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Abstract

One-second-resolution zenith radiance measurements from the Atmospheric Radia-
tion Measurement program’s new shortwave spectrometer (SWS) provide a unique
opportunity to analyze the transition zone between cloudy and cloud-free air, which
has considerable bearing on the aerosol indirect effect. In the transition zone, we find5

a remarkable linear relationship between the sum and difference of radiances at 870
and 1640 nm wavelengths. The intercept of the relationship is determined primarily
by aerosol properties, and the slope by cloud properties. We then show that this lin-
earity can be predicted from simple theoretical considerations and furthermore that it
supports the hypothesis of inhomogeneous mixing, whereby optical depth increases10

as a cloud is approached but the effective drop size remains unchanged. In addition,
the width of transition zones from SWS data is in the range of 50–150 m, which differs
from the width in satellite observations (a few kilometers) and in airborne lidar data
(1–2 km).

1 Introduction15

The aerosol indirect effect is the largest source of uncertainty in the radiative forcing of
climate (The Intergovernmental Panel on Climate Change, IPCC, Fourth Assessment
Report, 2007). Using 11 GCM models, Stephens (2002) also showed the importance
of cloud feedbacks in modeling responses of climate to a doubling of carbon dioxide.
We cannot evaluate performance of climate models without accurate knowledge of20

aerosol forcing and cloud feedbacks (Diner et al., 2004).
Studies on aerosol direct and indirect effects demand a precise separation of cloud-

free and cloudy areas (Charlson et al., 2007; Koren et al., 2007). However, separation
between cloud-free and cloudy areas from remotely-sensed measurements is ambigu-
ous. From the ground, separations have been made using broadband pyranometer,25

microwave radiometer, total sky imager, radar, lidar, and ceilometer data (Long and
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Ackerman, 2000; Berendes et al., 2004; Long et al., 2006a, b; Taylor et al., 2008).
Each instrument has a different field of view, sensitivity, and sampling resolution; in
addition, each method uses different thresholds for the separation. From satellites,
the separation depends on spatial resolution, illumination and observation geometry,
surface types, and screening algorithms (Ackerman et al., 1998; Martins et al., 2002;5

Brennan et al., 2005; Gomez-Chova et al., 2007). While a separation is not free of
ambiguity at any scale (Koren et al., 2008), it is important to understand the transition
zone between cloud-free and cloudy areas.

Yet it has been difficult to study the transition zone using conventional data. Both
satellite and in situ aircraft data are inadequate. Satellite data are hampered both10

by lack of high enough spatial resolution and by ambiguity in interpreting radiances
due to 3-D radiative transfer effects. As a result, aerosol retrievals in the vicinity of
clouds may be contaminated by undetected clouds (Zhang et al., 2005) as well as by
radiation reflected from clouds (Marshak et al., 2008). In addition, cloud properties
in the collection 5 Moderate Resolution Imaging Spectroradiometer (MODIS) product15

are not reported for cloudy pixels that border clear-sky pixels, because those cloudy
pixels may include both clear and cloudy areas, and the retrievals of their microphysical
properties are not reliable (Coakley et al., 2005).

On the other hand, in situ data are hampered by lack of fast enough time resolution.
For measuring cloud microphysical properties, most probes have no better than 1 to20

10 Hz sampling rate, though some probes can sample faster (e.g., 2000 Hz from Ger-
ber probes, Davis et al., 1999; and 1000 Hz from Fast Forward Scattering Spectrometer
probe, Brenguier et al., 1998). However, due to tiny sample volumes, averaging over
longer time periods is usually necessary to achieve statistical significance. If measure-
ments are averaged to 1–2 Hz with an aircraft speed of 100 m/s, the spatial resolution25

will be 50–100 m, which is not fine enough to study physical processes around cloud
edges.

In situ data are also hampered by noise in measurements. For example, standard
hot-wire liquid water probes are noisy at the 0.2 g/m3 level. Uncertainty of cloud micro-
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physical measurements is in an order of 20% (Allan et al., 2008). The variations in the
transition zone would be masked by such large noise values.

This paper aims to study changes of aerosol and cloud properties in the transition
zone from radiative signatures measured by the new Atmospheric Radiation Measure-
ment (ARM) Program shortwave spectrometer (SWS). The SWS is the first ground-5

based instrument that measures zenith radiances with high temporal (1-s) and spectral
resolution in the visible and near-infrared region. Spectra from SWS contain rich infor-
mation on radiative properties of aerosols and clouds to advance our understanding of
physical processes in the transition zone, such as activation and evaporation of cloud
droplets and humidification of aerosols.10

2 Shortwave spectrometer and ancillary ARM data

The SWS, a ground-based instrument based upon the design of the airborne Solar
Spectral Flux Radiometer (Pilewskie et al., 2003), was first deployed in March 2006
at the ARM Oklahoma site. The SWS measures zenith radiance at 418 wavelengths
between 350 and 2170 nm. The spectral resolution for visible and near infrared regions15

is 8 and 12 nm, respectively. The field of view is 1.4◦. The integration time of each 1-s
measurement is about 300 ms. The SWS is calibrated biweekly using the on-site ARM
12′′ integrating sphere that is in turn calibrated by the 30′′ sphere at the NASA Ames
Research Center. Therefore, the absolute accuracy of measurements depends on the
accuracy of the transfer standard from the 30′′ sphere to the 12′′ sphere. The 30′′

20

sphere has an accuracy of 1–2%.
We used two discrete SWS wavelengths of 870 and 1640 nm to explore their spectral

changes in more details. We selected these wavelengths to minimize Rayleigh scat-
tering and maximize the sensitivity of zenith radiance to cloud optical depth and cloud
drop size. Neither liquid water nor vapor absorb sunlight at 870 nm wavelength. On25

the other hand, liquid water absorbs weakly at 1640 nm (and is amplified by multiple
scattering within cloud), where there is negligible absorption by water vapor and car-
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bon dioxide. We further normalized zenith radiance measurement Im,λ at wavelength λ
using:

Iλ =
π·Im,λ

µ0·FTOA,λ
, (1)

where Iλ is the normalized zenith radiance; FTOA,λ is the solar irradiance at the top of the
atmosphere; and µ0 is the cosine of solar zenith angle (SZA). We denote normalized5

zenith radiances at 870 and 1640 nm hereafter as I870 and I1640, respectively, as well
as

SUM=I870+I1640 (2a)

DIF=I870−I1640 (2b)

which are in many cases more informative and illustrative than radiances themselves.10

We also used ancillary instruments and products to better understand atmospheric
state and cloud field for case study. First, the ARM Total Sky Imager (TSI) captures
cloud field images at a 30-s sampling interval with a half-hemispheric field of view
(Long et al., 2001). A shadowband on the mirror blocks the intense direct-normal light
from the sun. Although clouds of interest are those at the center of TSI images and are15

often blocked by the shadowband, one can see cloud evolution and movement from
time series of cloud images. Second, cloud boundary heights were obtained at a 10-s
resolution from the ARM Active Remotely Sensed Clouds Locations (ARSCL) product,
based on measurements of cloud radar, micropulse lidar, and ceilometer (Clothiaux
et al., 2000). Third, liquid water path was retrieved from ARM microwave radiometer20

measurements at a 20-s resolution (Turner et al., 2007). Finally, wind speed was esti-
mated from the merged sounding product (Miller et al., 2003). Note that the temporal
resolutions of all ancillary data (10, 20, 30-s, and 1-min) are much lower than that of
the SWS (1-s).

In addition to clouds, aerosols and the underlying surface also affect zenith radiance.25

Aerosol properties were obtained from the NASA Aerosol Robotic Network standard
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products (Holben et al., 1998). The underlying surface around the site is vegetated.
For a single leaf, the reflectance at 870 nm is generally 1.2–1.5 times greater than that
at 1640 nm (Walter-Shea and Norman, 1991). However, surface albedo depends not
only on properties of single leaf, but also on canopy structures (Knyazikhin et al., 1997).
In this paper, values of surface albedo were based on MODIS collection 5 retrievals at5

a 500 m resolution (Schaaf et al., 2002).

3 Observed spectral signatures from SWS in the transition zone

We chose three cases (Table 1) to show how the spectral signature of the transition
zone changes between cloud-free and cloudy areas for different solar zenith angles.
We made our choices using the following criteria. First, we separated cloudy from10

cloud-free times in the SWS data using radiances at wavelengths of 673 and 870 nm.
Marshak et al. (2004) suggested that over a vegetated surface, a larger radiance at
673 nm than at 870 nm indicates a cloud-free situation. For cloudy situations, the situ-
ation reverses; the radiance at 870 nm becomes larger. Second, we limited ourselves
to cases in which the cloud-free and cloudy periods both lasted at least one minute, to15

avoid very small clouds and gaps. This criterion leads to 300–500 m sizes of cloud and
gap, typical for fair weather cumulus (Joseph and Cahalan, 1990; Lane et al., 2002).
Third, to avoid messy situations in which the cloud itself is very fragmented, we ex-
cluded cases in which the ratio of radiances at 673 nm and 870 nm changed by more
than 10% during cloudy periods.20

3.1 Case 1

Case 1 is a single small cumulus cloud passing over; we look at the transitions at both
the beginning and end of the passage. Images of the sky dome, taken by the TSI, are
shown in Fig. 1a. The cumulus cloud of interest was blocked by the shadowband at
21:35 UTC, but could be seen in TSI images after 21:36 UTC. The cloud moved toward25
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the northeast (upper-right corner of the sky images) with a 3 m s−1 speed at its cloud-
base height of 2 km. Liquid water path of the cloud was ∼16 g m−2. The sun was in the
west with a solar zenith angle of 45◦. Because the sun was shining behind the cloud,
the radiometer was on the cloud’s shadowed side before the cloud passed over, and
the illuminated side after.5

Figure 1b shows the time series of Case 1 SWS spectral radiances as a color contour
plot. The structure of this plot will be similar for the other two cases, so we describe
it here briefly. The times (T1, etc.) indicated correspond to the images in Fig. 1a.
The brighter colors indicate the cloudy period, the darker colors the cloud-free period,
and the intermediate colors the transition period, which obviously has a finite temporal10

(and hence horizontal) extent. The vertical black bands during the cloudy period are
absorption bands of water vapor.

Performing cuts of Fig. 1b at wavelengths of 870 and 1640 nm (marked by arrows on
the x-axis) leads to the two time series in Fig. 1c. During the cloud-free period, both
radiances I870 and I1640 are small, and I870 is greater than I1640 due to stronger molecu-15

lar (Rayleigh) and aerosol scattering; neither radiance changes significantly during this
period. In the transition period from cloud-free to cloudy, I870 and I1640 both increase
sharply and switch order.

Figure 1d re-plots the data from Fig. 1c on the DIF vs SUM plane (cf. Eqs. 2a and
b). Here, one can follow the evolution from cloud-free (upper left corner) to cloudy20

(lower right corner) and back again to near the starting point; the arrows indicate the
flow of time. The main message of this figure is that, in both transition periods, there
is a linear relationship between SUM and DIF. In the cloudy period, Fig. 1c shows
three peaks of I870 and I1640 due to internal cloud variability; this variation causes the
wandering behavior displayed by the black cloudy points.25

The linear relationships shown in the two transition periods have a similar slope.
Radiances in the second transition period are slightly higher because the spectrometer
is viewing the illuminated side of the cloud. At the illuminated cloud edge, more photons
are scattered into the radiometer than for the shadowed cloud edge in the first transition
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period. Note that this type of radiance enhancement in cloud-free areas is similar to
what Wen et al. (2007) and Marshak et al. (2008) found in satellite reflectance.

3.2 Case 2

Case 2 involves the edge of a large cumulus cloud that just strikes a kind of grazing
blow, and then is followed by a small puff of cloud; we look at the transition out of5

the large cloud and into the small puff. The large cloud (around the shadowband in
TSI images of Fig. 2a) moved toward the south with a 6 m s−1 speed at its cloud-base
height of 3.5 km. Liquid water path of the cloud was ∼16 g m−2. The small puffy cloud
approached the FOV of SWS (the center of TSI images) at 18:54:00 and 18:54:30 UTC.
The sun was near overhead with a SZA of 15◦. For this case, the sun illuminated the10

cloud edge in the first transition period.
The contour plot of SWS radiances (Fig. 2b) clearly shows two transition periods,

even before the small puff cloud was about to enter the FOV. Radiances I870 and I1640
in this case behave similar to what we have found in Case 1. First, Fig. 2c shows
that during the clear sky period, I870 is greater than I1640, and neither fluctuates sub-15

stantially. When clouds approach, I870 and I1640 increase sharply. Second, for both
transition periods there is a linear relationship between SUM and DIF (Fig. 2d). The
SUM was slighter greater in the first transition period than that in the second one be-
cause of cloud edge illuminations. The slopes of the linear relationships are close.

3.3 Case 320

Case 3 is a low large cumulus cloud passing over; we look at the transitions at the end
of the passage. Figure 3a shows that in the beginning of this case, the low cumulus
cloud was imaged at the center of the TSI images, and high cirrus and alto-cumulus
clouds were to the west. The low cumulus cloud moved toward the north with a 7 m s−1

speed at its cloud-based height of 1 km. The liquid water path retrieval is not available25

for the cloud. The sun was in the west with a SZA of 65◦, illuminating the cumulus
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cloud during the whole period.
Figure 3b shows that SWS spectral radiances are higher (brighter colors) during

the cloud’s passage, due to enhanced cloud scattering. In the beginning of the cloudy
period, radiance I870 is much larger than I1640, and the difference between two gradually
becomes smaller (Fig. 3c). In the transition to the cloud-free period, radiances I870 and5

I1640 both decrease sharply and switch order back and forth. Similar to the previous
two cases, Fig. 3d shows a linear relationship between SUM and DIF in the transition
period.

3.4 Radiative signature regimes

Based on the above cases, we have found the following:10

– During cloud-free periods, radiances at 870 and 1640 nm are small. The radiance
at 870 nm is higher than that at 1640 nm because of stronger molecular (Rayleigh)
and aerosol scattering at shorter wavelengths.

– During transition periods from cloud-free to cloudy, radiances at both wavelengths
increase sharply in the vicinity of cloud edges. A remarkable linear relationship15

is found between I870−I1640 (DIF) and I870+I1640 (SUM) at various solar zenith
angles. The slopes of linear relationships for different transition periods are close,
but their intercepts differ and depend on sun-cloud-radiometer illumination.

– During cloudy periods, I870 and I1640 are much higher than those in cloud-free
periods. Whether the difference I870−I1640 is positive or negative depends on a20

number of factors, such as aerosol and cloud optical depth, particle and droplet
size, 3-D cloud structure, surface reflectance, and solar zenith angle.

Figure 4 is a schematic plot to show the above distinct spectral signatures found in
those three cases. This plot is drawn based on 1-D plane-parallel radiative transfer
calculations. In this plot, we define 5 regimes on the DIF vs SUM plane. These regimes25

are:
17557
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– Regime 0 corresponds to cloud-free areas. It is a single point on the DIF vs SUM
plane.

– Regime 1 corresponds to transition zones in which cloud optical depth τ up to
∼0.2. In this regime, SUM increases, but DIF decreases. The relationship be-
tween DIF and SUM is linear. (In cases of very large SZAs and small cloud5

droplets, the slope could be also positive. See Sect. 3.)

– Regime 2 corresponds to areas with very thin clouds (τ up to ∼1). This regime is
same as Regime 1, but the relationship between SUM and DIF is no longer linear.

– Regime 3 corresponds to areas with thin clouds (τ up to ∼5). In this regime, both
SUM and DIF increase, and the relationship between two is nonlinear.10

– Regime 4 corresponds to areas with thicker clouds (τ>5). In this regime, SUM
decreases while DIF increases and the relationship between two is strongly non-
linear.

Physical interpretations of these radiative signature regimes are discussed next.

4 Physics of radiative transfer behind the spectral signatures15

For plane-parallel clouds over a Lambertian surface, any ground-based measurement
of radiance I can be expressed as the sum of the downward radiation calculated over
a non-reflecting (black) surface and the radiation introduced by interactions between
clouds and the underlying surface (Box et al., 1988). The downward radiance over a
black surface is determined by scattering from atmospheric molecules, aerosols, and20

clouds. The cloud-surface interactions are determined by surface albedo and cloud re-
flective and transmissive properties. In short, the spectral signatures in zenith radiance
are primarily determined by four factors:

1. Molecular (Rayleigh) and aerosol scattering,
17558
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2. in-cloud single scattering,

3. in-cloud multiple scattering, and

4. cloud-surface interactions.

4.1 Regime 0

Rayleigh and aerosol scattering dominate Regime 0. Due to stronger Rayleigh and5

aerosol scatterings at 870 than those at 1640 nm, I870 is larger than I1640, and thus
I870−I1640 is positive.

This regime strongly depends on aerosol loading and aerosol particle size. We
used three different aerosol loadings: no aerosols, low aerosol optical depth
(AOD, τa870=0.05, τa1640=0.02, Ångström exponent ≈2/3), and high AOD (τa870=0.15,10

τa1640=0.08, Ångström exponent ≈1). With increasing aerosol loading (Fig. 5a),
Regime 0 moves toward the upper-right direction, i.e., both I870+I1640 and I870−I1640
increase. The sum I870+I1640 increases because of the increase of aerosol scatter-
ing at both two wavelengths, while I870−I1640 increases because of greater impact of
stronger scattering on the shorter wavelength.15

Regime 0 also strongly depends on aerosol phase function. We show an example
here by increasing aerosol particle size from effective radius of 0.25µm to 4µm for a
given SZA of 45◦ (Fig. 5b). From aerosol phase functions (Fig. 6), a larger aerosol
particle size results in stronger forward scatterings and weaker scattering at scattering
angles greater than 20◦. It leads to decreases in both I870 and I1640 at larger scattering20

angles. However, the rate of decreases in I870 is different from that in I1640. In the
scattering angle range between 20◦ and ∼50◦, the rate of decrease in I870 is faster
than that in I1640, and vice versa for scattering angles greater than 50◦. Therefore, at a
given SZA of 45◦ (i.e., scattering angle of 45◦), both I870 and I1640 decrease, and I870
decreases faster than I1640 with increasing aerosol particle size. As a result, Regime 025

moves toward the lower-left direction with increasing aerosol particle size.
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Figure 5 also shows that the locations of Regime 1 are sensitive to changes in
aerosol properties, but the slope of the linear relationship is only weekly sensitive to
those changes. We use radiative transfer calculations to understand this behavior in
next section.

4.2 Regime 15

Aerosol scattering and in-cloud single scattering dominate Regime 1. In this regime,
photons are scattered not only by aerosols, but also by cloud droplets. Therefore,
approaching clouds leads to an increase in I870 and I1640. However, the behavior of
DIF vs SUM is complex because it depends on a number of variables: the cosine of
SZA µ0, the single scattering albedo, phase function and optical depth of aerosols and10

clouds. We denote them as $a
λ , P a

λ , and τaλ , respectively for aerosols, and $c
λ , P c

λ , τc

for clouds. The subscript λ shows the wavelength dependency of $ and P . Note that
aerosol optical depth (AOD) is wavelength dependent, but cloud optical depth (COD)
is wavelength independent at the wavelengths we used.

Ignoring molecular (Rayleigh) scattering, the total optical depth is given as:15

τλ=τ
a
λ+τ

c. (3)

Using the single-scattering approximation and assuming a unit incident flux at the top
of the atmosphere, the downward zenith radiance is derived as (Thomas and Stamnes,
2002, p. 219):

Iλ ∝ $λ·Pλ·
µ0

1−µ0
[exp(−τλ)−exp(−τλ/µ0)], (4a)20

where $λ and Pλ are the total single scattering albedo and phase function. For a very
small optical depth, Eq. (4a) can be simplified as

Iλ ∝ $λ·Pλ·τλ. (4b)

Figure 7 illustrates the right side of Eqs. (4a) and (4b) with $λ=1 and Pλ=1 for three
SZAs: 15◦, 45◦ and 60◦. Comparing curves of Eq. (4a) with the straight line of Eq. (4b),25
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we see that the linear approximation is good for small optical depths up to ∼0.1–0.2,
depending on µ0.

Let us first assume that cloud droplets are the only scatterers in Regime 1. Then,
because $c

870=1, Eq. (4b) determines the ratio of DIF to SUM as:

I870−I1640

I870 + I1640
=

P c
870 −$c

1640P
c
1640

P c
870 +$c

1640P
c
1640

=
1 −$c

1640·χ
1 +$c

1640·χ
, (5)5

where χ is the ratio between P c
1640 and P c

870, i.e.,

χ=χ
(
µ0; rc,eff

)
=
P c

1640

P c
870

, (6)

where rc,eff is the cloud droplet effective radius. Equation (5) shows that the ratio is
independent of cloud optical depth. It follows from here that at a given µ0 the slope of
the DIF vs. SUM relationship plane is fully determined by cloud drop size in the case10

of τaλ=0. Figure 8 shows the dependence of the slope on cloud droplet effective radius
for three µ0 values. We see that for small droplets less than 4µm, the slope derived
from Eq. (5) is very sensitive to droplet size while it asymptotes for larger droplets. We
also notice that at smaller µ0, the slope can be positive when cloud effective radius is
very small (<2.5µm).15

Now we assume a more general case of τaλ>0. Then in the frame of linear approxi-
mation Eq. (4b), Eq. (5) can be rewritten as

I870 − I1640

I870 + I1640
=

a− + (P c
870 −$c

1640P
c
1640) · τc

a+ + (P c
870 +$c

1640P
c
1640) · τc

, (7)

where

a± = $a
870P

a
870τ

a
870 ±$a

1640P
a
1640τ

a
1640. (8)20
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From Eq. (7), we see that DIF vs. SUM is a linear function and the corresponding slope
is:

Slope=
P c

870−$
c
1640P

c
1640

P c
870 +$c

1640P
c
1640

=
1−$c

1640·χ
1+$c

1640·χ
, (9)

where χ is defined in Eq. (6). This slope is the same as that in the special case of τaλ=0
(Eq. 5). It shows that the slope is determined by cloud drop size only and independent5

of aerosol properties, which has been observed in Fig. 5.
Thus, assuming constant aerosol optical depth and constant effective sizes of cloud

droplets and aerosol particles, Regime 1 shows a linear relationship between DIF and
SUM as:

DIF=a+b·SUM, (10)10

where as a first approximation, intercept a is determined primarily by aerosol prop-
erties, and slope b by cloud properties, defined in Eq. (9). It shows that the linear
relationship nicely separates aerosol and cloud effects into a and b, respectively. How-
ever, aerosol properties are not the sole factor that would affect the intercept a. For
the same aerosol properties, the Sun’s relative location with respective to clouds could15

change the intercept a through 3-D radiative effects. Case 1 (Fig. 1) is the perfect ex-
ample, showing that the Sun’s location introduces a difference in the intercept for the
two transition periods.

Note that this linear relationship becomes less pronounced with increasing cloud op-
tical depth, in which first the linear approximation (Eq. 4b) and then the single scattering20

approximation (Eq. 4a) is no longer held. Generally, the relationship remains linear at
COD smaller than ∼0.2 depending on µ0.

4.3 Regime 2–4

Because our main purpose here is to study the transition zone, the detailed descrip-
tion and simulations of Regime 2–4 are beyond the scope of the paper. Hence we25
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briefly highlight main features for each regime. For the difference and the sum between
670 nm and 870 nm we can reference to Marshak et al. (2004) and Chiu et al. (2006).

Regime 2 is a continuation of Regime 1 in which in-cloud single scattering domi-
nates. However, unlike Regime 1, the linear approximation Eq. (4b) is no longer valid
in Regime 2 and radiances show a non-linear relationship with increasing optical depth5

(as shown in Fig. 7).
In-cloud multiple scatterings and cloud-surface interactions dominate Regime 3 and

4. Equations (4a) and (4b) are no longer valid in these two regimes. In Regime 3, cloud
optical depths are typically less than 4–5. This regime is in a situation in which in-cloud
multiple scattering dominates and surface-cloud interaction starts playing an important10

role. Recall that the surface-cloud interactions increase zenith radiance. Because the
surface is brighter at 870 nm than at 1640 nm, I870 increases faster than I1640, and thus
the DIF increases with increasing COD.

Finally, Regime 4 associates with larger cloud optical depths (>5). Because less
transmission gets through thicker clouds, zenith radiances at 870 and 1640 nm de-15

crease. Similar to Regime 3, I870 increases faster than I1640 due to cloud-surface inter-
actions. As a result, SUM gradually decreases while DIF increases.

5 Discussion

From radiative transfer calculations in Eqs. (4)–(7), we showed that linearity between
SUM and DIF in the transition zone can be explained using the single scattering ap-20

proximation and the following assumptions: constant cloud droplet and aerosol particle
sizes, and constant AOD. To further discuss whether these assumptions are realistic,
we review cloud microphysical measurements and some theoretical studies in more
details.

A number of studies showed that liquid water content increased when approaching25

clouds (Paluch and Baumgardner, 1989; Stith, 1992; Blyth et al., 2005). The increase
of liquid water content is the result of either/both increase in droplet number concen-
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tration or/and effective radius. Which process dominates? Recall that in all cases we
observed, zenith radiances sharply increased from cloud-free to cloudy areas (Figs. 1c,
2c, 3c). An increase of number concentration with constant effective radius leads di-
rectly to the increase of cloud optical depth and thus of zenith radiance. The assump-
tion of a constant effective radius is also consistent with the theory of inhomogeneous5

mixing that results in fast evaporation of droplets of all sizes leaving effective radius
unchanged (e.g., Baker et al., 1980; Freud et al., 2008). Therefore, as a very first
approximation, our assumption of constant effective radius seems realistic.

Let us now assume that effective radius increases when clouds approach. Accord-
ing to Eq. (4b) zenith radiance is proportional to a product of cloud optical depth and10

cloud scattering phase function. Cloud optical depth is also proportional to the droplet
concentration and the square of droplet size. The phase function, in general, has a
non-monotonic dependency on effective radius (Fig. 9). Because it is more likely that
droplets are small in the transition zone, we focus on drop size from 2 to 4µm. For
these droplet sizes, at SZA of 15◦, the scattering phase function increases slightly at15

870 nm (Fig. 9c), but decreases sharply at 1640 nm (Fig. 9d). Therefore, no matter
whether the number of droplet concentration increases or remains unchanged, the de-
crease in phase function at 1640 nm leads to a slower increase in zenith radiance at
1640 nm than that at 870 nm. This contradicts SWS observations of Case 2, because
zenith radiance increased faster at 1640 nm (Fig. 2c).20

We have assumed that aerosol particle size and optical depth remain unchanged
in our theoretical derivations. However, depending on aerosol compositions, aerosol
extinction coefficients and sizes could increase dramatically around cloud edges be-
cause of increasing uptake of water vapor (Kotchenruther et al., 1999; Clarke et al.,
2002; Loeb and Manalo-Smith, 2005; Zhang et al., 2005). Recent observations from25

an airborne HSRL (High Spectral Resolution Lidar) have demonstrated that when ap-
proaching clouds, aerosol optical depth and extinctions could increase by 10% and
20%, respectively (R. Ferrare, personal communication). More detailed model sim-
ulations are required to understand how these changes in aerosol optical properties
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modulate spectral signatures of SWS in the transition zone.
Radiative signatures in the transition zone are characterized not only by changes in

aerosol and cloud properties, but also by the 3-D cloud effects. As shown in our cases,
these effects could enhance zenith radiance, depending on sun-cloud-radiometer loca-
tions. In addition, the field of view (FOV) of the SWS is 1.4◦. When the FOV is not fully5

covered by clouds or by clear-sky, radiative signatures could be affected as well. For
more details see Chiu et al. (2006).

6 Summary

Although to the casual observer clouds appear to have distinct boundaries, to define
them from remote-sensed measurements is difficult (Koren et al., 2008). This difficulty10

arises from the sensitivity of instruments, the temporal and spatial resolutions, and the
thresholds used to distinguish cloud-free and cloudy areas. This problem has major cli-
matic consequences, in particular on aerosol indirect effect studies and on calculations
of aerosol forcing.

The ARM program developed a new shortwave spectrometer to measure zenith radi-15

ance in the visible and near-infrared region with high spectral and temporal resolutions.
We have taken advantage of the SWS rich spectra to study the transition zone around
clouds where strong aerosol-cloud interactions are taking place. We demonstrate the
general spectral radiative characteristics, and provide physics interpretations to better
understand optical properties of aerosols and clouds in the transition zone.20

From cloud-free to cloudy areas, we define 5 regimes based on spectral signatures
of zenith radiance and the factors that dominate the signatures. While Regimes 2–4
correspond to a typical well-defined cloud, in this paper we focus on Regime 0 and 1
that represent the cloud-free area and the transition zone around clouds, respectively.

In Regime 0, because of the absence of clouds, spectral signature is mainly de-25

termined by Rayleigh and aerosol scattering, and thus strongly depends on aerosol
loading and particle size in the environment. This indicates that one can qualitatively
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study aerosol optical properties using SWS zenith radiance in the cloud-free areas. In
Regime 1, spectral signature is mainly determined by aerosol and in-cloud single scat-
terings. Due to in-cloud single scatterings, we observed and theoretically proved that
there would be a linear relationship between the sum and difference of zenith radiances
at wavelengths of 870 and 1640 nm. The linear behavior allowed us to separate effects5

of aerosols and clouds: the intercept is more affected by aerosol properties while the
slope by clouds. This linear relationship holds for small optical depths only.

To quantitatively interpret the slope of the linear relationship observed in Regime 1,
we have assumed that droplet sizes remain unchanged. Analyzing SWS data, we
have found that this assumption is reasonable; it is also consistent with the predictions10

of the inhomogeneous mixing process. Thus, based on zenith radiance measurements
at 870 and 1640 nm, the decrease in droplet number concentrations with the distance
away from clouds likely dominates over the decrease in droplet sizes.

Using SWS radiance measurements to study transition zones has a few defects,
though. We need to wait for clouds to pass overhead, and the SWS only works in15

daytime. In addition, other ARM instruments do not measure on the 1-sec timescale of
SWS and thus cannot help resolve ambiguities.
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Table 1. Case summary.

Case ID 1 2 3

Date 2007/05/18a 2006/06/27b 2007/09/05b

Starting time (UTC) 21:35:24 18:52:48 22:46:01
Solar zenith angle 45 15 65
Aerosol optical depthc at 870 and 1640 nm (0.14, 0.09) (0.07, –) (0.09, 0.07)
Aerosol effective radius (µm)c 0.4 0.25 0.45
Peaks of bimodal size distribution (µm)c (0.15, 1.7) (0.15, 2.7) (0.15, 5.0)
Cloud-base height (km)d 2.0 3.5 1.2 for Cu
Cloud top height (km)d 2.1 3.8 1.7 for Cu
Liquid water path (gm−2)e 16 16 –
Wind speed at cloud-base height (ms−1)f 3 6 7
Wind direction (deg)f 197 343 180
Surface albedo at 870 and 1640 nmg (0.30, 0.24) (0.32, 0.35) (0.36, 0.35)

a Data length is 300 s
b Data length is 120 s
c Estimated from NASA’s Aerosol Robotic Network (AERONET)
d Estimated from ARM’s Active Remotely Sensed Clouds Locations (ARSCL) product
e Estimated from an ARM PI product (MWRRET)
f Estimated from ARM’s Merged Sounding product

g Estimated from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS)

Note that aerosol properties at 1640 nm are not available at the Oklahoma site until May 2007.
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Fig. 1. Case 1, 18 May 2007 with a SZA of 45◦: (a) total sky images (from TSI instrument), and
(b) time-wavelength contour plot of SWS spectra measured from 21:35:24 to 21:40:24 UTC
(300 s). SWS-observed zenith radiances have been normalized by the extraterrestrial solar
spectrum and by cos(SZA). In (b), arrows pointed at the time axis correspond to the times of
the sky images shown in (a), while arrows pointed at the wavelength axis correspond to 870
and 1640 nm. We also see strong water vapor absorption bands at wavelengths of 930, 1120,
1400, and 1900 nm. (c) is time series of radiances at 870 and 1640 nm corresponding to two
slices of (b). (d) is the plot of normalized radiance difference versus sum at wavelengths of
870 and 1640 nm. Letters S and E indicate the start and end of the time series, while two thick
arrows indicate the flow of time evolution.

17572

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/17549/2008/acpd-8-17549-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/17549/2008/acpd-8-17549-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 17549–17580, 2008

Interpretation of
radiative signature in

transition zones

J. C. Chiu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive DiscussionFig. 2. Same as Fig. 1, but for Case 2, 27 June 2006 during 18:52:50–18:54:50 UTC (120 s).
Solar zenith angle is around 15◦. Note that some points of the cloud are not shown in (d) to
emphasize points in the transition periods.
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Interactive DiscussionFig. 3. Same as Fig. 1, but for Case 3, 5 September 2007 during 22:46:01–22:48:00 UTC
(120 s). Solar zenith angle for this case is around 65◦.
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Fig. 4. The modeled track of the sum and difference of intensities (I870 and I1640) as the
cloud optical depth is varied from zero (point labeled 0) to 15. Model used is DISORT (one-
dimensional plane-parallel radiative transfer). Red dots, corresponding to different cloud optical
depths, separate the regimes discussed in the text. Regime 0 (a single point) represents a
cloud-free condition. Regime 1 is the transition between clear and cloudy (Regimes 2–4). The
dashed line is drawn to emphasize the linearity in Regime 1.
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Fig. 5. Modeled difference vs. sum of intensities, as in previous figures, for clouds with vari-
ous aerosol situations below the clouds. (a) Cloud-free Regime 0 (indicated by diamonds) is
affected by three assumed aerosol loadings: no aerosols, low aerosol optical depth (τa870=0.05,
τa1640=0.02, Ångström exponent ≈2/3), and high aerosol optical depth (τa870=0.15, τa1640=0.08,
Ångström exponent ≈1). Assumed aerosol effective radius is 0.25µm. Data points correspond
to cloud optical depth from 0 to 0.5 in steps of 0.1, one set for each cloud drop effective radius
(4µm and 8µm). (b) Repeats the high aerosol loading case in (a), then adds a second case
with a 16 times larger aerosol particle size (4µm) leading to the lower two curves. Plots are
based on 1-D plane-parallel simulations at a SZA of 45◦.
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Fig. 6. Aerosol scattering phase functions at wavelengths of 870 and 1640 nm for two effective
particle sizes (0.25 or 4µm). The dash-dot line corresponds to a 45◦ scattering angle.
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Fig. 7. The right-hand side of Eqs. (4a) and (4b) with $λ=1 and Pλ=1 vs. cloud optical depth in
the single scattering approximation at solar zenith angles of 15◦, 45◦ and 65◦. The straight line
is the linear approximation.
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Fig. 8. Model calculations of the slope of the I870−I1640 vs. I870+I1640 relationship as a function
of cloud drop effective radius.
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Fig. 9. Cloud phase functions for wavelength 870 nm (left column) and 1640 nm (right column).
Top row shows phase functions versus scattering angle for effective cloud drop radii 2, 4, 8µm.
Bottom row shows phase functions at specific angles versus effective drop radius; the angles
chosen are the same as the solar zenith angles in Cases 1–3 for the purpose of understanding
single-scattering behavior.

17580

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/17549/2008/acpd-8-17549-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/17549/2008/acpd-8-17549-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

