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Abstract While most general circulation models assume spectrally independent surface emissivity and
nonscattering clouds in their longwave radiation treatment, spectral variation of the index of refraction of
ice indicates that in the far IR, snow surface emissivity can vary considerably and ice clouds can cause
nonnegligible scattering. These effects are more important for high-elevation polar continents where the dry
and cold atmosphere is not opaque in the far IR. We carry out sensitivity studies to show that in a winter
month over the Antarctic Plateau including snow surface spectral emissivity and ice cloud scattering in
radiative transfer calculation reduces net upward far-IR flux at both top of atmosphere and surface. The
magnitudes of such reductions in monthly mean all-sky far-IR flux range from 0.72 to 1.47 Wm�2, with
comparable contributions from the cloud scattering and the surface spectral emissivity. The reduction is also
sensitive to sizes of both snow grains and cloud particles.

1. Introduction and Motivation

Understanding the response of polar climate to global warming is one of the key challenges to be addressed
in the study of climate change [e.g., Anisimov et al., 2007]. General circulation models (GCMs) have been used
extensively in studying this question [e.g., Holland and Bitz, 2003; Shindell, 2007; Armour et al., 2011; Screen
et al., 2012; Kay et al., 2012]. Longwave radiation plays an important role in the polar energy budget and
climate. The far-IR portion (0–600 cm�1) of the longwave spectrum contributes ~50% of the outgoing
longwave radiation, and water vapor pure rotational bands dominate atmospheric absorption and emission
in the far IR [Harries et al., 2008]. Under most circumstances, the water vapor in the atmosphere is abundant
enough to render the atmosphere opaque in the far IR. In these circumstances the surface far-IR emission
is completely absorbed within the troposphere and does not reach the top of atmosphere (TOA). However,
this scenario is not applicable to polar continents, especially high-elevation areas such as the Antarctic
Plateau and Greenland, where the temperatures are cold and, due to high altitude, the total column water
vapor (CWV) is much smaller than that in other places. For example, the global mean CWV is ~2.2 cm but the
CWV above Antarctica is only 0.1–0.3 cm [Ye et al., 2007]. The CWV above Greenland in the wintertime is also
well below 0.5 cm [Neely and Thayer, 2011]. Moreover, the low surface pressure in these areas results in
less pressure broadening of absorption lines. These facts all help reduce the overall atmospheric absorption
of far-IR radiation in polar environments, enabling surface far-IR emission to reach the TOA. Figures 1a and 1b
show annual mean change of the TOA outgoing far-IR flux due to a 1 K perturbation of surface
temperature, for both clear-sky and all-sky conditions, which are computed using an off-line spectrally
resolved radiative transfer model [Chen et al., 2013]. The change in outgoing far-IR flux is only significant over
polar high-elevation areas, the Tibetan Plateau, and the Andes Mountain. For the Antarctic Plateau and
Greenland, 1 K surface temperature changes result in ~0.6Wm�2 change in clear-sky and ~0.3Wm�2 change in
all-sky outgoing far IR, respectively.

As far as we are aware of, most state-of-the-art GCMs assume spectrally independent surface emissivity in
their longwave radiation scheme, and usually, the emissivity is assumed to be unity. Except a few GCMs
such as Canadian CanAM4 [Li, 2002; von Salzen et al., 2013], most GCMs also assume nonscattering clouds in
their longwave radiation scheme. We use longwave rapid radiative transfer model (RRTM_LW) [Mlawer et al.,
1997; Iacono et al., 2000] with ice cloud parameterization from Fu et al. [1998] to investigate the impact of
inclusion of LW scattering for two typical sounding profiles of midlatitude winter and subarctic winter
[McClatchey et al., 1972] with varying total column water vapor. The surface is assumed to be blackbody for
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this calculation. RRTM_LW has three bands in the far IR from 0 to 630 cm�1. The built-in eight-stream discrete
ordinates radiative transfer (DISORT) solver [Stamnes et al., 1988] is used for multiple scattering calculations.
RRTM_LW has been extensively benchmarked against line-by-line radiative transfer models [Mlawer et al., 1997;
Clough et al., 2005]. Results found here using eight-stream and 16-stream DISORT solvers were within 0.01%
of each other. As shown in Figures 1c and 1d, inclusion of cloud scattering reduces the TOA upward flux
because part of the upward flux incident on the cloud is now scattered in other directions instead of going
through and reaching the TOA, and this dominates over other changes due to scattering. It also reduces the net
upward far-IR flux at surface because of the backward scattering of the upward flux. The magnitude of such
changesmonotonically decreases with increasing CWV.When CWV ismore than 0.8 cm, all changes are close to
zero except the change of TOA upward flux when high clouds are present. Results from Figures 1c and 1d
are consistent with previous studies on the effect of cloud LW scattering by Chou et al. [1999] and Costa and
Shine [2006], which studied the overall impacts on the LW broadband fluxes instead of the far IR alone.

While neither atmospheric scattering nor surface reflection exists in the longwave treatments of most current
GCMs (Figure 2a), in reality the surface emissivity is spectrally dependent and clouds can scatter longwave
radiation as well (Figure 2b). For high-elevation polar continents, the issues of surface emissivity and cloud
longwave scattering become coupled in the far IR. As described above, there is less water vapor in polar
atmospheres to absorb far-IR radiation than elsewhere. Thus, part of the surface far-IR emission can reach the
cloud, and if both surface and cloud can scatter far-IR photons, multiple reflections can happen between
cloud and surface (in addition to multiple scattering in the clouds), indicating important coupling between
the treatments of spectral snow emissivity and cloud scattering. As amatter of fact,mice, the imaginary part of
the index of refraction of ice (Figure 2c) has a local minimum between 350 and 550 cm�1, implying that the

Figure 1. (a) The annual mean change of TOA far-IR clear-sky flux (0–600 cm�1) due to 1 K increase in surface temperature.
(b) Same as Figure 1a except for the change of TOA far-IR all-sky flux. The 1 K surface temperature perturbation is applied
to 6-hourly output of ECMWF ERA-Interim reanalysis data in 2002 [Dee et al., 2011]. (c) The far-IR flux difference at both
the TOA and the surface caused by scattering of clouds while everything else remains the same. The difference is shown as
a function of total column water vapor. Cloud visible optical depth is assumed to be 0.5, and effective size is 25μm.
Midlatitude winter sounding profiles from McClatchey et al. [1972] are used here, and a constant is used to scale the entire
humidity profile. CTH on the plot denotes cloud top height. (d) Same as Figure 1c but using subarctic winter sounding
profiles from McClatchey et al. [1972].
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scattering effects of ice clouds and snow or ice surfaces are more prominent over this spectral range than
over the middle IR.

The facts mentioned above motivate us to examine how the treatments outlined in Figures 2a and 2b can
affect the longwave radiation budget at both the TOA and surface of high-elevation polar continents. In
reality, great complexity exists in the spectral emissivity of snow at different aging stages and in the
microphysical and optical properties of polar clouds. This study is not aimed at providing the most accurate
estimation of the far-IR energy budget for the polar region. Instead, we carried out sensitivity studies with
reanalysis and observation-based parameters to assess the magnitude of changes in simulated far-IR
radiation budgets when surface spectral emissivity and cloud scattering are more realistically treated. In
section 2 we discuss the calculation of far-IR spectral emissivity of snow surfaces. Sensitivity studies are
presented in section 3. Conclusions and further discussion are given in section 4.

2. The Far-IR Spectral Emissivity of Snow Surface

While there have been extensive measurements of surface spectral emissivity for a variety of surface types,
such as the Spectral Library for the Advanced Spaceborne Thermal Emission and Reflection Radiometer
[Baldridge et al., 2009], such measurements only cover the middle IR (>650 cm�1). There have been no
compilations of far-IR spectral emissivity of different surface types nor any systematic measurements of far-IR
emissivity of snow or ice surfaces. The spectral emissivity of snow surfaces can, in principle, be modeled with
certain assumptions [e.g., Berger, 1979; Wiscombe and Warren, 1980; Warren, 1982]. Given the lack of actual
measurements, we rely on such modeling approaches in this study.

The refractive indices of ice from Warren and Brandt [2008] are used in our modeling of snow spectral
emissivity. The snow grain size distribution is assumed to be lognormal. Wald [1994] pointed out that the

Figure 2. (a) A schematic showing the current assumptions used in most GCMs for the relevant optical properties of
surface and cloud in the far IR (denoted by subscript “FIR”). Upward arrow denotes the upward far-IR flux emitted by the
surface and transmitted through the cloud. T is transmittance, ω is the single-scattering albedo of cloud, ε is the surface
emissivity, and r is the surface reflectivity. No scattering happens in the far IR in “model world.” (b) A schematic showing the
real radiation interactions between clouds and snow surface. Photons in the far IR can be reflected between cloud and
surface multiple times and absorbed in the course of such scattering. (c) The imaginary part of the index of refraction of ice
from 100 to 2000 cm�1. (d) Comparison of simulated and measured hemispherical mean snow emissivity for fine, medium,
and coarse snows. Measured results are shown in solid lines. Simulated results are shown in dash-dotted lines. Fine,
medium, and coarse snows are in black, red, and blue lines, respectively.
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single-scattering albedo and the asymmetry parameter computed by Mie theory cannot be directly used in
radiative transfer models of closely packed grains. Mishchenko [1994] and Mishchenko and Macke [1997]
proposed a method named “static structure factor correction,” which is based on solving Maxwell’s
equations and statistical mechanics for dense packing. The method modifies optical properties derived
from the Mie scattering theory with a static structure factor. Details of the method can be found in
Mishchenko [1994]. This correction method can be used for particles of any grain size and thus is adopted in
this study. The corrected single-scattering parameters are then fed into the Hapke emissivity model
[Hapke, 1993] to simulate snow emissivity at all spectral frequencies in the longwave. This method uses
snow effective grain size as an input parameter; it thus holds promise for incorporation into models like
the Community Earth System Model, which currently prognoses vertically resolved snow effective radius
[e.g., Oleson et al., 2010].

Figure 2d shows the comparison between modeled and measurement-based hemispherical mean snow
spectral emissivities for fine-, medium-, and coarse-grained snow surfaces as defined in Hori et al. [2006].
For coarse snow, the rough surface welding effect [Wald, 1994] needs to be considered and Fresnel
reflective model [Masuda et al., 1988] is used to model this effect. As a result, the spectral emissivity for
coarse snow is computed by a weighted average of the emissivity from the Hapke model (weighting factor
0.97) and the Fresnel reflective model (weighting factor 0.03). The weighting factors are determined for
the best match with measured coarse snow spectral emissivity. Solid lines are based on directional snow
emissivity at six viewing zenith angles from 0° to 75° with an increment of 15° measured by Hori et al. [2006]
in the spectral range of 714–1250 cm�1. The diameter ranges of fine, medium, and coarse snows are
40–100 μm, 300–1100 μm, and 50–1000 μm, with median diameters of 70 μm, 600 μm, and 800 μm,
respectively. Detailed information of snow types can be found in Table 1 of Hori et al. [2006]. Figure S1 in
the supporting information shows the comparison of simulated and measured directional snow emissivity
at three viewing zenith angles (15°, 45°, and 75°) for the case of coarse snow. Figures 2d and S1 show
that our modeled snow spectral emissivity agrees reasonably well withmeasurements, including dependencies
on both grain size and viewing angle. This gives us confidence in using the modeled far-IR emissivity in this
study. Figure 2d also shows that, in general, the larger the snow grain size is, the lower the spectral emissivity,
which is in agreement with Wald [1994].

3. Sensitivity Studies of the Impact on Surface and TOA Energy Budget

Using the spectral emissivities modeled in section 2, we carry out two sensitivity studies. The area of interest
is the Antarctic Plateau between 70°S and 82°S with surface altitude above 2 km (satellite data used in this
section are only available as far south as 82°S). As in Figure 1, RRTM_LW is usedwith the ice cloud parameterization
from Fu et al. [1998]. Therefore, for the following discussion, the far-IR flux refers to the flux integrated from
0 to 630 cm�1. For a cirrus cloud with effective size of 25μm, the ratio of far-IR optical depth to its visible optical
depth at 0.55μm is ~1.12.

Table 1. The Far-IR Flux Integrated From 0 to 630 cm�1 (in Wm�2) at the TOA and Surface as Well as Atmospheric Net Emission for Different Treatments of Ice
Cloud and Surface Emissivity in the Far IRa

Treatment 1 (Wm�2) Difference From Treatment 1 (Wm�2)

Cloud Effective Size
Case 0: Blackbody Surface
and Nonscattering Clouds

Case 1: Fine Snow Surface
and Scattering Clouds

Case 2: Coarse Snow Surface
and Scattering Clouds

Case 3: Blackbody Surface
and Scattering Clouds

Far-IR upward
flux at TOA

25μm 80.40 �1.31 �1.47 �1.00
50μm 80.70 �0.84 �1.0 �0.51

Far-IR upward
flux at surface

25μm 82.97 �0.37 �0.53 0
50μm 82.97 �0.39 �0.56 0.0

Far-IR downward
flux at surface

25μm 59.37 0.65 0.65 0.66
50μm 58.24 0.33 0.33 0.33

Far-IR net upward
flux at surface

25μm 23.60 �1.02 �1.17 -0.66
50μm 24.73 �0.72 �0.89 -0.33

Net atmospheric
far-IR emission

25μm 56.80 �0.29 �0.29 �0.35
50μm 55.97 �0.12 �0.12 �0.18

aSatellite observations of cloud profiles and ERA-Interim reanalysis in July 2008 over Antarctic Plateau (surface elevation >2 km) are fed into RRTM_LW to
derive these results.
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For the first sensitivity study, we randomly pick a month in austral winter, i.e., July 2008 and use the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis [Dee et al., 2011] monthly
mean temperature and humidity profiles over the aforementioned Antarctic region as input to RRTM_LW.
The results are similar when data of another month in austral winter are used. If clear sky is assumed, the
difference between fine snow surface emissivity and blackbody surface causes �0.37 Wm�2 change (i.e.,
�0.45% in percentage change) in the TOA upward far-IR flux and �0.41 Wm�2 (�1.63%) change in the
surface net upward far-IR flux. If coarse snow is assumed, the corresponding changes are �0.54 Wm�2

(�0.67%) at the TOA and �0.59 Wm�2 (�2.33%) at the surface.

Next, we assume a 1 km layer of ice cloud specified with different optical depths and cloud top heights in
the RRTM_LW calculation. We compute the far-IR flux at both TOA and surface using two treatments:
Treatment 1 is similar to assumptions used in most current GCMs—blackbody surface and nonscattering
ice cloud (Figure 2a) and Treatment 2 takes spectrally varying surface emissivity and scattering ice cloud
into account (Figure 2b). We compute the net upward far-IR flux differences at both the TOA and surface
between the two treatments for different combinations of cloud top height and cloud optical depth,
summarized in Figure 3. As shown in Figures 1c and 1d, inclusion of cloud LW scattering reduces the
upward flux at the TOA and increases the downward flux at the surface (i.e., reduces the net upward flux at
surface). Employing spectrally varying surface emissivity instead of blackbody emissivity also reduces
upward flux at surface. The far-IR flux change at the TOA (Figures 3a and 3b) has little sensitivity to the
surface spectral emissivity but depends on both cloud top height and cloud optical depth. As for the net
upward flux at the surface, the change is much more sensitive to the cloud optical depth than to the cloud
top height, with largest change occurring with cloud optical depths of ~1–2. Comparing the clear-sky
results mentioned in the previous paragraph, the all-sky net upward far-IR flux changes at both TOA and
surface, as shown in Figure 3, are severalfold larger. Comparing Figures 3c and 3d, the difference due to
surface emissivities of fine and coarse snow is ~0.1–0.2 Wm�2. Figures 3e and 3f show the difference in
atmospheric net far-IR emission (i.e., TOA upward flux-surface net upward flux). When cloud top is low
(<2.5 km) and cloud visible optical depth is no more than 1 (for 2.5 km cloud top) or 3 (for 1.5 km cloud top),
the difference is positive, implying that inclusion of scattering increases the net far-IR emission by the
atmosphere. For the other cases, the difference is negative and the LW cloud scattering leads to more
atmospheric net absorption of far-IR flux than the LW cloud absorption alone.

It is well known that the cirrus optical properties can change significantly with their effective particle size.
To investigate the sensitivity, we compute the far-IR flux difference between Treatment 2 and Treatment 1
for one case of low cloud (cloud top at 2 km) and one case of high cloud (cloud top at 5 km) with varying
effective size of cirrus particle. Figure 4 summarizes the results and shows that the difference in both TOA and
surface net upward far-IR flux decreases with the increases of cloud effective particle size. When cloud effective
particle size increases from 15μm to 80μm, the differences reduce by ~55%–60% for both high cloud and low
cloud, for both TOA and net surface upward flux in the far IR, and for both fine and coarse snow surfaces.

The second sensitivity study utilizes actual retrievals of cloud profiles based on CloudSat and CALIPSO
observations. By doing so, we take realistic cloud occurrences into account. We use all CloudSat and CALIPSO
observations from July 2008 over the same Antarctic regionwith surface elevation above 2 km. The ERA-Interim
6-hourly temperature and humidity reanalyses are interpolated to the same location and time as the satellite
observations. Cloud liquid water content profiles are from CloudSat product 2B-CWC-RVOD [Wood, 2008].
Cloud ice water content profiles are from a joint retrieval using both CALIPSO lidar and CloudSat radar
observations, which is released as a CloudSat Level 2 data product and commonly referred to as 2C-ICE
[Deng et al., 2010]. In total, 624,275 observations are available and 46% of them are clear-sky observations.
Geographical locations of these profiles have nearly uniform coverage over the Antarctic Plateau above 2 km
elevation (Figure S2 in the supporting information). The far-IR flux at both TOA and surface, as well as the
atmospheric net far-IR emission (i.e., TOA outgoing flux-surface net upward flux), are averaged over all profiles
and summarized in Table 1. To make the comparisons informative, we also list the results assuming a
blackbody surface and scattering cloud (Case 3 in Table 1). Walden et al. [2003] analyzed precipitating ice
crystals collected at South Pole Station of Antarctica during the winter of 1992 and found that most of the
crystals have effective radius of ~11 μm (i.e., effective size of ~22 μm). Thus, we compute two scenarios
assuming 25 μm and 50 μm cirrus effective particle sizes.
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Compared to Treatment 1 (Case 0 in Table 1), Treatment 2 (Cases 1 and 2 in Table 1) reduces monthly mean
TOA upward far-IR flux by more than 0.84 Wm�2. Compared to Case 3 (which includes scattering clouds
but a blackbody surface), Treatment 2 (which includes both scattering clouds and nonblackbody surface)
reduces monthly mean TOA upward far-IR flux by ~0.3 Wm�2 for fine snow and ~0.5 Wm�2 for coarse snow.
Similar to Figure 4, the larger the cloud effective size is, the smaller the difference from Treatment 1.
The change in surface net upward far-IR flux is similar in both magnitude and dependence with surface
emissivity and cloud ice effective size. As a result, Treatment 2 reduces the monthly mean atmospheric

Figure 3. (a) The difference in TOA outgoing far-IR flux between Treatment 2 and Treatment 1 for the fine snow surface and
varying cloud top heights and visible optical depths. (b) Same as Figure 3a except for the coarse snow surface. (c and d)
Same as Figures 3a and 3b but instead showing the difference in surface net upward far-IR flux. The ratio of far IR to
visible cloud extinction optical depth is ~1.12. (e) The difference between Figures 3a and 3c, i.e., the difference in net
atmospheric emission in the far IR between Treatment 2 and Treatment 1 for the fine snow surface. (f ) Same as Figure 3e
but for the coarse snow surface. The cirrus effective size is assumed to be 25μm.
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far-IR net emission by 0.29 Wm�2 for both fine and coarse snow surfaces when cloud ice effective size is
25 μm. When cloud ice effective size is 50 μm, the net emission decrease is only 0.12 Wm�2. When
comparing the results of Case 3 with those of Cases 1 and 2, it is clear that even for such monthly averages
of all-sky situations, the impacts of both factors (the snow spectral emissivity and ice cloud scattering)
are discernible in both the TOA and surface radiation budgets. Moreover, the changes caused by the two
factors have the same sign and comparable magnitudes.

In parallel to Table 1, we also examine the changes in TOA and surface radiation budgets in the middle IR
bands as computed by the RRTM_LW (Figure S3 in the supporting information). This analysis shows that
the only noticeable changes are associated with two window bands, and the magnitudes of total changes in
the middle IR are much smaller than those in the far IR, which confirms our reasoning that the largest LW
changes are expected in the far IR.

4. Conclusions and Discussions

We discuss the impact of including surface spectral emissivity and scattering by ice clouds on the surface
and TOA far-IR radiation budgets of polar high-elevation regions. Sensitivity studies show that when
scattering by ice clouds and spectral emissivity of snow surface are both taken into account, net upward far-IR
flux at both the TOA and surface are reduced and the sign of change in atmospheric net far-IR emission
depends on both cloud optical depth and cloud top height. Using one winter month of CloudSat and
CALIPSO observations with ERA-Interim reanalysis, it is shown that the monthly mean decreases in both
the TOA and surface net upward far-IR flux are ~0.72–1.47 Wm�2. As a result, these changes lead to only an
~0.1–0.3 Wm�2 reduction of atmospheric net far-IR emission (or equivalent, an ~0.1–0.3 Wm�2 increase of
atmospheric net far-IR absorption), smaller than the changes of far-IR flux at the TOA and surface.

Our sensitivity studies show that the impact of such treatments of surface emissivity and cloud longwave
scattering on the wintertime local energy budget is nonnegligible and is sensitive to both the cloud particle
size and the snow grain size. Our capabilities of measuring and modeling both cloud and snow grain sizes in
the polar region are still limited. In addition, we still lack reliable measurements of far-IR surface spectral
emissivity, making direct validation of modeled emissivity difficult. We hope that this study can raise enough
attention in both modeling and observational communities to further look into these issues and improve
the representations of far-IR radiative properties and processes in GCMs.
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