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Abstract. In a previous paper, we discovered a surprisinga polluted cloud field had smaller cloud halos because cloud
spectrally-invariant relationship in shortwave spectrometerdrops evaporated faster in polluted air. However, this type
observations taken by the Atmospheric Radiation Measureef aerosol-cloud interaction is difficult to confirm using tra-
ment (ARM) program. The relationship suggests that theditional data, for two reasons. First, separations between
shortwave spectrum near cloud edges can be determined kaerosol and cloud using remote sensing techniques are al-
a linear combination of zenith radiance spectra of the cloudyways ambiguous and depend on which variables are being
and clear regions. Here, using radiative transfer simulationspbserved and on instrument sensitivities (Charlson et al.,
we study the sensitivity of this relationship to the properties2007; Koren et al., 2008). The transition from cloud to clear
of aerosols and clouds, to the underlying surface type, anaould span as little as 50 m or as much as several hundred me-
to the finite field-of-view (FOV) of the spectrometer. Over- ters (Platt and Gambling, 1971; Perry and Hobbs, 1996; Lu
all, the relationship is mostly sensitive to cloud propertieset al., 2003; Koren et al., 2007; Su et al., 2008; Redemann et
and has little sensitivity to other factors. At visible wave- al., 2009). Second, the transition zone is hard to measure be-
lengths, the relationship primarily depends on cloud opti-cause most research aircraft, satellites and ground-based in-
cal depth regardless of cloud phase function, thermodynamistruments have insufficient spatial and temporal resolution to
phase and drop size. At water-absorbing wavelengths, theesolve the transition (Chiu et al., 2009). As a result, aerosol
slope of the relationship depends primarily on cloud opti- and cloud retrievals near cloud edges are not reliable, con-
cal depth; the intercept, by contrast, depends primarily onsidering the combined effects of undetected clouds, 3D cloud
cloud absorbing and scattering properties, suggesting a newadiation, and aerosol property changes (Zhang et al., 2005;
retrieval method for cloud drop effective radius. These re-Wen et al., 2007; Marshak et al., 2008; Tackett and Di Giro-
sults suggest that the spectrally-invariant relationship can béamo, 2009; Twohy et al., 2009;arnai and Marshak, 2010).
used to infer cloud properties near cloud edges even with in- Recently, one-second-resolution zenith radiance measure-
sufficient or no knowledge about spectral surface albedo ananents from Atmospheric Radiation Measurement program
aerosol properties. ShortWave Spectrometer (SWS) provide a unique opportu-
nity to analyze the cloud-clear transition zone. Chiu et al.
(2009) rigorously defined the transition zone and found a re-
1 Introduction markable linear relationship between the sum and difference

of radiances at 870 and 1640 nm wavelengths; this relation-
The transition zone between cloudy and clear air, someship allows us to separate radiative signatures of aerosols and
times called the “cloud halo”, is a region of strong aerosol- clouds. The intercept of the line depends mainly on aerosol
cloud interactions. Based on large eddy simulations, Ko-optical depth and size, whereas the slope of the line depends
ren et al. (2009) and Jiang et al. (2009) demonstrated thamainly on cloud drop size. Furthermore, this linearity sup-
ports the inhomogeneous mixing hypothesis, which predicts
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Table 1. SBDART input parameters used in the control run and sensitivity tests.

Parameters Values used in model control run  Values used in sensitivity tests
Spectral

Lower wavelength limit 0.4 um

Upper wavelength limit 2.3um

Spectral resolution 0.01pm

Solar

Solar spectrum MODTRADMNS

Solar zenith angle 45

Atmosphere

Atmospheric profile Mid-latitude summer

Integrated water vapor amount 3cm

Integrated ozone concentration 0.324 atm-cm

Surface

Surface type vegetation black; snow; sand
Cloud

Cloud layer altitude 1km 5km

Cloud optical depth at 0.55 um 0-3

Cloud drop effective radius 4pum 8 and 16 pm
Cloud phase function Henyey-Greenstein Mie

Cloud phase liquid water liquid; ice
Aerosol

Aerosol type rural urban; oceanic
Aerosol optical depth at 0.55 pm 0.2 1.0

Aerosol phase function Henyey-Greenstein

Visibility at 0.55 um 23km

Relative humidity used in the boundary layer aerosol model  80%

By extending this work to all wavelengths in the SWS 2 Radiative transfer simulations
spectra, Marshak et al. (2009) discovered a surprising
spectrally-invariant relationship between ratios of zenith ra-we use SBDART (the Santa Barbara DISORT Atmospheric
diance spectra in the transition zone. The relationshipradiative Transfer; Ricchiazzi et al., 1998) to compute spec-
demonstrates that the shortwave spectra within the transitiofra| zenith radiance at wavelengths 400—2300 nm with 10-nm
zone are a linear combination of zenith radiance spectra ofesolution. Table 1 shows key parameters used in our control
purely cloudy and purely clear regions, with a wavelength-run simulation. The extraterrestrial solar spectrum follows
independent weighting function in the transition zone. By the database in MODTRAN at 20 crh spectral resolution.
invoking the spectral invariance, the high spectral resolutionThe solar zenith angle is 45 A standard midlatitude sum-
SWS radiance measurements in the transition zone can als@er atmospheric profile and a vegetation surface albedo are
be well approximated using only lower spectral resolutionysed. The top of the atmospheric grid is 100 km. The total
measurements. column water vapor amount is set to 3cm, the total ozone

The main objective of this paper is to confirm the column to 0.324 atm-cm. Other trace gas amounts are given
spectrally-invariant behavior found in the SWS observationspy default in SBDART.
with radiative transfer calculations. We also study factors Cloud bases are located at 1-km altitude with a fixed drop
that could, in principle, affect the spectrally-invariant behav- g¢ective radius of 4 um. Cloud optical depth varies smoothly
ior. These sensitivity results will provide insights for the im- <5 the transition zone. The boundary layer aerosols are
provement of aerosol and cloud property retrievals near cloudharacterized using the rural aerosol model in SBDART: the
edges. total aerosol optical depth is 0.2, while the vertical profile

of aerosols is determined by setting the visibility parameter
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to 23 km. The spectral aerosol scattering parameters in SBraple 2. Wavelength ranges for bands B1—BS.
DART depend on humidity; we use 80% relative humid-
ity. The Henyey-Greenstein phase function is used for both
clouds and aerosols.

Wavelength range  Band ID

400-870nm Bl
2.1 The spectrally-invariant relationship 990-1070 nm B2
1180-1290 nm B3
The spectrally-invariant behavior found in SWS measure- 1530-1700 nm B4
ments is derived as follows (Marshak et al., 2009). First, 2110-2220nm B5
measured zenith radianég is normalized by
I(h1) = M (1) 2.2 Control run simulations
o+ Froa(A)

where[ is the normalized zenith radiance as a function of Similarly to the observed radiance spectra shown in Mar-
wavelengthh and timer; Froa is the extraterrestrial solar shak et al. (2009), our simulations show three main features
irradiance; andl is the cosine of solar zenith angle (SZA). in Fig. 1a. Firstly, strong water vapor absorption bands oc-

By defining variabley andx as: cur at wavelengths around 930, 1120, 1400, and 1900 nm in
cloud simulations. Secondly, due to Rayleigh and aerosol scatter-

I (A1) 1 (x;1¢0uY) ) . : . A
Yyt =———2 x()= | , 2) ing, normalized zenith radiance is higher at shorter wave-
1 (2;rclean 1 (2 rclean lengths than at longer wavelengths in the cloud-free condi-

tion. Thirdly, in cloudy conditions, normalized zenith ra-
diance at near-infrared wavelengths is close to that at vis-
ible wavelengths. Cutting Fig. 1a at a few wavelengths,
Fig. 1b shows how radiances change their orders in approach-
y(At)=a)x(AM)+b(), 3) ing cloudy regions (i.e., increasing cloud optical depth). Near
cloudy regions, radiance at 870nm exceeds radiances at
other wavelengths because the vegetated surface is brighter
t870 nm. In addition, radiance at 2140 nm is typically lower
SWS measurements, Marshak et al. (2009) found that Eq. (3 an that at 1640 nm, due to lower surface reflectance, weaker

holds for all wavelengths, excluding strong water-vapor ab-R . . o
: S ; .. Rayleigh and aerosol scattering and stronger liquid water ab-
sorption bands where divisions by noisy near-zero quantities

in EqQ. (2) result in large uncertainties sorption.
To test Eq. (3) with radiative transfer simulations, we re- The ratiosy and.x calculated from Eg. (4) are plotted in

peat the same procedure using calculated zenith radiancglg' 1c forz, values of 2, 1, and 0.5. In Fig. 1c, to mimic

For observations, the transition zone is defined¥y/® and what we did with observations, we exclude water vapor ab-

clear . . . sorption bands to avoid division by small noisy numbers.
(7%, For simulations, we use cloud optical depth)(to Consequently, the remaining wavelength bands are 400-870,

. . d .

specify the transition zone. \We assume thf Y = 31N 990-1070, 1180-1290, 1530-1700 and 21102220 nm, de-
the fully cloudy regionr"**"=0 in the fully clear region.  ieq as bands B1-B5 in Fig. 1 and Table 2. Overall, for
Consequently, Egs. (2) and (3) can be re-written as a given cloud optical depth, points in these bands fall along

where 1€0udY and sclear gre times corresponding to fully
cloudy and fully clear-sky areas, the spectrally-invariant lin-
ear relationship is:

wherea and b, the slope and intercept respectively, are a
function of ¢ and independent of wavelength Using the

‘ / (A. _L_é:loudy) straight lines. Zooming into egch _individual band (see exam-
V(AT = T(Aze) S ox(0)= ’ ; (4) ples from bands B1 and B5 in Fig. 1d and e), we see a re-
1 (1; t8lean) 1 (x; tllean markable linearity that confirms the spectrally-invariant hy-
pothesis. However, bands B1 and B5 have their own slopes
y(Aite) =a(te)x (M) +b(te). (5)

and intercepts. In band B1, the sum of the slope and inter-

We also refer ta(z.) andb(z.) as the slope and the intercept CePt for gach line is close to 1, consi'stent with the finding
function in the transition zone, respectively. From Egs. (4)"ePorted in Marshak et al. (2009). Butin band B5, the sum is
cloudy) the slope no longer equal to 1 due to liquid water absorption.

and (5), for the fully cloudy area (i.ec, = 7. ) .

function is equal to 1 and the intercept function is 0. For the Finally, we extended the above analysis to mr?a'“es-

fully clear area (i.e.z. = 79°®), the slope function is equal A; an example, Fig. 1f shows the silope function in the tran-

to 0, and the intercept function is equal to 1. sition zone for bands Bl and B5. Slmllarl){, we can ge.nerate
1plots of intercept function versus cloud optical depth (figures

In next section, we check whether model results suppor ,
the observed spectrally-invariant behavior (Eq. 5). We alsohot shown). To better understand what factors dominate the

conduct sensitivity tests in Sect. 3 to investigate what factorszl,Ope and mterce_pt .funct|0||'1$ in the transition zone, we now
are dominant in characterizing the slope and intercept func- IScuss our sensitivity results.

tions in the transition zone.
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3.1 Sensitivity to underlying surface type and aerosol
properties

1
Cloud optical depth

50

B O] . :Zzié 5 10 (0 :E; 3.1.1 Underlying surface type
5 .l |5 il We tested four surface types to understand their impacts on
§ B ~7| §06f the slope function in the transition zone. These types include
5 20} B3 §0_4_ slope=0.25 the black, sand, vegetated and snow surfaces. As shown
o B2 /s - - in Fig. 2a, surface albedo gradually increases with wave-
(B, 021 Sope=0.21 length over sand, whereas surface albedo has a big jump
oL 1‘0’ e L ) from 0.1to 0.5 at 700 nm over vegetations. Among these sur-

1
Cloudy to clear ratio Cloud optical depth

face types, the snow surface is the brightest at 400-1200 nm
wavelengths. However, despite such different spectral behav-
iors in surface albedo, model results indicate that the slope
function is not sensitive to the underlying surface type (as

shown in Fig. 2b).

Fig. 1. SBDART simulations from the control rur(a) Simulated
zenith radiance at cloud optical depths X ranging from 0 to 3.
Wavelength bands are defined in Table(B) Zenith radiances as

a function of cloud optical depth at 440, 870, 1640 and 2140 nm
wavelengths(c) Plot of radiance ratios to cleay{variable in Eq. 4)

vs. “cloudy to clear ratio” (i.ex-variable in Eq. 4) at. =2.0, 1.0
and 0.5. Values at water vapor absorption bands are excluded i
the plot to avoid division smaller numbers. Zoom-in plots at wave-

3.1.2 Aerosol properties

“hree aerosol types are used in this sensitivity test: rural,

length band B1 and B5 are shown(i) and(e), respectively. Data urbar_1 and oceanic. Flgure 3a—c |II_ustrate speCFraI depen-
points are connected by linear regression lines; the corresponding€ncies of aerosol optical depth, single scattering albedo

slope and intercept of the line are listed in parenthesis. By extend@nd asymmetry factor. In general, oceanic particles have
ing the same analyses to more cloud optical depth in the transitiorstronger forward scattering and are the least absorbing, while
zone, a slope function can be derived and is plottedifor bands ~ urban particles are the most absorbing. Compared to urban
B1 and B5. aerosols, rural aerosol particles have a similar size distri-
bution and slightly weaker forward scattering at visible and
near-infrared wavelengths. These differences in aerosol opti-
cal and microphysical properties, however, have little impact
fol the slope function (Fig. 3d). Similarly, a change in aerosol
properties, underlying surface type and the finite field-of- tht'cfll de?th fr_om ?'2 0 1.0 alsho has negllglﬁlehlm_pact on
view of a radiometer (as summarized in Table 1). In general the slope function ( Igures not s own)_. Overall, the insensi-
tivity of the spectrally-invariant behavior to aerosol proper-

bands B1-B5 have similar sensitivity to all these factors ex_ties means that one may still infer cloud properties even with
cept cloud properties. Therefore, we mainly focus on results y prop

in band B1. However, we do discuss both B1 and B5 When'nsl\l:mc'e;t gerosol mformar:l.on. Chi L (2009 d
the sensitivity parameter is related to cloud properties. ote that in contrast to this paper, Chiu et al. ( ) use

normalized zenith radiances at only two wavelengths and
plotted them on the sum vs difference plane. Because those

3 Sensitivity tests

Parameters used in sensitivity tests include cloud and aeros

Atmos. Chem. Phys., 10, 112961303 2010 www.atmos-chem-phys.net/10/11295/2010/
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Fig. 3. Optical depth(a), single scattering albed(b), and as-

symetry factor(c) for rural (black), urban (red), and oceanic (blue) . . .
aerosols, used in the sensitivity te) Corresponding slope func- ratios decrease and data points shift toward bottom-left. The

tions derived from simulations at 400—-870 nm. small shifts in band B1 can be explained by scattering phase
functions; at scattering angle of 45the phase function is
slightly larger for 4 um than for 8 um. The difference in ra-
radiances were not rescaled by any clear-sky radiances, ratid®s between two cloud drop sizes gradually decreases for
derived from points on the sum vs difference plane stronglyshorter wavelengths.
depended on aerosol properties and surface type. On the con- We further extend the above analysis to various cloud op-
trary, a much wider spectral region is taken into account intical depths in the transition zone (Fig. 5). Figure 5a and ¢
this paper. All radiances are also rescaled by clear-sky radishow that the slope function is weakly sensitive to effective
ances, which in turn reduces the sensitivity to both aerosolsadius in both bands B1 and B5. However, the intercept func-

and surface type significantly. tions have different behaviors between the two bands (Fig. 5b
and d). In band B5, the intercept function strongly depends
3.2 Sensitivity to cloud properties on effective radius, whereas at B1 the intercept function does

not. Based on these analyses, we conclude:

In this section we demonstrate how the slope and intercept of
spectrally-invariant relationship are affected by cloud drop — As expected, the slope and intercept derived from 400—
effective radius, cloud phase and cloud-base height. Dis- 870 nm Wavelengths are mainly determined by cloud
cussions are mainly based on simulations in bands B1 (400—  optical depth and weakly sensitive to cloud drop effec-
870 nm; not liquid-water absorbing) and B5 (2110-2220 nm; tive radius
liquid-water absorbing).

— The slope derived from 2110-2220 nm wavelengths is
3.2.1 Cloud drop effective radius mainly determined by cloud optical depth; the intercept

is mainly determined by cloud drop effective radius

Figure 4 illustrates that the slope and intercept of the
spectrally-invariant linear relationship may vary from band The high sensitivity of the intercept function to cloud drop
to band depending on cloud drop size. With an increasingeffective radius at 2110-2220 nm wavelengths may lead to
effective radius from 4 to 8 um, data points in band B5 shift major application in understanding cloud growth/evaporation
toward smaller ratios in both axes, whereas shifts are muclprocesses in the transition zone. A schematic illustration is
less evident in band B1. The dramatic shifts in band B5 areshown in Fig. 6, using two cloud drop sizes (4 and 8 um) to
due to a stronger absorption of larger cloud drops; this leadgharacterize the transition zone. For example, we can assume
to smaller radiances in numerators of the ratios in Eq. (4).that drop size in the cloudy region is 8 um and remains con-
The denominators of the ratios correspond to clear-sky constant toward the clear region. Another example is that the
ditions and are independent of drop size. As a result, bottdrop effective radius changes from 8 um in the cloudy region

www.atmos-chem-phys.net/10/11295/2010/ Atmos. Chem. Phys., 10, 11P3%3-2010
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Fig. 5. (a) Slope andb) intercept functions derived from band B1
(400-870 nm wavelengths{c) and(d) are the same as (a) and (b), Fig. 6. Spectrally-invariant relationships derived from band B5
but derived from band B5 (2110-2220 nm wavelengths). Each plot(2110-2220 nm) for situation A-D. Numbers in parentheses are
shows results for three cloud drop effective radius values: 4, 8, andhe slope and intercept of the linear relationship (green lines) at
16 pm. 7. =0.5. Each box next to letter A-D schematically illustrates the
change of cloud drop effective size in the transition zone. In each

. . . box, the filled black circl the left ts the cloud d i
to 4 um near the clear region. Therefore, with two sizes of 4 Ox, the A Dack circie on e [eT FEPresents e cioud crop Size

. $trc = 3.0 (the fully cloudy area), while the circle on the right rep-
and 8 um, we have a total of four cases to simulate the clou esents the drop size at = 0.5 (toward the fully clear area). The

drop size change in the transition zone, denoted as cases Asmaller circle represents a cloud drop effective radius of 4 pm, the

D. larger circle represents an effective radius of 8 um. Based on these
Case A presents a bigger cloud drop effective size inrules, in situation B, cloud drop sizes remain a constant of 4 um. In

cloudy regions and a smaller size towards cloud-free re-situation D, cloud drop sizes remain a constant of 8 um. In situation

gions, which supports the hypothesis of homogenous mix-A, cloud drop sizes decrease from 8 unrat= 3.0 to 4 um toward

ing, whereby the effective drop size decreases being awaylearly regions. On the contrary, in situ_ation C, cloud drop sizes

from clouds (Mason and Jonas, 1974). In contrast, casdcrease from 4 to8um toward clear regions.

B and D (duplicated from Fig. 4) assume a constant 4 um

and 8 um effective radius, respectively, supporting the hy-

pothesis of inhomogeneous mixing, whereby the effective This important finding has not been reported in Marshak

drop size remains unchanged as being away from cloud edg@t al. (2009) |ndeed, data in band B5 were excluded in their

(Latham and Reed, 1977; Baker and Latham, 1979; Baker einalysis because the observed clear-sky radiance in band B5

a|_’ _’]_980) Case C presents smaller drops in C|0udy regiong)r their cases was too small to be a divisor. Although data

and b|gger drops towards cloud-free regions‘ The Change ||+n band B4 were included in their analySiS, the difference in

cloud effective size in this case is exaggerated for illustrationsingle scattering albedo between bands B1 and B4 is less sig-

clarity and does not occur in reality. nificant than that between bands B1 and B5. As a result, Mar-
Figure 6 shows that intercepts are substantially differentShak et al. (2009) did not realize that individual wavelength

among these cases. Comparison of A to D shows that iands require separate attention and that the intercept in lig-

the cloud drop sizelecreasesn the transition from cloud uid water absorption bands could be used for understanding

to clear, the intercepincreasesdramatically from 1 to 6. the growth/evaporation tendency of cloud drops.

Similarly, comparison of C to B shows when the cloud

drop sizeincreasesn moving from cloud to clear, the inter- 3.2.2 Cloud phase function

ceptdecreasesubstantially. This suggests that the intercept

at 2110-2220 nm wavelengths contains information on theWe study sensitivity to cloud phase function by replacing the

growth/evaporation tendency of cloud drops, which can beHenyey-Greenstein phase function with a Mie phase func-

applied to actual observation and provide evidence of homotion. Figure 7 shows for band B1, the differences in both

geneous or inhomogeneous mixing near cloud edges. slopes and intercepts between these two phase functions are

Atmos. Chem. Phys., 10, 112961303 2010 www.atmos-chem-phys.net/10/11295/2010/



J. C. Chiu et al.: Spectrally-invariant behavior of zenith radiance around cloud edges 11301

T . -
wh@ B [+=amne] 1ol ® ol @ B —umwaer | 10f ® B9
M HG ——4 um, ice
08l um.ES L ot 08l _ 08|
c S c ——16 um, ice k<]
s 3 s g toum N,
€06t Soel €06t Sos} N/ um
g g —*-4umHG 2 3 //
o L 5 L um, o L s L
204 2 0.4 204 2 0.4 / —4 um, water
e ——4 um, ice
02}t 02} 8um HG 02} 02} /
——16 um, ice
0.0 0.0 0.0 L 0.0
1 A ¢ 1 0.1 1 0.1 1 A1
Cloud optical depth Cloud optical depth Cloud optical depth Cloud optical depth
10 T 15 -
T T
104 (c B5 |- B d B5 |-
10 [ © B5 ~—4umHG| @ B5 ——4um.HG © 4 um, water () 4 um, water
[\ ——4 um, ice ——4 um, ice
8l 4
——8um,HG ——8um,HG 0.8 + v \
0.8 ' 1 < ' c ——16 um, ice § 10t ——16 um, ice
5 £ g g
S ool 5% F
2 boy o 3
2 g & 04 8
Q o D Eld o
o o " - L
» 04+ E € 5
02
02}
0.0 = 0 .
0.0 1 0.1 1 0.1
0.1 0.1 Cloud optical depth Cloud optical depth

1 1
Cloud optical depth Cloud optical depth

Fig. 7. (a)Slope andb) intercept functions derived from band B1 Fig. 8. Same as Fig. 5, but for liquid- and ice-phase clouds with
(400-870 nm wavelengthsic) and(d) are the same as (a) and (b), ©ffective sizes of 4 and 16 um.
but derived from band B5 (2110-2220 nm wavelengths). Each plot

shows resuilts _for two cloud drop sizes (4 and 8 um) and two typesslope function in band B1. Figure 8 also confirms that cloud
of phase functions (Henyey-Greenstein and Mie).

phase has bigger impact in band B5 than in B1, especially
on the intercept function due to the absorption difference be-
negligible. For band B5, the slope and intercept are moreween liquid- and ice-phase. The wide spreading curves in
sensitive to phase function for 4 um of cloud drop size thanrig. 8d indicate that cloud phase can be checked using the
for 8um. In particular, Fig. 7d shows that with a Henyey- intercept function, especially in the middle of the transition

Greenstein phase function, the intercepts for 4 um are genekzone where has the largest change in the intercept.
ally 2—6 times larger than those for 8 um. With a Mie phase

function, the difference is reduced to a factor of 2-3 betweens » 4 Finite field-of-view
4 and 8 um cloud drop sizes. This reduction implies that, for
retrieval purposes, the use of a more realistic phase functior:h“S section investigates effects of a finite FOV on the

IS necessary. spectrally-invariant behavior in the transition zone. The FOV
effect is examined by changing cloud-base height. At a given
FOV of 1.4 (same as the FOV of the ARM shortwave spec-
This section examines how slope and intercept functiond"omMeter), cloud-base height at 1 km and 5 km correspond to
change with cloud thermodynamic phase. In general, icé? FO\{ of 25m and 125 m, respectively. With a nominal
crystals have stronger forwarding scattering than water drop@ MS ~ wind speed and 1-s sampling resolution, the 25-m
at 400-2300 nm wavelengths, exceptd900 nm. Ice crys- FQOV corresponds to 5 sample points, the 125-m corresponds

tals also have stronger absorption than water drops at 2110t 25 sample points. We use these sample points in the FOV
2160 nm, but the opposite is true at 2160-2180 nm. In bando ca]culate average radiance and corresponding spectrally-
B1, liquid- and ice-phase cloud particles have nearly identi-nvariant relationships.

cal absorption properties, and thus cloud phase is expected In this sensitivity test, we assume that cloud optical
to have little impact on spectrally-invariant behavior in this depth decreases from 3 to 0.1 between locations 100-250 m

band. (Fig. 9a). Points at distance less than 100 m are fully cloudy

Figure 8 confirms that the slope and intercept functionsWith . =3, points at distance greater than 250 m are fully
are weakly sensitive to cloud thermodynamic phase in banéglear (i.e., 7. =0). As we expected, simulations (Fig. 9b)
B1. This insensitivity indicates that if liquid- and ice-phase show that the slope function for the cloud at 5km altitude is
clouds have the same cloud optical depth variations in thenore gradual than that for the cloud at 1 km. If we define the
transition zone, both clouds should correspond to similardistances* such that
slope functions regardless of cloud phase. Therefore, cloud
optical depth remains the most crucial determinant in thea (d*) =e 2, (6)

3.2.3 Cloud thermodynamic phase
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: i : 5 found that non-absorbing and liquid-water absorbing bands

(@) Cloud have different linear relationships, and thus require separate
W attention in sensitivity tests.

- 0 We conducted sensitivity tests to better understand what

10l factors dominate in characterizing the slope and intercept

Slope function . . .
P functions in the transition zone near cloud edges. These fac-

s ] tors include cloud and aerosol properties, underlying surface
g High type, and the finite field-of-view of a radiometer. Overall,
g 05 ., oloud altitude the linear relationship at all wavelength bands is insensi-

s | Low / ] tive to aerosol properties, underlying surface type, and the
cloud altitude finite FOV. Mainly, the spectrally-invariant relationship in

0 s . . the transition zone is sensitive to cloud properties. At non-

50 100 150 200 250 absorbing wavelengths (e.g., 400-870nm), the slope and
Distance (m) intercept functions are mainly determined by cloud optical

depth and are weakly sensitive to cloud drop effective size or
q he slope function of th " Cloud phase function. But at liquid-water absorbing wavelengths
tude on the slope function of the transition zon@) Cloud op- ée.g., 2110-2220nm), while cloud optical depth still dom-

tical depth as a function of distance. Distance less than 100 m imates the slope. cloud absorbing and scattering properties
in cloudy areas, while distance greater than 250 m is clear-sky ar- Pe, 9 9 prop

eas.(b) Slope functions for the low and high clouds, as plottted by d0mMinate the intercept. This finding could help us under-
red-solid line and blue-dashed line, respectively. Slope functionsStand cloud growth/evaporation processes in the transition
are derived from simulated radiances at 400-870 nm wavelengthZOne. For example, we found that the intercept increases
Results from 2110-2220 nm wavelengths are similar (not shown). dramatically when we simulate a cloud drop size decrease
in moving from cloud to clear; if this change in intercept was
found in observations, it would tend to support the homoge-
wherea is the slope of the spectrally-invariant relationship, neous mixing hypothesis.
we find the resultingl* values are 172m and 164 m for the  Furthermore, the high sensitivity of the spectrally-
cloud at 5 km and 1 km, respectively. This small difference invariant relationship to cloud properties allows us to bet-
in d* suggests that a finite FOV has a negligible impact onter retrieve cloud properties near cloud edges using the slope
spectrally-invariant behavior in the transition zone. and intercept functions. These functions are insensitive to as-
In the above simulations, we use a fixed wind speed forsumptions of aerosol properties and surface type, making re-
both low and high clouds; however, wind speed tends to bdrievals using the spectrally-invariant relationships more ro-
larger at higher altitudes. Thus, let us consider the followingbust than those retrieved from zenith radiance, which typi-
cases. Two clouds are both at 5km and have the same relgally require significant prior knowledge about aerosols and
tionship between cloud optical depth and distance as Fig. 9&pectral surface albedo. Once cloud properties near cloud
in the transition zone. We further assume that one of thes@dges are better understood, the Koren et al. (2009) and Jiang
clouds is moving with a nominal wind speed of 5 sand et al. (2009) hypothesis that clouds in more polluted air have
the other is moving with 10nTs. As a result, the larger sharper edges can be tested with observations.
wind speed decreases the sampling resolution of radiance, Although the cloud conditions studied here are strongly
and thus decreases the resolution of the slope function. Howinhomogeneous, 3D effects on the spectrally-invariant be-
ever, the larger wind speed does not alter the slope functiorhavior have not been extensively analyzed yet. However,
To summarize, if two clouds have the same cloud opticalour preliminary 3D radiative transfer results, presented in
depth change in the transition zone, cloud base height anthe supplement file of this publication, suggest that the
the associated FOV effect smooth the slope function, but theypectrally-invariant behavior discovered in SWS measure-
only change the-folding distancei* slightly. ments is still valid for the 3D simulation world. The slope
and intercept functions depend on cloud structure of the
transition zone and can be different from their 1D counter-
4 Concluding remarks parts. More importantly, the general conclusion that “at non-
absorbing bands the slope and intercept functions are mainly
We have shown that spectral zenith radiance can be well simdetermined by cloud optical depth, while at liquid-water ab-
ulated using radiative transfer calculations with the SBDART sorbing bands cloud optical depth dominates the slope but
model. Ratios of zenith radiance from simulated spectra neacloud drop size dominates the intercept” will hold. As a re-
cloud edges confirmed spectrally-invariant linear relation-sult, changes in intercept in water absorbing bands indicate
ships that were observed in ARM shortwave spectrometechanges in droplet sizes.
measurements. By excluding water vapor absorption bands
and separating the remaining wavelengths into five bands, we

Fig. 9. An ideal case for investigating impact of cloud-base alti-
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