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Infrared Scattering of Cloud in an Isothermal Atmosphere
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ABSTRACT: In the absence of scattering, thermal contrast in the atmosphere is the key to infrared remote sensing. With-
out the thermal contrast, the amount of absorption will be identical to the amount of emission, making the atmospheric
vertical structure undetectable using remote sensing techniques. Here we show that, even in such an isothermal atmo-
sphere, the scattering of clouds can cause a distinguishable change in upwelling radiance at the top of the atmosphere. A
two-stream analytical solution, as well as a budget analysis based on Monte Carlo simulations, are used to offer a physical
explanation of such influence on an idealized isothermal atmosphere by cloud scattering: it increases the chance of photons
being absorbed by the atmosphere before they can reach the boundaries (both top and bottom), which leads to a reduction
of TOA upwelling radiance. Actual sounding profiles and cloud properties inferred from satellite observations within 6-h
time frames are fed into a more realistic and comprehensive radiative transfer model to show such cloud scattering effect,
under nearly isothermal circumstances in the lower troposphere, can lead to ~1-1.5-K decrease in brightness temperature
for the nadir-view MODIS 8.5-um channel. The study suggests that cloud scattering can provide signals useful for remote
sensing applications even for such an isothermal environment.
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1. Introduction

Since the seminal work by Kaplan (1959), thermal IR radia-
tion has been used extensively to infer the vertical structure
of atmospheric temperature and greenhouse gases (most no-
tably, water vapor, ozone, and CQO5), as well as cloud proper-
ties such as cloud-top temperature and cloud optical depth.
As far as IR cloud remote sensing is concerned, many re-
trieval algorithms have been implemented in actual opera-
tions, to name a few, split-window algorithms (e.g., Inoue
1985; McMillin 1975), CO; slicing algorithm (e.g., Smith et al.
1970; Chahine 1974; McCleese and Wilson 1976), and optimal
estimation algorithms (e.g., Wang 2016a,b).

The vertical temperature gradient, i.e., thermal contrast, is
the reason why such profiling capability exists in thermal IR
remote sensing. In the absence of scattering, if there is no
temperature gradient, the amount of radiation absorbed by a
given atmospheric layer will be exactly the same as the
amount of radiation emitted by the same layer. As a result,
the observed radiance cannot be related to the vertical pro-
files of absorbers within the given layer. Consider nadir-view
upwelling radiance for a given layer from z, to z; as an exam-
ple. If no scattering occurs, and the temperature is constant
within the layer, the upwelling radiance leaving the top
boundary z; can be written as (Schwarzschild 1914)

11(11) = [I(Zo)e—[rv(z(,)—fv(zl)] + JZIBV[T(Z)]dize—[ry(z)—fv(zl)] dz
0
= e—[n(z())—n(z])][11(20) _ BV(T)] + BV(T)’ 1)

Denotes content that is immediately available upon publica-
tion as open access.
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where v denotes the frequency, B, (T) is the Planck function,
and 7 denotes the optical depth. The upwelling radiance
at the top boundary is only related to three quantities, i.e.,
the upwelling radiance entering the lower boundary I} (zg)s
the temperature of the layer, and the column concentration
of the absorbers [related to 7(zp) — 7(z1)]. Suppose the entire
atmospheric column is isothermal and the surface is a black-
body at the same temperature as the atmosphere. In that case,
the first term on the right-hand side of Eq. (1) will be 0. The
upwelling radiance at the top of the atmosphere will be simply
the blackbody radiation of the surface temperature, regard-
less of how many absorbers are present in the atmosphere,
i.e., no profiling capability for the atmosphere.

Given the well-known importance of thermal contrast in IR
remote sensing, an interesting question to ask is, If scattering
is presented in such an isothermal atmosphere, how much
could it affect the above statement? Will it make an observ-
able difference at the top of the atmosphere? In reality,
clouds can have single scattering albedo as high as 0.85-0.9 in
certain IR window or microwindow regions, e.g., ice cloud at
the far-IR dirty window around 400 cm ™! and mid-IR window
around 1100 cm ™", and liquid clouds in the shortwave-IR win-
dow around 2700 cm~! (Kuo et al. 2017). Even though, in re-
ality, the entire atmosphere column cannot be isothermal,
there are situations where the lower troposphere can be
nearly isothermal. For example, the polar wintertime or the
extrapolar regions during episodes of cold-air outbreaks tend
to have nearly isothermal lower troposphere with persistent
stratus clouds coverage at the same time. Thus, such a theoreti-
cal consideration of scattering in an isothermal atmosphere can
be a good starting point to explore some real-world applications
too.

The remaining sections are arranged as follows. Section 2
presents two-stream analytical solutions, as well as their
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physical interpretations, to the scattering in an isothermal at-
mosphere for a variety of boundary conditions. Section 3 fur-
ther illustrates the problem with a Monte Carlo approach and
photon budget analysis. Section 4 quantifies the effect of scat-
tering with a more sophisticated radiative transfer model with
realistic molecular spectroscopy and cloud optical properties.
Further discussion and speculations are presented in section 5.

2. Two-stream analytical solutions

As elegantly put by Bohren (1987), the two-stream ap-
proach, despite its simplicity, can provide many physical in-
sights into multiple scattering problems. Here we use such an
approach to illuminate the key physics behind the scattering
in an isothermal, absorptive atmosphere. We start with the
two-stream approximation following Fu et al. (1997). For a
plane-parallel atmosphere, the upward and downward radian-
ces measured at a certain atmospheric layer dr in the thermal
infrared can be correspondingly written as

ol

P = rllT — r21l -5,

art 1 !

S nl—nl +S, )

where
r = D[l - g(l + g)],

rn=D20-g)
S =D(1 — &)B[T(7)],

7 is the optical depth, D = 1.66, @ is the single scattering al-
bedo, g is the asymmetric factor. The Planck function B[7(7)]
depends on the temperature of that layer and is assumed to
vary exponentially with 7 {i.e., B[T(1)] = aeP", where a = B,
and 8 = (1/7y)In(B/B,)}. In this definition, B, and B, are the
Planck functions for the temperature at the bottom and top of
a given layer, respectively, and 7 is the total optical thickness
of this layer. All quantities are functions of frequency. For
simplicity, the subscript v is omitted. The general solution to
Eq. (2) can be written as (Fu et al. 1997)

(1) = glefk(fff” + ng(fkT +Z,,

IM(7) = gRe 0™ 4 g ek 1+ 7 3)
where
k=7 - 2",
P k _n
r r+k’
z. - kz%gz(’l =B+ 1),

7o is the total optical thickness from surface to TOA, and g;
and g, are two constants to be determined by the boundary
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conditions. Now if the atmosphere is isothermal, 8 = 0, By = By,

then

D( - @)B
zZ, =7 _ D~ @B, (4)
rl—rz

From the definitions of r; and r,, it can be shown that
r,+r, =D — g&),
r,—r,=D1-a) )

We can get

Z,=Z_ =B,=B,. (6)
The physical meaning of the Z.. terms is straightforward: they
are the source term due to thermal emission in a given layer.

We will then look at different sets of boundary conditions and
explore the meanings of the solutions.

a. A trivial solution: Blackbody surfaces at both upper
and lower boundaries

If the boundary conditions are
1 T('rO) =B,
10) = B, )
i.e., both upper and lower boundaries can emit blackbody ra-

diation at the same temperature as the isothermal layers, we
have

g+ nge_kTU +Z, =B,
g Re " + ¢, +Z_ =B, ®)
which leads to g; = g, = 0, and I'(7) = I'(7) = By, i.e., the ra-

diation fields are entirely constant, regardless of the actual
values of @, g, and 7.

b. Blackbody bottom and space top
If the boundary conditions are
I'(ry) = By,

9
140) = 0, ©)

i.e., the underlying surface is blackbody and there is no
downwelling flux at the top, then g; and g, can be solved as

_ Re *0z — Z, -‘:—B0 _ Re k7
81 = 1 — R2e 2k%, - Bol — R2¢2k7,°
Z_—Z _Re ™ + B Re % 1
& =~ : 0 =—-B

01 _ R2€*2k7'0 :
(10)

1 — R2¢2k7,

To illustrate the physics further, it is instructive to look at several
extreme cases before we discuss the generic interpretation.



NOVEMBER 2023

0.1

0.2

0.8 b

0.9 b

1 1 1 1 1
0 20 40 60 80

Upwelling radiance (Iup)

100

FAN AND HUANG

2703

0=
0.1
0.2
0.3
0.4
< o5
0.6

0.7

0.8

7=10,w=0.0 1
7=10,w=0.5,g=0.5 \
7=10,w=0.9,g=0.5 \
7=10,w=0.9,g=0.9 1

09F

-1 1 1 1 \
0 20 40 60 80

Downwelling radiance (|

100
dn)

FIG. 1. The two-stream solution for an isothermal atmosphere with an underlying blackbody surface of the same
temperature and zero downward radiance at the top of the atmosphere. The (left) upwelling and (right) downwelling
radiances are shown. The blackbody radiation at the surface and atmospheric temperature is 100 (arbitrary unit). Re-
sults from different combinations of single scattering albedos and asymmetry factors are shown in different colors as

labeled.

1) PURE ABSORPTION CASE (& = 0)

If ® =0, then r; = D and r, = 0. Equation (10) leads to
g1 = 0and g, = —By. Thus,

I'(1) = By,

IM7) = B,(1 — e P7). (11)
This is fully consistent with the formal solution without scat-
tering, i.e., the upwelling radiance at any level is always black-
body radiation, and the downwelling radiance increases with
the absorption optical depth of 7. Since the upwelling radi-
ance is always constant without dependence on 7, there is no
way to infer atmospheric profiles from the observation at the
top of the atmosphere.

2) PURE FORWARDING SCATTERING (g =1)

If g = 1 (i.e., all photons will be scattered forward instead
of backward), we will have r, = D(1 — @) and r, = 0. The val-
ues of g and g, are still the same as those in the case above
(i.e., g1 = 0 and g, = —By.). As a result, we will get

I'(7) = B,

IH7) = B,[1 — e PU-2)], (12)

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 08:58 PM UTC

which is the same as the results in section 2b(1) except that
the absorption optical depth here is (1 — @)7. Thus, if there is
no backward scattering, the upwelling radiance is still just the
blackbody radiation at any level.

3) SEMI-INFINITE ATMOSPHERE (79 — +)

The semi-infinite atmosphere implies e %% = ¢~2k% =0,
which leads to g = 0 and g, = —By. Thus,

I1(7) = By(1 — Re ™),

IM7) = By(1 — e *). (13)
At the top of the atmosphere, the upwelling radiance is no
longer blackbody radiation. Instead, it is Bo(1 — R), where R
is associated with the scattering properties. Only at the level
where k7 >> 1, the upwelling radiance approaches By, so does
the downwelling radiance.

4) GENERIC CASES

Figure 1 shows the solutions to several combinations of &
and g for an isothermal atmosphere with a total optical depth
of 10. Compared to the pure absorption case (i.e., black line
in Fig. 1), scattering reduces upwelling radiance at the TOA
as long as backscattering exists, even though the atmosphere
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FIG. 2. The radiance divergence, ie., d(I' — I')/dr, for the same
four solid line cases and two dashed line cases shown in Fig. 1.

is entirely isothermal. In the presence of scattering, the
downwelling radiance is also reduced at all levels compared
to the counterpart without scattering. Note the emissivity of
each atmospheric layer, &, is directly related to the absorptive
optical thickness of the same layer (AT,ps) by £ = 1 — ™A,
Therefore, for the same extinction optical depth, the presence
of scattering reduces the emissivity of each layer compared to
the nonscattering case, i.e., the thermal emission of each layer
is smaller, which contributed to such reduced downwelling ra-
diance. Compared to the isothermal nonscattering cases in
which the absorptive optical depth is the same (dash lines in
the right panel of Fig. 1), the downwelling radiance is indeed
increased at all levels in the presence of scattering. The radi-
ance divergence (i.e., radiative cooling), as shown in Fig. 2, in-
creases in the lower part of the atmosphere and decreases
toward the TOA. As a result, in the presence of scattering,
the increase of radiance cooling toward the TOA is not as
sharp as in the nonscattering case. This is consistent with the
fact that scattering is a diffusive process compared to pure ab-
sorption or emission.

Contrasting results between sections 2a and 2b, it is obvious
that the boundary condition matters here for such deviation
from blackbody behavior. In the real world, the lower tropo-
sphere can be close to isothermal in some weather conditions.
Downwelling radiance at the upper boundary of such an iso-
thermal layer is not zero, which is different from the idealized
case above. However, scattering can still make a difference
even if there is downwelling radiance at the upper boundary.
The only exception is that the amount of downwelling radiance
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across the upper boundary is the amount of radiance emitted by
a surface with the same temperature as the isothermal-layer tem-
perature [i.e., the boundary condition described by Eq. (7) in
section 2a.

3. Monte Carlo simulation and photon “budget” analysis

To further understand the contribution of scattering to
TOA radiances, we carried out a two-stream Monte Carlo
simulation so the trajectory of each photon can be traced and
counted. In the simulation, photons can be emitted from the
surface as well as any layers within the atmosphere, and they
travel in either upward or downward directions. When travel-
ing through the atmosphere, each photon has a chance to in-
teract with particles within a layer. The probability is dictated
by the optical thickness of the layers. For those which interact
with the atmosphere, they could be absorbed or scattered, for-
ward or backward, as determined by single scattering albedo
and asymmetry factor. We trace each photon to its destination
and count the number of photons that get absorbed by each
layer in the atmosphere, reach the surface, or reach the TOA,
respectively. To be consistent with the two-stream analytical
solution in the previous section, the zenith angle (u) along the
upward and downward direction is set at cosu = 1/1.66. The
number of photons released from the surface is 10°. The at-
mosphere is divided into 100 layers with equal optical thick-
ness and the number of photons emitted from each layer
depends on the emissivity of the layer (i.e., 105 photons are
emitted if ¢ = 1). Compared to the theoretical derivation, the
Monte Carlo method allows us to trace each photon and
count the statistics. Table 1 shows such budget analyses for
three cases in Figs. 1 and 2:

e Case 1: 7= 10, @ = 0 (black solid line in Figs. 1 and 2)

e Case 2: 7 = 10, @ = 0.5, g = 0.5 (blue solid line in Figs. 1
and 2)

e Case 3: 7= 5, ® = 0 (blue dashed line in Figs. 1 and 2)

Cases 1 and 2 have the same extinction optical depth but
case 1 has no scattering. Cases 2 and 3 have the same absorp-
tive optical depth (thus the same number of photons emitted
by the atmosphere) but case 3 has no scattering. The results
from Monte Carlo simulations agree well with the analytical
solutions, as shown in Fig. 3. The differences between them
are within 0.25 units throughout the atmosphere (inset in each
panel).

For the cases with the same extinction optical depth, total
photons emitted by the atmosphere are reduced in the pres-
ence of scattering. As a result, although a higher percentage
of atmospheric upward emission can reach the TOA in case 2
than in case 1 (10.4% vs 6.5%), case 1 still has more photons
originating from the upward atmosphere emission and reaches
the TOA than case 2 does. In case 2, only 0.9% of the total
photons emitted downward are reflected to the TOA, which
cannot change the contrast between case 1 and case 2.

For the cases with the same absorption optical depth, the
number of photons emitted by the atmosphere is thus identi-
cal. Scattering in case 2 leads to ~0.9% of upward photons
emitted by the atmosphere being removed by reflection to the
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TABLE 1. Photon budget analysis based on two-stream Monte Carlo simulation for three opaque cases. Photons are traced and
counted for their emission origins (surface, upward or downward from the atmosphere) and their final destinations (reaching TOA,
absorbed by the surface, and absorbed by the atmosphere). Cases 1 and 2 have identical extinction optical depth and cases 2 and 3

have identical absorptive optical depth.

Total number Number of Number of Number of photons
of emitted photons reaching photons absorbed absorbed within
photons the TOA by the surface the atmosphere

Case :7=10,® =0

Surface 1000000 (100%) 0 (0%) 0 (0%) 1000000 (100%)

Atmosphere (upward emission) 15295400 (100%) 999534 (6.5%) 0 (0%) 14295866 (93.5%)

Atmosphere (downward emission) 15295400 (100%) 0 (0%) 998790 (93.5%) 14296 610 (6.5%)
Case 2: 7=10, @ =0.5,g =05

Surface 1000000 (100%) 46 (0.0%) 101728 (10.2%) 898226 (89.8%)

Atmosphere (upward emission)

Atmosphere (downward emission)
Case3:7=5,0=0,g=0

Surface

Atmosphere (upward emission)

Atmosphere (downward emission)

7964900 (100%)
7964900 (100%)

1000000 (100%)
7964900 (100%)
7964900 (100%)

825285 (10.4%)
75818 (0.9%)

236 (0.0%)
999581 (12.5%)
0 (0%)

75145 (0.9%)
824624 (10.4%)

0 (0%)
0 (0%)
1000213 (12.6%)

7064470 (88.7%)
7064458 (88.7%)

999764 (100%)
6965319 (87.5%)
6964 687 (87.4%)

surface, but it also puts the same number of downward pho-
tons emitted by the atmosphere reflected to the TOA. Mean-
while, scattering leads to more atmospheric absorption of
photons (88.7% in case 2 vs 87.5% in case 3). As a result, the
total number of photons reaching the TOA is less in case 2
than in case 3. For these cases, photons emitted from the sur-
face have little chance of reaching the TOA due to the large
optical depth. Case 2 shows 10% of surface emission reflected
back to the surface due to scattering. Accordingly, there is a
reduction in the number of photons reaching the TOA (or ab-
sorbed by the atmosphere) compared to case 3. f welet g = 1
in case 2, the photon budget will be identical to that of case 3
(no more than 0.1% difference in any category due to Monte
Carlo sampling), consistent with the analytical solution dis-
cussed in section 2b(2).

Table 2 shows three sets of nonopaque cases. The bud-
get analyses depicted above can be applied to such nonop-
aque cases as well. In a nutshell, for the cases with the
same extinction optical depth, scattering implies less emis-
sion from the atmosphere, which leads to a reduction of
the radiances that can reach the TOA. Reflection of sur-
face emission back to the surface further contributes to
the decrease of TOA upwelling radiances. For the cases
with the same absorptive optical depth, backscattering
contributes to the reduction of upwelling radiance at the
TOA in two ways: 1) reducing the number of photons that
are emitted from the surface and reach the TOA by the
combined effect of atmospheric reflection and absorption;
2) reducing the number of photons emitted from the atmo-
sphere and reach the TOA by increased atmospheric ab-
sorption (a consequence of scattering photons backward
instead of forwarded). Note that, in this isothermal configu-
ration, the reflection of atmospheric upward and downward
emissions offset each other and make no contribution to the
change of TOA upwelling radiance (as well as the change of
surface downwelling radiance). As far as the TOA upwelling ra-
diance is concerned, the real role of backward scattering is to
increase the chance of photons being absorbed within the
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atmosphere instead of reaching the boundaries (both top and
bottom).

4. A more realistic simulation: 2016 East Asia cold wave

The above discussions are all based on highly idealized sit-
uations. To explore to what extent such isothermal scattering
can affect the actual observations, we conduct more realistic
simulations using actual sounding profiles of temperature and
humidity and more sophisticated radiation transfer modeling,
moderate resolution atmospheric transmission (MODTRAN)
v5.2. MODTRAN is a radiative transfer code extensively
used by the remote sensing community. Further details of it
can be found in Anderson et al. (2007).

From 18 to 26 January 2016, East Asia was struck by a
strong and broad cold-air outbreak. On 24 January, the Hong
Kong Observatory at King’s Park (WMO station ID 45004)
recorded its coldest temperature in 59 years. The cold wave
left Hong Kong blanketed by low clouds over days, with
the lower troposphere nearly isothermal. Figure 4 shows
the sounding profiles of temperature and dewpoint tempera-
ture reported by the King’s Park station in Hong Kong at
1200 UTC 23 January 2016, as well as the true-color image, re-
trieved cloud optical thickness, and cloud-top pressure based
on Aqua MODIS retrievals at 0600 UTC 23 January 2016, as
summarized on NASA Worldview website (https://worldview.
earthdata.nasa.gov/). It is clear from the temperature profile
that the atmosphere is close to isothermal from the surface to
~3 km above. By using such a sounding profile, our primary
goal in this section is to explore whether it is possible to detect
water clouds within the isothermal layer from the TOA radi-
ance, instead of developing a fully operational retrieval algo-
rithm. Therefore, to produce simulated radiance as close as
possible to the observed MODIS radiance is not a focus here,
as many other factors besides cloud scattering can contribute
to the differences between simulated and observed radiances.

In our MODATRAN calculation, cloud base is set at
1000 m, which is close to the lifting condensation level (LCL)
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FI1G. 3. The radiance fields for an isothermal atmosphere for the three cases investigated in Table 1. (left) Upwelling
and (right) downwelling radiance are shown. The surface has the same temperature as the atmosphere, and its blackbody
emission is 100 (arbitrary unit). Dash—dotted lines are results from a two-stream Monte Carlo simulation, and solid lines
from the two-stream analytical solutions. They may not be visible since they overlap each other. The inset in each panel
shows the radiance difference between the analytical and the Monte Carlo solutions.

decided by the sounding profile. Cloud top is determined to be  are liquid clouds, and the default liquid cloud properties in
~600 hPa by the MODIS observations (Fig. 4). However, MODTRAN are used. Four sets of MODTRAN calculations
for the purpose of our study to study LW scattering in the are conducted:

isothermal layer and to avoid introducing the effect of scat-
tering in a nonisothermal layer, the cloud top is deliberately
set at 2000 m. MODIS-retrieved optical thickness is used as on the radiosonde observation. No clouds are specified in
the cloud optical thickness in the calculation. All clouds here the model (i.e., clear sky). LW scattering is turned off.

1) ClIr noScat: Temperature and humidity profiles are based

TABLE 2. As in Table 1, but for three nonopaque cases.

Total number Number of Number of Number of
of emitted photons reaching photons absorbed photons absorbed
photons the TOA by the surface within the atmosphere

Case :7=2,0 =0

Surface 1000000 (100%) 36711(3.7%) 0(0%) 963289(96.3%)

Atmosphere (upward emission) 3265500 (100%) 963925(29.5%) 0(0%) 2301575(70.5%)

Atmosphere (downward emission) 3265500 (100%) 0(0%) 963 846(29.5%) 2301 654(70.5%)
Case2: 7=2,0 =05,¢g=05

Surface 1000000 (100%) 129463(12.9%) 99549(10.0%) 770988(77.1%)

Atmosphere (upward emission) 1646300(100%) 710645(43.2%) 60929(3.7%) 874726(53.1%)

Atmosphere (downward emission) 1646300(100%) 60677(3.7%) 709839(43.1%) 875784(53.2%)
Case3:7=1,0=0,g=0

Surface 1000000(100%) 190281(19.0%) 0(0%) 809719(81%)

Atmosphere (upward emission) 1646300(100%) 809 878(49.2%) 0(0%) 836422(50.8%)

Atmosphere (downward emission) 1646300(100%) 0(0%) 808805(49.1%) 837495(50.9%)
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FI1G. 4. (left) The sounding profile obtained at 1200 UTC 23 Jan 2016 by the Hong Kong Observatory: air tempera-
ture in red and dewpoint temperature in green. The blue hatched area indicates the cloud region set in the simulation.
The purple line indicates the temperature profile assumed in cases 3 and 4, i.e., isothermal from the surface to
700 hPa and then identical to the actual sounding profile. (right) MODIS (top right) true color image, (middle right)
retrieved cloud optical thickness, and (bottom right) cloud-top pressure derived from Aqua MODIS observation at
0600 UTC 23 Jan 2016. The location of the Hong Kong Observatory is labeled with a black circle with a square in its
center. All right panels are produced using NASA Global Imagery Browse Services (GIBS).

2) Cld noScat: Same as 1, but a cloud is put in the isothermal
layer (i.e., cloudy sky). It can only emit and absorb ther-
mal IR radiation. The cloud properties are specified as de-
scribed above.

3) Clr Scat: Same as 1, but LW scattering is enabled (essen-
tially the same as case 1).

4) Cld Scat: Same as 2, but LW scattering is enabled. Clouds
can now scatter thermal IR radiation.

The remaining configurations for all cases are the same. All
greenhouse gases except water vapor are assumed at the de-
fault values of midlatitude winter prescribed in MODTRAN.
Simulations are then carried out at 2-cm ™! spectral resolution
(FWHM).
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Cloud radiative effect on TOA radiance can be derived by
subtracting TOA radiance in cloudy-sky cases from that in
clear-sky cases (i.e., case 2 — case 1 and case 4 — case 3). Fig-
ure 5a shows the simulated cloud radiative effect on TOA ra-
diance when LW scattering is enabled (red line) or disabled
(blue line). As discussed in previous sections, in the absence
of LW scattering, upwelling radiance at the top of an isother-
mal layer is independent of the amount of absorption within
that layer. Because the temperature profile in the real world
is not perfectly isothermal, adding an absorbing cloud within
the quasi-isothermal layer will result in a small difference in
simulated TOA radiance (blue line). However, when LW
scattering is included in the simulation, there is a large dip at
the atmospheric window region (red line), indicating that the
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(b) Isothermal Below 3200m
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FI1G. 5. (a) Simulated TOA radiance difference between the cloudy-sky case and the clear-sky case when LW scat-
tering is enabled (red) or disabled (blue) using the real sounding profile at Hong Kong site at 1200 UTC 23 Jan 2016.
(b) As in (a), except that the temperature from the surface to 3200 m is homogenized to create a perfect isothermal

layer.

TOA radiance is reduced because of the added cloud layer.
Figure 5b shows a case where the atmospheric temperature
from surface to 3200 m is set constant. The blue line is now
completely flat at zero, suggesting that the added cloud layer
will make no impact on TOA radiance when cloud LW scat-
tering is ignored. When the LW scattering physics is included,
however, a difference in TOA radiance can be clearly seen
(red line in Fig. 5b), with similar magnitude in the window re-
gion as its counterpart in Fig. Sa.

To see how our results can be applied in remote sensing
problems, we convolved simulated radiance with the spectral
response functions of MODIS channels 28-31, i.e., channels
in the mid-IR window and at the edge of the H,O band, to
produce nadir-view synthetic MODIS radiances. Figure 6
shows the differences in simulated brightness temperature
(BT) due to clouds in the nearly isothermal layer at MODIS
IR channels 27-36. To show the capability to retrieve cloud
properties, we added two cases where cloud optical thickness
is different. When LW scattering is ignored (Fig. 6a), the
change in BT is within 0.25 K throughout the MODIS IR
channels. The LW scattering in the nearly isothermal layer
can cause a much larger BT difference, especially at MODIS
band 29 (Fig. 6b). The BT dip at MODIS band 29 is approxi-
mately 1.25 K when cloud optical thickness is large (7y;s = 10
and 60) and nearly 0.75 K when cloud optical thickness is
small (1,5 = 1). The BT decrease at MODIS band 30 is ~0.5 K
for all cases. The BT difference at other MODIS IR bands is
much smaller. We also calculated the BT differences when the
atmospheric temperature from surface to 3200 m is set to be
constant. Figures 6c and 6d show that when a cloud is added to
an isothermal layer, it is impossible to detect it based on TOA
radiance without scattering being included. Only when LW
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scattering is included in our simulation can we see a reduced
brightness temperature at MODIS bands 29-32. The amount of
decrease depends on cloud properties such as cloud optical
thickness (Fig. 6d). Such dependency enables us to retrieve
cloud properties in this isothermal layer from the space.

5. Conclusions and discussion

Using an analytical two-stream solution and a Monte Carlo
approach, we examine how the thermal IR scattering can af-
fect the radiation field under a special circumstance, i.e., an
isothermal atmosphere. Without scattering, the radiation field
for an isothermal atmosphere with an underneath blackbody
surface can be easily understood using Kirchhoff’s law: the
upwelling radiance always follows the blackbody radiation re-
garding the actual values of optical properties in any atmo-
spheric layer, and the downwelling radiance increases with
the optical depth. With scattering, however, the upwelling ra-
diance no longer follows Planck’s law. Instead, as long as the
asymmetry factor is less than one, the TOA upwelling radi-
ance will be smaller than the blackbody radiation. Compared
to a nonscattering isothermal atmosphere with the same
extinction optical depth, the presence of scattering implies a
smaller absorption optical depth and, consequently, leads to a
smaller emissivity (i.e., a larger transmissivity) for the atmo-
sphere. This further leads to two opposite effects: a reduction
of the total amount of atmospheric thermal emission and an
increase in the amount of surface emission that can reach the
TOA. The first effect outweighs the latter one and leads to a
reduction of upwelling radiance at the TOA (note two effects
would perfectly cancel each other if no scattering were pre-
sented and only a reduction of optical depth happened). Com-
pared to a nonscattering isothermal atmosphere with the
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FIG. 6. Changes of the simulated brightness temperatures (BTs) over MODIS IR channels when a cloud layer is
added to the nearly isothermal layer. (a) LW scattering is not included; (b) LW scattering is included; (c),(d) as in (a)
and (b), except the atmospheric temperature in the nearly isothermal layer is set to be constant so that it becomes per-

fectly isothermal. MODIS bands 29-32 are labeled using red font. Different colors represent different visible optical

thickness of the cloud layer.

same absorption optical depth, backscattering increases the
chance of photons (regardless of their origin) being absorbed
within the atmosphere instead of reaching the boundaries
(both top and bottom). Consequently, the TOA upwelling ra-
diance also becomes smaller than the blackbody radiation.
Using sounding profiles and more realistic and sophisticated
radiative transfer modeling, we further show that such scattering
effect of isothermal cloud can cause approximately —1.5-K
brightness temperature difference for the nadir-view radiance of
MODIS channel 29, a mid-IR window channel frequently used
for cloud retrievals.

Thermal contrast (i.e., temperature gradient) is a prerequi-
site for infrared remote sensing in absence of scattering. How-
ever, we showed here that even in the absence of thermal
contrast, scattering could affect the TOA radiance. Thus, it al-
lows one to infer cloud properties with such scattering signals
even when thermal contrast does not exist. Here we use an
actual sounding profile in the subtropics under a severe
cold-air outbreak event to illustrate how the cloud scattering
within a nearly isothermal layer can affect the TOA radiance.
Liquid cloud is used in our study. A nearly isothermal layer
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can be encountered in polar regions, where the clouds could
be mixed phased or ice. Ice clouds have similar single scat-
tering albedo and asymmetric factor as liquid clouds in the
mid-IR window region and higher single scatter albedo in
the far-IR dirty window (Kuo et al. 2017). Therefore, the
same LW scattering mechanism could also be useful for polar
cloud observations. Furthermore, scattering affects not only the
scalar radiance field but also the polarization of the radiation
(Coy et al. 2020; Shanks 2022). Thus, it can be expected that
polarized IR measurements can further enhance cloud retrieval
capability under such isothermal environments.
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