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Abstract 26 

Because strong absorption of infrared radiation by greenhouse gases is more significant than the 27 

cloud longwave (LW) scattering effect, most climate models neglect cloud LW scattering to save 28 

computational costs. However, ignoring cloud LW scattering directly overestimates the outgoing 29 

longwave radiation (OLR). A recent study performed slab-ocean model simulations in the 30 

Community Earth System Model and showed that such radiative flux changes due to ice cloud LW 31 

scattering can affect the polar surface climate more than other climate zones. In this study, we 32 

included the same ice cloud LW scattering treatment in the Exascale Energy Earth System Model 33 

(E3SM) version 2 and ran fully-coupled simulations to assess the impact of ice cloud LW 34 

scattering on global climate simulation. Including ice cloud LW scattering leads to ~2 Wm-2 35 

instantaneous OLR reduction in the tropics, more than the OLR reduction in other climate zones. 36 

Strong surface warming occurs in the Arctic, which is dominantly caused by the polar 37 

amplification resulting from the radiative forcing caused by ice cloud LW scattering. In the tropics, 38 

when the ice cloud LW scattering effect is included, more liquid clouds form in the middle 39 

troposphere, high clouds in the convection zone are lifted, anvil clouds retreat, and stratiform low 40 

cloud fraction increases. Most of these effects are similar to the cloud response to the increase of 41 

well-mixed greenhouse gases. The present study suggests that the ice cloud LW scattering effect 42 

must be incorporated into climate simulations.  43 
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Plain Language Summary 44 

Clouds, like greenhouse gases, can block radiative energy emitted below from reaching the top of 45 

the atmosphere by either absorbing it or scattering it elsewhere. Cloud longwave scattering is 46 

deemed less important and thus neglected in most climate models to save computational time. We 47 

put this mechanism back in a climate model and ran pairs of simulations, with or without cloud 48 

scattering, to see how it would affect the simulated global climate. We found that cloud longwave 49 

scattering reduces the longwave radiation that goes to space and, consequently, triggers responses 50 

of the climate system. Although direct reduction of outgoing longwave radiation is strongest in the 51 

tropics, induced warming, as part of the responses, is strongest in the Arctic, similar to how the 52 

climate system responds to the increases of greenhouse gases. Furthermore, cloud properties will 53 

change, especially in the tropics, after including the cloud longwave scattering process. We argue 54 

that cloud longwave scattering is indeed important and should be included in climate simulations. 55 

  56 
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1. Introduction 57 

Clouds play an important role in the climate system (Stephens, 2005; and references therein). 58 

Despite its importance in the climate system, cloud feedbacks still remain the largest uncertainty 59 

in climate feedback estimation (Sherwood et al., 2020). This is partly due to the multi-scale 60 

complexity of cloud processes, its intricate connections with large-scale dynamics, radiation, and 61 

cloud microphysics, and the underrepresentation of known physical processes by the climate 62 

models due to various computational constraints. 63 

For example, cloud longwave (LW) scattering is one of such underrepresented physical processes 64 

in climate models. The cloud scattering effect is believed to be secondary in the LW due to strong 65 

LW absorption by greenhouse gases and clouds. As a result, a dominant majority of climate models 66 

neglect the LW scattering to save computational costs. Earlier studies using offline radiative 67 

transfer calculation have pointed out that omitting cloud LW scattering can lead to an 68 

overestimation of outgoing longwave radiation (OLR) (Stephens, 1980). When considered, 69 

scattered photons might be absorbed by greenhouse gas molecules or cloud particles, leading to a 70 

different atmospheric radiative cooling rate and, consequently, a different surface downward LW 71 

flux (Ritter & Geleyn, 1992). Several parameterization schemes have been proposed to include the 72 

multiple scattering of LW fluxes by clouds in the climate models (Chou et al., 1999; Fu et al., 1997; 73 

Li & Fu, 2000). Using atmospheric profiles from model simulations or reanalysis, these studies 74 

estimated the differences in LW fluxes and atmospheric radiative heating profile due to cirrus LW 75 

scattering (Chou et al., 1999; Fu et al., 1997; Joseph & Min, 2003; Ritter & Geleyn, 1992). The 76 
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instantaneous reduction of OLR ranges from 6~8 W/m2 depending on atmospheric conditions and 77 

the increase in downward LW flux at the surface (FLDS) ranges from 2~4 W/m2. Aside from cirrus 78 

clouds that were believed to induce the most prominent LW scattering effect, there have been 79 

published studies stressing the importance of scattering LW fluxes for radiation budget over the 80 

marine stratocumulus cloud regions (Costa & Shine, 2006; Kuo et al., 2017; Schmidt et al., 2006). 81 

It was estimated that, without LW scattering, the global-mean OLR is overestimated by 1.5~3 82 

W/m2. 83 

These studies all focused on the direct impact of cloud scattering on radiation budget. There have 84 

been studies to use prescribed-SST simulations to investigate how the cloud LW scattering effect 85 

can affect the overall simulated climate (Jin et al., 2019; Zhao et al., 2018). They agreed on the 86 

magnitude of global-mean OLR reduction by ~2.6 W/m2 when considering the effect of cloud LW 87 

scattering. Zhao et al. (2018) pointed out that such OLR reduction is amplified by water vapor 88 

response to the warming atmosphere, given that the instantaneous global-mean OLR reduction due 89 

to scattered LW flux by clouds is 1.8 W/m2. However, such prescribed-SST simulations cannot 90 

evaluate the impact of cloud LW scattering on surface climate as the surface-atmosphere coupling 91 

is constrained. To address this, Chen et al. (2020) used the Community Earth System Model 92 

(CESM) 1.1 slab-ocean model with a modified LW scheme to study the ice cloud LW scattering 93 

effect. They argued that cloud LW scattering is especially important over polar regions due to the 94 

small amount of water vapor in such regions. Their simulations showed a 1.0~2.0 K increase in 95 

the seasonal-mean surface air temperature over the polar region, which is at least twice as fast as 96 
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that in the tropics. As a cursory study, Chen et al. (2020) also identified the strong correlations 97 

between the polar surface air temperature change and the change of polar surface downward LW 98 

flux. However, the analysis by Chen et al. (2020) is largely confined to the polar region without 99 

examining possible connections between extra-polar and polar regions (Holland & Bitz, 2003; 100 

Stuecker et al., 2018). 101 

To the best of our knowledge, no study has used a fully coupled model to study the effect of cloud 102 

LW scattering on the simulated climate. In particular, previous modeling studies also limited their 103 

scope largely to the surface temperature response and ignored other climate variables like clouds. 104 

In this study, we incorporate the same ice-cloud LW scattering treatment in Chen et al. (2020) into 105 

the Exascale Energy Earth System Model (E3SM) version 2, a flagship climate model developed 106 

by the Department of Energy (Golaz et al., 2022). LW scattering by liquid water clouds is not 107 

included here because it is estimated to be much weaker than that by ice clouds (Kuo et al., 2017). 108 

Hereafter, cloud LW scattering refers to ice cloud LW scattering only. Using the modified model, 109 

we ran fully coupled simulations to investigate changes in radiation budgets, temperature, and 110 

cloud in both tropics and polar regions when ice cloud LW scattering is enabled. We also 111 

decompose the radiative flux changes into the direct changes caused by the scattering and the 112 

indirect changes caused by feedbacks in response to the direct influence of scattering. Section 2 113 

describes the model we used and our modifications, as well as the numerical experiments. After a 114 

brief discussion of the TOA radiation budget in section 3, section 4 presents a refined 115 
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understanding of the cloud LW scattering effect on the temperature response. The cloud response 116 

in the tropics is investigated in section 5, followed by a conclusion and discussion section. 117 

2. Model, Data and Methods 118 

2.1. E3SM version 2 119 

E3SMv2 (Golaz et al., 2022) is the successor of the first version of the E3SM model (E3SMv1) 120 

developed by the Department of Energy (Golaz et al., 2019). Although the first version was 121 

initially branched from CESM1, the second version is very different from CESM as most 122 

components have been replaced or heavily modified, including the atmosphere dynamical core, 123 

ocean model, sea ice model, and river routing. Atmospheric physics in E3SMv2 still share 124 

similarities with CESM2. To evaluate the model, the E3SM team conducted experiments 125 

according to a standard set of the Coupled Model Intercomparison Project Phase 6 (CMIP6) 126 

Diagnosis, Evaluation, and Characterization of Klima (DECK) simulations (Eyring et al., 2016). 127 

Compared to its predecessor, E3SMv2 doubles its speed and alleviates some issues. For example, 128 

it simulates better clouds and precipitation climatology and, consequently, improves the estimates 129 

of cloud feedbacks and equilibrium climate sensitivity (ECS). While E3SMv1 estimates an ECS 130 

of 5.3 K, which is deemed too high, E3SMv2 estimates a more realistic ECS value of 4.0 K. 131 

Our new simulations were branched from different points of the 500-year E3SMv2 pre-industrial 132 

control run (v2.LR.piControl), one of the standard runs in the CMIP6 DECK experiment. These 133 

simulations run on a horizontal grid of ~100 km in the atmosphere and land components, 1/2-134 

degree in the river component, and 60 to 30 km in the ocean and sea-ice components. The 135 
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atmosphere has 72 vertical layers from the surface to approximately 60 km. Note that the model 136 

runs on separate dynamics and column parameterization grids to improve computational efficiency. 137 

As a result, the dynamics grid has an average horizontal grid of 110 km, while the parameterization 138 

grid and the land grid have an average grid size of 165 km. 139 

2.2. Model modifications to enable ice-cloud LW scattering 140 

This study employed the same ice-cloud optics and longwave radiation schemes as described in 141 

Chen et al. (2020). In brief, a hybrid two-stream and four-stream (2S/4S) radiative transfer solver 142 

is used for longwave radiative transfer so the scattering can be included. Compared to other solvers, 143 

the hybrid 2S/4S solver has a better compromise between accuracy and computational efficiency 144 

(Fu et al., 1997). The default ice-cloud optics in the E3SMv2 do not include ice-cloud scattering 145 

properties in the LW. In this study, cloud optical properties, including cloud extinction coefficients, 146 

single-scattering albedo, and asymmetry factors, are based on a cloud particle shape model (Yang 147 

et al., 2018) consistent with that used for the Moderate Resolution Imaging Spectroradiometer 148 

(MODIS) Collection 6 operational cloud products (Platnick et al., 2015; 2017). Details about the 149 

LW radiative transfer solver and ice-cloud topics can be found in Kuo et al. (2020) and Chen et al. 150 

(2020). 151 

2.3. Numerical experiment design and data analysis 152 

The scheme described in the previous subsection has been ported to the E3SMv2. We carried out 153 

two sets of simulations: one with cloud LW scattering on (hereafter referred to as Scat), and one 154 

with that option off (hereafter referred to as noScat). The rest specifications of the two sets of 155 
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simulations are identical. By comparing the two sets of simulations, we can deduce the effects of 156 

cloud LW scattering on the simulated climate. Each set of simulations consists of three 35-year 157 

runs branching from Year 101, 151, and 251 of the piControl simulation, respectively. The mean-158 

state differences are computed as the averaged differences between these three 35-year runs. Note 159 

that the noScat run is not the same as the standard piControl run because the default ice-cloud 160 

optics are replaced with MODIS Collection 6 ice optics, and the radiative transfer solver is 161 

swapped by the hybrid 2S/4S solver with the scattering capability. For this reason, the noScat case 162 

is also compared to the piControl case in the following section. 163 

In addition, to compare the effect caused by ice cloud scattering to that caused by increasing 164 

greenhouse gases, another set of runs was carried out, namely noScat_4xCO2. The configuration 165 

is almost the same as the noScat case, but the CO2 concentration is fixed at 4 times as large as that 166 

in the noScat case. We only did one 35-year run that branches from Year 101 of the piControl run, 167 

and this will be compared to the corresponding 35-year run of the noScat case to show the effect 168 

of abrupt 4xCO2 concentration simulated by the E3SMv2 model. 169 

3. TOA Energy Imbalance and Surface Temperature Accumulation 170 

As no additional tuning has been done other than the scheme modification mentioned in Section 171 

2, it is necessary to examine the time series of TOA (top-of-the-atmosphere) energy imbalance first 172 

to ensure that the model integration has reached a quasi-equilibrium state. Figure 1a shows the 173 

annual-mean time series of TOA energy imbalance, defined as the TOA net radiative flux 174 

(downward positive). The annual-mean TOA energy imbalance time series of the piControl case 175 
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has a mean of -0.003 W m-2 and a standard deviation of 0.24 W m-2 (blue lines in Figure 1a). The 176 

imbalance time series of the noScat case (black lines in Figure 1a) has a mean of -0.32 W m-2 and 177 

a standard deviation of 0.23 W m-2. When ice-cloud LW scattering is turned on (Scat runs), the 178 

imbalance time series has a mean of -0.05 W m-2 with a standard deviation of 0.18 W m-2 (red lines 179 

in Figure 1a). Therefore, as far as TOA energy imbalance is concerned, both noScat and Scat runs 180 

only deviate from the piControl run modestly with comparable year-to-year fluctuations. 181 

Consistent with such TOA energy imbalance differences, the global-mean surface skin 182 

temperature in the Scat case is higher than that in the noScat case by ~0.37 K but very similar to 183 

the global-mean surface skin temperature in the piControl case (Figure 1b). 184 

4. A Refined Understanding of the Temperature Response to the inclusion of 185 

LW ice cloud scattering 186 

As shown in previous studies (Costa & Shine, 2006; Kuo et al., 2017), the inclusion of LW cloud 187 

scattering in offline radiative transfer calculations can reduce the global-mean OLR by 1.5~3 Wm-188 

2. Therefore, when cloud LW scattering is enabled, it effectively increases the instantaneous 189 

radiative forcing of the originally modeled climate system that ignores cloud LW scattering. We 190 

could expect that, to some extent, the temperature response to cloud LW scattering should resemble 191 

the temperature response to the increase of greenhouse gases, which also leads to an increase of 192 

the instantaneous radiative forcing.  193 

4.1. Temperature response in different climate zones 194 

Figure 2 shows the temperature profiles in different climate zones as well as their differences due 195 
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to the cloud LW scattering effect. Climate zones examined here are the tropics (30ºS-30ºN), the 196 

mid-latitude (30-60 degrees in both hemispheres), the Arctic (60ºN-90ºN), and the Antarctic (60ºS-197 

90ºS). The global mean profiles are also plotted for reference. In addition to the annual-mean 198 

differences shown in Figure 2b, Figures 2c and 2d show the seasonal-mean differences in the 199 

boreal winter and summer, respectively. Globally speaking, the cloud LW scattering effect results 200 

in warming through the troposphere by ~0.5 K (Figure 2b). Similar to the warming induced by the 201 

increase of CO2 (Figure S1), the warming in the tropical upper troposphere (~0.75K) is larger than 202 

the tropical surface warming in all three panels, which can be explained by the fact that the 203 

troposphere in the tropics is close to moist adiabatic and remains so as it warms (Manabe & 204 

Wetherald, 1975; Manabe & Stouffer, 1980). The annual-mean differences in the Arctic lower 205 

troposphere are about twice as much as the differences in other regions (including the global mean). 206 

The near-surface warming in the Arctic, confined within the stratification layer due to small 207 

turbulent heat flux (Boeke et al., 2021), can reach > 1.5 K in the winter and drop to 0.5 K or even 208 

lower in the summer. Similar latitudinal patterns and seasonal dependence also appear in the zonal-209 

mean surface skin temperature (Figure 3a; also Figure S2 for spatial distribution) and surface 210 

downward LW flux (Figure 3b). Like what has been shown in Chen et al. (2020), downward LW 211 

flux at the surface is positively correlated with surface skin temperature (𝑟 = 0.95 for DJF and 212 

𝑟 = 0.69 for JJA). Such a seasonally dependent Arctic warming pattern is also similar to the 213 

pattern caused by the increase of CO2 (Figure S3). 214 

4.2. On the strong surface warming in the Arctic 215 
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Contributions to the strong warming in the Arctic, especially in boreal winter, are multifold. First, 216 

LW scattering by clouds is more effective when the gaseous absorption is weaker. More LW 217 

radiation scattered by the clouds can reach the surface without being absorbed by the atmosphere 218 

when the air temperature is low and the total column water vapor is limited (Figure 1 in Chen et 219 

al., 2020). Second, the Arctic climate feedback, including lapse rate feedback, cloud feedback, and 220 

surface albedo feedback, together can double the warming rate of the Arctic with respect to the 221 

global-mean warming rate (Stuecker et al., 2018). Third, in boreal summer, the surface temperature 222 

increase in the summer season is dampened by sea ice melting and energy storage from summer 223 

to fall/winter seasons (Boeke et al., 2021).  224 

Similar to the approach adopted by Zhao et al. (2018) to quantitatively separate the instantaneous 225 

effect of the scattered LW flux by clouds and the indirect effect due to feedbacks, we ran an 226 

additional set of 3-year simulations branching from year 101 of the piControl run that is configured 227 

similar to the Scat case. While these runs evolve with cloud LW scattering enabled, the model 228 

outputs additional longwave radiative fluxes and longwave heating rates computed in parallel but 229 

without the cloud LW scattering effect. This case will be referred to as “Scat_offline” in the 230 

following discussion. The difference between the Scat case and the Scat_offline case is the 231 

instantaneous (or direct) radiative effect by cloud LW scattering. Over the course of three years, 232 

the differences show small seasonal variations (~1 W/m2 for OLR and ~0.2 W/m2 for FLDS), and 233 

the annual-mean differences change little (Figure S4). Thus, we expect that the instantaneous effect 234 

(Scat – Scat_offline) derived from such a three-year simulation can be used to represent the 235 
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instantaneous effect for the 35-year simulation. Then the indirect effect (i.e., caused by the 236 

feedbacks of the climate system) can thus be obtained from the difference between the total effect 237 

(Scat – noScat) and the instantaneous effect (Scat – Scat_offline). 238 

The decomposition of the changes in OLR and FLDS in such a way is summarized in Figures 4a 239 

and 4b, respectively. OLR is reduced globally by 1.13 W/m2 on average due to the direct cloud 240 

LW scattering effect. This is lower than the suggested values from previous studies (1.5~3.0 W/m2) 241 

(Costa & Shine, 2006; Kuo et al., 2017), which is to some extent due to the neglect of liquid cloud 242 

LW scattering. The largest decrease occurs in the tropics by 2 W/m2, while the smallest decrease 243 

occurs in the polar region and the subtropical region (<1 W/m2). The large OLR reduction in the 244 

tropics is consistent with Kuo et al. (2017) and Costa & Shine (2006), where they found a maximal 245 

decrease over the tropical convective zone. This is due to small cloud particles (Figure S5), a large 246 

amount of ice cloud in the tropical convective core, and the large temperature contrast between the 247 

cloud top and surface. Both atmosphere and surface warm to increase the OLR so that net LW flux 248 

at TOA decreases towards 0 (a small difference of 0.04 W/m2). The direct FLDS increase due to 249 

the scattered LW flux by ice clouds is more than one order of magnitude smaller compared to the 250 

feedbacks (0.08 W/m2 versus 2.19 W/m2 globally). The little impact on the downward LW flux at 251 

the surface due to direct cloud LW scattering is consistent with the finding in Zhao et al. (2018). 252 

The FLDS increase due to feedback is more prominent in the Arctic by up to 5 W/m2 compared to 253 

~2 W/m2 in the tropics, while the increase due to direct cloud LW scattering itself has little 254 

latitudinal variation. This suggests that the large increase of FLDS in the Arctic is dominantly 255 
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caused by the feedback process, where the warmer atmosphere emits more LW radiation to the 256 

surface. Because of the positive correlation of FLDS and TS, it can be inferred that strong surface 257 

warming in the Arctic is dominantly caused by the Arctic amplification resulting from the 258 

additional TOA radiative forcing due to cloud LW scattering. 259 

In a nutshell, including the ice cloud LW scattering effect induces a small warming effect globally. 260 

The latitudinal structure and seasonal dependence of the warming are, to a large extent, similar to 261 

those induced by radiative forcing due to the increase of CO2. Arctic amplification due to positive 262 

feedback in the Arctic is the primary contributor to the strong warming as well as more downward 263 

LW flux at the surface. In response to the OLR reduction and the consequent temperature increase 264 

throughout the globe, cloud fraction and properties will also be modified. We will focus on the 265 

tropical cloud changes in the following section, as these changes are also characteristic in response 266 

to the increase of CO2 (Sherwood et al., 2020). 267 

5. Consequent Cloud Changes in the Tropics 268 

5.1. Mid-Tropospheric Cloud Ice Reduction 269 

To quantitatively study the cloud phase transition in the simulated climate, we define a unitless 270 

variable 𝑅 to represent the percentage of ice within clouds: 271 

𝑅 =
𝑟!"#

𝑟!"# + 𝑟$!%&!'
, 272 

where 𝑟!"# is the in-cloud ice mixing ratio and 𝑟$!%&!' is the in-cloud liquid mixing ratio. Both 273 

quantities have a unit of kg/kg. The valid range of the ratio is from 0 to 1, and it will increase to 1 274 
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when a cloud is dominantly in the ice phase. 275 

Figure 5a shows the global and regional vertical profiles of R. As the altitude increases, ice particles 276 

gradually dominate the clouds. There is a peak in 𝑅 at ~500 hPa in the tropics, which mainly 277 

comes from the convective in-cloud water. Figure 5b-d shows the change of R due to the cloud 278 

LW scattering effect in different seasons. The strongest decrease in ice partition, up to 8%, occurs 279 

in the tropical mid-troposphere. The spatial distribution of 𝑅 at 575 hPa is shown in Figure 6, 280 

indicating that the decrease in ice cloud amount occurs across the tropical region, especially over 281 

the Indian ocean. Meanwhile, noticeable decreases in ice cloud amount can also be seen at 450 282 

hPa in the summer Arctic, 600 hPa in the winter Arctic, and 300 hPa in the tropics. 283 

Figure 7 shows the correlation between the ice cloud amount and the temperature at 575 hPa, 284 

where each point in the upper-panel plot represents the 35-year average cloud ice ratio 𝑅 and air 285 

temperature for a grid box in the tropics. The bottom panel is a histogram of the air temperature in 286 

both Scat and noScat cases. The cloud ice ratio negatively correlates with the air temperature (𝑟 ≈287 

−0.5). When the mean temperature increases by ~0.5 K, the cloud ice ratio drops by about 10%. 288 

Note that the layer temperature at 575 hPa is close to the freezing point of pure water (273.15 K, 289 

purple dashed line). A slight perturbation in the temperature profile can result in a considerable 290 

cloud phase transition at this pressure level. 291 

5.2. High Cloud Lift and Anvil Cloud Reduction 292 

As defined in the E3SMv2 model, we regard a cloud with top pressure > 700 hPa as a low cloud 293 
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and a cloud with top pressure < 400 hPa as a high cloud. Figure 8 shows the spatial distribution of 294 

35-year mean high cloud fraction and low cloud fraction, as well as the changes due to the cloud 295 

LW scattering effect. Commonly known features such as ITCZ (Inter-Tropical Convergence Zone) 296 

and SPCZ (Southern-Pacific Convergence Zone) are well captured in Figure 8a. The differences 297 

due to cloud LW scattering (Figure 8b) show a statistically significant (𝑝 < 0.01) reduction of high 298 

cloud fraction by ~0.03 over the SPCZ clouds. Other statistically significant but relatively smaller 299 

decreases are seen in the tropical Atlantic Ocean and the Indian Ocean. These high cloud responses 300 

are analogous to the response due to the increase of CO2 predicted by the E3SMv2 model, except 301 

that the strong high cloud fraction increase over the eastern tropical Pacific driven by the increase 302 

of CO2 is missing in response to cloud LW scattering (Figure 8c). 303 

Figure 9 focuses on the changes of vertically-resolved cloud fraction to show high-cloud fraction 304 

changes in detail. The most noticeable change is an increase of cloud fraction by up to 0.02 305 

(50%~100% relative change) at 100 hPa, especially over the western Pacific warm pool region. 306 

Other two deep convective regions along ITCZ, i.e., over tropical Africa and Amazon, also show 307 

an increase of cloud fraction, but not as larger as the warm pool region. Note that the overall high-308 

cloud fraction differences over such deep convective core regions are close to zero (Figure 8b). 309 

Therefore, such an increase in cloud fraction at 100 hPa must be accompanied by a decrease in 310 

cloud fraction at levels below it. This corresponds to the cloud fraction reduction below at 250 hPa. 311 

Moreover, the decrease of cloud fraction at 250 hPa is more extensive than the increase of cloud 312 

fraction at 100 hPa, with noticeable decreases around the deep convective regions (near the 180º 313 
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longitude line), i.e., a reduction of anvil clouds. The 100-hPa cloud fraction increase over the deep 314 

convective regions is consistent with the lift of high clouds, i.e., high-cloud altitude feedback, 315 

usually referred to as fixed anvil temperature (FAT) or proportionately higher anvil temperature 316 

(PHAT) hypothesis (Hartmann & Larson, 2002; Zelinka & Hartmann, 2010, 2011; Yoshimori et 317 

al., 2020). The 250-hPa cloud fraction decrease over extensive tropical regions is more related to 318 

the high-cloud amount feedback (Bony et al., 2016; Mauritsen & Stevens, 2015). 319 

5.3. Stratiform Low Cloud Increase over Southern Tropical Ocean 320 

Figure 8d and 8e show the low cloud fraction without cloud LW scattering and the difference 321 

caused by cloud LW scattering. Low clouds in the tropical ocean concentrate in the subtropical 322 

eastern boundary of each ocean basin, i.e., the subsidence branches of the longitudinal circulations. 323 

Figure 8e shows three regions of low cloud increase in the southern tropical oceans. An increase 324 

of low cloud fraction by ~0.04 (5~10% relatively) is seen over the southeastern tropical Pacific 325 

and southern subtropical Atlantic, both regions known for the frequent occurrence of stratiform 326 

low clouds. An increase of low cloud coverage is also seen over the Indian Ocean, but not as large 327 

as the above two regions. These low cloud increases are analogous to the response due to the 328 

increase of CO2 predicted by the E3SMv2 model except the magnitude and significance (Figure 329 

8f). 330 

The increasing amount of stratiform low clouds in these regions can be explained using estimated 331 

inversion strength (EIS) and surface temperature (TS) changes, where EIS is similar to lower 332 

tropospheric stability (LTS) that estimates the strength of the PBL inversion depending only upon 333 
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700 hPa temperature and surface temperature (Wood & Bretherton, 2006). Figure 10 shows the 334 

monthly mean low cloud fraction change binned by the EIS and TS changes for the aforementioned 335 

three tropical oceanic regions. An increase in low cloud fraction (bluish color) coincides with a 336 

positive change of EIS and a negative change in surface temperature (i.e., the second quadrant of 337 

each panel), and vice versa. The color gradient that is almost along the y-axis in figure 10 suggests 338 

that the simulated low cloud fraction changes are more sensitive to the EIS change than the TS 339 

change. It is confirmed that, compared to the noScat simulations, the increasing amount of 340 

stratiform low clouds in these regions in the Scat simulations is related to stronger boundary layer 341 

inversion and cooler surface (McCoy et al., 2017; Qu et al., 2014; Wood & Bretherton, 2006). 342 

Averagely speaking, over these regions, the long-term mean of EIS increases by a small amount 343 

of 0.5 K, and the long-term mean change in TS is negligible. This implies that the free troposphere 344 

warms more than the boundary layer. As a result, stratiform low cloud coverage increases when 345 

the ice cloud LW scattering effect is included, for the effect of LW scattering on modifying lower 346 

tropospheric and surface temperatures. 347 

The aforementioned cloud property changes in the tropical region due to the cloud LW scattering 348 

effect are analogous to how the E3SMv2 model responds to radiative forcings from increasing 349 

well-mixed greenhouse gases like CO2 (Figure 8c and 8f; Figures S6 & S7). Note that these cloud 350 

changes may be specific to the E3SMv2 model. Especially, the low cloud response due to cloud 351 

LW scattering may be different in other models due to the large intermodal spread in tropical 352 

marine low cloud feedback (Klein et al., 2017). Future studies are warranted to include cloud LW 353 
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scattering in other climate models. 354 

6. Conclusions 355 

We modified the E3SM version 2, a fully-coupled climate model, to include the ice cloud LW 356 

scattering effect, a physical process omitted by most climate models. Based on the modified model, 357 

we ran two sets of simulations, one with and the other without cloud LW scattering, to study the 358 

impact of cloud LW scattering on the simulated climate system. Figure 11 summarizes the radiative 359 

and temperature responses to the inclusion of cloud LW scattering. The instantaneous radiative 360 

effect due to cloud LW scattering reduces the OLR across all latitudes. The strongest OLR 361 

reduction occurs in the tropics. Most scattered fluxes are absorbed in the atmosphere, as the 362 

instantaneous increase of FLDS is negligible compared to the OLR reduction. The reduction of 363 

OLR due to the direct cloud LW scattering effect is compensated by the warming atmosphere and 364 

surface through feedback processes. Consequently, the global-mean climate warms by 0.5 K, and 365 

the Arctic warms at least twice as fast as the global mean, especially in boreal winter. The majority 366 

of the total FLDS increase, as well as the highly correlated surface temperature increase, is 367 

primarily due to the feedback processes. Tropical cloud changes include reduced ice cloud 368 

presence in the middle troposphere, elevated deep convective clouds, reduced anvil cloud coverage, 369 

and increased stratiform low cloud coverage. Most responses seen here are similar to those 370 

responses caused by warming due to well-mixed greenhouse gases in the same E3SM v2 model. 371 

For a climate model without cloud LW scattering, the inclusion of such an effect will cause 372 

discernible changes in the mean-state climate through the entire troposphere over the globe, as the 373 
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OLR reduction directly caused by the cloud LW scattering effect (~1.13 W m-2 in global-mean 374 

OLR) triggers climate feedbacks. 375 

This study deepens and refines our understanding of the cloud LW scattering effect. The 376 

explanation in Chen et al. (2020) for the simulated responses in the polar region overlooked the 377 

global connections and changes in the tropics caused by cloud LW scattering. Moreover, the fully-378 

coupled model used here can better account for the complex atmosphere-ocean interactions than 379 

slab-ocean or prescribed-SST models. Due to the highly sensitive nature of the polar climate, our 380 

study emphasizes the importance of including the cloud LW scattering effect in climate models for 381 

accurately simulating the polar climate. Although our study suggests that the cloud LW scattering 382 

effect acts like an additional positive term in LW cloud forcing, it is expected that the inclusion of 383 

cloud LW scattering physics can also affect the actual LW cloud feedback in the case of warming 384 

induced by increasing greenhouse gases. Comparing the climate sensitivity under the 4xCO2 385 

scenario with or without the cloud LW scattering effect is one of our follow-up studies to 386 

understand the impact of such an effect on the simulated climate changes by the same model. 387 

The modified model includes another piece of physics that is often neglected in climate modeling 388 

studies. Compared to the original E3SMv2 model, the present modifications only cost 10% 389 

additional computational time. Note that our results apply to a specific E3SM model with unique 390 

model physics and tuning. But it is straightforward to apply the modifications to other climate 391 

models as well. Because of the 3D nature of scattering, it would be also a meaningful study to 392 

examine the cloud LW scattering effect in the context of 3D radiative transfer (e.g., Kablick et al., 393 
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2011), especially for high-spatial-resolution global simulations such as those global storm-394 

resolving models with a spatial resolution as high as 3~7 km. Future climate feedback studies that 395 

used such climate models with improved physics can potentially reduce uncertainties in radiative 396 

transfer and yield a more robust feedback estimation. 397 
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Figures 535 

 536 

Figure 1. Annual-mean time series of (a) global mean energy imbalance at the top of the 537 

atmosphere (TOA), defined as net downward flux; and (b) global mean surface skin temperature. 538 

The Scat and noScat cases are shown in red and black, respectively, whereas the piControl case is 539 

in blue. Solid lines are for the average of three 35-year segments, whereas dashed lines are for the 540 

individual segments.  541 

  542 
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 543 

Figure 2. Differences in the atmospheric temperature profiles between the Scat and the noScat 544 

cases averaged over different climate zones and different seasons. (a) Temperature profile of the 545 

noScat case. (b) 35-year annual-mean temperature profile difference. (c) The 35-year mean 546 

difference in DJF. (d) The difference in JJA. Different colors represent different climate zones as 547 

labeled, i.e., tropics (30ºS-30ºN), mid-latitude (30ºS-60ºS and 30ºN-60ºN), Arctic (60ºN-90ºN), 548 

and Antarctic (60ºS-90ºS). The solid lines with dots are the average over three 35-year segments. 549 

Each dashed line represents an individual 35-year averaged difference.  550 
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 552 

Figure 3. (a) 35-year zonal-mean surface skin temperature difference between the Scat and the 553 

noScat cases. Black lines show the annual mean difference, while yellow and green lines show the 554 

differences for JJA and DJF, respectively. Dashed lines of different colors show the changes 555 

averaged over each individual 35-year segment. (b) Similar to (a), but for differences in the surface 556 

downward LW fluxes. 557 
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 559 

Figure 4. (a) Decomposition of the direct radiative effect due to direct cloud LW scattering (red 560 

line) and the climate system feedbacks (blue shade) for the difference in outgoing longwave 561 

radiation (OLR) between the Scat and noScat cases; (b) Same as (a) but for the difference in surface 562 

downward longwave flux. The black line represents the total differences. The global mean change 563 

of each component is noted in the legend. 564 
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 566 

Figure 5. Similar to Figure 2, but for the ratio of in-cloud ice mixing ratio versus in-cloud 567 

condensed water mixing ratio. The definition of the symbols is in the main text. 568 
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 570 

Figure 6. (a) Global map of the ratio of in-cloud ice mixing ratio versus in-cloud condensed water 571 

mixing ratio in the noScat run. (b) The difference of the quantity between the Scat run and the 572 

noScat run. 573 
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 575 

Figure 7. (a) Scatterplot of the ratio of in-cloud ice mixing ratio versus in-cloud condensed water 576 

mixing ratio with respect to 575 hPa air temperature for all the grids within the inner tropics (20ºS-577 

20ºN). The black dots are 35-year averages from the noScat run, while the red dots are from the 578 

Scat run. The correlation coefficient for each set of samples is included in the legend. (b) 579 

Histogram of 575-hPa temperature in the noScat run (black) and the Scat run (red). The purple 580 

dashed lines in both panels indicate the water freezing point, 273.15 K. 581 
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 583 

Figure 8. Filled contour maps of (a) high cloud fraction without cloud LW scattering (i.e., the 584 

climatology of noScat run); (b) high cloud fraction change due to cloud LW scattering effect (i.e., 585 

Scat – noScat); (c) high cloud fraction change due to the abrupt increase of CO2 to 4 times as large; 586 

(d) low cloud fraction without cloud LW scattering; (e) low cloud fraction change due to cloud 587 

LW scattering; and (f) low cloud fraction change due to the abrupt increase of CO2 to 4 times as 588 

large;. Black dots in panel (b-c) and (e-f) denotes statistically significant differences with a 𝑝-589 

value < 0.01. Panels (a-b) and (d-e) are 3´35-year mean, while panels (c) and (f) use 35-year 590 

mean. 591 
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 593 

Figure 9. Longitude-pressure cross-section of (a) vertically-resolved cloud fraction averaged over 594 

the deep tropics (20ºS-20ºN) in the noScat run; and (b) Cloud fraction difference between the Scat 595 

run and the noScat run. 596 
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 598 

Figure 10. Monthly-mean low cloud fraction change binned by the surface temperature (TS) 599 

change and the estimated inversion strength (EIS) change over three regions (a) southeastern 600 

tropical Pacific Ocean (120ºW~90ºW, 20ºS~10ºS), (b) southeastern tropical Atlantic Ocean 601 

(30Wº~0º, 20ºS~10ºS), and (c) southeastern tropical Indian Ocean (60ºE~80ºE, 20ºS~10ºS). The 602 

black solid vectors at the center of each panel show the long-term regional mean changes of EIS 603 

and TS. 604 
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 606 

Figure 11. Schematic summary of the instantaneous radiative effect (left) and total temperature 607 

responses (right) due to the cloud LW scattering effect. The results for the tropics and the Arctic 608 

are shown separately. 609 


