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We have applied the Colorado State University (CSU)
Regional Atmospheric Modeling System (RAMS) bulk
cloud microphysics parameterization to the treatment of
stratiform clouds in the National Center for Atmospheric
Research Community Climate Model (CCM2). The CSU
RAMS cloud microphysics parameterization predicts mass
concentrations of cloud water, cloud ice, rain and snow,
and number concentration of ice. To predict droplet
number and its dependence on aerosols, we have
introduced the droplet number conservation equation
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where E_, represents droplet evaporation; A, is the
droplet sink due to droplet coalescence; C_, C;, and C,
are sinks due to collection by rain, ice and snow; and F is
the sink due to droplet freezing to form ice crystals.
Assuming all cloud droplets are formed as air flows into
clouds, the droplet nucleation rate can be expressed as
N,. = -v:"N(V) where N equals the number nucleated for
flow from clear air into cloud, and zero for flow out. For
stratiform clouds, we neglect droplet formation on the
sides of the cloud, but account for both resolved and
turbulent transport of air into both the top and base of the
cloud:
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where A, is the model layer thickness, w is the vertical
velocity, p(w) is the subgrid probability distribution of w
at cloud base (subscript b) and cloud top (subscript t). The
number nucleated N is parameterized in terms of vertical
velocity, radiative cooling, aerosol humber concentration,
size distribution, and composition (Ghan et al. 1993,
1995). Supersaturation forcing by cloud-top radiative
cooling is accounted for by expressing the number
nucleated in terms of
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which follows from consideration of the supersaturation
balance (Ghan et al. 1993).

The probability distribution of vertical velocity is param-
eterized in terms of the grid cell mean and subgrid
variance of vertical velocity, assuming a normal
distribution. The subgrid variance of vertical velocity is
related to the turbulent kinetic energy predicted in the
Pacific Northwest National Laboratory version of CCM2.
Turbulent kinetic energy is predicted by the application of
the Yamada and Mellor (1979) second-order turbulence
closure (level 2.5) scheme. The integrations over the
probability distributions are performed semi-numerically,
taking advantage of asymptotic behavior to perform part of
the integration analytically.

To test the prediction of cloud droplet number, we have
performed two simulations in which the aerosol number
concentration, size distribution, and composition are
prescribed. In both simulations the aerosol is composed of
ammonium sulfate with alog-normal size distribution with
a number mode radius of 0.05 pmand a geometric
standard deviation of 2. The aerosol number concentration
is prescribped a 100 com~3in one simulation and
1000 cm™2 in the other, representative of marine and
continental aerosol concentrations, respectively. The
simulations were per-formed at T42 resolution for a period
of thirty days, beginning September 1.

The two simulations yield substantially different droplet
number concentrations. Figure 1 shows the frequency dis-
tribution of the simulated droplet number concentration
(averaged over all times cloud water is present) for the two
simulations. Note that a small fraction (5%) of the clouds
have droplet number concentrations exceeding the aerosol
number concentration; this physically unrealistic result is
due to differences between the treatment of vertical dif-
fusion of droplets from the cloud and the treatment of air-
flow into the cloud. The median droplet number concen-
trations in the two simulations are 24 and 127 cm, for
aerosol number concentrations of 100 and 1000 cm?,
respectively. Thus, a ten-fold increase in aerosol number
resulted in afive-fold increase in droplet number.
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Figure 1. Frequency distribution of 30-day mean droplet number
concentration simulated by Pacific Northwest National Laboratory
version of CCM2 with aerosol nhumber concentration prescribed at 100
cm® (above) and 1000 cm? (below).




The increased droplet number concentration resulted in an
increase in the planetary albedo through two mechanisms.
In addition to decreasing the effective radius of cloud
droplets, increasing the droplet number concentration also
permits higher cloud liquid water concentrations before
autoconversion is initiated. The mean liquid water path of
clouds is doubled by the increase in droplet number
concentration. The mean cloud optical depth is more than
doubled, partly due to the increase in liquid water path and
partly due to the reduction in effective radius. The
increase in the mean planetary albedo is 1.3%,
corresponding to a 4.4 W m~2 increase in reflected solar
radiation. We expect our estimate of the indirect radiative
impact of aerosols to increase as we correct biases in the
simulated low clouds and in the simulated partitioning
between the liquid and ice phases of cloud water.
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