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Abstract

Increasing aerosols decreases the size of droplets and thus their collection efficien-
cies, leading to an inefficient conversion of droplets to precipitable raindrops. This, in
turn, increases the mass of droplets suspended in the air by decreasing the removal
of cloud mass by sedimentation and has been known to be a main mechanism which
determines the effect of aerosols on cloud mass. However, a recent study showed
that this mechanism played a negligible role in the determination of the cloud mass as
compared to aerosol-induced feedbacks between microphysics and dynamics in thin
stratocumulus clouds with LWP of ~50¢g m~2 or less. This is contrary to studies which
have shown that the mechanism associated with the aerosol-induced inefficient con-
version plays an important role in the determination of the effect of aerosols on cloud
mass. These studies are generally based on clouds with LWP >50¢g m~2. Hence, it
is important to understand whether the role of aerosol-induced feedbacks in the ef-
fect of aerosols on cloud mass depends on the level of LWP. This study examines the
dependence of the role of the conversion of droplets to raindrops and their sedimenta-
tion in the determination of the effect of aerosols on cloud mass on the level of LWP.
Pairs of numerical experiments for high and low aerosol cases are run for four cases of
stratiform clouds with different LWPs. Comparisons among these cases show that the
role of the conversion and sedimentation becomes less important as the level of LWP
decreases. Instead, the role of the feedbacks between microphysics and dynamics
become more important with the lowering level of LWP.

The results of this study indicate that the traditional approach to the understanding
of the aerosol-cloud interactions and its application to the parameterization of these
interactions in climate models can be misleading. The understanding of feedbacks
between microphysics and dynamics induced by aerosol changes and their parame-
terization can be critical to the correct assessment of the effect of aerosols on clouds
and climate.
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1 Introduction

Aerosols act as cloud condensation nuclei (CCN) and thus affect cloud properties. In-
creasing aerosols are known to decrease droplet size and thus increase cloud albedo
(first aerosol indirect effect (AIE)) (Twomey, 1974, 1977). They may also suppress
precipitation and, hence, alter cloud mass and lifetime (second AIE) (Albrecht, 1989).
Enormous efforts have been made to gain an understanding of the effect of aerosols
on clouds, since these effects have been considered to be critical for the correct as-
sessment of climate changes induced by human activities (Penner et al., 2001).

The traditional understanding of the second AIE suggests that aerosols primarily af-
fect cloud mass by changing the conversion of droplets to rain through autoconversion
(i.e., the growth of droplets to rain by collisions among them and condensation) and
the accretion of droplets by rain. Increasing aerosols decrease the collection efficiency
among droplets and this slows down the droplet growth to a critical size (generally
~20—-40 um in radius) for active collections and thereby the formation of rain, leading
to decreased surface precipitation. Increasing aerosols also reduce the collection effi-
ciency between droplets and rain, leading to the reduced accretion of droplets by rain
and thus additionally contributing to a reduction in rain and in surface precipitation. The
second AIE suggests that the delay in autoconversion and accretion increases droplets
and thus cloud mass by reducing the cloud mass precipitating (as rain) out of clouds to
the surface. However, a recent study showed that cloud mass (represented by liquid-
water path (LWP)) can increase with increasing aerosols with nearly no changes in
the surface precipitation and in the associated in-cloud sedimentation of hydrometeors
(Lee et al., 2009a).

Lee et al. (2009a) examined aerosol-cloud interactions in thin stratocumulus
clouds (with LWP of ~509m'2 or less) with a very small surface precipitation of
~0.01 mm day’1 or less. The conversion of droplets to rain via autoconversion and ac-
cretion was negligible in these thin clouds as compared to condensation. The terminal
fall velocity of cloud particles to which the sedimentation rate is proportional increases
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with their increasing size. Also, the sedimentation of cloud mass is mainly controlled by
the sedimentation of cloud particles larger than the critical size (Pruppacher and Klett,
1997). Autoconversion and accretion are processes that control the growth of cloud
particles after they reach the critical size or larger (Rogers and Yau, 1989). Hence,
the small contribution of autoconversion and accretion to the cloud-liquid budget led
to sedimentation that was inactive (resulting in very small surface precipitation). Also,
Lee et al. (2009a) found that the variation in the conversion of droplets to rain and
its sedimentation as a result of changes in aerosols from their preindustrial (Pl) level
to present-day (PD) level was negligible as compared to that of condensation in thin
clouds. In other words, it is the response of condensation to aerosols that mainly con-
trols the response of cloud mass to aerosols, but not that of the conversion of droplets
to rain and its sedimentation.

Small cloud droplets grow to the critical size by condensation as well as turbulent col-
lisions; for particles smaller than the critical size, condensational growth is as important
as the growth through these turbulent collisions, though, after the critical size, the role
of condensation in the growth is negligible as compared to collection (Rogers and Yau,
1991). In thin clouds with low cloud-liquid content (LWC) where condensation is likely
to be low, the condensational growth of droplets is likely to be slow. This contributes
to the very low conversion efficiency (i.e., the ratio between the conversion of cloud
liquid to rain and condensation) and sedimentation, leading to a negligible role for the
conversion and their sedimentation in the response of cloud mass to aerosols. This
negligible role of sedimentation is at odds with previous studies such as that of Acker-
man et al. (2004) who found that sedimentation mainly determined the LWP response
to aerosols.

One of differences between the study of Lee et al. (2009a) and that of Ackerman
et al. (2004) is that Ackerman et al. (2004) simulated relatively thick clouds with LWP
>~70g m~2. The variation of sedimentation with increasing aerosols is larger in these
thick clouds than that in the thin clouds simulated by Lee et al. (2009a). This implies
that a transition apparently exists across LWP over which the role of sedimentation
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(and the associated conversion) in the response of cloud mass to aerosol number
concentration varies in stratocumuls clouds.

This study aims to examine how the role of the conversion and sedimentation in the
cloud-mass response to aerosols varies with varying LWP. The aim is to understand
how the validity of the traditional concept of the second AIE and its application to the
parameterization of the aerosol-cloud interactions in climate models varies with the
thickness of clouds (represented by the LWP).

2 Cloud-system resolving model (CSRM)

For numerical experiments, the Goddard cumulus ensemble (GCE) model (Tao et al.,
2003) is used as a CSRM, which is a three-dimensional nonhydrostatic compressible
model. The detailed equations of the dynamical core of the GCE model are described
by Tao and Simpson (1993) and Simpson and Tao (1993).

To represent microphysical processes, the GCE model adopts the double-moment
bulk representation of Saleeby and Cotton (2004). Full stochastic collection solutions
for self-collection among cloud droplets and for rain drop collection of cloud droplets
based on Feingold et al. (1988) are obtained. The philosophy of bin representation
of collection is adopted for calculations of the drop sedimentation. The cloud droplet
nucleation parameterization of Abdul-Razzak and Ghan (2000, 2002), which is based
on Kohler theory, is used. The change in the mass of droplets from the vapor diffusion
(i.e., condensation and evaporation) is calculated by taking into account the predicted
supersaturation and cloud droplet number concentration (CDNC).

The detailed description of the model used here can be found in Lee et al. (2009a,b).

3 Case description

A case of thin marine stratocumulus located at (30° N, 123° W) off the coast of the
western Mexico is simulated here. Henceforth, this case is referred to as “CONTROL".
19317

ACPD
9, 1931319350, 2009

Factors determining
the effect of aerosols
on cloud mass

S.S. Lee and
J. E. Penner

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/19313/2009/acpd-9-19313-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/19313/2009/acpd-9-19313-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

A pair of 1-day simulations from 14:00 LST (local solar time) on 14 July to 14:00LST
on 15 July in 2002 are performed in which the aerosol concentration is varied from
the PI level to the PD level. The simulation with the PD (Pl) level is referred to as the
high-aerosol (low-aerosol) run, henceforth.

Reanalysis data from the European Centre for Medium-Range Weather Forecasts
(ECMWEF) provide initial conditions and large-scale forcings. The 6-hourly analyses
were applied to the model as a large-scale advection for potential temperature and
specific humidity at every time step by interpolation. Temperature and humidity were
nudged toward the large-scale fields from the ECMWF using the large-scale advection.
The horizontally averaged wind from the GCE model was also nudged toward the inter-
polated wind field from ECMWF at every time step with a relaxation time of one hour,
following Xu et al. (2002). The model domain is considered to be small compared to
large-scale disturbances. Hence, the large-scale advection is approximated to be uni-
form over the model domain and large-scale terms are defined to be functions of height
and time only, following Krueger et al. (1999). Identical observed surface fluxes of heat
and moisture were prescribed in both the high- and low-aerosol runs. This method of
modeling cloud systems was used for the CSRM comparison study by Xu et al. (2002).
The details of the procedure for applying large-scale forcing are described in Donner
et al. (1999) and are similar to the method proposed by Grabowski et al. (1996).

Vertical profiles of initial specific humidity, potential temperature, and horizontal wind
velocity applied to CONTROL can be seen in Fig. 1. The vertical distribution of the
time- and area-averaged large-scale forcings of temperature and humidity and the time
series of surface fluxes imposed on CONTROL are depicted in Figs. 2 and 3. The
profiles of humidity and potential temperature indicate that the initial inversion layer
is formed around 500 m. Below the inversion layer, humidity, potential temperature, u
(wind in the east-west direction) and v (wind in the north-south direction) velocities
do not vary much. The positive values indicate eastward (northward) wind in v (v)
velocities. Maximum large-scale forcings are around 0.4 km. The surface latent-heat
(LH) and sensible-heat (SH) fluxes both increase up to ~05:00 LST on 15 July and then
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decrease.

Background aerosol data for the high-aerosol run and the low-aerosol run were pro-
vided by the CAM-UMICH model. Aerosol data produced at (30° N, 123° W) from the
PD and PI emissions were used for the high-aerosol run and low-aerosol run, respec-
tively. The detailed description of the CAM-UMICH model and aerosol emissions can
be found in Wang et al. (2009). Aerosol number concentration is calculated from the
mass profiles using parameters (mode radius, standard deviation, and partitioning of
sulfate among modes) described in Chuang et al. (1997) for sulfate aerosols and Liu
et al. (2005) for non-sulfate aerosols as in the GCM runs. In the marine boundary layer
(MBL), background aerosol number is nearly constant and only varies vertically within
10% of its value at the surface. The time series of the vertically averaged total back-
ground aerosol number over the MBL is shown in Fig. 4. Generally, the aerosol number
varies between 270 (150) and 450 (180) cm™ for the high-aerosol (low-aerosol) run.
Assumptions of aerosols follow those adopted in Lee et al. (2009a) (see Sect. 5in Lee
et al. (2009a) for the details of these assumptions).

The CSRM runs are performed in a 3-D framework. A uniform grid length of 50 m
is used in the horizontal domain and the vertical grid length is uniformly 20 m below
3km and then stretches to 480 m near the model top. Periodic boundary conditions
are used on the horizontal boundaries. The horizontal domain length is set to 12km
in both the east-west and north-south directions in this study to capture mesoscale
structures. The vertical domain length is 20 km to cover the troposphere and the lower
stratosphere.

4 Idealized cases

To isolate the dependence of the role of the conversion of droplets to rain and the sed-
imentation of hydrometeors in the response of cloud mass to aerosols on the level of
LWP, it is ideal to compare the role among clouds with a difference only in the LWP
level and with no differences in any other environmental conditions in which the clouds
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embed. However, it is obvious that with identical imposed environmental conditions,
characterized by the initial conditions, large scale forcings of humidity and tempera-
ture, and surface fluxes, identical clouds will be generated with no differences in cloud
properties including LWP. Hence, one needs to generate clouds with minimized differ-
ences in environmental conditions yet with the different levels of LWP.

As shown by Guo et al. (2007), an increase in the surface LH flux increases the
LWP of stratocumulus clouds. The larger surface LH fluxes induce the larger buoyancy
fluxes. This in turn induces a larger vertical velocity, leading to larger condensation and
LWP in stratocumulus clouds. Based on this, to minimize differences in environmental
conditions, only the surface LH flux is altered to determine the different LWP cases in
this study. In other words, the simulations in CONTROL are repeated with differences
only in the surface LH flux. For the first of these idealized cases, the surface LH flux in
CONTROL, multiplied by a factor of 5, is applied. This idealized case is referred to as
“LH-M5”. For the other idealized cases, the CONTROL surface-LH flux is decreased
(in the manner as shown in Table 1 which summarizes the simulations in this study).
These idealized cases with a reduced surface LH flux are named as shown in Table 1.

5 Results
5.1 Cloud properties
5.1.1 CONTROL

Figure 5 depicts the time-height cross section of cloud-liquid mixing ratio for the high-
aerosol run (with the PD aerosol) and low-aerosol run (with the Pl aerosol). Clouds
in CONTROL are formed around 18:00LST on 14 July. Figure 5 indicates that the
maximum cloud depth is ~300m in CONTROL. Except for the first and the last 30 min
of the cloud evolution, cloud fraction is larger than 0.8. Hence, thin shallow clouds with
no substantial breakup are formed in CONTROL. Averaged surface precipitation rates
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are 0.02 (0.03) mm day‘1 in the high-(low-) aerosol run in CONTROL.

Figure 6 depicts the temporal evolution of the domain-averaged LWP. Figure 6 shows
that LWP in the high-aerosol run is generally higher than that in the low-aerosol
run during time integration in CONTROL. The time- and domain-averaged LWPs are
60.5(52.6)gm’2 at high (low) aerosol in CONTROL (Table 2). The time average is
performed for the period when clouds are present.

The simulated LWP in the high-aerosol run is compared to observation by the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) to assess the ability of the model
to simulate stratiform clouds. The difference between the domain-averaged LWP in
the high-aerosol run and the MODIS-observed LWP is less than 10% relative to LWP
observed by the MODIS. This demonstrates that LWP is simulated reasonably well.
Figure 7 shows the vertical profile of the time- and domain-averaged simulated poten-
tial temperature and water vapor mixing ratio for CONTROL. The vertical coordinate is
in the units of the height normalized with respect to the cloud-top height (z;). Triangles
(Squares) in Fig. 7 are the retrieved potential temperature (water-vapor mixing ratio)
from the MODIS observation at the MODIS-observation levels; the MODIS provides the
retrieved values at 20 pressure levels. Figure 7 demonstrates that simulated potential
temperature and humidity also show a good agreement with the MODIS observations.

5.1.2 Idealized cases

As in CONTROL, shallow clouds with no substantial break-up are formed in all of the
idealized cases. However, clouds in LH-M5 form earlier and disappear later and clouds
in the other idealized cases form later and disappear earlier than clouds in CONTROL
(Fig. 5). The time average of variables in these idealized cases is performed over the
period between the cloud formation and disappearance as in CONTROL.

LWP in the high-aerosol run and the low-aerosol run in LH-M5 is larger than that
in the high-aerosol run and the low-aerosol run in CONTROL (Fig. 6 and Table 2).
Also, the difference in LWP between the high-aerosol run and the low-aerosol run
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in LH-M5 is larger than that in CONTROL (Table 2). Averaged precipitation rate is
0.09(0.13) mm day'1 at high (low) aerosol, larger than that in CONTROL. However,
LWHP, its difference between the high- and low-aerosol runs, and precipitation rate in the
other idealized cases (with the lower surface LH fluxes) are smaller than those in CON-
TROL (Table 2). While the time- and area-averaged LWP in LH-M5 and CONTROL is
larger than 50 g m~2, the other idealized cases show the averaged LWP smaller than
509 m™2 (Table 2). Hence, according to the classification of Turner et al. (2007), clouds
in LH-M5 and CONTROL can be considered thick and clouds in the other cases can
be considered thin.

As intended, only by varying the surface LH flux, clouds with the different levels of
LWP are generated, enabling the examination of the varying role of the conversion and
sedimentation with varying LWP.

5.2 Liquid-water budget and sedimentation

To elucidate microphysical processes controlling liquid-water content (LWC) and
thereby LWP and their differences between the high-aerosol run and the low-aerosol
run for each of the cases, the domain-averaged cumulative source (i.e., condensation)
and sinks of cloud liquid and their differences between the high- and low-aerosol runs
(high aerosol — low aerosol) are obtained. For this, a production equation for cloud
liquid is integrated over the domain and the duration of the simulations. Integrations
over the domain and duration of simulation are denoted by < >:

1
A >= —|l[p,Adxdydzdt 1
<A> LxLy///pa xdydz (1)

where Lx and Ly are the domain length (12km), in east-west and north-south direc-
tions, respectively. p, is the air density and A represents any of the variables in this
study. The budget equation for cloud liquid is as follows:

0q,.

<51

>=< Qgong > — < Oevap > = < Qquio > = < Qgeer > (2)
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Here, g, is cloud-liquid mixing ratio. Qcongs Qevaps Pautor @Nd Qyee, refer to the rates
of condensation, evaporation, autoconversion of cloud liquid to rain, and accretion of
cloud liquid by rain, respectively. The storage of hydrometeors is zero (no suspended
hydrometeors in the air) at the end of simulation, and, therefore, the domain-averaged
cumulative tendency, which is the term on the left hand side of Eq. (2), is zero for all
of simulations except for simulations in LH-M5 (Fig. 5). As can be seen in Fig. 5, in
LH-M5, there is suspended cloud liquid at the end of simulations.

Table 2 shows the budget numbers from Eq. (2). The budget numbers show that
condensation and evaporation are ~one to two orders of magnitude larger than the
conversion of cloud liquid to rain (i.e., autoconversion+accretion of cloud liquid by rain);
note that, as shown in Lee et al. (2009a), evaporation is controlled by condensation,
since increasing (decreasing) condensation provides an increased (decreased) source
of evaporation, leading to an increased (decreased) evaporation. This indicates that
the conversion of cloud liquid (produced by condensation) to rain is highly inefficient.
The conversion efficiency (i.e., the ratio of the cumulative conversion to the cumulative
condensation) is the highest in LH-M5 and it decreases with the decreasing imposed
surface-LH flux and thus LWP level. As shown in Table 2, the conversion efficiency
is ~8 to 15% in LH-M5, while the efficiency is just ~0.5 to 0.7% in LH-D10. Hence,
although the efficiency in all of the cases is low, it varies widely among cases. Also,
the ratio of the difference in the conversion (between the high- and low-aerosol runs)
to that in condensation largely decreases with the decreasing level of LWP. In LH-M5,
this ratio is ~26% and it decreases to ~2.5% in LH-D10 (Table 2).

Autoconversion and accretion are processes that control the growth of cloud parti-
cles after they reach the critical size for active collection and the terminal fall velocity
of cloud particles, to which the sedimentation rate is proportional, increases with their
increasing size (Rogers and Yau, 1989). Hence, the small contribution of autoconver-
sion and accretion to LWC implies that the role of sedimentation of cloud particles in
the determination of LWC is not as significant as that of condensation.
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There are much larger differences in condensation as compared to those in the
conversion of cloud liquid to rain between the high- and low-aerosol runs are simu-
lated here (Table 2). This implies that changes in condensation (controlling changes
in evaporation) due to aerosol increases play much more important roles in the LWP
responses to aerosols than those in sedimentation.

Table 2 shows the domain-averaged cumulative cloud-mass changes due to in-cloud
sedimentation for the high- and low-aerosol runs; here, the absolute value of the
sedimentation-induced mass change is presented. Cloud mass here is the sum of
the mass of all species associated with warm microphysics, i.e., cloud liquid and rain.
The magnitude of condensation is substantially larger than that of the sedimentation-
induced cloud-mass changes for all of the cases (Table 2). Also, the magnitude of the
difference in condensation between the high- and low-aerosol runs is larger than that
for the sedimentation-induced mass changes (Table 2). Hence, in general, as implied
by the budget analysis, the LWC and LWP and their responses to aerosols are mainly
determined by condensation (controlling evaporation and its response to aerosols) and
the role of sedimentation in their determination is not important.

The ratio of sedimentation to condensation and the ratio of the difference in sed-
imentation between the high-aerosol run and the low-aerosol run to that in conden-
sation vary widely among cases (Table 2). Due to the highest conversion efficiency,
sedimentation is 11-24% of condensation and the sedimentation difference is 52% of
the condensation difference between the high-aerosol run and the low-aerosol run in
LH-M5. However, as the conversion efficiency lowers with the decreasing LWP, sedi-
mentation is lowered to only ~1% of condensation and ~3% of condensation difference
in LH-D10.

5.3 Factors controlling condensation

In this section, we perform an analyses of condensation, which plays the most im-
portant role in determining the LWP and its response to aerosols among the budget
terms.
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The equation of the mass change of droplets from vapor diffusion in this study, inte-
grated over the size distribution, is as follows:
dm
i NgATW FreSOyen (3)
where Ny is the CDNC, y the vapor diffusivity, and p,¢,the saturation water vapor

mixing ratio. S is the supersaturation, given by (5—“1 - 1) where p,, is water vapor

mixing ratio. Fg, is the integrated product of the ventilation coefficient (fz.) and droplet
diameter (D) which is given by

oo

Fre = /DfRefgam(D)dD (4)
0

v-1
where f,(D) the distribution function, given by ﬁ <D%) Dln exp (‘D%)' fre is given

0.5
by [1 .0+0.229 (%) n where v; is the terminal velocity and V the kinematic vis-

cosity of air and nthe shape parameter (Cotton et al., 1982).

Among the variables associated with the condensational growth of droplets in Eq. (3),
differences in the supersaturation and CDNC contribute most to the differences in con-
densation between the high- and low-aerosol runs. Percentage differences in the other
variables are found to be ~two orders of magnitude smaller than those in supersatura-
tion and CDNC throughout the simulations. Figure 8 shows the time series of CDNC
and Fig. 9 the time series of supersaturation, conditionally averaged over areas where
the condensation rate >0, for the cases in this study. Figures 8 and 9 indicate that su-
persaturation is generally larger at low aerosol than at high aerosol in all of the cases.
However, the condensation rate is generally higher, leading to larger cumulative con-
densation at high aerosol than at low aerosol except for LH-D5 where it becomes higher
for the low aerosol case around 02:00 LST on 15 July as shown in Fig. 10. Figure 10
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depicts the time series of the domain-averaged cumulative condensation in LH-D5. The
larger condensation at high aerosol is ascribed to the larger CDNC providing a larger
surface area for water-vapor condensation at high aerosol compared to that at low
aerosol. The effects of the CDNC increase on the surface area of droplets and thus
condensation compete with the effects of the supersaturation decrease on the con-
densation with increasing aerosols. This leads to a smaller condensation difference
than the differences in CDNC and supesaturation. The effects of the increased surface
area for condensation outweigh the effects of decreased supersaturation, leading to
the increase in condensation in the high aerosol runs in all of the cases except that of
LH-D5.

Increased condensation provides more condensational heating, and, thereby, inten-
sifies updrafts as shown in Fig. 11 which depicts the vertical distribution of the domain-
averaged variance of updrafts for all of the cases except for LH-D5. Increased updrafts
in turn increase condensation, establishing a positive feedback between updrafts and
condensation. Therefore, the larger number of cloud droplets providing a larger surface
area for condensation and thus inducing stronger updrafts plays a critical role in the in-
creased condensation in cases where the LWP is higher at high aerosol. Note that
increased condensation not only increases evaporation which, in turn, increases en-
trainment, but also increases LWC. In the cases where LWP is higher at high aerosol,
the effects of increased condensation on LWC outweigh those of evaporation and en-
trainment, leading to increased LWP at high aerosol. The interactions among CDNC,
condensation and dynamics (i.e., updrafts) in these cases mainly determine the differ-
ences in condensation and thereby the LWP response to aerosols between the high-
and low-aerosol runs.

The intensified interactions between condensation and updrafts due to increased
CDNC in LH-D5 lead to larger condensation and, thereby, LWP in the high-aerosol
run than in the low-aerosol run prior to 02:00LST on 15 July by compensating for the
lower supersaturation (Fig. 10). The domain-averaged LWPs are 40.1 and 39.8¢g m=2
in the high- and low-aerosol runs, respectively, prior to 02:00 LST on 15 July. However,
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Fig. 10 shows that condensation rate (indicated by the slope of cumulative condensa-
tion) begins to increase more rapidly around 00:00LST on 15 July in the low-aerosol
case than in the high-aerosol case. As a result of this, the cumulative condensation
begins to be larger around 02:00LST on 15 July in the low-aerosol run than in the
high-aerosol run in LH-D5. This leads to larger averaged LWP over the entire domain
and simulation period at low aerosol than at high aerosol. This indicates that there is
a mechanism compensating for the decreased interactions among CDNC, condensa-
tion, and dynamics in the low-aerosol run in LH-D5.

Surface precipitation is absent in LH-D5. As indicated by Jiang et al. (2002),
when precipitating particles evaporate completely before reaching the surface, even
the slightly increased evaporation of precipitation around the cloud base can cause
an increase in the instability concentrated around the cloud base. When precipitation
reaches the surface, the associated cooling tends to stabilize the entire layer below the
cloud (Paluch and Lenschow, 1991). Updrafts and downdrafts in the cloud and sub-
cloud layers increase when precipitation does not reach the surface, since its evapora-
tion increases instability around the cloud base (Feingold et al., 1996).

Figure 12a, depicting the vertical distribution of the domain-averaged rain evapora-
tion in LH-D5, confirms that precipitation does not reach the surface and that most of
the rain evaporation occurs around cloud base (at z/z;~0.5) in both the high- and low-
aerosol runs. Increased aerosols in the high-aerosol run delay the formation of precip-
itation, leading to smaller precipitation and thus its evaporation around cloud base. As
shown in Fig. 12b, depicting the vertical profile of the time- and domain-averaged rate
of conversion of cloud liquid to rain in LH-D5, more droplets are converted to rain at low
aerosol. The time- and domain-averaged effective size (in diameter) of cloud droplets
is 15 and 11 um at low aerosol and at high aerosol, respectively. Larger particle size fa-
vors more efficient collisions among droplets and rain leading to a higher conversion of
droplets to rain. Hence, more rain with its higher terminal velocity than droplets precipi-
tates to around the cloud base at low aerosol than at high aerosol. This in turn leads to
larger evaporation of rain just below the cloud base as shown in Fig. 12a. Figure 12c,
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depicting the domain-averaged profile of the lapse rate of potential temperature 77 over

00:00-02:00LST on 15 July in LH-D5, shows that the increase in evaporation below
cloud base leads to larger instability at low aerosol prior to 02:00 LST (Z—g is smaller
at low aerosol below cloud base). Figure 12d shows the domain-averaged profile of
potential temperature over 00:00-02:00 LST on 15 July. Smaller % below cloud base
leads to lower potential temperature at low aerosol around cloud base. This larger in-
stability causes the variance of the vertical velocity at low aerosol to be larger than that
at high aerosol after 00:00LST on 15 July as seen in a comparison between Fig. 13a
and b. Stronger vertical motion leads to the rapidly increasing condensation around
00:00LST on 15 July and then to larger cumulative condensation at 02:00LST on
15 July at low aerosol than at high aerosol in LH-D5 (Fig. 10).

The effect of aerosols on the instability around cloud base in LH-D5 competes with
interactions among CDNC, condensation, and dynamics; increased aerosols not only
decrease the instability around cloud base but also increase interactions among CDNC,
condensation and dynamics. The effects of decreased instability outweigh those of
the intensified interactions among CDNC, condensation, and dynamics with increased
aerosols, leading to smaller LWP in the high-aerosol run than in the low-aerosol run.

The effect of aerosols on the instability around cloud base in LH-D10 where there is
no surface precipitation also competes with interactions among CDNC, condensation,
and dynamics. However, in LH-D10, unlike in LH-D5, LWP is larger at high aerosol than
at low aerosol. This is associated with the smaller ratio of the difference in the conver-
sion to the difference in condensation. In other words, the increase in the conversion
and thus in the sedimentation of rain to the cloud base as compared to the decrease in
condensation at the initial stage of cloud development at low aerosol in LH-D10 is not
as large as in LH-D5. Due to smaller condensation, available liquid water for the con-
version of cloud liquid to rain becomes smaller at low aerosol in LH-D10 as compared
to that at low aerosol in LH-D5. In addition to the smaller available liquid water, the con-
version efficiency is smaller at low aerosol in LH-D10. This leads to a reduced increase
of rain precipitated to the cloud base and thus a reduced increase of the cloud-base
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evaporative cooling at low aerosol in LH-D10 as compared to LH-D5. Figure 14 shows
that the increase in the cloud-base rain evaporation at low aerosol is smaller in LH-D10
than in LH-D5. Hence, the increased cloud-base instability due to the increased rain
evaporation at low aerosol in LH-D10 is not as large as that in LH-D5. This allows
the increased interactions among CDNC, supersaturation, and condensation at high
aerosol to win over the increased cloud-base instability at low aerosol, leading to larger
LWP at high aerosol than at low aerosol in LH-D10.

6 Summary and conclusion

This study examined the dependence of the role of the conversion of cloud liquid to
rain (through autoconversion and accretion) and sedimentation in the effect of aerosols
on cloud mass for different values of the LWP. For the examination, four sets of simu-
lations of stratocumulus clouds with different LWPs are performed. In the first sets of
simulations, a case at (30° N, 123° W) off the coast of the western Mexico (CONTROL)
is simulated for PD aerosols (the high-aerosol run) and Pl aerosols (the low-aerosol
run). To vary the LWP level while minimizing differences in environmental conditions,
the surface LH fluxes are varied while keeping all other environmental conditions the
same. This is to better isolate the dependence of the role of the conversion and sed-
imentation on LWP. The case with the highest LH fluxes (LH-M5) shows the largest
LWP and, as the LH flux decreases, the LWP level decreases in the other cases.
Condensation plays a much more important roles in the determination of cloud mass
than does the conversion of cloud mass to rain (via autoconversion+accretion) or sed-
imentation for each of simulations in each of cases. The relative role of conversion
and sedimentation to that of condensation in the determination of cloud mass varies
widely among the cases. In LH-M5 with the highest LWP, the domain-averaged cu-
mulative conversion and sedimentation account for ~8-24% of the domain-averaged
cumulative condensation and, as the LWP level decreases, the ratio of conversion and
sedimentation to condensation decreases by a large amount; in LH-D10 with the lowest
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LWP, conversion and sedimentation are less than 1% of the condensation.

Also, the role of condensation in the response of cloud mass to aerosols is more
important than the role of conversion and sedimentation in each of the cases. The rel-
ative importance of the role of conversion and sedimentation to that of condensation in
the response of cloud mass to aerosols decreases by a large amount with a decrease
in the LWP. In LH-M5, with the highest LWP, the variations of conversion and sedimen-
tation are 26 and 52% of the variation of condensation due to the aerosol changes,
respectively. However, in LH-D10 with the lowest LWP, the conversion and sedimenta-
tion variation are each only ~3% of the condensation variation due to aerosol changes.

Results here indicate that although the conversion efficiency is the highest and the
largest portion of condensation is balanced by sedimentation, the role of condensation
in determining the LWP is more important than autoconversion, accretion, and sedi-
mentation in LH-M5. Also, the role of condensation in the LWP response to aerosols
is more important than autoconversion and accretion, and sedimentation in LH-M5.
The averaged-LWP in LH-M5 is in the LWP range of one of the highest observation
frequencies reported by McComisky et al. (2009). Hence, it is likely that, in clouds with
one of the most probable LWPs, parameterizations that only focus on autoconversion,
accretion, and sedimentation for treating aerosol-cloud interactions will be misleading.
This implies that the effect of aerosols on cloud radiative forcing is likely to have been
misrepresented by climate models, contributing to large uncertainties in the AIE. Also, it
should be pointed out that the importance of the role of autoconversion, accretion, and
sedimentation in LWP and its response to aerosols decreases substantially with the
decreasing LWP. This indicates a need to take into account the dependence of these
processes on the LWP level for the parameterizations of clouds and their interactions
with aerosols in climate models.

The coarse spatial resolutions employed in climate models are not able to resolve
the interactions among CDNC, condensation, and updrafts in the cloud layer which
play important roles in the effect of aerosols on LWP in all of cases here. Also, the
coarse resolutions are not able to resolve the cloud-base instability which plays an im-
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portant role in the effect of aerosols on LWP in cases with no surface precipitation.
Hence, it is necessary to develop parameterizations that are able to consider the ef-
fects of these interactions and instability on the LWP variation with aerosols. Also, most
of climate models and some of CSRMs have adopted saturation adjustment schemes
which are not able to predict supersaturation and thereby to consider the effects of
changes in the surface area of cloud particles for the calculation of condensation. The
use of a saturation adjustment scheme prevents the simulation of the changing compe-
tition between supersaturation and the surface area of cloud particles with increasing
aerosols. This prevents the simulation of varying interactions among CDNC, conden-
sation, and dynamics with aerosols, which can lead to incorrect assessments of the
effect of aerosols on clouds. Therefore, microphysics parameterizations, able to pre-
dict particle mass and number, and thereby, surface area, coupled to a prediction of
supersaturation, need to be implemented into climate models for a correct assessment
of the effect of aerosols on clouds. Also, for clouds with no surface precipitation, those
parameterizations should be able to take into account rain evaporation and its effects
on the instability around cloud base.

There are numerous ways of changing the level of LWP. For example, the LWP level
can be modified by modifying the LH heat flux or by modifying the cloud-top humidity
which affects the drying of cloud by entrainment. The former approach has been used
to generate the idealized LWP differences among cases in this paper. However, the
choice of the approach is not likely to affect the qualitative nature of this study. The LWP
level (per se) can act as an indicator of the growth of droplets through condensation
before they reach the critical size for active collection. The low (high) LWP indicates
the low (high) growth of droplets with condensation, leading to the low (high) collisions
among droplets and thus the low (high) conversion of droplets to raindrops. This is
supported by the analyses of aggregated measurements of warm stratiform clouds by
McComisky et al. (2009). They showed a clear increase in collisions among droplets
with increasing LWP among clouds with different environmental conditions. However,
more case studies of clouds with different LWPs embedded in different environmental
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conditions are needed to establish the robustness of the results presented here to
different environmental conditions.
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Simulations Background Surface LH flux
aerosols
High-aerosol run  PD aerosol  LH flux at (30° N, 123° W) from the ECMWF
reanalysis
CONTROL | ow-aerosol run Pl aerosol Same as in the high-aerosol run in CONTROL
High-aerosol run PD aerosol  Same as in the high-aerosol run in CONTROL
but increased by a factor of 5
LH-M5 Low-aerosol run Pl aerosol Same as in the high-aerosol run in CONTROL
but increased by a factor of 5
High-aerosol run PD aerosol ~ Same as in the high-aerosol run in CONTROL
but reduced by a factor of 5
LH-D5 Low-aerosol run Pl aerosol Same as in the high-aerosol run in CONTROL
but reduced by a factor of 5
High-aerosol run PD aerosol  Same as in the high-aerosol run in CONTROL
but reduced by a factor of 10
LH-D10 Low-aerosol run Pl aerosol Same as in the high-aerosol run in CONTROL
but reduced by a factor of 10
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9, 19313-19350, 2009
Table 2. Domain-averaged LWP, precipitation rate, budget terms of cloud liquid (i.e., condensa-
tion, evaporation, and the conversion), sedimentation, the ratio of conversion to condensation

and of sedimentation to condensation. A represents differences between the high-aerosol run Factors determining
and the low-aerosol run. the effect of aerosols
on cloud mass
LH-M5 CONTROL LH-D5 LH-D10
High Low High High Low High High Low High High Low High
aerosol aerosol minus aerosol aerosol minus aerosol aerosol minus aerosol aerosol minus S S Lee and
low low low low s
LWP (gm3) 733 616 117 605 526 7.9 399 409 -10 381  36.2 19 J. E. Penner
Precipitation rate 0.09 0.13 -0.04 0.02 0.03 -0.01 0.00 0.00 0.00 0.00 0.00 0.00
(mmday”)
< Qeong > 4.56 3.83 0.73 1.41 1.04 0.37 0.61 0.67 -0.06 0.59 0.55 0.04
Condensation (mm)
< Qouap > 412 3.20 0.92 1.37 0.96 0.38 0.60 0.66 -0.06 0.59 0.55 0.04
Evaporation (mm)
< Quuto > 0.38 057 -0.19  0.04 0.08 -0.04 0006 0011 -0.005 0.003 0.004 -0.001
Autoconversion of
cloud liquid to rain
+ < Quoer >
Accretion of cloud
liquid by rain (mm)
< |Qgedl > 0.53 0.91 -0.38 0.06 0.12 -0.06 0.008 0.015 -0.007 0.004 0.005 -0.001
Sedimentation above
the cloud base (mm)
(< Qao >+ < Qe >)/ 9 008 015 026 003 008 011 0009 0016 0083 00051 00073 0.025
< Weong >

A(< Qauio > + < Queer >
IA(< Quuio w2 < gy

for “High minus low”

< |Qsedl >/< Qeong > 0.11 0.24 0.52 0.04 0.12 0.16 0.013 0.022 0.116  0.0068 0.0091  0.025

A < |Qgeql >
A< 1ud > Yy < g5
for “High minus low”
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Fig. 1. Vertical profiles of (a) initial potential temperature and water vapor mixing ratio and

Velocity (ms ")

(b) initial horizontal wind (u, v) velocity.
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Fig. 2. Vertical distribution of the time- and area-averaged (a) potential temperature large-scale
forcing (K day‘1) and (b) humidity large-scale forcing (g kg_1 day_1).
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Fig. 3. Time series of surface sensible (SH) and latent (LH) heat fluxes (W m‘2).
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Fig. 4. Time series of background aerosol number concentration (cm~®) averaged over the

MBL.
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Fig. 5. Time-height cross section of cloud-liquid mixing ratio (g kg'1). Contours are at
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Fig. 6. Time series of LWP (g m‘s) averaged over the horizontal domain.
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Fig. 7. Vertical distribution of time-averaged potential temperature and water vapor mixing ratio
for CONTROL. Squares (triangles) represent the retrieved potential temperature (water vapor
mixing ratio) from the MODIS observation. The solid horizontal line is the average cloud-base
height normalized with respect to cloud-top height (z;).
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Fig. 8. Time series of conditionally averaged CDNC. For the conditional average, the grid points
with positive values of condensation are summed and the other grid points are excluded. The _I
conditional average is the arithmetic mean of a variable of interest (here, CDNC) over those g
collected grid points.
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Fig. 9. Time series of conditionally averaged supersaturation. The conditional average is the
arithmetic mean of a variable of interest (here, supersaturation) over collected grid points with

non-zero condensation.
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Fig. 10. Time series of cumulative condensation (mm) averaged over the horizontal domain for
LH-D5.
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Fig. 11. Vertical distribution of the time- and area-averaged variance of vertical velocity (w’w’)
(m~2s72) in cases except for LH-D5. The vertical coordinate is in the units of the height nor-
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malized with respect to the cloud-top height (z;).
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Fig. 12. Vertical distribution of time- and area-averaged (a) rain evaporation over the entire simulation period,
(b) conversion of cloud liquid to rain in gm'3 day‘1, (c) % (K m'1) , and (d) @ (K) for LH-D5. (b) is averaged over
19:00LST on 14 July—00:00 LST on 15 July and (c¢) and (d) are averaged over 00:00 LST 15 July—02:00 LST 15 July.
The solid horizontal line in each figure is the average cloud-base height normalized with respect to cloud-top height
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Fig. 13. Vertical distribution of the time- and area-averaged variance of vertical velocity (w’w’)
(m'2 3‘2) for LH-D5. (a) and (b) are averaged over the period prior to 00:00LST on 15 July
and the period between 00:00LST on 15 July and 02:00LST on 15 July, respectively. The
solid horizontal line in each figure is the average cloud-base height normalized with respect to
cloud-top height (z;).
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Fig. 14. Vertical distribution of the time- and area-averaged difference between the high- and

low-aerosol runs (low-high) in rain evaporation for LH-D5 and LH-D10. The solid horizontal line
is the average cloud-base height normalized with respect to cloud-top height (z;).
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