanation that the clear-sky atmospheric responses 

resulting from the surface-atmosphere LW coupling account for most of the differences caused by 

ice cloud LW scattering between the prescribed SST and SOM runs.  

So far we have discussed the ice-cloud LW scattering effect in the Arctic winter and 

summer. The same conclusion is also valid in the Antarctic winter and summer (Supporting 

Information Figure S5, S6, and Table S3).  

 

4. Conclusion  
 The cloud LW scattering effect in climate simulations has recently been investigated (Jin 

et al., 2019; Wu et al., 2019; Zhao et al., 2018), but all relevant studies have used prescribed SST 

runs. We find that, without surface-atmosphere radiative coupling, enhanced LW absorption due 
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to cloud LW scattering has a minor impact on the simulated climate, like what have been shown 

before. When coupling is allowed, its impact on the polar surface climate is amplified through a 

positive atmosphere-surface feedback, especially in winter, due to the seasonally varying role of 

LW radiation in determining surface temperature. The domain-averaged budget analysis further 

quantifies the importance of modeling atmosphere-surface LW coupling to correctly assess the 

role of cloud LW scattering. These indicate that cloud LW scattering is an indispensable process 

for high-latitude climate simulation and thus should be included in all climate models, instead of 

an option. We also show that far-IR scattering dominates the impact of ice cloud LW scattering on 

the simulated polar surface climate, supporting the need to monitor and understand the role of far-

IR radiation on the polar climate (Chen et al., 2014). In a nutshell, our study stresses two 

overlooked points: (1) coupled simulations are needed to correctly assess the parameterizations of 

atmospheric processes and (2) a good approximation in some climate zones may not be applicable 

to other climate zones. 

 We further compare the change of FLDS due to scattering with the inter-model spread of 

FLDS in the CMIP6 models. Including ice-cloud LW scattering increases the Arctic and Antarctic 

winter FLDS by 4.6 and 5.2 Wm-2, respectively (Supporting Information Figure S7). The standard 

deviations of the Arctic and Antarctic winter FLDS simulated by 13 climate models participating 

in the CMIP6 are 9.8 and 7.9 Wm-2 respectively (Supporting Information Table S4). None of these 

climate models has LW scattering incorporated and their prescribed SST simulations are used for 

this analysis. Thus, the difference in FLDS caused by ignoring ice-cloud LW scattering is 
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comparable to the inter-model spread of FLDS, implying that the effect of ice-cloud LW scattering 

is not negligible. This further strengthens our argument that cloud LW scattering should be 

included in climate models.  
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