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ABSTRACT

Combustion processes that produce greenhouse gases also increase cloud condensation nuclei (CCN) con-
centrations, which in turn increase cloud droplet concentrations and thereby cloud albedo. A calculation of
cloud susceptibility, defined in this work as the increase in albedo resulting from the addition of one cloud
droplet per cubic centimeter (as cloud liquid water content remains constant), is made through the satellite
remote sensing of cloud droplet radius and optical thickness. The remote technique uses spectral channels of
the Advanced Very High Resolution Radiometer (AVHRR) instrument on board NOAA polar-orbiting satellites.
Radiative transfer calculations of reflectance and effective surface and cloud emissivities are made for applicable
sun and satellite viewing angles, including azimuth, at various radii and optical thicknesses for each AVHRR
channel. Emission in channel 3 (at 3.75 um) is removed to give the reflected solar component. These calculations
are used to infer the radius and optical thickness that best match the satellite measurements. An approximation
for the effect of the atmosphere on the signal received by the AVHRR is included in the analysis. Marine stratus
clouds, as well as being important modifiers of climate, are cleaner than continental clouds and so likely to be
of higher susceptibility. Analysis of several stratus scenes, including some containing ship tracks, supports this
expectation. The retrieved range of susceptibilities for all marine stratus clouds studied varied by about two
orders of magnitude. This variation implies that climate studies that include possible marine stratus albedo

modification from anthropogenic CCN are incomplete without accounting for existing susceptibilities.

1. Introduction

With much attention being given to CO, and other
greenhouse gases, it is important to appreciate that wa-
ter is the most critical radiative species in the atmo-
sphere, both as a vapor and as liquid or ice in clouds.
Clouds have been recognized as the most significant
modulators to radiative processes in the atmosphere.
Calculations for the overall radiative effect of clouds
compared with a clear-sky earth, based on satellite ob-
servations reported by various researchers, indicate that
on a global scale clouds have a cooling influence,
though the magnitude of this so-called cloud forcing
varies by a factor of 2 between the studies [see Arking
(1991) for review]. Knowing the present influence of
clouds does not, however, indicate the climatic response
to a modification in a particular cloud parameter.

It is the cloud sensitivity (Arking 1991), defined as
the change in energy absorbed by the climate system
to changes in a cloud parameter, that is meaningful for
climate change. Important cloud parameters include
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the macroscopic (such as cloud amount, or cloud cover
fraction, and cloud height and thickness) and the mi-
croscopic (cloud liquid water content, droplet size, and
phase). An important cloud microphysical parameter,
not typically incorporated into GCMs, is droplet size.
Cloud reflectance is partially dependent on droplet size,
which is in turn linked with cloud condensation nuclei
(CCN) concentrations present during cloud develop-
ment (Twomey 1974). CCN concentrations are vari-
able, having both natural and anthropogenic sources.
Among the anthropogenic sources are combustion
processes that also release CO,, a major greenhouse
gas. The overall effect of increasing CCN is to increase
cloud albedo, which results in cooling; there is no com-
pensating effect in the infrared. This so-called indirect
effect of aerosols on the radiation budget has been es-
timated to be comparable to greenhouse forcing but
opposite in sign (Charlson et al. 1992). In light of these
concerns, it is useful to define a quantity representing
the sensitivity of cloud albedo to changes in CCN con-
centration. This quantity is referred to as cloud sus-
ceptibility. It is reasonable to believe that the macro-
scopic cloud parameters such as cloud amount and
some of the microscopic parameters (such as liquid
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water content) might be substantially altered only
through large-scale changes in climate and that direct
anthropogenic modification could be expected only on
a local scale, if even there. For such parameters, an
initial change in climate is necessary to begin a cloud-
climate feedback process. However, this is not true of
droplet size, which can be directly altered. The modi-
fication of cloud albedo by CCN does not solely con-
stitute a feedback and can develop independent of any
actual climate change. It is referred to as a c/imate forc-
ing mechanism.

As expected, not all clouds are equally susceptible;
the determining factors are primarily cloud optical
thickness and droplet size. Both can be inferred re-
motely through solar reflection measurements at
wavelengths that are absorbing and nonabsorbing for
liquid water. Since global susceptibility is of importance
for climate, a satellite remote sensing scheme has been
developed using the Advanced Very High Resolution
Radiometer (AVHRR ) aboard the National Oceanic
and Atmospheric Administration (NOAA) polar-or-
biting satellites. Channel 3 of the AVHRR, at 3.75 um,
provides the absorbing wavelength. Thermal emission
by the cloud and surface at this wavelength contami-
nates the solar reflected signal. Brightness temperature
in channel 4, in the thermal infrared, is used to estimate
this emission. This study primarily investigates mari-
time stratus clouds, which are expected to be cleaner
and so have the greatest susceptibilities to albedo mod-
ification. Results for a number of these stratus scenes
are presented.

2. Susceptibility

The ultimate fate for a given wavelength of the in-
cident radiation is partially dependent on the cloud
drop density N, which may range from 10 cm™ for
very clean air to thousands per cubic centimeter for
continental or polluted air. The final droplet density
is approximately proportional to the number density
of CCN present during cloud formation (Twomey
1959). Experimental data of CCN versus supersatu-
ration (Twomey and Wojciechowski 1969) and mea-
surements of both CCN and N by Twomey and Warner
(1967) gave an approximate linear fit between CCN
and droplet concentration. Recent studies by Hudson
and Rogers (1986) and Hegg et al. (1991 ) showed sim-
ilar results.

Most CCN are thought to be sulfates (Twomey 1968;
Dinger et al. 1970). Natural sources of sulfur include
volcanic and biological activity. Over the oceans di-
methyl sulfide (DMS) excreted by phytoplankton is
believed a significant contributor (Charlson et al.
1987). For critical supersaturations below 1%, the dif-
ference in CCN concentrations between continental
and clean maritime air can easily be greater than an
order of magnitude (Twomey and Wojciechowski
1969). Combustion processes are also found to be an
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abundant source for CCN (e.g., Squires 1966; Warner
and Twomey 1967; Gorbinet and Serpoly 1985).
Hobbs et al. (1980) made measurements of elevated
CCN in power plant plumes and found order of mag-
nitude increases of cloud droplet numbers in clean
marine stratus affected by the plume. Leaitch et al.
(1992) examined continental clouds and found a cor-
relation between cloud droplet concentrations and
pollution as determined by cloud water sulfate con-
centrations.

Twomey (1974) proposed a link between pollution
and cloud albedo. Since combustion processes are
known to be prolific sources of CCN, a cloud forming
in a polluted air mass will end up with a larger con-
centration of cloud droplets than for the same cloud
developing under identical circumstances in cleaner
air. For a homogeneous cloud layer with geometrical
thickness A/, the optical thickness is

f Q.(r/N)wr’n(r)drah

T

wf Qe(r/k)rzn(r)drfrzn(r)dr

f r’n(r)dr f n(r)dr

O.7r NAh = Q,ar 2, NAh, (1)

where n(r) is the droplet size distribution, 7, the root-
mean-square radius of the size distribution, and Q, is
the average extinction efficiency, which has reached its
asymptotic value (~2) in the visible and much of the
near infrared for the range of droplet sizes expected.
So as droplet concentrations increase, all else remaining
constant, optical thickness increases (v oc rZnN),
which in turn leads to an increase in cloud albedo. But
it is reasonable to assume that clouds forming under
the same set of circumstances, but with different CCN
amounts, will have the same supply of vapor available
for droplet growth. For such a case the liquid water
content W of the mature clouds can be expected to be
equivalent, so that droplet sizes in the polluted cloud
would be smaller than those for the clean cloud.
Therefore, under the condition of constant liquid water
content, there is the competing effect on optical thick-
ness of larger droplet concentration versus smaller
droplet size. Liquid water content can be expressed as
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where r, is a volume-weighted moment of the size dis-
tribution and p,, is the density of liquid water. A third
measure of the size distribution, used in the radiative
transfer calculations that follow, is the effective radius
(Hanson and Travis 1974), defined as

f r3n(r)dr ,
;

v

Fep =7~ 3 - (3)
frzn(r)dr rms

It is the effective radius that is retrieved from cloud
reflection measurements. For the relatively narrow size
distributions found in marine stratus there is typically
little difference between r.g, r,, and r.ms, and these radii
can be interchanged in the manipulation of the above
equations. Such a conclusion was reached by Grassl
(1982) based on analysis of measured and assumed
size distributions. As an example, Martin and Johnson
(1992) analyzed measurements of droplet size distri-
butions and liquid water contents in stratocumulus off
the southern coast of California and near the United
Kingdom and proposed the linear regression r, = kr.q,
where k = 0.93. With Eq. (3) this regression also im-
plies that r, = k™21, (Or 1, =~ 1.04r,,,). Fouquart
et al. (1990) also suggested this linear relation. An im-
plicit assumption in such a regression is that k is not
a function of number concentration, at least for the
clouds analyzed. Ignoring differences in 7, and 7.y,
Egs. (1) and (2) give the following expression for op-
tical thickness under the condition of constant liquid
water content:

2/3 .
Qeﬂ[ ] N'3Ah. (4)

w(4/3)w
Consequently, 7 oc N'/3.

The question then arises as to the significance of the
albedo change. Clouds formed in clean maritime air
having low CCN concentrations are more susceptible
than those formed in particle-rich continental air.
When the albedo 4, N, and AN are known, a calcu-
lation can be made for the change in albedo, but since
AN is variable it is useful to define a parameter that
will characterize the sensitivity of albedo to changes in
droplet concentration. The derivative dA4/dN (ap-
proximately equivalent to choosing AN = 1) represents
such a link (Twomey 1989). Since, in general, 4 = A(r,
o, £), the derivative can be expressed in the form

ﬁ[_ 04 dr | 04 dwo , 94 dg
dN 97 dN 6w0 ‘AN dg dN

and under the condition of constant liquid water con-
tent will be termed cloud susceptibility. Note that all
terms are wavelength dependent. For the special case
of conservative scattering, which in the absence of sig-
nificant aerosol absorption is applicable in the visible
where about one-half of solar flux occurs, wo = 1 and

(5)
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gis approximately constant with radius, so the last two

terms in Eq. (5) can be neglected. With Eq. (4), sus-

ceptibility reduces to
dA % T
dN 97 3N

47rpw
174

—rﬁ, (6)

where either N, or r, and W can be used as an inde-
pendent variable. Of obvious note is the strong radius
dependence in the second form. Cloud susceptibility
is primarily a function of droplet radius and optical
thickness. The global effect of increasing CCN concen-
tration depends on geographical and temporal distri-
butions of these two parameters (for clouds with sig-
nificant transmission, global susceptibility also depends
on the distribution of the reflectance of the underlying
surface). .

Equation (6) has been derived i 1gnor1ng differences
in r, and ryp,s (Grassl 1982). It can be shown that the
equation holds exactly when assuming the linear re-
lation r, = kreg (or r, = k™/2r) like that of Martin
and Johnson (1992) and Fouquart et al. (1990) as dis-
cussed previously, even though Eq. (4) must.be mul-
tiplied by the additional factor k. With such an as-
sumption, rJ in Eq. (6) may be replaced by (kr.g)’ if
k is known (k> =~ 0.81 using the results of Martin and
Johnson). For present purposes, however, no further
distinction between the moments will be made and all
subsequent references to radius in Eq. (6) will be un-
derstood to mean the radius that is inferred from the
satellite reflection measurements, that is, the effective
radius. .

Though numerical calculations are generally needed
for determining d4/dr, the two-stream analytic ap-
proximation (Bohren 1980) provides some simple in-
sight. For conservative scattering, the two-stream ap-
proximation gives A~ ][(1 - g)r][2 + (1 —g)r]7 "
The term 794 /97 in Eq. (6)is then givenas A(1 — A4),
regardless of g, which has a maximum at an albedo of
0.5 or an optlcal thickness of about 13. When multi-
plied by r 3 (and the term contammg liquid water con-
tent) this expression becomes susceptibility. Calcula-
tions with a detailed radiative transfer code also give a
peak in susceptibility at 50% albedo for all radii. The
two-stream approximation can also be used to show
albedo changes due to nondifferential changes in drop-
let concentration. Consider a cloud having droplet
concentration N. If Nis changed by some factor X (i.e.,
N — XN), then 7 = x'/37 and

=[A(1 — A(X'B = D[4 -1)+ 117N
(7)

For example, at 4 = 0.5, a doubling in N will increase
albedo to a value of about 0.56. It can be shown from
Eq. (7) that, similar to susceptibility, the peak in A4
occurs very close to A = 0.5 for reasonable X (<2).
The notable point in the previous development is
that existing cloud microphysics is essential in deter-
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mining the climate forcing by CCN. Cloud climatolo-
gies give cloud albedo, which may be adequate for un-
derstanding the current shortwave energy balance but
is not sufficient for estimating changes in the energy
balance; cloud microphysics must also be known. Es-
timates of the cloud forcing due to increasing CCN
typically assumes that droplet concentrations in clean
maritime clouds increase by some factor (e.g., Charlson
et al. 1992; Penner et al. 1992; Kaufman et al. 1992;
Ghan et al. 1990). While changes in other climate
modifiers, such as CO,, may be usefully expressed in
this way, the same is not true of droplet concentration.
For example, poliution is more likely to increase CCN
concentrations by some absolute number, say a few
per cubic centimeter, over some geographical region.
The effect on a cloud that would otherwise have droplet
concentrations of 10 cm™ can be very different than
for a cloud having the same albedo but with N
= 100 cm™? (and a smaller geometrical thickness).
Each will respond differently to the increase in droplet
concentration [see Eq. (7)]. It is not at all clear that
every maritime cloud should have about the same
droplet concentration, which is one of the underlying
assumptions of using a factor increase in N to model
albedo modification. In addition to albedo, droplet
concentration must be known, and simple assumptions
about the microphysics can be misleading. Any figure
of merit for susceptibility must have a two-dimensional
functional dependence that will include albedo (or op-
tical thickness) and a microphysical variable (e.g., 4
and N, 4 and r, 7 and r, 4 and X); the exact definition
1s largely irrelevant.

The previous analysis was for conservative scattering,
applicable in the visible. Susceptibility of the broadband
albedo would involve a calculation where all terms in
Eq. (5) would have to be addressed. An easier, though
approximate, approach is to find a relation for broad-
band albedo based on the albedo for a visible wave-
length and apply this to susceptibility. Several studies
have attempted to find a regression between narrow-
band albedo in the visible and the integrated broadband
calculation. The spectral albedo of clouds decreases
into the near infrared due to increasing absorption by
liquid water, so it is expected that visible albedo exceeds
the broadband. The difference will depend on cloud
optical thickness and microphysics. Numerical studies
by Wydick et al. (1987) using channel I of the AVHRR
(used in this study ) gave the linear approximation {4 ),
= 0.8A4,; + 0.0078 as a fit for all cloud optical thick-
nesses considered. Apart from the small offset, A4,
overestimated broadband albedo by 25%. Shine et al.
(1984) made a similar study for the AVHRR channel
1. For clouds with optical thicknesses of 10-30, broad-
band albedo was overestimated by 12%-20%, respec-
tively, using a midlatitude model. Results from Laszlo
et al. (1988) are similar. If a linear regression is ap-
propriate, then the integrated susceptibility can be ap-
proximated by
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d<A>)\ S dAvxs’ (8)
dN dN

with « being the slope of the fit (~0.8-0.9). Further
mention of susceptibility will imply the narrowband
visible value.

Though marine stratus are notorious for their lon-
gevity, Albrecht (1989) has reported measuring drizzle
drops (>40-um radii) in these clouds and concluded
that precipitation must be occurring. He theorizes that
increases in CCN in clean maritime clouds, which de-
crease the mean drop size, will decrease the production
of drizzle drops. Consequently the clouds would con-
tain a higher liquid water content. Such a connection,
if generally true of marine stratus, would suggest that
defining susceptibility for a process of constant liquid
water content should be modified to allow for an in-
crease. This would serve to further enhance cloud
brightening. Measurements by Radke et al. (1989)
showed increased liquid water content inside ship
tracks compared with cloud areas away from the tracks.
The applicability of ship tracks to the general case of
marine stratus modification by global increases in CCN
is not certain. It is likely that the development of the
track, with respect to surrounding stratus, can be af-
fected by the ship’s passage in ways other than CCN
production alone. In contrast, a more general study
was made on continental clouds by Leaitch et al.
(1992). Their multiseason and multivear measure-
ments made over Ontario and New York State showed
a positive correlation between cloud droplet concen-
trations and anthropogenic pollution (as measured by
cloud water sulfate concentrations) but showed that
cloud liquid water content was invariant to pollution
amounts. Nevertheless, it is useful to consider the con-
sequences of relaxing the constant liquid water content
assumption.

Suppose some type of power law to relate liquid wa-
ter content to droplet concentration of the form W
= aN?, With 0 < 8 < 1 the liquid water content of the
mature cloud asymptotically approaches a limiting
value as N increases; that is, it becomes increasingly
more difficult to have drizzle with large N. This is about
the only characteristic such a relation must have based
on the hypothesis. Measurements in and out of ship
tracks taken by Radke et al. give W ~ 0.3 g m™ and
0.5g m™3 for N =~ 30 cm ™ and 100 ¢cm™3, respectively
(implying & =~ 0.07 gm™ and 8 ~ 0.42). Then

2 3a Nl 2/3
4wp,, ’

which can be used in the definition of optical thickness.
Then the derivative dv/dN gives a susceptibility of

(9)
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The result is identical to Eq. (6) with the exception of
the factor 1 + 28; for constant liquid water content, 3
= 0 and the two equations are identical. With the mea-
surements of Radke et al. the factor becomes about
1.8 indicating that susceptibility would be increased by
80% over the constant liquid water content assumption
for all initial values of W. As with Eq. (6), knowledge
of the initial liquid water content is still needed for the
expression containing radius. In light of the critical de-
pendencies of susceptibility on radius (or N) and optical
thickness, this underestimation of about 40% seems
minor. Uncertainty involving the need to even account
for changing liquid water content suggests that the
original definition of susceptibility is both adequate and
preferable.

The process defined by susceptibility is the dominant
radiation influence of particulate pollution (at least for
reasonably clean clouds with typical albedos). Grassl
(1982) found little effect in the infrared. Pollution is
also a source of carboniferous aerosol, which absorbs
in the visible. This effect on cloud albedo, considered
by Twomey ( 1977) and Grassl, can be seen only in the
brightest clouds.

3. The remote sensing of susceptibility

The method of inferring droplet radius through near-
infrared absorption has been used by a number of in-
vestigators (e.g., Twomey and Cocks 1982, 1989; Ste-
phens and Platt 1987; Foot 1988; Rawlins and Foot
1990) using aircraft-borne sensors. Two or.more near-
infrared wavelengths were used though none of these
aircraft investigations made measurements in the 3.75-
um window. In situ cloud measurements typically
showed that droplet radius was overestimated by 2-5
um. Retrieving larger droplets implies that the observed
wo 1s lower than would be expected from calculations
based on measured droplet sizes. This has been termed
anomalous absorption. Stephens and Tsay (1990) give
a review of the measurements and comment on pro-
posed causes of the anomaly. Suggested causes include
continuum vapor absorption in the windows and cloud
inhomogeneities. Taylor (1992) has reported that im-
provements in the band models used for atmospheric
absorbers in LOWTRAN 7 explained the anomalously
high retrieved radii of Rawlins and Foot (1990), who
corrected for atmospheric effects with the earlier version
LOWTRAN 5. It is not clear whether radius inferred
from a 3.75-um channel would suffer from such an
anomaly. With a much larger liquid water absorption
(order of magnitude greater than at 2.2 um), the mean
number of scatterings for reflected photons would be
less (about 8 at r = 10 versus 20 for conservative scat-
tering) and photon penetration into the cloud, both
vertically and horizontally, would be reduced, implying
that the effect of inhomogeneities would be less. The
large liquid water absorption might also tend to mask
out any unaccounted-for continuum vapor absorption.
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Arking and Childs (1985) used the AVHRR for re-
mote sensing of cloud droplet radii and optical thick-
ness although no in situ cloud measurements were used
for validation. Grainger ( 1990) used the AVHRR for
studying orographic effects on droplet sizes. Emission
at 3.75 um is comparable to, and can even exceed, the
reflected radiation. Figure la shows bidirectional re-
flectance in AVHRR channel 3. Figure 1b shows the
ratio of reflected solar radiation to emission; the two
are seen to be equal for droplet radii of about 10 pum.
Optical thickness has been scaled by 2/Q., in the fig-
ures and all other results that follow. This gives an
optical thickness appropriate at visible wavelengths and
provides a common abscissa for all radii and all chan-
nels. While removing emission is certainly an added
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FiG. 1. Calculations for AVHRR channel 3 (3.75 um) of (a) bi-
directional reflectance and (b) the ratio of reflected solar radiance to
thermal emission. Calculated with g = 0.75, us = 0.85, and using
the azimuthal average for reflection. Channel 3 calculations made
with surface and cloud temperatures of 290 K.
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complication, the large absorption in the channel does
give its use one very important advantage—the signal
is almost entirely dependent on radius, with very little
optical thickness sensitivity except for the thinnest
clouds. Shorter wavelengths have substantial optical
thickness dependencies over much of the expected ra-
dius range. The substantial radius information content
of a 3.75-um channel makes it of special interest for
remote sensing regardless of its status as a major con-
tender for satellite studies.

The determination of bidirectional solar reflectance
and emission seen by the satellite, given cloud optical
thickness and radius, represents the forward problem
and is calculated using the doubling or adding matrix
method of Twomey et al. (1966). Inferring optical
thickness and droplet radius from satellite reflection
and emission data characterizes an inverse problem
that, in this study, is decided by the best fit between
the satellite measurement and various entries in a li-
brary file. The library contains bidirectional reflectances
for AVHRR channels 1, 2, and 3 (center wavelengths
at 0.65, 0.85, and 3.75 um, respectively). Effective
cloud and surface emissivities are calculated for chan-
nels 3, 4, and 5 (the latter two channels at about 10.75
and 12.0 um, respectively). Use of an effective cloud
emissivity assumes that the cloud is isothermal such
that emitted cloud radiance is equal to the product of
the effective emissivity and the Planck function at cloud
temperature. The effective surface emissivity is used in
a similar way to account for surface emission trans-
mitted through the cloud. Cloud temperature is esti-
mated by applying an atmospheric correction to the
channel 4 brightness temperature. Sea surface temper-
ature is determined from a split-window technique us-
ing channels 4 and 5 (McClain et al. 1985). The con-
tents of the library include calculations for all combi-
nations of the following: radii equal to 1, 4, 6, 8, 10,
12.5, 15, 17.5, 20, 25, 30, 35, and 45 um; 7 = 1, 2,
«++, 60, 70, - - -+, 150; harmonics up to 20th order
for the azimuthally dependent bidirectional reflectance
(typically 5-10 harmonics are sufficient). Radii are the
mean of a normal distribution with a dispersion of 0.2
{(implying that 75 =~ 1.087.an). Radii increments were
chosen based on uncertainty in likely retrieval errors
(e.g., uncertainty in channel 3 emission and the at-
mospheric correction).

The effect of the atmosphere on the signal received
by the satellite was modeled using the LOWTRAN 7
radiation code (Kneizys et al. 1988). The primary ef-
fects include the transmission of emitted radiation and
direct and reflected solar radiation (important in all
five AVHRR channels), solar radiation reflected from
the atmosphere without ever encountering a cloud or
surface (channels 1, 2, and 3), and direct emission
from the atmosphere (channels 3, 4, and 5). Multiple
reflections with the atmosphere are ignored. Calcula-
tions were made for two atmospheric paths: from the
top of the atmosphere to sea level and to the top of the
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boundary layer (assumed to be cloud top). Midlatitude
summer (MLS) and winter (MLW) standard atmo-
spheres were analyzed; the Navy Maritime Aerosol
Model was used with both. All effects depend on the
satellite viewing angle and, for reflectance, solar angle
as well. Given the uncertainties in having quantified
these effects and the validity in using the model at-
mospheres, it was concluded that a single value of cor-
rection for each path and all viewing angles would be
as far as the analysis should be carried. Satellite viewing
angles are limited to 45° (u = 0.7), if possible, to avoid
the large variations associated with the increasing at-
mospheric optical depths. With this restriction, the rms
satellite viewing angle turns out to be about 25° (u
= (0.9); a single atmospheric correction was chosen as
the average of the MLS and ML W model atmospheres
at this angle. An exception is made for extreme satellite
viewing angles where a separate calculation is used.
For reflectance, a solar angle of 25° was also used and
an additional average of the 0° and 180° satellite solar
azimuth angle was done. The effect of in-cloud vapor
absorption on droplet single scattering albedo in the
3.75-um channel was calculated from the HITRAN
database using the k-distribution method (Arking and
Grossman 1972) and found to be insignificant.

The surface, assumed to be the ocean for this study,
is considered Lambertian to diffuse radiation with al-
bedos of 0.06, 0.03, 0.01, 0.0, and 0.0 for channels 1-
5, respectively. Clear-sky ocean radiances from an
HRPT (high-resolution picture transmission) image,
with satellite views away from the sun, showed consis-
tency with the above-mentioned surface reflectances
and the nominal atmospheric correction. Integration
of the radiative properties over the finite band of each
AVHRR channel is included in the calculations. Prac-
tically, only channels 1, 3, and 4 were needed. Channel
5 is used only with channel 4 in a split-window tech-
nique for inferring sea surface temperature.

Tests of the retrieval algorithm showed that the error
function used to match measured radiances with library
entries permitted multiple solutions when cloud droplet
radii were | um and optical thicknesses were less than
the asymptotic limit for this radius. It appears that the
small extinction efficiency for this radius in channel 3
is mainly responsible ( Q. = 0.75 for a droplet radius
of 1 um versus 2.5 for a radius of 4 um). Such a small
droplet size is not expected for marine stratus, and so
radii of | pum were eliminated from the possible solution
set. No multiple solutions were found when restricting
library radii to 4 um and larger.

Channels 1 and 2 lack on-board calibration and
must, without in-flight techniques, rely on calibrations
typically performed several years before launch. In-
flight calibrations with scenes of known reflectance
show that the sensor response is modified from
the preflight calibration (see Teillet et al. 1990). All
NQOAA-11 channel 1 and 2 data in this study use the
calibration coefficients of Che et al. (1991). The in-
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flight calibration made closest in time to the recording
of the data being studied is chosen. NOAA-9 and
NOAA-10 AVHRR data is calibrated in the same way
with the Teillet et al. gain values. These in-flight cali-
brations were made in terms of a reflected intensity.
This is converted to albedo using the solar flux data of
Neckel and Labs (1984).

Cloud liquid water content cannot be determined
from solar reflection measurements alone. Though lig-
uid water content is variable in marine stratus, it is
quasi-constant when averaged over scales on the size
of the AVHRR footprint and has a typical value of 0.3
g m~3, which seems to be independent of locale (e.g.,

. Feigelson 1978; Slingo et al. 1982; Noonkester 1984;
Somerville and Remer 1984; Radke et al. 1989). In
results that follow, susceptibility has been normalized
to this value. All calculations of susceptibilities are
made using the solar zenith angle at the time of the
satellite overpass. Because of large observable diurnal
effects on marine stratus albedo (and possibly droplet
radius), further susceptibility calculations of an equiv-
alent daily time-averaged albedo do not seem war-
ranted. A detailed discussion of each topic in this sec-
tion can be found in Platnick (1991).

4. Results
a. Sensitivity

The retrievals and subsequent calculations of sus-
ceptibility generally depend on the cloud temperature
and albedo, surface temperature (for thin clouds), at-
mospheric corrections in all channels, and calibrations
used for AVHRR channels | and 2. A sensitivity study
was made at three surface temperatures [+3 K about
a nominal determined from the clear-sky SST algo-
rithm of McClain et al. (1985)], two channel 1 surface
albedos (0.06 and 0.03), three extreme atmospheric
paths (corresponding to the nominal found from
LOWTRAN for a path from the top of the boundary
layer to the top of the atmosphere, one for a path from
the surface to the top of the atmosphere, and one with
no atmosphere at all), and two channel 1 calibrations
(Che et al. 1991; Holben et al. 1991). Three adjacent
cloud regions were studied from a NOA44-11 HRPT
image on 20 March 1989 in the vicinity of 30.5°N,
126°W; satellite viewing angles give resolutions of
about 1.7 km. For susceptibility, the thin and mod-
erately thick stratus regions (7 ~ 2 and 7 =~ 8§, re-
spectively) show little sensitivity, usually less than a
factor of 2. A thick cloud (7 = 25) is highly variable
in retrieved optical thickness as expected and suscep-
tibility varies accordingly. For retrieved droplet size,
the results suggest a rather robust solution for the mod-
erately thick cloud where retrieved radii were within
one library increment of each other (nominal was 8
um) and optical thickness varied from 6 to 10 (nominal
was 7.5). For all cloud regions, the radius never varied
from the nominal solution by more than two library
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increments (one increment was typical). A detailed
discussion of retrieval sensitivity is given in Platnick
(1991).

b. Comparison with some in situ measurements

A common difficulty in satellite remote sensing is
comparison with in situ measurements. As a part of
FIRE [First ISCCP (International Satellite Cloud Cli-
matology Project) Regional Experiment], field obser-
vations were made of marine stratocumulus clouds off
the coast of southern California in the summer of 1987.
Two reports have been published of cloud microphys-
ical measurements taken at times almost concurrent
with the pass of a NOAA polar orbiter.

The aircraft measurements by Rawlins and Foot
(1990) were taken over the course of several hours on
the afternoon of 30 June 1987. Additional data from
this flight was obtained from the Meteorological Re-
search Flight of the U.K. Meteorological Office (J. P.
Taylor 1991, personal communication). A run was
made within and above a 300-m-thick cloud. Effective
radii of about 9.0 um were calculated from drop size
distributions near cloud top. Optical thickness, esti-
mated from their cloud reflectance data, varied from
15 t0 60. We analyzed a NOAA-9 AVHRR LAC (local
area coverage) image, acquired within an hour of the
in situ measurements, for a north-south flight path
taken by the aircraft. In this region the solar and satellite
zenith angles give po =~ 0.90 and ug,, ~ 0.50, respec-
tively (corresponding to a resolution of about 3.8 km).
Because of the relatively large satellite viewing angle,
atmospheric corrections were determined for this spe-
cific case. Figure 2 shows our retrievals, giving radii of
10 um along the entire path with one pixel showing 8
wm; optical thickness varies from 20 to 70. Agreement

80 15
optical thickness

70 — — radius

60 51
2 2.
- =
»®
o 50 [7)
g -
al T
w0 g

30

20

Location

32.8°N, 123.504°W 32.5°N, 123.505°W

FIG. 2. Drop radius and optical thickness retrieved from a
NOAA-9 LAC image, 30 June 1987, along an aircraft flight track
(about 100 km long) taken by Rawlins and Foot (1990) in strato-
cumulus off southern California.
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F1G. 3. Drop radius and optical thickness retrieved from a NOAA-
10 HRPT image, 10 July 1987, along a path crossing the ship tracks
reported by Radke et al. (1989) in stratus off southern California.

between retrieved values of radius and the in situ mea-
surements are within the radius increments available
from the library data (at a radius of 10 um, increments
of +2.5, —2.0 um in radius are possible to resolve with
the library). Radius is not sensitive to the exact at-
mospheric correction applied. Susceptibility calcula-
tions made throughout the cloud region (not limited
to the flight track), using Eq. (6) with a cloud liquid
water content of 0.3 g m~>, vary over an order of mag-
nitude, from about 0.5 X 10~ (units of cubic centi-
meters will be assumed throughout this paper) at the
northern end of the cloud to as high as 6.0 X 107> at
the southern end.

Radke et al. (1989) reported passage through two
ship tracks within a stratocumulus cloud layer on 10
July 1987. Radiation and microphysical measurements
were taken midway between the approximately 500-
m-thick cloud. Droplet concentrations were seen to
increase from 30 to 50 cm™ outside the track to over
100 cm™ within the track, indicative of larger CCN
numbers. We obtained an HRPT NOAA-10 image for
this region (g =~ 0.50, ps =~ 0.79 giving about 1.7-
km resolution) that was captured 20 min before the
measurements were made. We retrieved cloud param-
eters along two section lines crossing the tracks. The
average retrieved radius, both in and out of the tracks,
is typically 3-6 um larger than the reported in situ
measurements. Our retrievals for one of the section
lines is shown in Fig. 3. Microphysical studies in Cal-
ifornia stratus typically show increasing droplet sizes
with height (e.g., Noonkester 1984; Rawlins and Foot
1990). At the 3.75-um wavelength, absorption is larger
and therefore droplet sizes near cloud top contribute
a greater influence to the inferred sizes than droplets
farther down in the cloud where the in situ measure-
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ments were taken. Retrieved susceptibilities are, as ex-
pected, smaller in the ship tracks: 0.5 X 1073 in track
and 1.0 X 1073-2.0 X 1073 out of track. Susceptibilities
calculated from the measured data are similar with 0.20
X 1073-0.65 X 1073 in track and 0.70 X 1073-1.45
X 1073 out of track.

Extensive wintertime fog in the central valleys of
California is expected to contain large CCN concen-
trations from agricultural, industrial, and natural
sources. This fog should be at the low end of the sus-
ceptibility scale, providing another check of the re-
trieval algorithm. Three NOAA-11 GAC (global area
coverage ) images of valley fog from the winter of 1989/
90 have been analyzed. Retrieved radius is especially
uniform throughout the length of the valleys—typically
6-8 um—smaller than for marine stratus as expected
and in general agreement with the results of Garland
(1971). Optical thickness ranged from 10 to over 100
(larger 7 always found in the northern part of the Cen-
tral Valley). Figure 4 shows an example of the retrievals
for 20 December 1989. Susceptibility was as low as
0.05 X 1073, two orders of magnitude less than the
larger values found in California marine stratus. This
is probably a lower limit since liquid water content is
likely to be less than the 0.3 g m™ used in the calcu-
lation.

¢. California marine stratus and ship tracks

Ship tracks may represent a microcosm for what is
slowly occurring in the atmosphere. The direct appli-
cability of ship track measurements to the prediction
of global cloud albedo modification is not certain,
however, and is discussed in the next section. For our
purposes, stratus containing ship tracks is expected to
have large variations in susceptibility over a small scale,
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FIG. 4. Drop radius and optical thickness retrieved from a NOAA-
11 GAC image, 20 December 1989 along a path through California’s
Central Valley (about 200 km long) during extensive fog.
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FIG. 5. AVHRR (NOAA-11 HRPT) channel 1 image from 2 March 1990 of ship tracks in stratocumulus west of Washington
State. Letters designate out-of-track locations where retrievals were made; number designations are for in-track locations. North

is at the top of the image.

thus providing a useful test for sensing relative suscep-
tibility; the solar and satellite viewing angles, cloud
temperatures, surface properties, and atmospheric in-
fluences are similar, and so relative retrievals of cloud
parameters are more credible than comparisons be-
tween distant regions. A dramatic instance of ship
tracks is seen in an HRPT NOAA-11 image from 2
March 1990 in a large region centered near 52°N,
140°W (see Fig. 5). Tracks are seen to be forming in
uniform stratus to the west as well as in a thinner stratus
region in the center of the image. Resolution is from
1 to 2 km. A number of locations in the image have
been analyzed, including 13 individual tracks. Average
results for out-of-track locations, designated by letters
on the figure, are given in Table 1a; in-track results are
given in Table 1b. Optical thickness and radius retriev-
als summarized in Fig. 6 clearly show smaller radii and
larger optical thicknesses in the tracks. Three to five
adjacent pixels were typically used to calculate the av-
erages, designated by a single data point. Out-of-track

TABLE la. Retrieved results for selected out-of-track regions for
NOAA-11 HRPT, 2 March 1990. Each entry represents an average
of 3-5 pixels.

Radius Optical Susceptibility  Liquid water
Location (um) thickness (X1073) path (g m™2) .
A 15.6 49 3.42 St
B 14.7 8.1 2.87 79
C 15.6 5.7 342 59
D 17.2 6.0 4.61 69
E 14.2 6.4 2.60 61
F 18.3 4.0 5.62 49
G 19.2 4.0 6.74 51
H 15.0 5.8 3.30 59
1 19.4 6.7 6.63 87
J 18.9 7.3 6.10 92

retrievals are taken from the thicker western stratus
only. A histogram of susceptibility is shown in Figure
7. Tracks in the thinner stratus give the smaller sus-
ceptibilities and smaller optical thicknesses; retrieved
radii are about the same for both regions of tracks.

d. Some observations on ship tracks

Though the emphasis of this study is on suscepti-
bility, the results for the 2 March 1990 image allow for
a few comments regarding ship tracks themselves.
There is some suggestion of horizontal entrainment of
the track into nearby regions. The first two tracks be-

TABLE 1b. Retrieved results for selected in-track regions for NOAA-
11 HRPT, 2 March 1990. Each entry represents an average of 3-5
pixels. Multiple tracks found between letter-designated locations are
given in order from east to west.

Radius Optical Susceptibility  Liquid water
Location (xm) thickness (X107%) path (g m™?)

A-B 12.5 10.8 1.72 90
C-D 10.0 10.0 0.89 67
E-F 13.0 13.6 2.02 118
12.5 18.3 1.59 153

G-H 10.0 10.0 0.98 67
10.0 17.0 0.91 113

13.2 15.9 2.21 140

12.5 15.2 1.83 127

1-J 11.0 13.0 1.43 95
1 8.0 9.5 0.46 51

2 8.0 7.3 0.46 39
3 8.0 6.4 0.46 34
4 10.0 6.0 0.90 40

S 10.0 7.8 0.90 52
6 10.0 8.5 0.89 57
7 12.5 8.3 1.75 69
8 10.0 11.3 0.88 75
9 12.5 10.1 1.73 84
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FIG. 6. Scattergram of retrieved radius and optical thickness in
a stratocumulus cloud containing ship tracks (see Fig. 5); from
NOAA-11 HRPT, 2 March 1992,

tween locations G and H (going from east to west)
appear to be younger tracks than the last two and have
smaller radii ( 10 versus 13 um) and susceptibilities (by
afactor of 2). For locations 1, 2, and 3, optical thickness
decreased slightly (9.5 to 6.4) when moving away from
the head of the track. In some cases, however, no sig-
nificant or systematic change in the retrieved values
can be noted along the length of a track. No difference
is seen between locations 5 and 6 (each with r = 10
um, 7 = 8), though further analysis showed retrieved
radius and optical thickness of 8 um and 3, respectively,
at the head of the track. The track referenced by lo-
cation 7 showed a radius of 6.0 um farther to the south,
then increasing again to 10.0 um closer to the head of
the track; optical thickness increased to 14 and then
decreased to 7. A general conclusion, but not a rule, is
that the more diffuse or widespread the track, the larger
the radii and the susceptibility (however, the narrow
track between locations I and J has a relatively large
radius and susceptibility compared with other narrow
tracks). There appears to be some limit to the hori-
zontal spreading of the tracks, at least over relatively
short periods of time. For example, the tracks running
from north to south between locations G and H show
little spread over a distance of about 100 km and the
track between locations 7 and J is similar. Radke et al.
(1989) state that ship tracks are not brighter at their
head and suggest that gases responsible for CCN pro-
duction horizontally diffuse before particles develop.
The results for locations 1-4, mentioned above, argue
against the generality of this notion. For that track,
optical thickness increased (i.e., brighter track) toward
the head of the track though radius remained constant.
This was not necessarily true for other tracks, however.
It may also be that CCN (not the precursor gases) can
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diffuse before cloud nucleation occurs; the mechanisms
for cloud nucleation are not clear and should not be
presumed to be uniform spatially or temporally. Still,
the fine point seen at the head of many tracks, and the
results from locations 1-4, indicates that nucleation
often occurs before CCN, or gases responsible for CCN
production, are allowed to diffuse substantially.
Radke et al. (1989) measured increases in liquid
water content in ship tracks compared with the sur-
rounding cloud. Liquid water paths given in Table [
show similar results for the western stratus (indicated
with letter designations), assuming constant cloud
geometrical thickness in and out of the track. Based
on results from Albrecht (1989), Radke et al. proposed
that the smaller droplet sizes in ship tracks suppressed
the formation of drizzle drops, resulting in the higher
liquid water contents. It might also be possible that
some aspect of the ship (e.g., a warm plume, wake
effects, etc.) locally modifies the boundary layer and
enhances cloud formation. When tracks form in ma-
ture stratus, supersaturations would normally be too
low to activate new CCN. Either cloud dynamics or
some ship-induced mechanism must allow for the
scavenging of existing liquid water for new droplet
growth. The tracks seen in the center of the image have
similar radii and optical thicknesses to those in the
thicker stratus to the west but yet have formed in a
region that was evidently not as conducive to substan-
tial stratus development. If the ship itself is partially
responsible for allowing activation of new CCN, other
aspects of the track, such as its liquid water content,
may also be modified. If so, implicating the observable
increase in liquid water content with the suppression
of drizzle may not always be valid. With the special
circumstances involved in ship track development, it
is not at all clear that the global susceptibility of marine
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F1G. 7. Histogram of cloud susceptibilities for the retrievals of Fig. 6.
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FIG. 8. AVHRR NOAA-11 GAC channels | (left) and 3 (right) image from 4 January 1989 of stratus
off the coast of Namibia. North is at the top of the image.

stratus would be equally affected by this drizzle
suppression. However, if proved true, this would serve
to increase susceptibilities as shown in Eq. (9). The
difference in radii between in-track and out-of-track
cloud regions ranged from about 2 to 10 pm. Assuming
the power-law relation used in deriving Eq. (9), the
following relation would exist between changes in ra-
dius and cloud droplet concentration: AN/N = (1
+ Ar/r)exp[—3/(1 — 8)] — 1. So, typically retrieved
changes in radius from Ar/r = —0.15 to —0.3 give cor-
responding changes in droplet concentration of about
AN/N =110 5, respectively, with no change in liquid
water content (= 0) AN/N = 0.6 10 1.9, respectively.

Several other images of California stratus were an-
alyzed, some showing ship tracks. In general, suscep-
tibility alone was not a sufficient predictor of tracks.
Relatively high susceptibilities were often found in
clouds not containing tracks. Though ship tracks are
common, they are absent more often than not despite
the likely constant presence of ship traffic. It is reason-
able to assume that cloud dynamics plays an important

role in the nucleation of ship-produced CCN and must
be considered along with the microphysics.

e. Marine stratus near southern Africa

Marine stratus is quite common, especially near the
western coasts of the continents. Two NOAA-11 GAC
images in the South Atlantic, off the coast of Namibia
and South Africa (4 January 1989 and 19 April 1989
with resolution of 5-6 km), were analyzed. The stratus
from both days is located near the coast and is extensive
and isolated. The image for 4 January 1989 is shown
in Fig. 8; analysis is limited to stratus within the box.
Retrievals gave 6.0- to 9.0-um radii, optical thicknesses
from 3 to 12, and susceptibilities from 0.2 X 1073 to
0.8 X 1073, Analysis of the linear cloud features ap-
pearing in the channel 3 image does not suggest that
they are ship tracks. It is impossible to make any cli-
matological conclusion regarding the microphysics of
this stratus, but for the two cases studied, radii and
susceptibilities are much less than those typically found
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in uncontaminated California stratus. Either larger
CCN concentrations are found here, or the liquid water
content of the clouds is much smaller (by a fraction
of about 0.15-0.30). The small radii and susceptibilities
are unexpected for this presumably clean region. If
these results were generally true, it might explain the
lack of ship track sightings in this region even though
stratus development is common.

A NOAA-11 GAC from 22 January 1989 was ana-
lyzed for a region south of Madagascar in the Indian
Ocean (33.3°S, 45.71°E, see Fig. 9). Satellite viewing
angles are near nadir giving 4-km resolution. Two likely
ship tracks are seen forming in a broken stratocumulus
deck. There is an obvious reduction in droplet size in
the apparent tracks (8 um versus 12.5-17.5 um for
out-of-track regions) and larger optical thicknesses (8-
15 versus 3-12 out of track). The broken clouds seen
in the image can give misleading results if analyzed
pixels are not completely cloud filled. However, care
was taken to analyze only neighboring pixels having
the largest optical thicknesses for a particular area. With
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this caveat, calculated susceptibilities are consistent
with the expectations for ship tracks and are compa-
rable to those found in California stratus. (To the au-
thors’ knowledge, this would be the first report of ship
tracks being found in the Southern Hemisphere.)

5. Summary

A definition of cloud susceptibility has been pro-
posed as a measure of the extent of CCN influence on
cloud albedo. Its calculation, requiring inference of
optical thickness and microphysics, was originally
couched in terms of 1d4/d7 and cloud droplet con-
centration N. However, N cannot be found directly
from cloud reflection measurements but must be in-
ferred from the droplet radius, which can be sensed,
and an assumption regarding the value of cloud liquid
water content. Susceptibilities were normalized to a
liquid water content of 0.3 g m™>, a representative value

for marine stratus. Analysis of several AVHRR images
has been presented. Retrieved radius and optical thick-

- j
ko

FIG. 9. AVHRR NOAA-11 GAC channels 1 (left) and 3 (right) image from 22 January 1989

of stratocumulus south of Madagascar. North is at the top of the image.
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ness using the method of this study compared. well with
in situ measurements made by two groups of investi-
gators during FIRE in 1987. California valley fog pro-
vided a test for small susceptibilities.

The retrieved range of susceptibilities (in units of
cubic centimeters) for the marine clouds studied varied
by about two orders of magnitude; from as low as 0.23
X 1073 in stratus off the west coast of southern Africa
to about 20 X 1072 in thin stratus off the California
coast. This range implies that studies of marine stratus
albedo modification from anthropogenic CCN must
account for existing variations in susceptibility. Sus-
ceptibilities for California valley fog were as tow as 0.05
X 1073, extending the measured range for all clouds
studied to almost three orders of magnitude. Figure 10
shows a schernatic representation for the range of re-
trieved radii and susceptibilities found in this study.
However, the largest radii and susceptibilities retrieved
in the California stratus correspond to clouds with small
optical thicknesses where surface effects (reflection and
emission) are important. Studies in ship tracks have
shown that the tracks are indeed less susceptible than
out-of-track regions. The susceptibility differs by a fac-
tor of 2-4 up to as high as 30 for thin stratus. The use
of susceptibility extends beyond fog and marine stratus,
which have been highlighted in this study because of
their relative homogeneity for remote sensing purposes.
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