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[1] Theoretical and satellite-based assessments of the sensitivity of broadband shortwave
radiative fluxes in cloudy atmospheres to small perturbations in the cloud droplet
number concentration (N) of liquid water clouds under constant water conditions are
performed. Two approaches to study this sensitivity are adopted: absolute increases in N,
for which the radiative response is referred to as ‘‘absolute cloud susceptibility,’’ and
relative increases in N or ‘‘relative cloud susceptibility.’’ Estimating the former is more
challenging as it requires an assumed value for either cloud liquid water content or
geometrical thickness; both susceptibilities require an assumed relationship between the
droplet volume and effective radius. Expanding upon previous susceptibility studies,
present radiative calculations include the effect of DN perturbations on droplet asymmetry
parameter and single-scattering albedo, in addition to extinction. Absolute cloud
susceptibility has a strong nonlinear dependence on the droplet effective radius as
expected, while relative cloud susceptibility is primarily dependent on optical thickness.
Molecular absorption and reflecting surfaces both reduce the relative contribution of the
cloud to the top-of-atmosphere (TOA) flux and therefore also reduce the TOA albedo
susceptibility. Transmittance susceptibilities are negative with absolute values similar to
albedo susceptibility, while atmospheric absorptance susceptibilities are about an order of
magnitude smaller than albedo susceptibilities and can be either positive or negative.
Observation-based susceptibility calculations are derived from MODIS pixel-level
retrievals of liquid water cloud optical thickness, effective radius, and cloud top
temperature; two data granule examples are shown. Susceptibility quantifies the aerosol
indirect effect sensitivity in a way that can be easily computed from model fields. As such,
susceptibilities derived from MODIS observations provide a higher-order test of
model cloud properties used for indirect effect studies. MODIS-derived global
distributions of cloud susceptibility and radiative forcing calculations are presented in a
companion paper.
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1. Introduction

[2] The global aerosol burden has substantially increased
since the beginning of the industrialized era [Intergovernmental
Panel on Climate Change, 2007]. Aerosol particles affect
solar radiation by direct scattering and absorption, but can
also change cloud properties through the subset of particles
that act as cloud condensation nuclei (CCN) and ice nuclei
(IN), a pathway referred to as the ‘‘indirect aerosol effect’’
(IAE). While the IAE is a continuum of effects and con-
sequences, it is often considered the manifestation of two

primarily different aerosol-cloud interaction mechanisms.
One mechanism is the radiative effect due to cloud micro-
physical changes only (no change in cloud water or other
properties). Here, the greater availability of CCN or IN
yields clouds with more numerous but smaller cloud
particles and therefore larger optical thicknesses (commonly
referred to as the ‘‘Twomey effect’’ [Twomey, 1974] or 1st
IAE). A second mechanism encompasses the effect of
aerosols on cloud water, e.g., a decrease in cloud particle
size decreasing precipitation efficiency and thereby increas-
ing cloud lifetime, fraction [Albrecht, 1989], and/or physical
thickness [Pincus and Baker, 1994]. This 2nd IAE can
modify both cloud radiative and macrophysical properties.
Clearly, the two mechanisms are coupled, but the separate
partitioning is useful in understanding the relative role
of each process for different cloud types and scenarios.
Other microphysical consequences have been invoked for
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convective clouds (e.g., effect on freezing level and
dynamic development [Khain et al., 2005]) while the non-
microphysical ‘‘semi-indirect effect’’ of absorbing aerosol
[Hansen et al., 1997; Ramanathan et al., 2001; Koren et al.,
2004] is thought to be an important modifier to cloud
properties in some regimes and time periods.
[3] For liquid water clouds, recent theoretical studies of

aerosol compositional effects and cloud microphysics [e.g.,
Nenes et al., 2002] and Large Eddy Simulation (LES)
cloud modeling studies with coupled aerosol-cloud micro-
physics [Ackerman et al., 2004; Xue and Feingold, 2006;
Zuidema et al., 2008] have helped elucidate the details and
subtleties of the IAE. However, satellite observational
studies [Sekiguchi et al., 2003; Matsui et al., 2006] remain
challenging because of the inherent difficulties involved in
trying to quantify a partial derivative (i.e., a change in
cloud properties due only to changes in aerosol amount
and type, while all relevant dynamic/thermodynamic quan-
tities remain fixed) from instantaneous measurements and
incomplete cloud dynamic/thermodynamic information.
Rather than confronting the formidable task of assessing
this partial derivative of cloud properties in a particular
place and time, we have adopted an alternative approach
where satellite retrievals are used to estimate the cloud
radiative sensitivity to a specified change in cloud droplet
number concentration (N).
[4] The present study examines radiative flux sensitivities

to droplet concentration perturbations in liquid water clouds
under constant cloud water and geometrical thickness con-
ditions. The sensitivity of reflected solar fluxes to N changes
has been previously examined using the concept of ‘‘cloud
susceptibility,’’ a sensitivity parameter given by the change
in cloud albedo for a differential change in N [Platnick and
Twomey, 1994; Taylor and McHaffie, 1994; Feingold et al.,
1997; Ackerman et al., 2000; McFarquhar and Heymsfield,
2001; Chuang et al., 2002]. Here we broaden the study of
susceptibility properties and dependencies to encompass the
following: (1) relative as well as absolute changes in N,
(2) perturbations in cloud droplet asymmetry parameter and
single-scattering albedo (in addition to extinction), (3) trans-
mittance and absorptance susceptibilities, and (4) broadband
susceptibilities from operational Moderate Resolution
Imaging Spectroradiometer (MODIS) cloud optical property
retrievals along with retrieval-consistent broadband surface
albedos and modeled atmospheric profiles.
[5] The ultimate goal is to obtain observation-based

estimates of the indirect effect radiative forcing for specific
cloud perturbation scenarios, given the current climate
distribution of cloud properties. Global spatial and temporal
distributions of the albedo sensitivity can be used to
estimate the range of future radiative flux forcing responses,
as well as provide an additional constraint on cloud prop-
erties in indirect effect modeling studies. A first step in this
direction is investigated in a companion paper [Oreopoulos
and Platnick, 2008, hereinafter referred to as Part 2] that
examines the global and seasonal distribution of cloud
susceptibility based on MODIS Level 3 (gridded) data.
[6] In section 2, we revisit the definition of cloud sus-

ceptibility and distinguish between absolute and relative
susceptibilities. A discussion of the methodology and radi-
ative transfer tools used to calculate susceptibility is given
in section 3; example theoretical susceptibility results and

dependencies are presented in section 4. The feasibility
of observational-based susceptibility calculations is
demonstrated in section 5 with MODIS data granules.
Concluding comments on the utility of susceptibility are
given in section 6.

2. Cloud Susceptibility

2.1. Absolute and Relative Cloud Albedo Susceptibility

[7] The sensitivity of cloud albedo to aerosol-induced
perturbations in droplet number concentration, and the
potential climatic consequences, were first discussed by
Twomey [1974]. Cloud albedo susceptibility was later used
to quantify and examine this sensitivity [Twomey, 1991;
Platnick and Twomey, 1994]. It was defined as the change in
cloud albedo (R) resulting from a differential change in N,
with cloud water path and content held constant. The
spectral susceptibility, Sl, can be written as

Sl ¼ dRl tl;vl; glð Þ
dN

¼ @Rl

@tl

dtl
dre

dre

dN
þ @Rl

@vl

dvl

dre

dre

dN

þ @Rl

@gl

dgl

dre

dre

dN
; ð1aÞ

where re =
R

r3n(r)dr
�R

r2n(r)dr is the effective radius of
the droplet size distribution n(r), tl the cloud optical
thickness, wl and gl the single-scattering albedo and
asymmetry parameter of the droplet size distribution,
respectively, and l the wavelength. For both physical and
practical reasons to be discussed later, it is also useful to
look at albedo changes due to perturbations in the relative
cloud droplet number concentration, i.e.,

Srell ¼ dRl tl;wl; glð Þ
dN

N

¼ NSl; ð1bÞ

which will be referred to as relative susceptibility. When
distinguishing between the two forms is necessary,
equation (1a) will be referred to as absolute susceptibility.
While other susceptibility formulations involving relative
perturbations in N are also useful, e.g., dlnRl/dlnN
[Feingold and Seibert, 2008], we chose equation (1b)
because of our interest in absolute albedo perturbations for
radiative forcing studies.
[8] Previous susceptibility studies considered only the

first term in equation (1) which will be shown to be
dominant later in this section. In that term, because

tl ¼ 3QlwH

4rlre
ð2Þ

for a vertically homogeneous cloud with geometrical
thickness H, average spectral extinction efficiency of the
droplet size distribution Ql, and liquid water content w, then

dtl
dre

¼ � tl
re

ð3Þ

under constant cloud water path conditions. Common to all
three terms in equation (1) is the derivative dre/dN, which
can be expressed analytically as follows. The volume radius
rv
3 =
R
r3n(r)dr/

R
n(r)dr, water content, liquid water density

D14S20 PLATNICK AND OREOPOULOS: CLOUD SUSCEPTIBILITY, 1

2 of 17

D14S20



rl, and N are related via w = 4/3 rlprv
3N. With the

assumption rv
3 � kre

3 (k being a parameter ranging from
�0.6 to �0.9 for marine stratocumulus [e.g., Martin et al.,
1994]), N is approximated by

N � 3w

4prlkr3e
: ð4Þ

For a constant water content and constant k process,
equation (4) gives

dre

dN
¼ � 1

3

re

N
; ð5Þ

which is negative as expected. The susceptibility derivations
and calculations that follow will use some form of both
equations (3) and (5), and therefore assume that during a
droplet perturbation process both cloud water path and
water content are fixed (and thereby cloud physical
thickness), as is k.
[9] Combining the signs of equations (3) and (5) with the

fact that @Rl/@tl > 0, means the dominant first term on the
right hand side (RHS) of equation (1) is positive. This
captures the essence of the first indirect effect argument. But
the second and third terms in equation (1) can also contrib-
ute nontrivially to the albedo increase. Mie calculations
show that in the shortwave part of the spectrum dwl/dre < 0
and dgl/dre > 0 for typical cloud droplet size ranges. Given
that @Rl/@wl > 0 and @Rl/@gl < 0, all terms on the RHS of
equation (1) are therefore positive, expressing the collective
contribution of extinction, absorption, and scattering mech-
anisms to the albedo increase under constant water path
conditions. For broadband calculations, the combined
increase in susceptibility due to the 2nd and 3rd terms will
be shown to be on the order of 10–30% through much of
the expected liquid cloud t, re space.
[10] While all terms in equation (1) are determined

numerically with a broadband radiative transfer code for
this study, analytic approximations are useful in understand-
ing the functional dependencies. From equations (3) and (5),
the dominant first term can be expressed as

Sl 1ð Þ ¼ @Rl

@tl

dtl
dre

dre

dN
¼ tl

3N

@Rl

@tl
¼ 4prl

9w
tl

@Rl

@tl
kr3e

Srell 1ð Þ ¼ @Rl

@tl

dtl
dre

dre

dN
N ¼ tl

3

@Rl

@tl

ð6Þ

[see Platnick and Twomey, 1994]. Absolute susceptibility is
found to have a cubic dependence on droplet size whereas
relative susceptibility is not explicitly dependent on size
when the optical thickness is specified. The second term in
equation (1) has an approximate analytic form as well that
can be derived from the Hu and Stamnes [1993] water cloud
Mie scattering parameterizations used for broadband
radiative flux calculations in this study (see section 3). Hu
and Stamnes provide a parameterization for single-scatter-
ing coalbedo of the form 1�wl (re) � c2,l + a2,lre

b2,l for
three droplet size ranges, giving for susceptibility

Sl 2ð Þ � @Rl

@wl

b2;l 1� wl � c2;l
� �

3N

Srell 2ð Þ � @Rl

@wl

b2;l 1� wl � c2;l
� �

3

: ð7Þ

For typical droplet size radii in the near-infrared to
shortwave infrared where both solar radiation and droplet
absorption (1�wl) are significant, bl�0.8–1.0 and cl �
1�wl. The magnitude of the ratio of the 2nd to 1st term in a
spectral interval for both absolute and relative susceptibility
is therefore approximated as being

Sl 2ð Þ
Sl 1ð Þ �

1� wlð Þ
tl

@Rl

@wl
@Rl

@tl

: ð8Þ

Neglecting the partial derivatives, the second term becomes
more significant as optical thickness decreases and absorp-
tion (re) increases. The derivatives cause the ratio to
increase as the cloud becomes optically thick (@Rl/@tl!0)
and as absorption decreases (@Rl/@wl increases with wl). A
similar parameterization from Hu and Stamnes for asym-
metry parameter (gl(re) = c3,l + a3,lre

b3,l) contributes to the
third term of susceptibility as

Sl 3ð Þ � @Rl

@gl

b3;l gl � c3;l
� �
3N

Srell 3ð Þ � @Rl

@gl

b3;l gl � c3;l
� �

3

; ð9Þ

giving the magnitude of the ratios of equation (9) to
equation (6) as

Sl 3ð Þ
Sl 1ð Þ �

b3;l gl � c3;l
� �

tl

@Rl

@gl
@Rl

@tl

: ð10Þ

The 3rd term once again becomes more significant at small
and large optical thicknesses. While the coefficients b3,l
and c3,l in the numerator reflect the fact that dgl/dre can
vary substantially as a function of wavelength and droplet
size, the derivative is larger at smaller radii. Example
broadband calculations for albedo susceptibility and these
ratios will be shown in section 4.

2.2. Numerical Evaluation

[11] The numerical evaluation of susceptibility starts by
determining the Dre corresponding to a finite perturbation
DN or DN/N. From equation (4), the effect of relative and
absolute droplet number perturbations on effective radius
for a constant water content process are derived as follows:

Dre

re
¼ 1

1þDN

N

0
B@

1
CA

1

3

�1; specify
DN

N

¼ 1

1þ 4prl
3

DN

w
kr3e

0
B@

1
CA

1

3

�1; specifyDN ;w

¼ 1

1þ 2prl
DN

t
Hkr2e

0
B@

1
CA

1

3

�1; specifyDN ; H :

ð11Þ
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For small DN/N, Dre/re � �DN/3N, which is equivalent to
the differential form of equation (5). Note that the assumed
linear relationship rv

3 / re
3 is implicit in the perturbation

corresponding to specifying DN/N, while aDN perturbation
also requires knowledge of the constant of proportionality k.
[12] Resulting changes in tl, wl, gl from the droplet size

perturbations of equation (11) can be used to directly
evaluate susceptibility (equation (1)) from:

DRl ¼ Rl tl þDtl;wl þDwl; gl þDglð Þ � Rl tl;wl; glð Þ:
ð12Þ

From equations (2) and (11), the effect of a droplet size
perturbation on optical thickness is

tl þDtl ¼ tl
1

1þ Dre
re

 !
; ð13Þ

which reduces to the differential analog of equation (3).
Note that relative changes in spectral optical thickness are
not wavelength-dependent. For completeness, we note that
parameterizations from Hu and Stamnes [1993] and Chou et
al. [1998] are used to determine the perturbations to the
other radiative parameters:

wl þDwl ¼ wl re þDreð Þ

gl þDgl ¼ gl re þDreð Þ
: ð14Þ

In summary, once the effective radius change due to a
specified droplet number perturbation is found from
equation (11), equations (13) and (14) can be evaluated for
use in equation (12). For our susceptibility calculations with
the GSFC solar radiative transfer code (see next section),
changes in spectral optical thickness, single-scattering

albedo, and asymmetry parameter are handled internally
by the broadband model by passing in the fixed cloud water
path and the effective radius perturbation.
[13] Equations (12)–(14) make it clear that at a mini-

mum, both optical thickness and effective radius are re-
quired to calculate cloud susceptibility. The practical
advantage to specifying a relative droplet number perturba-
tion is that no other cloud parameter is needed. In particular,
note that the dominant term (equation (6)) has no explicit
dependence on re once the optical thickness is specified (but
the dependence is implicit in @Rl/@tl which varies with re).
However, if a DN perturbation is specified, then either N
needs to be known (equivalent to specifying the relative
perturbation) or else a cloud microphysical (w) or macro-
physical (H) quantity is required, in addition to a value for
the parameter k. Here (as in the work by Platnick and
Twomey [1994]) DN = 1 cm�3 is used to obtain numerical
estimates of absolute susceptibility and w = 0.3 gm�3 is
chosen as the normalization For other values of w (in
gm�3), absolute susceptibility can be approximated by
using the scaling factor 0.3/w, though this is exact only
for the first term in equation (1a). In a similar manner, while
the parameter k is set to 0.83 for all subsequent calculations,
absolute susceptibility can be scaled to other k values.
Figure 1 shows N as a function of re for w = 0.3 gm�3 as
derived from equation (4). The resulting values of N for re
ranging between 4 and 20 mm span about two orders of
magnitude. N for other water content values can be derived
by scaling the curve by w/0.3. The corresponding negative
perturbations in effective radius, Dre, for DN = 1 cm�3 and
DN/N = 10% are also shown in Figure 1 (dashed and gray
curves, respectively) where the sign of Dre has been
reversed to accommodate the logarithmic scale. For abso-
lute susceptibility (DN = 1 cm�3), Dre perturbations for
clouds with small re are 2–3 orders of magnitude smaller
than clouds with large re, while the Dre range is much
narrower for the DN/N = 10% perturbations. It should be
noted that the w = 0.3 gm�3 assumption applied for absolute

Figure 1. Cloud droplet number concentration (N) for a liquid marine cloud (k = 0.83) with liquid water
content w = 0.3 gm�3, as a function of effective radius re (solid line, left axis). Also shown is the negative
of the effective radius perturbation Dre (dashed curve) for DN = 1 cm�3 and DN/N = 10% (gray curve).
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susceptibility calculations in this paper does not always
yield commonly occurring values of N.

2.3. Assumptions and Error Budget

[14] If the assumption of constant k, w, and H during the
droplet perturbation process are relaxed, the first term in
absolute susceptibility becomes S(1)[1 + dlnk/dlnN +
2dlnw/dlnN + 3dlnH/dlnN] [Ackerman et al., 2000]. The
first additional term shows that when a spectral broadening
(smaller k) is associated with increasing N (condensation-
dominated process, e.g., polluted conditions), S(1)
decreases; when broadening is associated with decreasing
N (coalescence-domination process, e.g., clean conditions),
S(1) increases [Feingold and Seibert, 2008]. The second
and third terms show that S(1) increases if water content or
physical thickness increases with N. While this provides
perspective regarding the implications of fixed water
amount and k, it is not feasible to set values for these
additional sensitivities for global satellite studies. Cloud
fraction sensitivities to N would present an additional issue
(impact depends on surface albedo).
[15] Expressions derived for constant N and adiabatic

cloud processes can also be investigated for absolute
susceptibility studies. Adiabatic processes give rise to water
content linear in height for typical water cloud thicknesses
and temperatures (e.g., w(h) = Cwh using the notation of
Brenguier et al. [2000], with Cw as the moist adiabatic
coefficient), yielding a maximum effective radius at cloud
top. If one assumes that the effective radius retrieved from
solar reflectance observations, re

*, corresponds exactly to the
adiabatic effective radius at cloud top, H, then the ratio of N/
w(H) is known at cloud top (equation (4)); if Cw is assumed
known, then N/H is also known. Finally, the retrieved cloud
optical thickness is an integration over a vertically increas-
ing effective radius, and so can be used to solve for H which
thereby gives N. The constant droplet concentration can
then be expressed as

N ¼ 1

2pk
5

rlQl

 �1=2

C1=2
w t1=2l re Hð Þ�5=2 ð15Þ

[see also Quaas et al., 2006]. Note that k is assumed
independent of height in this analysis. With the solar
retrievals providing tl and re(H) � re* for this derived N, a
DN perturbation can be transformed to a relative perturba-
tion and absolute susceptibility no longer requires micro-
physical assumptions. But instead of having to assume w,
for example, one has to assume a value for Cw dependent on
the unknown cloud base temperature. Even if the cloud is
adiabatic, retrieved radii are not exactly at cloud top but can
be �5–15% less than at cloud top depending on geometry
and effective radius profile [Platnick, 2000]. The assump-
tion of a constant N with height is common to both
equations (4) and (15).
[16] Satellite studies using combined microwave and

solar retrievals suggests that marine stratocumulus clouds
off the subtropical western continental coasts are often
adiabatic in character [Bennartz, 2007]. The overall uncer-
tainty in retrieving N from equation (15) for such clouds can
be estimated assuming the uncertainties for individual error
sources are uncorrelated. Using a relative uncertainty of

10% for both k and Cw for these adiabatic-like clouds
[Bennartz, 2007], and 10% and 20% for tl and re(H),
respectively (for typical subtropical solar zenith angles,
optical thicknesses, MODIS instrument calibration, verti-
cally homogeneous re assumption, etc.), the overall un-
certainty in the retrieval of N would be about 50% for
these cloud types (see Bennartz [2007] for error propagation
formula). In contrast, the uncertainty in N from equation (4)
is �75% (same individual uncertainties for k and re, and
using 50% for w = 0.3 gm�3).
[17] Equations (4) and (15) for N can be substituted into

equation (6) to assess the overall uncertainty in the first term
of absolute susceptibility. Ignoring the uncertainty in the
partial derivative, both the adiabatic and vertically homo-
geneous absolute susceptibility uncertainties are dominated
by the uncertainty in N (i.e., negligibly greater than the 50%
and 75% uncertainty in N alone for the example in the
preceding paragraph). Note that relative susceptibility
uncertainties are dominated by the uncertainty in tl which
is expected to be much smaller. While there is some
potential reduction of uncertainty in deriving absolute sus-
ceptibility for adiabatic cloud regimes via equation (15), it is
not obviously significant in light of the requirement of
adiabatic clouds in addition to constant N. Moreover, the
radiative transfer code used for the analysis would have to
divide the cloud into sublayers in order to resolve the
profile, complicating the calculations. For these reasons
we use equation (4) for all calculations of absolute suscep-
tibility that follow.
[18] These uncertainty estimates are for a single observa-

tion (pixel); susceptibility statistics derived from aggrega-
tions (as in Part 2) will be reduced by the inverse of the
square root of the number of observations if pixel-to-pixel
errors are uncorrelated. Though this is perhaps optimistic, a
significant reduction in the aggregated uncertainty is
expected.

2.4. Transmittance and Absorptance Susceptibilities

[19] The cloud transmitted flux, Tl, and its absolute and
relative susceptibilities (STl

= dTl/dN and STl

rel = dTl/dlnN)
are of interest for surface radiation studies. Since the
transmitted flux decreases with cloud optical thickness, the
counterpart to the first term on the RHS of equation (1a) is
negative. The second term is positive because @Tl/@wl > 0,
while the third term is negative because @Tl/@gl > 0.
As before, the first term is typically dominant making
the overall transmittance susceptibility negative; that is, a
positive droplet number perturbation reduces the cloud
transmittance.
[20] We now consider absorption perturbations for the

entire atmospheric column (clear as well as cloudy layers)
including interactions with the surface, in which case
reflectance and transmittance susceptibilities correspond to
the top-of-atmosphere and surface, respectively. The frac-
tional spectral flux absorbed at the surface (Asfc,l) is given
by (1 – rl)Tl, rl being the spectral albedo of the surface and
Tl understood to be the net transmittance. The absolute
surface absorptance susceptibility to a cloud microphysical
perturbation is therefore

SAsfcl ¼
dAsfcl

dN
¼ 1� rlð Þ dTl

dN
¼ 1� rlð ÞSTl ; ð16Þ
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with a similar form for relative susceptibility. The atmospheric
absorptance isAl=1 – Rl – Asfc,l=1 – Rl – (1 – rl)Tl, giving
absolute atmospheric absorptance susceptibility as

SAl ¼
dAl

dN
¼ � dRl

dN
� 1� rlð Þ dTl

dN
¼ �Sl � 1� rlð ÞSTl ; ð17Þ

where the nonsubscripted susceptibility is understood to be
for albedo. For no atmospheric absorption (cloud or gas)
and a black surface, the values of the albedo and
transmittance susceptibility are, of course, of equal and
opposite sign. Example broadband calculations of absorp-
tance susceptibility will be discussed in sections 4 and 5.
[21] Unless specifically noted, susceptibility results in

subsequent sections represent flux perturbations for the
entire atmospheric column, i.e., surface plus cloud plus
clear sky scattering and absorption, with reflectance sus-
ceptibilities referenced to the top-of-atmosphere. Absolute
susceptibilities are given in mm3 and relative susceptibilities
have been multiplied by 1000.

3. Susceptibility Calculations With a Broadband
Radiative Transfer Model

[22] Susceptibility calculations were performed with the
broadband solar radiation code used in GSFC Large Scale
Models [Chou et al., 1998; Chou and Suarez, 2002]. The
model calculates flux profiles over the entire solar spectrum
(0.2–5 mm) or over UV-VIS (0.2–0.7 mm) and NIR (0.7–
5 mm) bands separately. The UV-VIS is resolved into a
single band, while the NIR is resolved into three separate
bands for which cloud properties are assumed to be spec-
trally flat. The model can account for molecular, aerosol,
and cloud absorption and scattering, and surface reflection
with and without a vegetation canopy. Multiple scattering is
handled by a delta-Eddington approximation to the radiative
transfer equation. Since our calculations pertain to overcast
conditions only, the overlap assumptions of the model are
not used. The surface and atmosphere can be switched off,
allowing for calculations that isolate the cloud-only albedo,
transmittance and absorptance.
[23] In the original model, the band-averaged droplet

single-scattering properties are parameterized as function
of re within the range of 4 to 20 mm using polynomial fits.
Extending the polynomial fits outside the range for which
they were derived, leads to incorrect (negative) sign for the
derivatives dwl/dre and dgl/dre in most spectral bands. This
portion of the model therefore needed to be modified. In the
new version, estimation of single-scattering properties is
now possible over the size range 3–30 mm. This was
achieved in the following manner. The tables of SBDART
[Ricchiazzi et al., 1998] containing an enhanced spectral
resolution version of the regression parameters of the Hu
and Stamnes [1993] parameterization were used to calculate
the spectrally variable extinction coefficient, gl, and wl for
effective radii re = 3, 4, 5, . . . 30 mm. The procedure of
Chou et al. [1998] was then used to average across the four
spectral bands of the radiative transfer model for each
effective radius, thus forming look-up tables of single-
scattering properties as a function of re. When running the
code for arbitrary (noninteger) values of effective radii,
linear interpolation is used to obtain nontabulated values

of single-scattering properties. The exception to this param-
eterization approach is in the midwave infrared spectral
region (band 4) where dgl/dre calculated from the Hu and
Stamnes fit has a substantial change in curvature near re =
12 mm, causing spurious derivative calculations. Fortunately,
the Chou et al. fit for this band is well behaved across the
entire effective radius range and is therefore used instead.
Regardless, there is no noticeable difference in susceptibil-
ity statistics between the two fits for MODIS data granule
(pixel-level) and gridded (see Part 2) susceptibilities.
Improved single-scattering property parameterizations suit-
able for sensitivity (derivative) calculations are clearly
needed, but are beyond the scope of this study.
[24] The flux calculations of this study are performed as

follows: The optical thickness value for a given t, re pair is
considered to correspond to the model’s UV-VIS band
(band 1). From the extinction that corresponds to the given
value of re for that band, the liquid water path W is
calculated. The W, re pair is then used as input to the
radiative transfer algorithm for the calculation of optical
thickness in the other bands, and of the unperturbed
radiative flux, in the usual way. Susceptibility and relative
susceptibility calculations are carried out with the GSFC
code for two subcases: one where all terms on the RHS of
equation (1) are accounted for (‘‘all-term’’) and one where
only the dominant first term (‘‘one-term’’) is retained. For
‘‘all-term’’ susceptibility and relative susceptibility calcula-
tions, the perturbed value of effective radius (re + Dre) as
described in section 2 is used to obtain a new (perturbed)
radiative flux. On the other hand, for one-term susceptibility
or relative susceptibility, re + Dre is used only to calculate a
new value of extinction coefficient, while the unperturbed
(original) re is used for the calculation of single-scattering
albedo and asymmetry parameter; thus, equation (6) is
approximated internally by the radiative transfer model.
Changes in broadband albedo are calculated from the model
as described in section 2.2, i.e.,

DR ¼

P
i

fiF
"
i ti þDti;wi þDwi; gi þDgið Þ

m0F
#
0

�

P
i

fiF
"
i ti;wi; gið Þ

m0F
#
0

; ð18Þ

where Dti, Dgi and Dwi perturbations are due to Dre < 0
perturbations arising from changes DN > 0 or DN/N > 0
(see equation (11)). The other symbols in the above
equation are: i is the model’s spectral band index (i =
1,. . .4), m0 is the cosine of the solar zenith angle (SZA), F0

#

is incident solar irradiance at the top of the atmosphere
(TOA), Fi

" is the spectral flux reflected back to space at the
TOA, and fi is the fractional relative contribution to F0

# in
band i. A similar expression applies for DT.
[25] With this broadband radiative transfer code, calcu-

lations can be made for albedo, transmittance, surface and
atmospheric absorptance, and their susceptibilities for the
UV-VIS and NIR portions of the solar spectrum under
cloudy (liquid phase) conditions with and without surface
and atmospheric effects for a specific SZA. ‘‘Spherical’’
albedos, transmittances, absorptances and corresponding
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susceptibilities can be defined by integrating over the full
range of SZA angles. Since susceptibility is derived numer-
ically, the behavior of radiative perturbations for an arbitrary
DN can also be examined. This is especially relevant when
changes in droplet concentration come from a cloud micro-
physical model where specific emission scenarios determine
the number of CCN. However, such a case is not examined
here.

4. Theoretical Results

4.1. Albedo, Transmittance, and Absorptance
Susceptibilities

[26] Figure 2 (top) shows values of broadband albedo,
and absolute and relative albedo susceptibility for a wide
range of re (4–30 mm) and t (0.5–100) corresponding to
the MODIS retrieval space. The re and t increments are 1 mm
and 0.5, respectively. The SZA is set to 60�. The surface is
black and atmospheric effects are ignored.
[27] The dependence of absolute albedo susceptibility on

effective radius reflects the dominant first susceptibility
term of equation (1) as expressed by equation (6), namely
the re

3 dependence; for conservative scattering, the transmit-
tance susceptibility must be equal and opposite to that for
albedo (section 2.4) and therefore also possess a re

3 depen-
dence. For a particular value of re, the maximum albedo
susceptibility occurs where the product t@R/@t is maxi-
mum. Platnick and Twomey [1994] have shown that this
occurs for conservative scattering at values of cloud albedo
�0.5 (see Figure 9, bottom; also demonstrated in Part 2).
This is roughly consistent with Figure 2 (top right and top
middle), and for SZA = 60� occurs at values of t�8. For
relative albedo susceptibility there is a much smaller droplet
size dependence for a fixed optical thickness, with values
increasing as re decreases (due to @R/@t increasing as size
decreases for a constant t as a result of the influence of w
and g on the reflectance curvature).
[28] Figure 2 (bottom) shows plots for flux transmittance,

and absolute and relative cloud absorptance susceptibility.
Though albedo and transmittance contours have significantly
different patterns in the t, re phase space, the corresponding
transmittance susceptibilities (not shown) are remarkably
similar. Transmittance is rather insensitive to re as a result of
the competing effects of g and w: as re increases, the
resulting increase in asymmetry parameter moves the trans-
mittance toward higher values while the decrease in single-
scattering albedo moves the transmittance toward lower
values (in the case of albedo, both single-scattering param-
eters would move the albedo toward lower values). Yet, the
absolute transmittance susceptibility is as strongly depen-
dent on re as the absolute albedo susceptibility. With small
differences in the magnitudes of broadband albedo and
transmittance susceptibilities, cloud absorptance suscepti-
bilities are an order of magnitude smaller and have different
functional shapes than their albedo counterparts. Note that
the absorptance susceptibilities are negative throughout
much of the space, but become positive for small optical
thicknesses and larger radii (i.e., a droplet concentration
perturbation results in the cloud absorbing more radiation as
the broadband transmittance perturbation decreases faster
than the albedo perturbation increases).

4.2. Contributions From Different Scattering
Parameter Terms

[29] Example broadband calculations for the ratios of var-
ious terms in equation (1) thatwerediscussed in section 2.1 are
shown in Figure 3. As in section 4.1, calculations are for an
isolated cloud (i.e., black surface and no atmosphere).
Figure 3 (top left) shows that S(1) is within about 10–
30% of the all-term calculation for clouds with optical
thickness less than about 30. Single-scattering albedo and
asymmetry parameter perturbations can potentially have
much larger relative contributions, adding an extra �80%
to S(1) for the larger optical thicknesses. Statistics from
example MODIS retrievals in the next section will show
that differences of about 15% are more representative of
those scenes.
[30] Figure 3 (top middle and top right) shows broadband

calculations corresponding to equations (8) and (10); the
inverse of the denominator in both these equations is shown
in Figure 3 (bottom right) indicating an abrupt increase at
the smallest optical thicknesses (t�1) and a more gentle
increase at large optical thickness as expected. The S(2)/S(1)
and S(3)/S(1) ratios are functionally consistent with the
discussion in section 2.1, with the exception that the impact
of the smallest optical thicknesses is not noticeable with the
chosen discrete color bars and is indicative that some
damping of the t�1 term is occurring because of the partial
derivative in the numerator.
[31] It must be stressed that the methodology used in this

study to estimate susceptibility does not gain any logistical
or computational advantages by neglecting Dw and Dg
perturbations. We mainly examine this issue to understand
how our approach can contribute to the interpretation of
previously published results and to gauge the importance of
parameterizations for w(re) and g(re). In that spirit, Figure 3
also shows a calculation for the all-term to one-term UV-VIS
(<0.7 mm) susceptibility ratio since the latter most closely
approximates the susceptibility as calculated by previous
studies [e.g., Platnick and Twomey, 1994]. Except for the
smaller radii, this portion of the spectrum contributes more
than about 85% to the overall cloud albedo susceptibility
through the expected t, re space. The ratios are closer to
unity than for S/S(1) because (@R/@t)UV-VIS > @R/@t. The
contribution ofDw andDg perturbations on susceptibility is
revisited in section 5 with MODIS-derived results that also
include atmospheric effects.

4.3. Dependence on Solar Zenith Angle

[32] Since cloud albedo is a function of SZA, suscepti-
bility, being proportional to an albedo difference, should
also have some dependence on SZA. Figure 4 provides a
glimpse into this dependence (absolute and relative suscep-
tibilities shown in the top and bottom rows, respectively).
To isolate the susceptibility of the cloud itself, atmospheric
and surface effects are again ignored. The first column from
the left corresponds to SZA = 60�, the second column to
SZA = 0�, and the third column comes from spherical
albedo calculations (i.e., cosine-weighted integration of
albedo from m0 = 0 to 1). For both absolute and relative
susceptibility, the area covered by values close to the
maximum is smallest for SZA = 60�. Outside the region
of maximum susceptibility, it is harder to assess any differ-
ences from these figures. To examine the susceptibility
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dependence across the full range of SZA in more detail,
Figure 5 plots susceptibilities as a function of the cosine of
the SZA for t = 10 and re = 10 mm. The spherical
susceptibility for this t, re pair is included as well. The
ratio of absolute to relative susceptibility remains constant
with SZA, thus both susceptibilities are represented by a
single (solid) curve. The dependence of susceptibility on
SZA is quite strong (maximum value is about double the
minimum value considered) with the expected increase as
the solar elevation increases and the tendency for albedo

saturation effects diminishes. In an application where sus-
ceptibility needs to be expressed in radiative flux terms, the
m0 dependence is relevant (dashed curve) so that large SZAs
are even less important energetically to droplet concentra-
tion perturbations. In the presence of an absorbing atmo-
sphere and a reflecting surface these results would be more
dramatic (see section 4.4). Hence, identical clouds within an
identical environment would have much smaller TOA
susceptibilities at high latitudes than at low latitudes.

Figure 2. (top) Theoretical calculations of broadband albedo, absolute albedo susceptibility, and
relative albedo susceptibility as a function of cloud optical thickness and effective radius. (bottom)
Counterpart calculations for transmittance, absolute absorptance susceptibility, and relative absorptance
susceptibility. Absolute susceptibility calculations are for DN = 1 cm�3, w = 0.3 gm�3, and relative
susceptibility calculations are for DN/N = 10%, with contributions from all derivative terms. The solar
zenith angle is 60�. Calculations do not include atmospheric gases and are for a black surface. Relative
susceptibilities have been multiplied by 1000.
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4.4. Other Dependencies

[33] When a cloud is embedded in an absorbing and
scattering atmosphere and/or when a cloud is present over a
reflecting surface, albedo susceptibility decreases. This can
be understood by considering the reduced role of the cloud in
determining the TOA albedo. The decrease in susceptibilities
(relative or absolute) from cloud-only values becomes more
significant as the surface becomes more reflective, the
atmosphere becomes more absorbing or reflective, and the
cloud becomes optically thinner. Figure 6 (left) shows an
example for a cloud embedded in a standard midlatitude

summer atmosphere and overlying a surface with a spectrally
flat albedo of 0.2. The SZA is again 60�. Reductions of 30–
50%, driven mainly by the surface albedo, can be easily
reached. These results have obvious importance in assessing
the real world TOA radiative susceptibility: for similar cloud
properties and microphysical modifications, clouds over
bright surfaces and/or in moist environments are not as
radiatively important as those over dark surfaces and/or in
dry environments.
[34] Two more issues need to be addressed: scaling for

particular values of liquid water content (w) and linearity to

Figure 3. Ratio of various broadband albedo susceptibility terms as a function of cloud optical
thickness and effective radius (e.g., S is all terms in equation (1), S(1) is the first term, SUV-VIS (1) is the
first term for only the UV through visible portion of the spectrum, etc.). The ratios are the same for either
absolute or relative susceptibility. Calculations are for no atmosphere and a black surface. The solar
zenith angle is 60�.
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DN/N perturbations in the absolute and relative susceptibil-
ity calculations, respectively. For one-term susceptibility
calculations, the scaling is found from equations (11)–
(13) to be roughly inversely proportional to the fractional
change in w. There is little change to the scaling when Dw
and Dg perturbations are included according to the all-term
calculations shown in Figure 6 (middle) (which does not
include atmospheric and surface effects). Reducing w by a
third increases absolute susceptibility by about 50% over the
entire t, re domain. As a test of linearity, doubling DN/N
approximately doubles the albedo perturbation over the
entire t, re domain (Figure 6, right) even in the presence

of Dw and Dg perturbations. These results emphasize again
the dominance of the extinction perturbation term.

5. MODIS Data Granule Results

[35] Susceptibility fields were calculated from liquid
water cloud retrievals in two Collection 5 MODIS Terra
Level 2 Joint Atmosphere Product data granules (product
name MODATML2). These granules were selected as
representative of two widely different climatological cloud
regimes and illustrate how susceptibility can be calculated
from satellite passive measurements.

Figure 4. Dependence of absolute and relative albedo susceptibility on solar geometry. (top) Absolute
(DN = 1 cm�3, w = 0.3 gm�3) susceptibility and (bottom) relative (DN/N = 10%) susceptibility.
(left) Solar zenith angle SZA = 60�, (middle) SZA = 0�, and (right) susceptibility for spherical
albedo. No atmosphere or surface albedo effects are present. Relative susceptibilities have been
multiplied by 1000.
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[36] The MODIS Atmosphere Level 2 Joint Product
contains key Scientific Data Sets (SDSs) selected from the
operational Level 2 aerosol, water vapor, atmospheric
profile, cloud properties, and cloud mask product files.

Many SDSs contained within the Joint Atmosphere product
are at reduced spatial resolution: the cloud products of
interest here [Platnick et al., 2003] are subsampled at 5 km
resolution from the original 1 km resolution. Since the
reduction in data volume comes from subsampling rather
than averaging, our calculations aiming to demonstrate
the links among cloud properties, solar geometry, surface
albedo, and susceptibility are not affected. Summary infor-
mation on these two granules is provided in Table 1. True
color composite images and geographic location informa-
tion are shown in Figure 7.
[37] Ancillary surface spectral albedo for the radiative

transfer calculations comes from the identical data sources
and methods used in the operational MODIS Terra cloud
retrievals (product MOD06). The snow-free land surface
albedo comes from the 5-year climatology of Moody et al.
[2005], which uses an ecosystem-dependent temporal inter-
polation technique to fill missing or seasonally snow
covered data in the operational MODIS Terra surface albedo
product (MOD43B3). The data are provided in a 1 arc
minute equal angle grid with the seasonal cycle resolved
into 16-day periods. We use the diffuse (‘‘white sky’’)
albedo for the broad 0.3–0.7 mm and 0.7–5.0 mm spectral
ranges, roughly corresponding to the UV-VIS and NIR
bands of the Chou et al. [1998] model, for the specific
16-day period containing the data granule observation. The
latitude and longitude data contained in the Level 2 joint
product are used in an interpolation scheme to obtain the
surface albedo for each sampled pixel. Ocean diffuse
incident albedo values are set to 0.05 in both spectral ranges
of the Moody et al. data set.
[38] Atmospheric profiles of temperature and water vapor

used in the radiative transfer model are resolved into
16 layers extending from 1000 to 10 mbar and come from

Figure 5. Absolute (DN = 1 cm�3, w = 0.3 gm�3, left
axis) and relative (DN/N = 10%, right axis) albedo
susceptibilities as a function of the cosine of solar zenith
angle (SZA) for t = 10 and re = 10 mm and no atmospheric
or surface albedo effects present. The ratio of absolute to
relative susceptibility remains constant with SZA; thus both
are represented by a single (solid) line. The horizontal
dotted line is the spherical albedo susceptibility. The dashed
curve is the product of susceptibility and cos(SZA) which
captures the effect of solar angle on energy-weighted
calculations. Relative susceptibility has been multiplied by
1000.

Figure 6. (left) Ratio of a relative susceptibility calculation (DN/N = 10%) that imbeds the cloud in
a standard midlatitude atmosphere over a spectrally flat surface albedo of 0.2 to a cloud-only
calculation (no atmosphere, black surface). (middle) Ratio of absolute susceptibility for w = 0.2 gm�3

to w = 0.3 gm�3 and DN = 1 cm�3 (cloud-only). (right) Ratio of albedo perturbations for DN/N = 10%
to DN/N = 20% (cloud-only).
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the National Center for Environmental Prediction (NCEP)
Global Data Assimilation System (GDAS) product [Derber
et al., 1991]. This data set is identical to the one used in the
operational MODIS retrievals. The product also provides
total (column) ozone concentration. The CO2 concentration
is set at 370 ppm. The cloud is placed in the layer whose top
temperature is closest to the retrieved cloud top temperature.
While cloud vertical location is only crudely resolved in our
coarse vertical grid, additional refinements are not justified
considering the nature of susceptibility calculations (differ-
ences between shortwave flux calculations).
[39] Figures 8a and 8b show liquid phase cloud optical

thickness, effective radius, and absolute and relative sus-
ceptibility fields of albedo and absorptance for the two
example granules. Susceptibilities were calculated using the
SZA information in the Level 2 product. Correlations
between the effective radius and the absolute susceptibility
fields, and between the optical thickness and the relative
susceptibility fields, follow predictions from the theoretical
results shown in the previous section. Consistent with
Figures 1 and 2, S rel is in general greater than S given the
magnitude of DN/N and DN perturbations and the fact that
values of re < 15 mm and moderate optical thicknesses
dominate both granules. The exception is the broken cloud
portion of the 1550 UTC granule (coastal Peru) where high
effective radii (red color indicates re�20 mm and higher)

raise the values of S above 8 mm3. These large re may be
related, in part, to 3-D radiative effects in the broken cloud
fields.While such 3-D-related biases have been demonstrated
in MODIS retrievals using high spatial resolution Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) imagery [Marshak et al., 2006], the same study
showed that large re can occur in portions of a boundary
layer cloud field without being associated with an apparent
3-D cloud structure. The possibility of large re associated
with drizzle is another possible explanation for some of
these retrievals [e.g., Wood, 2000]. The S values for the
0745 UTC granule (Arabian Peninsula) are consistently
lower than for the coastal Peru granule for four main
reasons: (1) the smaller population of pixels with large re
values, (2) the larger population of pixels with optical
thicknesses greater than those giving susceptibility maxima,
(3) larger surface albedos, and (4) larger SZA. The impact
of surface albedo can be seen in the Arabian Peninsula
granule image by contrasting portions of the cloudy field
above land and ocean with similar t and re. Differences in
the structure of the absolute and relative absorptance sus-
ceptibility fields can be seen for both scenes. With regards
to absolute absorptance susceptibility, large areas of both
granules are covered by values very close to zero, while
positive values of relative absorptance susceptibility dom-
inate in the coastal Peru granule and negative values

Table 1. MODIS Terra Granules Used in the Analysis, Location and Mean Solar Zenith Angle

(SZA) Near the Data Granule Center, the Liquid Phase Cloud Fraction (CF), the Mean Optical

Thickness and Effective Particle Radius of the Liquid Phase Clouds, and the Mean Broadband

Surface Albedo

Date
Time
(UTC)

Approximate
Location

Mean
SZA

Liquid CF
(%)

Mean
t

Mean re
(mm)

Mean Surface
Albedo

4 Oct 2005 1550 13�S, 83�W 23.6� 75.7 11.6 14.6 0.051
26 Jan 2005 0745 20�N, 44�E 45.8� 17.1 11.9 10.1 0.172

Figure 7. RGB true color composites for the two MODIS Terra Joint Product data granules analyzed in
this study. (left) 4 October 2005, 1550 UTC, centered off coastal Peru, and (right) 26 January 2005,
0745 UTC, centered over the Arabian Peninsula (see also Table 1).
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dominate in the Arabian Peninsula granule. While this
general observation is consistent with the behavior of SA

rel

in Figure 2 and the higher values of t for the Arabian
Peninsula, a more consistent interpretation with Figure 2
cannot be achieved because of the different observation
conditions (SZA, atmospheric and surface effects).
[40] The pixel-level susceptibilities and their relationship

to various cloud properties can be seen more clearly in the
scatterplots of Figure 9 that are derived from the coastal
Peru granule data. As expected, albedo and optical thickness
correlations with relative susceptibility are quite pro-
nounced, but there is no apparent correlation with effective

radius. This is in contrast to absolute susceptibility, which is
highly correlated with effective radius.
[41] The coastal Peru granule data are also used to assess

the contribution of Dw and Dg perturbations to the total (or
all-term) susceptibility in the presence of atmospheric and
surface (albeit modest albedo) effects. For the distribution of
optical properties observed within this particular granule,
the two minor susceptibility terms add on average 15 to
17% to the one-term susceptibility (Figure 10). Referring
back to Figure 1, note that the magnitude of the Dre
perturbations for these granules have a much wider range

Figure 8a. Fields of cloud optical thickness, effective radius, absolute albedo, and absorptance
susceptibility (DN = 1 cm�3, w = 0.3 gm�3) and relative albedo and absorptance susceptibility (DN/N =
10%) for the liquid water portion of the coastal Peru MODIS data granule. Atmospheric and surface
albedo effects are accounted for in the susceptibility calculations. Relative susceptibilities have been
multiplied by 1000.
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for absolute susceptibility calculations than for relative
susceptibility.

6. Discussion and Conclusions

[42] Theoretical and observation-based approaches to
examining potential broadband radiative changes in atmo-
spheric column albedo, transmittance, and absorptance due
to prescribed changes in liquid water cloud droplet number
concentration (N) for a constant water path and water
content process have been presented. Two types of droplet
perturbations were considered: absolute increases, the radi-
ative response to which we refer to as absolute cloud
susceptibility, and relative increases, referred to as relative
cloud susceptibility. Estimation of the former is more
challenging as it requires an assumed value for either cloud

liquid water content or geometrical thickness; a relationship
between droplet volume radius and effective radius is
needed for both (e.g., parameter k) and is assumed fixed
while the droplet concentration is perturbed. A GCM-type
broadband shortwave radiative transfer model is used to
produce the radiative fluxes for the unperturbed and per-
turbed cloud; the normalized (by the incident flux) differ-
ence of these two calculations gives cloud susceptibility.
Droplet perturbations ofDN = 1 cm�3 andDN/N = 10% for
absolute and relative susceptibility, respectively, were used
in most calculations. These droplet concentration perturba-
tions are understood to represent just one subset of potential
changes due to the infusion of additional CCN particles into
a cloud with constant liquid water path, and are intended as
examples useful for understanding susceptibility magni-

Figure 8b. As in Figures 8a but for the Arabian Peninsula MODIS data granule.
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Figure 9. Dependence of (left) absolute (DN = 1 cm�3, w = 0.3 gm�3) and (right) relative (DN/N =
10%) albedo susceptibility on cloud optical thickness, effective radius, and cloud albedo for the coastal
Peru MODIS data granule. Relative susceptibilities have been multiplied by 1000.
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tudes and dependencies on cloud, atmosphere, and surface
properties.
[43] Absolute susceptibilities (albedo, transmittance, and

absorptance) have a strong dependence on the droplet
effective radius of the unperturbed cloud, while relative
cloud susceptibilities are more sensitive to the optical
thickness. For a given effective radius, absolute and relative
albedo susceptibilities peak at values of optical thickness
�5–10 with considerable sensitivity to the solar geometry.
For accurate broadband calculations of cloud susceptibility,

the impact of effective radius perturbations on optical
properties other than the extinction coefficient (i.e., single-
scattering albedo and asymmetry parameter) must be
included. When this is not done, a 10–30% underestimation
in susceptibility can easily result for typical water clouds.
Above-cloud molecular (or aerosol) absorption/scattering
and a reflective surface lower the albedo susceptibility
because the relative contribution of the cloud to the total
atmospheric column albedo is reduced.
[44] For optically thin water clouds with moderate to

large effective radii over a black surface, the absolute
magnitude of albedo susceptibility (absolute and relative)
is slightly smaller than that of transmittance susceptibility
giving rise to positive atmospheric absorptance susceptibil-
ities in that region of the t, re space. Otherwise, the absolute
magnitude of susceptibility for albedo is slightly larger than
for transmittance giving rise to negative absorptance sus-
ceptibilities. Both absolute and relative absorptance suscep-
tibilities are about an order of magnitude smaller than for
albedo or transmittance.
[45] Our observationally driven calculations are based on

two data granules of MODIS Terra retrievals of liquid cloud
optical thickness and effective radius at �1 km scales
subsampled at �5 km. These calculations offer the oppor-
tunity to examine the validity of the theoretically derived
dependencies in the presence of realistic atmospheric and
surface conditions and for the portion of t, re space that is
most often encountered.
[46] The concept of susceptibility provides a framework

for identifying liquid water cloud types and geographic
regions that will have the strongest radiative response to
changes in microphysical properties. Though our suscepti-
bility study does not attempt to link radiative responses to
particular aerosol perturbation scenarios, it is directly rele-
vant to the 1st IAE. Susceptibility allows for observation-
based global estimates of the 1st IAE for a range of cloud
perturbation scenarios (see Part 2) and provides additional
constraints on cloud properties used in indirect effect mod-
eling studies. Susceptibility also provides a means for ana-
lyzing indirect effect uncertainties in a self-consistent
manner. This is because such uncertainties belong to one of
three categories: (1) uncertainties in the absolute or relative
changes in droplet number concentration, (2) uncertainties in
the microphysical and optical properties of the unperturbed
clouds, and (3) uncertainties in the state of the atmosphere
and surface. The present work (including Part 2) is intended
to provide impetus for progress in understanding and quan-
tifying the role of these uncertainties.
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