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1. Introduction

The cloud response to changes in sulfate aerosol concentrations is held to be important to the earth’s
radiation budget, but many aerosol indirect effects as well as their radiative impact remain poorly
characterized. Here we examine the changes in shortwave radiative fluxes associated with the
response to variable aerosol of trade-wind cumuli, simulated by a large-eddy-scale model with
bin-resolved microphysics. The model simulations, discussed in Xue and Feingold (2006; XF06), demon-
strate three aerosol indirect effects (AlIEs) with compensating radiative impacts. Two are well-known: the
Twomey or first AIE, and the suppression of precipitation at higher aerosol concentrations. Additionally,
XF06 discuss a positive evaporation-entrainment feedback associated with smaller drops, resulting in
smaller cloud fractions and lower domain-averaged liquid water paths at higher aerosol concentrations.
The sign of the net domain-averaged change in shortwave fluxes with aerosol concentrations is not intui-
tive a priori,and because most of the clouds have horizontal dimensions less than 1 km, three-dimension-
al radiative transfer (3DRT) effects are also potentially important.In addition, a popular metric
for assessing AlEs from space is the cloud susceptibility S: the change in cloud albedo with cloud droplet
number concentration. An evaluation of the sensitivity of S to 3DRT effects, using the cloud model output
as proxy data within a 3DRT calculation, can improve the interpretation of satellite-derived S values for
fair-weather cumulus regions.The three questions this study seeks to answer are then:
1.How do the cloud radiative effects for this case change with aerosol concentration ? This answer relies
on a 3DRT calc.
2.Could a computationally-cheaper approximate radiative transfer calculation to the above question
suffice ?
3.Even if 3DRT effects are significant, can the cloud susceptibility S still be usefully approximated ?

2.Data&Model

- A summary figure of the LES-model output from XF06 is shown below.The LES domain was
6.4 km by 6.4 km, with horizontal and vertical resolution of 100 m and 40 m respectively.
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Fig 1.a) cloud droplet concentration (black line; left axis) and cloud effective radius (grey line; right axis). b) Cloud (black)
and domain-averaged (grey) LWPs, ¢) cloud fraction using optical depth > 0.001 (black) and LWPs > 10g/mA2.,d) cloud
(black) and domain-averaged (grey) optical depth. All as a function of aerosol concentrations of 25, 50, 100,450, and
2000 /mg.Error bars indicate two standard deviations, deduced from the 48 5-minute fields of the last 4 hours of
simulation time.

The radiative transfer calculation relied on the Community Monte Carlo model developed under the
auspices of the I3RC project by Robert Pincus and Frank Evans. Fluxes were calculated for each of 48 indi-
vidual cloud field realizations at each aerosol concentration. Aerosols were also treated directly, using ra-
diative properties calculated following Kiehl and Briegleb (1993). The cloud radiative properties were
calculated through weighting and summing the bin-resolved droplet sizes appropriately, for the plots
shown here, an extinction efficiency of 2 was assumed, along with a single-scattering albedo of 1.0,and
the Mie scattering phase function appropriate for an effective droplet size of 10 micron (this has since
been redone using the radiative properties appropriate for the microphysics at each grid cell). A
lambertian surface albedo of 0.03 is assumend and calculations done for an overhead Sun and at a

solar zenith angle of 60 degrees. Broadband fluxes are crudely estimated from the monochromatic cal-
culation at 0.64 micron.The domain-mean fluxes are accurate to approximately 0.1%. Both 3DRT and
ICA calculations are performed.

A first calculation, shown below, also includes the direct aerosol radiative forcing (dotted line)
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iFig. 2: Monte Carlo (black), ICA (grey) domain-mean spectral albedo (cloud+aerosol), and area-weighted aerosol
only albedo (dotted line).

Under an overhead Sun the MC ("truth”) domain-averaged albedo is approximately 10% less than that
of the ICA calculations - even though 2/3 of the domain is cloud free (Fig. 1c).This is because sunlight can
escape through the cloud sides within the MC calculation but not the ICA calculation, also known as
“radiative smoothing” At the higher solar zenith angle the Monte Carlo albedo now exceeds that from
the ICA calculation, again by approximately 10%. Here, the cloud sides can intercept sunlight and scatter
it upward in the MC calculation, effectively increasing the cloud fraction from that utilized within the
ICA calculation (the ICA calculation treats each vertical column as infinately horizontally homogeneous).

3.Cloud Radiative Forcing
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Fig. 3. Monte Carlo (black) and ICA (grey) domain-mean, area-weighted cloudy albedo only (no aerosol).

Figure 3 focuses only on the albedo of the cloud-filled part of the domain as a function of aerosol.
Figure 4 shows the albedo values of Fig. 3 as a cloud radiative forcing, with the clear-sky radiative fluxes
removed. It is clear that the net radiative impact of the three aerosol indirect effects is a net cooling.The
suppression of precipitation/drizzle with increases in aerosol is not pronounced in these simulations (there
is little precipitation even at the lowest aerosol concentration), implying that the Twomey effect is the
dominant AIE.The dotted line provides an estimate of the radiative cooling if the cloud fraction changes
associated with Na increases were ignored, estimated by multiplying the mean cloud radiative forcing
at each Na by the mean cloud fraction from all simulations (22.7%).The reduction in cloud fraction with
increasing Na reduces the area-weighted cloud radiative forcing by approximately one-third under an
overhead Sun, and by almost one-half at a solar zenith angle of 60 degrees., thus mitigating the
strength of the Twomey effect.
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Fig. 4. Monte Carlo (black) and ICA (grey) domain-mean, area-weighted 0.64 micron spectral (left-hand)
and broadband (right axis) cloud radiative forcing corresponding to Fig. 3. Dotted lines estimate the
area-weighted cloud radiative forcing using the mean cloud fraction of all the simulations.

4, Susceptibility

Analytic susceptibility evaluations typically assume overcast conditions. Here we evaluate the
area-weighted cloud susceptibility:

Recall that only cloud droplet concentrations are allowed to change, with LWP, cloud depth, etc.
held constant. Scenes with mean cloud liquid water paths lying between 30 to 40 g/mA2 proved to
be the population most common to all aerosol concentration values. From these scenes the
susceptibility was calculated from both the MC and ICA cloud albedos. In addition, a popular
approximation to the susceptibility, derived from a two-stream radiative transfer model for
conservative scattering and first applied within Platnick and Twomey (1994), was evaluated (So).
This formulation can be easily applied to satellite reflectance data for a known or assumed cloud
droplet concentration.

References

= Platnick, S.and S.Twomey, 1994: Determining the susceptibility of cloud albedo to changes in droplet concentration with the Advanced Very High
Resolution Radiometer. J. Appl. Meteor., 33, 334-347.

- Xue.H.,and G. Feingold, 2006: Large-eddy simulations of trade wind cumuli: Investigation of aerosol indirect effects. ). Atmos. Sci.., 63, 1605-1622.

- Zuidema, P, H. Xue, and G. Feingold, 2007 (under review): Shortwave radiative impacts from aerosol efects on marine shallow cumuli.J. Atmos. Sci.,
The submitted version is available through http://www.rsmas.miami.edu/users/pzuidema/ (and will be updated when appropriate).

Acknowledgements: We thank the NASA Radiation Sciences program for their support of this research.

Gordon Research Conference on Radiation and Climate, July 29-Aug 3, 2007.

Graham Feingold
NOAA/ESRL, Boulder, CO

Fig.5 shows the cloud-only susceptibility calculated from both the 3DRT and ICA cloud albedos. Their
difference appears to scales with the susceptibility values themselves, with agreement improving at the
higher aerosol concentrations. Interestingly, the much simpler two-stream approximation So captures the
“true” albedo changes with aerosol well at higher Na values. Discrepancies are larger at low Na values.
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Fig.5:: MC (black) and ICA (grey) cloud susceptibility. Black and grey dotted lines indicate the values using the approxi-
mation So as applied to the MC and ICA cloud albedos, respectively.

When the domain-averaged susceptibility is broken down into terms that separately evaluate the
Twomey effect weighted by the mean cloud fraction, and that associated with cloud fraction changes,
we see that the cloud fractional changes greatly reduce the susceptibility from what it otherwise would
be. Additionally, the highest area-weighted cloud susceptibility is now seen to occur at intermediate
aerosol concentrations, rather than for the cleanest clouds.This contrasts with traditional expectations
based on the Twomey effect alone.
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Fig.6:The heaviest lines indicate the net area-weighted cloud susceptibility. The dotted lines indicate the susceptiblity
from just the Twomey effect, weighted by the mean cloud fraction.The thin solid lines indicate the susceptibility
associated with changes in cloud fraction with increasing Na. Note that while both terms have the highest magnitude
at low Na, their sum, which is the net domain-averaged susceptibility, can be a maximum at intermediate Na values.
This is more obvious under an overhead Sun.

5.Conclusions

We have used LES cloud model output examining the response of trade-wind cumuli to variations in aero-
sol concentration as proxy data within a 3DRT study to explore the radiative impact. For this case we can
answer the following questions:

1.How do the cloud radiative effects for this case change with aerosol concentration ?

The Twomey effect dominates the response, with the domain-averaged cloudy albedo increasing with

aerosol concentrations. The decreased cloud fractions associated with a positive evaporation-entrainment
feedback reduce the radiative impact from the smaller drop sizes by approximately one-third to one-half, how-
ever, depending on sun angle, and probably on how the cloud fraction is defined. Large-scale modeling of AlEs
do not consider a possible reduction of cloud fraction and size from increasing evaportation, which may help
explain why recent climate model attempts to evaluate AIE radiative impacts produce significant, unrealistic,
cooling.

2.Could a computationally-cheaper approximate radiative transfer calculation to the above question
suffice ?

We deduce significant 3DRT impacts upon the fluxes, with ICA calculations introducing systematic errors of
10% to 20%. These could be parameterized of course, and it is worth noting that 3DRT effect studies based on
LES proxy data typically find larger 3DRT effects than studies based on observational (satellite) data. Further
evaluation of the realism of LES proxy data would be valuable here.

3.Even if 3DRT effects are significant, can the cloud susceptibility S still be usefully approximated ?

The two-stream approximation for cloud susceptibility So appears to work remarkably well for these challeng-
ing clouds, despite the presence of 3DRT effects. In practice good cloud discrimination is still necessary, as well
as an independent cloud droplet number estimate. Interestingly, the domain-averaged cloud susceptibility is
most affected by cloud fraction changes at the low aerosol concentrations. Since these compensate for the
cloud-only susceptibility, we find that the domain-averaged albedo is most sensitive to changes in aerosol con-
centrations at an intermediate aerosol concentration (100/cc), rather than for the cleanest, most pristine, low
aerosol concentration clouds



