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ABSTRACT

Recent estimates of the effect of increasing amounts of anthropogenic sulfate aerosol on the radiative forcing
of the atmosphere have indicated that its impact may be comparable in magnitude to the effect from increases
in CO,. Much of this impact is expected from the effects of the aerosol on cloud microphysics and the subsequent
impact on cloud albedo. However, internal horizontal variations in cloud optical properties are also known to
affect cloud albedo.

A solar broadband version of a 2D radiative transfer model was used to quantify the impact of enhanced
aerosol concentrations and horizontal inhomogeneity on the solar broadband albedo of marine stratus. The 2D
cross sections of cloud physics data taken from a set of 3D RAMS/LES simulations of marine stratus provided
realistic optical property data for radiative transfer simulations. A control run using typical marine CCN con-
centrations and a sensitivity study using enhanced concentrations of CCN were examined.

The results of the radiative transfer calculations indicated that in unbroken marine stratus clouds the net
horizontal transport of photons over a domain of a few kilometers was nearly zero, and the domain-average
broadband albedo computed in a 2D cross section was nearly identical to the domain average calculated from a
series of independent pixel approximation (IPA) calculations of the same cross section. However, the horizontal
inhomogeneity does affect the cloud albedo compared to plane-parallel approximation (PPA ) computations due
to the nonlinear relationship between albedo and optical depth. The reduction in cloud albedo could be related
to the variability of the distribution of log (cloud optical depth). These results extend the findings of Cahalan
et al. to broadband solar albedos in a more realistic cloud model and suggest that accurate computation of
domain-averaged broadband albedos in unbroken (or nearly unbroken) marine stratus can be made using IPA
calculations with 1D radiative transfer models. Computations of the mean albedo over portions of the 3D RAMS
domain show the relative increase in cloud albedo due to a 67% increase in the boundary-layer average CCN
concentration was between 6% and 9%. The effects of cloud inhomogeneity on the broadband albedo as measured
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from the PPA bias ranged from 3% to 5%.

1. Introduction

The relationship between changes in aerosol concen-
trations and cloud albedo have been considered by sci-
entists ever since Twomey (1977) hypothesized that
increasing concentrations of cloud condensation nuclei
(CCN) as the result of increasing levels of pollution
would tend to make clouds brighter. More recently,
other researchers have postulated that sources of nat-
ural CCN could also affect cloud droplet size and cloud
albedo. For example, Charlson et al. (1987) have hy-
pothesized a temperature-related CCN-albedo feed-
back that may partially counteract or exaggerate the
effects of global warming by greenhouse gases.

Although the ““Twomey effect’’ has been quantified
by observations of ship tracks in marine stratus cloud
decks (Coakley et al. 1987), the global impact of in-
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creased CCN concentrations on clouds is difficult to
assess. Recent climate studies have suggested that even
relatively small changes in the optical properties of
large-scale cloud systems may have significant effects
on global climate. Slingo (1990) estimates from a
global circulation model (GCM) study that decreasing
the mean effective radius of low clouds across the en-
tire planet from 10 to 8.5 um would result in a global
(cooling) radiative forcing that could offset the ex-
pected warming due to doubling the CO; content of the
atmosphere. More recent studies by Jones et al. (1994)
and Boucher and Rodhe (1994) using the parameter-
ized effects of aerosol on clouds in a GCM show that
present levels of anthropogenic aerosol produce a ra-
diative forcing comparable to the forcing resulting from
CO, added since 1850.

The effects of cloud microphysics on clouds have
been studied considerably in the past few decades by
plane-parallel radiative transfer models (RTMs), but
the effects of the large-scale structure (especially hor-
izontal inhomogeneity) of a cloud system on radiative
transfer have only recently begun to be studied. Some
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studies have suggested that horizontal inhomogeneity
may possibly influence radiative transfer in cloud sys-
tems. Satellite observations of radiances have shown
discrepancies with plane-parallel model predictions,
even when the near-nadir radiances show good agree-
ment (Stuhlmann et al. 1985; Smith et al. 1989). Using
a simple cloud model, Cahalan et al. (1994a) have
shown that the effects of internal horizontal inhomo-
geneity in an unbroken layer of marine stratus may pro-
duce a relative reduction in cloud albedo as large as
15% compared to a horizontally homogeneous cloud
with the same mean optical properties. The results of
Cahalan et al. (1994a) suggest that the effects of cloud
structure may modify the magnitude of the Twomey
CCN-albedo effect if changes in microphysics due to
increased CCN concentrations lead to changes in the
macrophysics (i.e., physical structure) of the cloud.
Since marine stratus cloud systems are known to
have a large effect on the radiative budget of the earth—
atmosphere system, it is crucial that the most important
factors that influence the radiative properties of these
clouds be identified. Previous estimates of the impact

- of CCN on cloud albedo such as those in Jones et al.

(1994) are ultimately based on plane-parallel RTMs.
Kim and Cess (1993) report higher values of low-level
cloud albedo in near coastal boundaries compared to
similar midocean clouds and attribute the difference to
- changes in CCN concentrations. However, this conclu-
sion is based on gross assumptions about the macro-
physical properties {including cloud optical depth) of
the coastal and midocean clouds. The influence of
cloud structure on broadband albedos must be studied
before a more accurate assessment of the sensitivity of
cloud albedo to CCN concentrations can be made.

The purpose of this study is to make qualitative as-
sessments of the effects of both microphysics and hor-
izontal inhomogeneity on the cloud albedo~CCN con-
centration relationship in a simulated marine stratus
layer. The assessments are accomplished through the
use of a newly developed 2D radiative transfer model
and cloud field data produced by a sophisticated, 3D
large eddy simulation (LES ) model. The following sec-
tion will describe the broadband version of the radiative
transfer model used in this paper. The implementation
of the broadband model is not an immediately obvious
task since the addition of strong gaseous absorption
greatly increases the size and computational costs of
the RTM. Methods to overcome those problems are
described. Section 3 presents the cloud physics data
produced by the 3D LES model. Section 4 shows how
the addition of CCN into the simulated cloud changed
the cloud optical properties. The broadband solar al-
bedos computed from the 2D broadband model are pre-
sented in section 5, and a comparison of the effects of
microphysics and macrophysics on cloud albedo are
shown in section 6. The last section summarizes the
article and presents some concluding remarks.
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2. Radiative transfer model

The spherical harmonic spatial grid (SHSG) method
was used to provide the radiative transfer calculations
for a horizontally varying medium. The SHSG method
is described in detail in Evans (1993). Despite the rel-
ative computational efficiency of the SHSG method,
the computer resources required for broadband calcu-
lations are large due primarily to the complications re-
sulting from rapid variability of gas absorption coeffi-
cient with wavelength. In order to make timely broad-
band calculations in a two-dimensionally variable
medium, a band model must be used to reduce the num-
ber of radiative transfer computations from the several
thousand needed in a line by line calculation to a more
reasonable number.

To account for gaseous absorption at visible and near
infrared wavelengths, k-distribution data from Stack-
house and Stephens (1991) were used. The gaseous
absorption data model the effects of water vapor, car-
bon dioxide, and oxygen for a range of wavelengths
from 0.4 to 2.8 um. For ultraviolet wavelengths from
0.28 to 0.4 um, the ozone cross section data of Stamnes
and Tsay (1990) were used. A parameterization for
Rayleigh scattering (Paltridge and Platt 1976) was also
included.

Following Chou (1986), the total number of gas-
absorption calculations were reduced substantially by
averaging the original 249-band k-distribution data
over 11 bands in the solar spectrum (plus three bands
using the ozone cross section data). Additionally, the
number of k-value weights in the remaining bands were
reduced from 37 to 9 by averaging the weights over the
k domain. (See Table 1 for a description of the band-
widths used in the model.) Chou (1986) reported that
reducing the number of k-values to 10 produced dif-
ferences in clear-sky heating rates of less than a few
percent compared to line by line calculations. For
cloudy skies, however, the reduction of optical property
data to 14 bands had a greater effect on the accuracy
of the model. Since a cloud’s optical properties vary

TaBLE 1. Bandwidths used in solar broadband model.

Band Bandwidths (um) Absorbing gases in band
1 3.030-3.846 H,O
2 2.500-3.030 H,0, CO,
3 2.174-2.500 H,O
4 1.887-2.174 H,0, CO,
5 1.667-1.887 H,0
6 1.429-1.667 H,0, CO,
7 0.778-1.429 H,0
8 0.760-0.778 H,0, O,
9 0.699-0.760 H,0
10 0.692-0.699 H,0, 0,
11 0.687~-0.692 0,
12 0.400-0.687 Oj; (cross-section data)
13 0.315-0.400 O; (cross-section data)
14 0.280-0.315 O, (cross-section data)




15 DECEMBER 1996

rapidly with respect to wavelength, the choice of wave-
length used to represent each band in the radiative
transfer calculations must be made judiciously.

In order to choose the representative frequency for
each band, cloud-top downward solar flux and single-
scattering albedo (&) data were computed for a marine
stratocumulus layer at 249 intervals across the solar
spectrum using the two-stream model described by
Stackhouse and Stephens (1991). The solar flux and
& data were then used to compute solar flux-weighted
mean single-scattering albedos for the 14-band model:

g O(v)F(v)

Wave = [23 ’

(1)

where @, is the flux-weighted mean single-scattering
albedo for a particular band (14 in total ), v; and v, are
the endpoint wavelengths of that band, F(v) are the
249-band solar flux data computed the wavelengths be-
tween v, and v,, and &(v) are the corresponding sin-
gle-scattering albedo data. The & data from the 249-
band model were then used to determine those
wavelengths within each band where the single-scat-
tering albedo most closely matched the &,,.. These
wavelengths were used to represent each band in Mie
calculations.

In a series of two-stream model simulations, the 14-
band model was compared to the original 249-band, 37
k-value weight model. The net flux convergence com-
puted in a 1-km-thick stratocumulus with the 14-band
model was within 5% of the value calculated from the
249-band model, while the differences in the albedos
were less than 0.4% for a range of solar zenith angles
from 10° to 75°. Since the differences in cloud albedo
produced by changes in the cloud’s microphysics and
macrophysics in the following sections are on the order
of 2%-10%, the 14-band model is expected to be ade-
quate for the purpose of comparing albedo differences.

Since the k-distribution method requires that the ra-
diative transfer calculations in the strongly absorbing
bands involve extremely large optical depths, the com-
puter memory requirements of the SHSG method be-
came too large for some calculations. Fortunately,
nearly all of these calculations could be neglected since
most of the radiation in the stronger bands would be
absorbed before reaching the top of the marine stratus
layer and the weights associated with those bands were
very small. In a test using a two-stream model with the
same boundary conditions as the SHSG model, a flux
calculation through a marine stratus cloud using all k-
distribution computations was compared to a similar
calculation where all of the radiative transfer compu-
tations where the SHSG model could not be used were
eliminated. The differences in the flux profiles between
these cases were nearly indistinguishable, and the dif-
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ferences in the heating rates at any point in the cloud
were less than 0.01%.

3. LES cloud fields

Multidimensional microphysical fields of sufficient
density to provide optical properties to the SHSG
model are not yet available from observations. In this
study we utilized microphysics from simulations of a
3D marine stratus cloud field by a coupled LES—ex-
plicit microphysics version of the Regional Atmo-
spheric Modeling System (RAMS), as described in de-
tail by Stevens et al. (1996). Although the simulations
from even the most sophisticated model are only ap-
proximations of actual cloud, one advantage of numer-
ical models is the ability to control the external con-
ditions in the boundary layer. A relevant example for
this study is that numerical models allow for a direct
investigation into the effects of CCN concentration on
boundary-layer clouds independent of other effects.

Two sets of calculations were used to investigate the
effects of enhanced CCN concentrations on the albedos
of the marine stratus cloud. In the control run, the
model simulated the marine stratus measured during
the FIRE-I experiment near San Nicholas Island on 7
July 1987. The initial CCN concentration was horizon-
tally homogeneous and matched to the measurements
of Hudson and Frisbie (1991), with approximately
120 cm™ nuclei activated at 1% supersaturation. The
dynamical model was initialized using composite
sounding data from Betts and Boers (1990). In a sen-
sitivity test, a layer of enhanced CCN concentration
(increased to six times the control run) was added
above cloud top at the start of the simulations.

a. Control run

A 3D model simulation is necessary for a proper
representation of the turbulent eddies in the dynamical
model, but broadband radiative transfer calculations of
the 3D field were found to be too computationally in-
tensive. Instead 2D “‘slices’” of the cloud field were
used as input into the SHSG broadband model. Figure
1 shows the liquid water path (LWP) field in the con-
trol run after 9000 seconds of model simulation, which
corresponds to 1800 LT 7 July. Two cross sections la-
beled Slice 1a and Slice 1b represent the cloud structure
sampled for radiative transfer calculations presented
below. These cross sections were chosen for their rel-
ative heterogeneity and to emphasize the effects of
cloud geometry in the radiative transfer simulations.
The mean LWP in Slices la and 1b were 44.8 g m™
and 47.5 g m™2, respectively, while the corresponding
standard deviations were 24 g m~2 and 30 gm™>2.

Figure 2 presents the liquid water content (LWC)
fields for Slice 1a. For computational purposes, the ver-
tical domain in the radiative transfer calculations was
limited to the region from 812.5 m (the approximate
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FiG. 1. The liquid water path field for the RAMS control run after 9000 seconds. The east—
west cross section is labeled Slice 1a, and the north—south cross section s labeled Slice 1b.

location of the inversion) to 362.5 m above the ocean. ability in LWC throughout the model domain, it is im-
This area contains most of the model cloud in all of the portant to note that the cross section would be consid-
simulations. Although Fig. 2 shows horizontal vari- ered to be 100% overcast from current satellite cloud
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FIG. 2. The liquid water content fields (g m™>) computed for cross section Slice 1a.
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FiG. 3. As in Fig. 2 but for the sensitivity run (Slice 2a).

cover algorithms (Wielicki and Parker 1992). The ef-
fective radius generally increased with height in Slices
la and 1b, with values near 6 um near cloud base and
11 pm near cloud top. These values are consistent with
the midcloud measurements of effective radius (be-
tween 6 and 10 ym) measured on 7 July in the FIRE I
region by the University of Washington C-131A air-
craft (Nakajima et al. 1991).

b. Enhanced CCN run

The sensitivity run investigated the effects of en-
hanced CCN concentrations that are entrained from
above the cloud layer. Enhanced concentrations of
aerosol above cloud top have been observed in ma-
rine stratus off the coast of California (Hegg et al.
1990) and during ASTEX (Martin et al. 1994), and
this experiment examines their possible impact on
the cloud layer. It is important to note that this study
is a diagnostic test of the effect of enhanced CCN
concentrations on the optical properties of marine
stratocumulus cloud rather than an examination of
the interactions between radiation and cloud dynam-
ics. The LES model and the SHSG simulations are
not coupled in any way, and any feedback between
CCN changes, drizzle, and solar radiation on the
cloud’s physical properties is not addressed. Al-
though the LES model contains a solar radiation pa-
rameterization that should allow the interaction be-
tween radiation and dynamics, as noted below no
differences between the model dynamics of both
runs (as the result of different cloud microphysical
properties) developed. The sensitivity run was ini-
tialized identically to the control run, except that

above the 296-K 6 level (approximately 900 m) the
initial CCN concentrations were increased to six
times the level in the control run. The CCN concen-
trations below this level were the same as in the
control run.

Unlike 1D models of the atmospheric boundary iayer
the LES model provides entrainment rates directly. The
turbulent eddies deform the upper cloud boundary and
CCN are mixed in during these deformation events.
When compared to observations, LES entrainment
rates (near 1 cm s 7! in this study) are found to be rea-
sonable (in fact, large-scale energy balances dictate
that they do so). However, limitations in the observa-
tions of stratocumulus make it premature to state that
LESs entrain fluid in a manner physically analogous to
the natural system. Since small-scale processes (that
LES models are unable to resolve) may be crucial to
natural cloud-top entrainment, results dependent on the
details of this process should be interpreted cautiously.
Fortunately, for the experiments described here the de-
tails of how the CCN are entrained are less important
than that the LES model entrains at a reasonable rate.

By the end of the simulation (9000 s), CCN con-
centrations were fairly well mixed throughout the
boundary layer, though concentrations were larger near
cloud top since the CCN were entrained from above
the boundary layer. The boundary-layer mean CCN
concentrations (at 1% supersaturation) in the sensitiv-
ity run were around 200 cm™ by the end of the exper-
iment.

Two cross sections at the same location as Slices 1a
and 1b were taken at a model time of 9000 s (labeled
as Slices 2a and 2b), and the LWC field for Slice 2a is
presented in Fig. 3. Since neither the control nor the
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sensitivity simulation produced significant amounts of
drizzle, the CCN concentration—drizzle feedback
mechanism proposed by Albrecht (1989) to increase
LWP or to alter the boundary-layer thermodynamic
structure was not evident in this model run. The dy-
namics of the boundary layer were virtually unaffected
by the inclusion of the extra aerosol, and the clouds in
Slices 2a and 2b look almost identical to those in Slices
la and 1b. Although the cloud structure in both simu-
lations look very similar, the additional aerosol in the
second model run produces a cloud field with different
microphysical properties. As will be shown below,
these microphysical changes have a significant effect
on the cloud optical properties.

4. CCN, cloud droplet, and cloud optical property
relationships

Figure 4 shows how the introduction of CCN
above the top of the cloud layer influences the droplet
distributions in the cloud. The figure presents the do-
main-averaged relative difference in droplet concen-
tration between Slice 1a and Slice 2a for several lev-
els included in the model domain of the radiative
transfer computations. The concentration of droplets
smaller than roughly 11 pm in radius increased in
Slice 2a (compared to Slice 1a) at almost every level
in the vertical domain (362.5-812.5 m), and the
magnitude of the increase was progressively larger
with height. The one exception was the moderate in-
creases at 812.5 m, which contained a mixture of

200
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cloudy air and clear air at cloud top. Near cloud top
the increase in the smallest droplet sizes was almost
200%. For most drops larger than 11-pm radius,
however, the concentrations are lower in the en-
hanced CCN case than in the control case. The de-
pression in larger drops is greatest in the upper levels
of the cloud and demonstrates that enhanced CCN
concentrations at cloud top create many more smaller
droplets at the expense of larger droplets, with the
greatest effects near the top of the cloud.

The increases in droplet concentrations correlate
with the CCN increases in the sensitivity run, but they
are a bit smaller in magnitude since the supersaturations
in the cloud decreased throughout the simulation. The
mean droplet concentration in Slice 2a (93.8 cm™)
was almost 60% larger than the mean concentration in
Slice 1a (59.5 cm ™). In addition, the mean effective
radius at z = 712.5 m decreased from 11.3 to 9.8 ym.

The creation of larger numbers of smaller droplets
at the expense of larger droplets produced several
changes in the cloud optical properties. The conversion
of liquid water into greater numbers of smaller droplets
increased the total cross-sectional area of the cloud par-
ticles, and thus the cloud optical depth. The optical
depth changes can be most easily seen at absorbing
wavelengths such as those in band 3 (2.174-2.5 um),
where the mean optical depth in Slice 1a was 6.9 but
increased to 7.9 in Slice 2a. The scattering functions of
smaller droplets at solar wavelengths also have a
smaller forward peak, and thus the mean band 3 asym-
metry factor (g) decreased from 0.828 in Slice la to
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FiG. 4. The level-averaged relative differences in droplet concentration between Slices 2a and
1a as a function of the mean droplet radius in each bin of the RAMS explicit microphysics model.






