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Abstract

This study examines the role of solar radiation in the effect of aerosols on liquid-water
path (LWP) in thin, marine stratocumulus clouds with LWP of ∼50 g m−2 or less by per-
forming four sets of simulations with different solar radiation. Each set is composed
of a simulation with present-day (PD) aerosols and a simulation with preindustrial (PI)5

aerosols. As solar radiation increases, decoupling within the marine boundary layer
(MBL) becomes stronger, leading to less condensation and less LWP and thus the ab-
sence of the surface precipitation. This enables the evaporation of rain to affect the
cloud-base instability. As rain evaporation increases due to more conversion of cloud
liquid to rain in the PI case, the cloud-base instability increases and thus updrafts in-10

crease which leads to larger LWP in the PI case than in the PD case. In the cases with
no surface precipitation, when solar radiation decreases and thus decoupling becomes
weaker, rain evaporation and cloud-base instability become larger, which increases the
LWP more with PI aerosols than with PD aerosols. As solar radiation decreases fur-
ther, condensation and, thus, the LWP increase, which leads to the presence of the15

surface precipitation. This stabilizes the entire MBL and thus prevents the interactions
that cause the evaporation of rain to enhance the cloud-base instability. In cases with
the surface precipitation, the in-cloud interactions among cloud droplet number con-
centration (CDNC), supersaturation, and updrafts play an important role in the effect
of aerosols on the LWP; these in-cloud interactions produce larger LWP with the PD20

aerosols than with the PI aerosols. In a case with lower solar radiation and with surface
precipitation, weaker decoupling induces stronger in-cloud interactions, which results
in larger increases in LWP with PD aerosols compared to PI aerosols than that in a
case with higher solar radiation.

The results of this study demonstrate that solar radiation can act as an important25

environmental factor by inducing a large variation in the LWP and by changing the
sign of aerosol effects on the LWP of thin stratocumulus clouds. Hence, the effect of
solar radiation on decoupling and thus on the feedbacks between microphysics and
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dynamics needs to be included in climate models for a better prediction of the effect of
aerosols on clouds and thus climate.

1 Introduction

Aerosols act as cloud condensation nuclei (CCN) and thus affect cloud properties.
Increasing aerosols are known to decrease droplet size and thus increase cloud albedo5

(the first aerosol indirect effect, AIE) (Twomey, 1974, 1977). They may also suppress
precipitation and, hence, alter cloud mass and lifetime (the second AIE) (Albrecht,
1989). A significant effort has been directed towards gaining an understanding of the
effect of aerosols on clouds, since this effect has been considered to be critical for
the correct assessment of climate changes induced by human activities (Penner et al.,10

2001).
Lee et al. (2009) examined aerosol-cloud interactions in thin stratocumulus

clouds with LWP of ∼50 g m−2 or less and with very small surface precipitation of
∼0.01 mm day−1 or less. A budget analysis of droplets (also referred to as cloud liquid
in this study), showed that the conversion of droplets to rain via autoconversion (i.e. the15

growth of droplets to rain by collisions and condensation) and the accretion of droplets
by rain were negligible in these thin clouds as compared to condensation. The terminal
fall velocity of cloud particles to which the sedimentation rate is proportional increases
with their increasing size. Also, the sedimentation of cloud mass is mainly controlled
by the sedimentation of cloud particles larger than the critical size for active collection20

around ∼20–∼40µm in radius (Pruppacher and Klett, 1997). Autoconversion and ac-
cretion are processes that control the growth of cloud particles after they reached the
critical size or larger (Rogers and Yau, 1989). Hence, the small contribution of autocon-
version and accretion to the cloud-liquid budget led to inactive sedimentation (resulting
in the very small surface precipitation). Also, Lee et al. (2009) found that the change25

in conversion and sedimentation due to the change in aerosols from their PI level to
PD level was negligible as compared to that of condensation in thin clouds. In other
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words, it is the response of condensation to aerosols that mainly controls the response
of cloud mass to aerosols, not that of the response of conversion and sedimentation.
This is contrary to the traditional understanding of the second AIE which suggests that
aerosols primarily affect cloud mass by changing the conversion of droplets to rain.

As shown in Lee et al. (2009), the response of condensation to aerosols is controlled5

by the aerosol-induced variation of interactions between microphysics and dynamics
in thin stratocumulus clouds. Since it is well-known that dynamics in stratocumulus
clouds is closely linked to the decoupling of the MBL, solar radiation, which controls
the decoupling, is likely to affect the variation of interactions between microphysics and
dynamics and thus the response of cloud mass to aerosols in thin clouds.10

This study aims to examine how solar radiation affects aerosol-cloud interactions
in thin clouds by varying the level of solar radiation. Several idealized cases of thin
clouds are simulated with differences only in the level of solar radiation to better isolate
the effect of solar radiation on these interactions.

2 Cloud-System Resolving Model (CSRM)15

Here, 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 Simp-
son (1993) and Simpson and Tao (1993).

To represent microphysical processes, the GCE model adopts the double-moment20

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 the calculations of the drop sedimentation. The cloud droplet
nucleation parameterization of Abdul-Razzak and Ghan (2000, 2002), which is based25

on the Köhler theory, is used. The change in the mass of droplets from vapor diffusion
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(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. (2009).

3 Case description

A case of thin marine stratocumulus located at (42◦ N, 60◦ W) off the coast of Maine5

is simulated here. Henceforth, this case is referred to as “CONTROL”. A pair of 13-h
simulations from 1 LST (local solar time) on 1 July to 14 LST on 1 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 (PI) level is referred to as the high-aerosol (low-aerosol)
run, henceforth. The PD and PI aerosols were those predicted using the CAM-IMPACT10

model.
The reanalysis data from the European Centre for Medium-Range Weather Fore-

casts (ECMWF) provided the initial conditions and large-scale forcings for the simula-
tion. The 6-hourly analyses were interpolated to determine the large-scale advection
of potential temperature and specific humidity at every time step. Temperature and15

humidity were nudged toward the large-scale fields from the ECMWF using this large-
scale advection. The horizontally averaged wind from the GCE model was also nudged
toward the interpolated 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 approxi-20

mated to be uniform 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 the large-scale25

forcings are described in Donner et al. (1999) and are similar to the method proposed
by Grabowski et al. (1996).
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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 imposed on
CONTROL are depicted in Fig. 2. The profiles of humidity and potential temperature
indicate that the initial inversion layer is formed around 400 m. Below the inversion5

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 u (v) velocities. The large-scale forcing of temperature
decreases with height, while that of humidity decreases up to ∼0.8 km and then in-
creases.10

Background aerosol data for the high-aerosol run and the low-aerosol run are pro-
vided by the CAM-IMPACT model during the simulation period. Aerosol data produced
by the CAM-IMPACT model at (42◦ N, 60◦ W) from the PD and PI emissions are used
for the high-aerosol run and low-aerosol run, respectively. The predicted aerosol mass
of each aerosol species by the CAM-IMPACT model is obtained every 6 h. These15

mass data are interpolated into every time step to update the background aerosols.
The aerosol mass is approximated to be uniform over the model horizontal domain
and is defined to be a function of height and time only as are the large-scale forcings
of temperature and humidity. The detailed description of the CAM-IMPACT model and
aerosol emissions can be found in Wang et al. (2009). Aerosol number concentration is20

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 CAM-IMPACT model.
In the MBL, background aerosol number is nearly constant and only varies vertically
within 10% of its value at the surface. The averaged aerosol number over the MBL is25

700 (400) cm−3 for the high-aerosol (low-aerosol) run in the MBL. Assumptions for the
aerosols follow those adopted in Lee et al. (2009) (see Sect. 4 in Lee et al. (2009) for
the details of these assumptions).
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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 3 km
and then stretches to 480 m near the model top. Periodic boundary conditions are set
on horizontal boundaries. The horizontal domain length is set to 12 km in both the
east-west and north-south directions in this study to capture variations in mesoscale5

structures. The vertical domain length is 20 km to cover troposphere and the lower
stratosphere.

4 Idealized cases

To isolate the dependence of the effect of solar radiation on the impact of aerosols
on cloud mass, the simulations in CONTROL are repeated with differences only in10

downward solar radiation incident on the model top for radiation. There are additional
layers only for radiation above 20 km (see Tao et al. (2003) for details of these layers)
and the model top for radiation is at 0.01 hPa. For the first of these idealized cases, the
top downward solar (or shortwave) radiation flux (SW) in CONTROL, multiplied by one
and a half, is applied. This idealized case is referred to as “SW-M1.5”. For the other15

idealized cases, the CONTROL-top SW which is divided (in the manner as shown in
Table 1 which summarizes the simulations in this study) is applied. These idealized
cases with the reduced model-top SW are named as shown in Table 1. Table 1 also
shows the time- and area-averaged SW at the model top for radiation over the period
with SW>0. Since the sun rises at 04:30 LST, the results among the cases are identical20

before 04:30 LST.
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5 Results

5.1 Cloud properties

5.1.1 CONTROL

Figure 3 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 PI aerosol) from 30 min5

after the cloud formation to the end of simulation; in this paper, all the figures, depicting
the time evolution of any variables, are over the period from 30 min after the cloud
formation to the end of simulation. Figure 3 indicates that the maximum cloud depth
is ∼300 m in CONTROL. Except for the first and the last 30 min of the cloud evolution,
the cloud fraction is larger than 0.8. Hence, shallow clouds with no substantial breakup10

are formed in CONTROL. In CONTROL, there is no surface precipitation for both the
high- and low-aerosol runs.

Figure 4 depicts the temporal evolution of the domain-averaged LWP. Figure 4 shows
that LWP in the high-aerosol run is higher than that in the low-aerosol run prior to
∼05:30 LST in CONTROL. However, the LWP for low aerosols starts to be larger15

than that for high aerosols around ∼05:30 LST, leading to a larger time- and domain-
averaged LWP at low aerosol than at high aerosol; the time- and domain-averaged
LWPs over the entire simulation period are 13.4 (17.1) g m−2 at high (low) aerosol in
CONTROL (Table 2).

The simulated LWP in the high-aerosol run is compared to observations by the Mod-20

erate 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 ob-
served by the MODIS. This demonstrates that the LWP is simulated reasonably well.
Figure 5 shows the vertical profile of the time- and domain-averaged simulated potential25

temperature and water-vapor mixing ratio in the high-aerosol run for CONTROL. The
vertical coordinate is in the units of the height normalized with respect to the cloud-top
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height (zt). Triangles (Squares) in Fig. 5 are the retrieved potential temperature (water-
vapor mixing ratio) from the MODIS observation at the MODIS-observation levels. Fig-
ure 5 demonstrates that the simulated potential temperature and humidity are also in
good agreement with the MODIS observations.

5.1.2 Idealized cases5

As in CONTROL, shallow clouds with no substantial break-up are formed in all of the
idealized cases (Fig. 3).

The LWPs in the high-aerosol run and the low-aerosol run in SW-M1.5 are smaller
than those in the high-aerosol run and the low-aerosol run in CONTROL (Fig. 4 and
Table 2). Also, the LWP in the low-aerosol run starts to be larger than that in the high-10

aerosol run around 05:30 LST in SW-M1.5. This leads to a larger time- and domain-
averaged LWP in the low-aerosol run than that in the high aerosol run as in CONTROL
but with smaller differences in the LWP between the high- and low-aerosol runs (Fig. 4
and Table 2). Also, no precipitation reaches the surface in the high- and the low-aerosol
runs in SW-M1.5 as is the case in CONTROL. However, the LWP is larger in the high-15

aerosol run than in the low-aerosol run in the other idealized cases (with the lower SW)
throughout the simulation period (Fig. 4). Moreover, the difference in the LWP between
the high-aerosol run and the low-aerosol run is larger in SW-D5 than in SW-D2.

In all of the cases, the LWP is around or smaller than 50 g m−2 for the entire time
integration and the time- and domain-averaged LWP is smaller than 50 g m−2 (Fig. 420

and Table 2). Hence, according to the classification of Turner et al. (2007), clouds in all
cases can be considered thin.

Due to the larger LWP, the low-aerosol case reflects more solar radiation than the
high-aerosol case in SW-M1.5 and CONTROL by 1% and 3%, respectively, despite
a smaller particle size in the high-aerosol case (Table 2). The percentage differ-25

ence in the reflection of solar radiation between the high- and low-aerosol cases is
larger in SW-D2 and SW-D5 than in SW-M1.5 and CONTROL, though the larger LWP
contributes to larger reflection of solar radiation in the high-aerosol case than in the

23799

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/23791/2009/acpd-9-23791-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/23791/2009/acpd-9-23791-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 23791–23833, 2009

Impact of solar
radiation

S. S. Lee and
J. E. Penner

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

low-aerosol case in SW-D2 and SW-D5. Because of both the increased LWP and the
decreased particle size in the high-aerosol case, the difference in the reflection of solar
radiation between the high- and low-aerosol cases is larger in SW-D2 and SW-D5 than
in SW-1.5 and CONTROL. In SW-D2 and SW-D5, the high-aerosol case reflects 7 and
21% more solar radiation than the low-aerosol case, respectively.5

5.2 Liquid-water budget and sedimentation

To elucidate the microphysical processes that control the liquid-water content (LWC)
and thereby the 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. conden-
sation) and sinks of cloud liquid and their differences between the high- and low-aerosol10

runs (high aerosol – low aerosol) were obtained. For this, the production equation for
cloud liquid is integrated over the domain and the duration of the simulations. Integra-
tions over the domain and duration of simulation are denoted by <>:

<A>=
1

LxLy

∫ ∫ ∫
ρaAdxdydzdt (1)

where Lx and Ly are the domain length (12 km), in the east-west and north-south15

directions, respectively. ρa is the air density and A represents any of the variables in
this study. The budget equation for cloud liquid is as follows:

<
∂qc
∂t

>=<Qcond>−<Qevap>−<Qauto>−<Qaccr> (2)

Here,qc is cloud-liquid mixing ratio. Qcond, Qevap, Qauto, and Qaccr refer to the rates
of condensation, evaporation, autoconversion of cloud liquid to rain, and accretion of20

cloud liquid by rain, respectively.
Table 2 shows the budget terms of Eq. (2). The budget shows that condensation and

evaporation are ∼1 to 2 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
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et al. (2009), evaporation is controlled by condensation, since increasing (decreasing)
condensation provides an increased (decreased) source of evaporation, leading to an
increased (decreased) evaporation budget term. This indicates that the conversion of
cloud liquid (produced by condensation) to rain is highly inefficient.

Autoconversion and accretion are processes that control the growth of cloud parti-5

cles after they reached the critical size for active collections 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 the LWC budget implies that the role of sedimentation of cloud
particles in the determination of the LWC is not as significant as that of condensation.10

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 simulated here (Table 2).
This implies that changes in condensation (which control the changes in evaporation)
due to aerosol increases play much more important roles in the LWP responses to
aerosols than those in sedimentation.15

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 in-
cloud 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 the condensation-induced change is substantially larger than that of20

the sedimentation-induced cloud-mass change in both high- and low-aerosol runs for
all of the cases (Table 2). Also, the magnitude of a difference in condensation between
the high- and low-aerosol runs is much larger than that in sedimentation-induced mass
changes (Table 2). Hence, as implied by the budget analysis, the LWC and LWP and
their responses to aerosols are mainly determined by condensation (controlling evapo-25

ration and its response to aerosols) and the role of sedimentation in their determination
is not important.
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5.3 Factors controlling condensation

5.3.1 SW-D2 and SW-D5

Here, an analysis of condensation, which plays the most important role in the LWP and
its response to aerosols among the budget terms, is performed for SW-D2 and SW-D5.

The mass change of droplets from vapor diffusion, integrated over the size distribu-5

tion, is given by:

dm
dt

=Nd4πψFReSρvsh (3)

where Nd is CDNC, ψ vapor diffusivity, and ρvsh saturation water vapor mixing ratio. S

is the supersaturation, given by
(
ρva
ρvsh

−1
)

where ρva is water vapor mixing ratio. FRe is

the integrated product of the ventilation coefficient and droplet diameter which is given10

by

FRe=

∞∫
0

DfRefgam(D)dD (4)

where D is the diameter of droplets, fRe the ventilation coefficient, and fgam(D)

the distribution function, given by 1
Γ(υ)

(
D
Dn

)ν−1
1
Dn

exp
(
− D
Dn

)
. fRe is given by[

1.0+0.229
(
vtD
Vk

)0.5
]
η where vt is the terminal velocity and Vk the kinematic viscos-15

ity of air and η the shape parameter (Cotton et al., 1982).
Among the variables associated with the condensational growth of droplets in Eq. (3),

differences in the supersaturation and the CDNC contribute most to the differences in
condensation between the high- and low-aerosol runs. The percentage difference in
the other variables is ∼2 orders of magnitude smaller than those in supersaturation and20

CDNC throughout the simulations. Figure 6 shows the time series of CDNC and Fig. 7
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the time series of supersaturation, conditionally averaged over areas where the con-
densation rate >0, for SW-D2 and SW-D5. Figures 6 and 7 indicate that supersatura-
tion is generally larger at low aerosol than at high aerosol. However, the condensation
rate is generally higher, leading to a larger cumulative condensation at high aerosol
than at low aerosol in SW-D2 and SW-D5 as shown in Fig. 8. Figures 8c and d depict5

the time series of the domain-averaged cumulative condensation for these two cases.
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 conden-10

sation 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 a larger
cumulative condensation in the high aerosol runs in SW-D2 and SW-D5.

Increased condensation provides more condensational heating, which intensifies up-15

drafts as shown in Fig. 9 which depicts the time series of the domain-averaged updraft
mass flux for SW-D2 and SW-D5. Increased updrafts in turn increase condensation,
establishing a positive feedback between updrafts and condensation. Therefore, the
larger number of cloud droplets provide more surface area for condensation and thus
induce stronger updrafts which plays a critical role in the increased condensation in20

cases where the LWP is higher at high aerosol. Note that increased condensation not
only increases evaporation, and thus, entrainment, but also increases the LWC. In the
cases where the LWP is higher for the high aerosol case, the effects of condensation
on the LWC outweigh those of evaporation and entrainment, leading to an increase in
the LWP for the high aerosol case. The interactions among CDNC, condensation and25

dynamics (i.e. updrafts) in these cases mainly determine the differences in conden-
sation and thereby the LWP response to aerosols between the high- and low-aerosol
runs.
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5.3.2 SW-M1.5 and CONTROL

The intensified interactions between condensation and updrafts due to increased
CDNC in SW-M1.5 and CONTROL lead to larger condensation and, thereby, LWP in
the high-aerosol run than in the low-aerosol run prior to ∼05:30 LST by compensating
for the lower supersaturation (Fig. 4). The domain-averaged LWPs are 14.2 (12.5) and5

13.1 (11.7) g m−2 in the high- and low-aerosol runs, respectively, prior to 05:30 LST in
CONTROL (SW-M1.5). However, Fig. 8 shows that condensation rate (indicated by
the slope of the cumulative condensation) begins to rapidly increase around 04:00 LST
in CONTROL and SW-M1.5 in the low-aerosol case. As a result, the cumulative con-
densation becomes larger in the low-aerosol case than that in the high-aerosol case10

around 05:00 LST in both SW-M1.5 and CONTROL. This leads to a larger averaged
LWP over the entire domain and simulation period in the low aerosol case than in the
high aerosol case in SW-M1.5 and CONTROL. This indicates that there is a mecha-
nism compensating for the decreased interactions among CDNC, condensation, and
dynamics in the low-aerosol case in SW-M1.5 and CONTROL.15

Surface precipitation is absent in SW-M1.5 and CONTROL. As indicated by Jiang
et al. (2002), when precipitating particles evaporate completely before reaching the
surface, even a slight increase in evaporation of precipitation around the cloud base
can cause an increased instability concentrated around the cloud base. When precip-
itation reaches the surface, the associated cooling tends to stabilize the entire layer20

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
evaporation increases instability around the cloud base (Feingold et al., 1996).

Figures 10a and 10b depict the vertical distribution of the domain-averaged rain
evaporation in SW-M1.5 and CONTROL and confirm that precipitation does not reach25

the surface and that rain evaporates mostly around cloud base (at z/zt∼0.4) in both
the high- and low-aerosol runs. Increased aerosols in the high-aerosol run delays
the formation of precipitation, leading to smaller precipitation and thus its evaporation
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around cloud base. As shown in Fig. 11a and b, depicting the vertical profile of the
time- and domain-averaged rate of conversion of cloud liquid to rain in SW-M1.5 and
CONTROL, more droplets are converted to rain in the low aerosol case. The time- and
domain-averaged effective diameter of cloud droplets is 14 and 12µm for the low and
high aerosol cases, respectively. Larger particle size favors more efficient collisions5

among droplets and rain leading to a higher conversion of droplets to rain. Hence,
more rain precipitates 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. 10a and b. Figure 12a and b depict the domain-averaged profile of the lapse rate
(dθdz ) over 04:00–05:00 LST in SW-M1.5 and CONTROL, and show that the increase10

in evaporation below cloud base leads to a larger instability in the low aerosol case
prior to 05:00 LST (dθdz is smaller for the low aerosol case below cloud base). Here, θ
is the potential temperature. Figures 13a and 13b show the domain-averaged profile
of potential temperature over 04:00–05:00 LST. Smaller dθ

dz below cloud base leads to
lower potential temperature in the low aerosol case around cloud base. This larger15

instability makes the variance of the vertical velocity at low aerosol larger than that at
high aerosol after 04:00 LST as seen in a comparison between Fig. 14a (c) and b (d)
in CONTROL (SW-M1.5). Stronger vertical motions lead to the rapidly increasing con-
densation around 04:00 LST and then to the larger cumulative condensation around
05:00 LST at low aerosol than at high aerosol in SW-M1.5 and CONTROL (Fig. 8).20

The effect of aerosols on the instability around cloud base in SW-M1.5 and CON-
TROL competes with the interactions among CDNC, condensation, and dynamics; in-
creased aerosols not only decrease the instability around cloud base but also increase
interactions among CDNC, condensation and dynamics. The effects of decreased in-
stability outweigh those of the intensified interactions with increased aerosols, lead-25

ing to a smaller LWP in the high-aerosol run than in the low-aerosol run. However,
the LWP increase at low aerosol is larger in CONTROL than in SW-M1.5. Due to
smaller condensation, the available liquid water for the conversion of cloud liquid to
rain becomes smaller in the low-aerosol case in SW-M1.5 as compared to that in the
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low-aerosol case in CONTROL (see the smaller condensation in Table 2 in SW1.5 than
in CONTROL). In addition to the smaller available liquid water, the conversion efficiency
(i.e. the ratio between the conversion of cloud liquid to rain through autoconversion and
accretion of rain by cloud liquid and condensation) is lower at low aerosol in SW-M1.5
than in CONTROL (Table 2). Small cloud droplets grow to a critical size for (active)5

collection not only by the turbulent collisions among them but also by condensation;
for particles smaller than the critical size, condensational growth is as important as
the growth through the turbulent collisions, and particles grow via positive feedbacks
between the condensational growth and the growth through these turbulent collisions,
though, above the critical size, the growth through collection is dominant (Rogers and10

Yau, 1991). Thus, as condensation decreases, these feedbacks get weaker and thus
the conversion efficiency decreases as shown in Lee and Penner (2009). This leads to
a reduced increase of precipitation supply to the cloud base and thus to a reduced in-
crease of the cloud-base evaporative cooling at low aerosol in SW-M1.5 as compared
to CONTROL as shown in Fig. 10. Hence, the increased cloud-base instability due15

to the increased rain evaporation at low aerosol in SW-M1.5 is not as large as that in
CONTROL. This leads to a smaller increase in LWP at low aerosol in SW-M1.5 than
that in CONTROL.

5.3.3 Role of solar radiation

While there is some surface precipitation in SW-D2 and SW-D5, rain does not reach the20

surface in SW-M1.5 and CONTROL (enabling the interactions between rain evapora-
tion and cloud-base instability). This is mainly due to smaller conversion of cloud liquid
to rain in SW-M1.5 and CONTROL than in SW-D2 and SW-D5 as shown in Fig. 11. Due
to smaller condensation shown in Table 2, the liquid water available for the conversion
of cloud liquid to rain is smaller in SW-M1.5 and CONTROL as compared to that in25

SW-D2 and SW-D5. In addition to the smaller available liquid water, the conversion ef-
ficiency is lower in SW-M1.5 and CONTROL due to the smaller condensation (Table 2),
leading to weaker feedbacks between condensational growth and turbulent collisions
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below the critical size for active collection. This leads to a lower sedimentation of rain
and, thus, the amount of precipitating rain is not large enough to survive evaporation
during its descent to the surface in SW-M1.5 and CONTROL (Fig. 10). The sub-cloud
humidity can also acts as a factor in determining the presence of surface precipitation.
However, the averaged differences in the sub-cloud relative humidity among the cases5

are within 10% of each other. Hence, it is unlikely that differences in the sub-cloud
humidity play a role that is as important as differences in conversion and sedimentation
in determining the presence or absence of the surface precipitation.

Figure 15 shows the vertical distribution of averaged buoyancy flux after sunrise. As
shown there, the decoupling between the sub-cloud layer and the cloud layer is larger10

in SW-M1.5 and CONTROL than it is in SW-D2 and SW-D5. The buoyancy integral
ratio (BIR) is ∼0.14 and 0.12 in SW-M1.5 and CONTROL, while it is only ∼0.02 and
0.01 in SW-D2 and SW-D5. The BIR is defined as the ratio of integral of magnitude
of buoyancy fluxes over the regions of negative buoyancy below cloud-base to integral
of buoyancy fluxes over all other regions (see Bretherton and Wyant, 1997, for more15

details of BIR). Larger BIR indicates more decoupling. After sunrise, the cloud layer
is warmed more by solar radiation in SW-M1.5 and CONTROL than in SW-D2 and
SW-D5. This leads to the larger negative sub-cloud buoyancy fluxes in SW-M1.5 and
CONTROL as shown in Fig. 15, indicating that the turbulent circulations and associ-
ated mixing throughout the MBL are not as efficient as those in SW-D2 and SW-D5.20

Because the vertical mixing is stronger, the water vapor from the surface is more effi-
ciently transported to the upper levels where it induces more condensation in SW-D2
and SW-D5 (leading to the presence of the surface precipitation) (Table 2).

We note that less warming of the cloud layer by solar radiation after sunrise occurs
in CONTROL compared to that in SW-M1.5. This leads to a smaller negative buoyancy25

in sub-cloud layer as shown in Fig. 15, enabling more efficient mixing in the MBL in
CONTROL than in SW-M1.5. With this more efficient mixing and thus more efficient
transportation of the water vapor to upper levels, condensation in the low aerosol case
in CONTROL is larger than that in SW-M1.5 at the initial stage of cloud development.
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As explained in the previous section, this leads to more rain and larger cloud-base
instability for the low aerosol case in CONTROL than in SW-M1.5.

Between the two cases with the surface precipitation, the increase in LWP for the
high aerosol case is larger in SW-D5 than that in SW-D2. This indicates that the inten-
sification of the interactions among CDNC, supersaturation, and updrafts with increas-5

ing aerosols increases with decreasing solar radiation. As shown in Fig. 15, there is
a smaller decoupling in SW-D5 than in SW-D2. With smaller decoupling, the trans-
port of water vapor is more efficient and this increases condensation more in SW-D5
than in SW-D2 (Table 2). Condensation in the high- and low-aerosol runs in SW-D5 in-
creases as compared to that in the high- and low-aerosol runs in SW-D2. However, this10

condensation increase is larger between the high-aerosol runs than between the low-
aerosol runs (leading to the larger increase in the LWP at high aerosol in SW-D5 than
in SW-D2). The reason for this difference is that there is a ∼50% increase in CDNC
and a ∼17% decrease in supersaturation in SW-D5, while there is a ∼35% increase
in CDNC and a ∼23% decrease in supersaturation in SW-D2 in the high-aerosol case15

due to the increase in aerosols. This indicates that the smaller decoupling and the
associated increase in the vertical transport of water vapor induces an increase in the
number of nucleated droplets and a smaller decrease in the available water vapor for
condensation at high aerosol in SW-D5 than that in SW-D2. Increased droplets tend
to increase the competition among particles for available water vapor for condensation20

and this decreases supersaturation. However, despite the increase in droplets, the
decrease in supersaturation is smaller at high aerosol in SW-D5 than at high aerosol
in SW-D2. This indicates that there is a sufficiently increased supply of water vapor
from the surface to counterbalance the effect of increasing CDNC on supersaturation
in SW-D5 with its smaller decoupling. Figures 16a and b show that, around sunrise,25

the sub-cloud water-vapor flux is larger in the high-aerosol case than in the low-aerosol
case in both SW-D5 and SW-D2 between 04:00 and 07:30 LST. Also, the difference in
the sub-cloud water vapor flux between the high-aerosol run and the low-aerosol run
in SW-D5 is similar to that in SW-D2 around sunrise (Fig. 16a). However, between
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07:30 and 09:30 LST, 3 and 5 h after sunrise, this difference in SW-D5 becomes larger
than that in SW-D2 as the difference in decoupling between SW-D5 and SW-D2 be-
comes larger; the decoupling difference increases, as the solar-radiation difference
between SW-D5 and SW-D2 increases with time after sunrise. With less decoupling in
SW-D5, the feedbacks between increased CDNC and decreased supersaturation with5

increased aerosols, which is already set up before near sunrise, get reinforced more
by the water-vapor flux into the cloud layer than those in SW-D2 as time progresses
after sunrise. In other words, the more efficient transport of the water-vapor flux into
the cloud layer with less decoupling around sunrise (as shown in the comparison of
Fig. 16a and b) provides more water vapor for the feedbacks between increased CDNC10

and decreased supersaturation at high aerosol in SW-D5 than in SW-D2. This leads
to larger increases in CDNC with smaller decreases in supersaturation at high aerosol
in SW-D5 than in SW-D2 around sunrise. Then, larger increased feedbacks between
increased CDNC and decreased supersaturation induces more increased updrafts and
this increases the transport of water vapor more, setting up stronger feedbacks among15

CDNC, supersaturaion, and water-vapor flux at high aerosol in SW-D5 than in SW-D2.
Hence, the sub-cloud water-vapor flux, condensation and updrafts increases at high
aerosol become larger in SW-D5 than in SW-D2 as time progresses after sunrise as
shown in Figs. 8 and 9 (depicting the time series of condensation and updrafts) and
in Figure 16. This leads to the increasing difference in the LWP increase in the high-20

aerosol case between SW-D5 and SW-D2 with time after sunrise as shown in Fig. 4,
which explains most of the time- and domain-averaged difference in the LWP increase
in the high-aerosol case between SW-D5 and SW-D2.

6 Summary and conclusion

This study examined the impact of variations in solar radiation on aerosol-cloud inter-25

actions in thin stratocumulus clouds with LWP<50 g m−2. For this examination, four
sets of simulations of stratocumulus clouds with different downward solar radiation at
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the model top were performed; each set of simulations is composed of a high-aerosol
run and a low-aerosol run. In the first set of simulations, a case at (42◦ N, 60◦ W) off
the coast of Maine (CONTROL) is simulated for a PD aerosol case (the high-aerosol
run) and a PI aerosol case (the low-aerosol run), respectively. The model-top solar
radiation in CONTROL was multiplied by a factor of 1.5 to the first set of simulations5

(SW-M1.5). The CONTROL solar radiation, divided by a factor of 2 and 5, was applied
to the second (SW-D2) and third (SW-D5) of sets, respectively.

As decoupling in the MBL increased with increasing solar radiation, the transport
of water vapor from the surface to cloud layer became less efficient, leading to less
condensation. This led to a decrease in the LWC and thus LWP with increasing solar10

radiation, since condensation controlled the LWC and thus the LWP, and the role of
sedimentation and the conversion of cloud liquid to rain (autoconversion+ collection of
cloud liquid by rain) in the determination of the LWP was negligible in the thin clouds
simulated here. Smaller LWC with larger solar radiation provided a smaller source for
rain formation through the conversion of cloud liquid to rain and this led to a decrease15

in surface precipitation with increasing solar radiation in SW-D2 and SW-D5 and to no
surface precipitation in CONTROL and SW-M1.5.

Whether or not the surface precipitation was present determined how increasing
aerosols interacted with clouds. In SW-D2 and SW-D5 with surface precipitation, in-
teractions among CDNC, supersaturation, and updrafts determined the LWP response20

to aerosols, while these interactions established feedbacks with interactions between
rain evaporation and cloud-base instability in CONTROL and SW-M1.5 with no surface
precipitation. With the increased decoupling in SW-D2 and SW-D5, the interactions
among CDNC, supersaturation, and updrafts decreased due to the decreasing trans-
port of water vapor to the cloud layer. This led to the smaller condensation and LWPs25

in each of the high-aerosol run and the low-aerosol run in SW-D2 than in SW-D5.
With the increase in the decoupling as time progresses after sunrise, the difference
in the water-vapor flux between the high-aerosol run and the low-aerosol run became
larger in both SW-D2 and SW-D5. It was notable that the increase in the difference in
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water-vapor flux was larger in SW-D5 than in SW-D2. This led to more increased in-
teractions among CDNC, supersaturaton, and updrafts at high aerosol as compared to
those at low aerosol in SW-D5 than in SW-D2. Thus, the LWP increase at high aerosol
was larger in SW-D5 than in SW-D2. In CONTROL and SW-M1.5 with no surface
precipitation, rain evaporates mostly around cloud base. Due to the larger conversion5

of cloud liquid to rain, more rain evaporates around cloud base, leading to the larger
cloud-base instability at low aerosol than at high aerosol. This increased instability
was larger than the decreased interactions among CDNC, supersaturation, and up-
drafts at low aerosol, leading to the increased LWP at low aerosol than at high aerosol
in these cases with no surface precipitation. The increase in the cloud-base instability10

was affected by solar radiation and thus decoupling. As solar radiation increased, the
increase in rain evaporation at low aerosol decreased, leading to smaller increases in
the cloud-base instability at low aerosol in SW-M1.5 than in CONTROL. Thus, the LWP
increase at low aerosol was smaller in SW-M1.5 than in CONTROL.

In this study, identical surface fluxes from observations were prescribed for all of15

simulations. Therefore, surface fluxes did not contribute to the different instability and
feedbacks among CDNC, condensation and dynamics. We focused on the effect of
aerosols on thin clouds and its dependence on solar radiation for an identical net heat
and moisture supplied to or removed from the domain by the large-scale flow and sur-
face fluxes. Although feedbacks from differences in clouds onto the large-scale flow20

and surface fluxes cannot be captured by this design, this isolates the interactions
among aerosols, microphysics, local dynamics and instability and enables the identifi-
cation of microphysics-aerosol interactions on the scale of cloud systems.

It is hard to say whether the variation of solar radiation which accompanies the
change of season or latitude will significantly impact the effect of aerosols on thin25

clouds, since the varying solar radiation will change the environmental factors such
as surface fluxes which are known to affect aerosol-cloud interactions (Guo et al.,
2007). It is likely that these fluxes increase with an increase in the solar radiation,
since increasing solar radiation generally increases the surface temperature and, thus,
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humidity. As shown in Lee and Penner (2009) and Guo et al. (2007), an increase in the
surface fluxes tends to increase condensation and LWP and, thus, to counter the effect
of the increasing solar radiation on thin clouds. Hence, the effect of solar radiation
on the effect of aerosols on thin clouds in reality may not be as strong as that shown
here. Nevertheless, this study showed that a variation in solar radiation could induce5

changes in the in-cloud and cloud-base feedbacks which control the response of thin
clouds to aerosols. This indicates that solar radiation needs to be included in the sets
of environmental conditions which can affect aerosol-cloud interactions in thin clouds.
Generally, the humidity, large-scale subsidence, sea surface temperature, and surface
sensible and latent heat fluxes are intensely studied as important factors which control10

aerosol-cloud interactions in stratocumulus clouds (Jiang et al., 2002; Ackerman et al.,
2004; Guo et al., 2007). It is open to future study to show how the effect of solar ra-
diation on thin clouds interacts with these other environmental factors. Roughly 28%
of the globe is covered by thin clouds, and the radiative fluxes at the Earth’s surface
and top of atmosphere are very sensitive to the LWP variation when the LWP becomes15

smaller than ∼50 g m−2 (Turner et al., 2007; McFarlane and Evans, 2004; Shupe and
Interieri, 2004; Marchand et al., 2003). Hence, a more understanding of the effect of
interactions among solar radiation and other environmental factors on aerosol-cloud
interactions in thin clouds is critical to the correct assessment of the AIE.
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Table 1. Summary of simulations.

Simulations Background Downward model top Time-averaged
aerosols SW model top (at

0.01 hPa) SW
(W m−2)

CONTROL High-aerosol run PD aerosol SW flux at (30◦ N, 1139
123◦ W) on 1 July

Low-aerosol run PI aerosol Same as in the high- 1139
aerosol run in
CONTROL

SW-M1.5 High-aerosol run PD aerosol Same as in the high- 1709
aerosol run in
CONTROL but
increased by a factor
of 1.5

Low-aerosol run PI aerosol Same as in the high- 1709
aerosol run in
CONTROL but
increased by a factor
of 1.5

SW-D2 High-aerosol run PD aerosol Same as in the high- 570
aerosol run in
CONTROL but
reduced by a factor
of 2

Low-aerosol run PI aerosol Same as in the high- 570
aerosol run in
CONTROL but
reduced by a factor
of 2

SW-D5 High-aerosol run PD aerosol Same as in the high- 228
aerosol run in
CONTROL but
reduced by a factor
of 5

Low-aerosol run PI aerosol Same as in the high- 228
aerosol run in
CONTROL but
reduced by a factor
of 5
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Table 2. Domain-averaged LWP, upward model top SW, precipitation rate, budget terms of
cloud liquid (i.e. condensation, evaporation, and the conversion), sedimentation, the ratio of
conversion to condensation and of sedimentation to condensation.

SW-M1.5 CONTROL SW-D2 SW-D5
High Low High High Low High High Low High High Low High

aerosol aerosol minus aerosol aerosol minus aerosol aerosol minus aerosol aerosol minus
Low Low Low Low

LWP (g m−2) 11.3 13.1 −1.8 13.4 17.1 −3.7 26.6 24.0 2.6 38.2 31.3 6.9

Upward model top 170.9 173.1 −2.2 138.2 142.3 −4.1 85.6 80.1 4.5 52.4 43.2 9.2
SW (W m−2)

Precipitation rate 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.05 −0.02 0.04 0.07 −0.03
(mm day−1)

<Qcond> 0.24 0.26 −0.02 0.32 0.34 −0.02 0.65 0.58 0.07 0.95 0.78 0.17
Condensation (mm)

<Qevap> 0.23 0.25 −0.02 0.31 0.32 −0.01 0.59 0.51 0.08 0.83 0.66 0.17
Evaporation (mm)

<Qauto>
Autoconversion of
cloud liquid to rain
+ 0.003 0.004 −0.001 0.004 0.009 −0.005 0.031 0.043 −0.012 0.063 0.085 −0.022
<Qaccr>
Accretion of cloud
liquid by rain
(mm)

<|Qsed|>
In-cloud 0.006 0.008 −0.002 0.009 0.011 −0.002 0.050 0.055 −0.005 0.112 0.141 −0.029
sedimentation
(mm)

(<Qauto>+<Qaccr>)/<Qcond>
Conversion 0.01 0.02 −0.01 0.01 0.03 −0.02 0.05 0.07 −0.02 0.07 0.11 −0.04
efficiency

<|Qsed|>/<Qcond> 0.03 0.03 0.00 0.03 0.03 0.00 0.08 0.10 −0.02 0.12 0.18 −0.06
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 31

Figures 892 

 893 
 894 
 895 
                                                      Figure 1 896 Fig. 1. Vertical profiles of (a) initial potential temperature and water vapor mixing ratio and (b)

initial horizontal wind (u,v) velocity.

23818

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/23791/2009/acpd-9-23791-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/23791/2009/acpd-9-23791-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 23791–23833, 2009

Impact of solar
radiation

S. S. Lee and
J. E. Penner

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 32

 897 
 898 
 899 
                                                                             Figure 2 900 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-height cross section of cloud-liquid mixing ratio (g kg−1). Contours are at
0.01 g kg−1.
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Fig. 4. Time series of LWP (g m−3) averaged over the horizontal domain.
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Fig. 5. Vertical distribution of time- and area-averaged potential temperature and water vapor
mixing ratio in the high-aerosol run for CONTROL. Squares (triangles) represent the retrieved
potential temperature (water-vapor mixing ratio) from the MODIS observation. The solid hori-
zontal line is the average cloud-base height normalized with respect to cloud-top height (zt).
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Fig. 6. Time series of the conditionally averaged CDNC for SW-D2 and SW-D5. For the
conditional average, the grid points with positive values of condensation are collected and the
other grid points are excluded. The conditional average is the arithmetic mean of a variable of
interest (here, CDNC) over these collected grid points.
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Fig. 7. Time series of conditionally averaged supersaturation for SW-D2 and SW-D5. 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. 8. Time series of cumulative condensation (mm) averaged over the horizontal domain.
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Fig. 10. Vertical distribution of time- and area-averaged rain evaporation over the entire simula-
tion period for CONTROL and SW-M1.5. The solid horizontal line in each figure is the average
cloud-base height normalized with respect to cloud-top height (zt).
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Fig. 11. Vertical distribution of time- and area-averaged conversion of cloud liquid to rain in g m−3 day−1. The solid
horizontal line in each figure is the average cloud-base height normalized with respect to cloud-top height (zt).
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Fig. 12. Vertical distribution of time- and area-averaged dθ
dz (K m−1) over the period between

04:00 LST and 05:00 LST for CONTROL and SW-M1.5. The solid horizontal line in each figure
is the average cloud-base height normalized with respect to cloud-top height (zt).
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Fig. 13. Vertical distribution of time- and area-averaged θ (K) over the period between
04:00 LST and 05:00 LST for CONTROL and SW-M1.5. The solid horizontal line in each figure
is the average cloud-base height normalized with respect to cloud-top height (zt).
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Fig. 14. Vertical distribution of the time- and area-averaged variance of vertical velocity (w ′w ′)
(m−2 s−2) for CONTROL and SW-M1.5. (a) and (c) are averaged over the period before
04:00 LST and (b) and (d) are averaged over the period between 04:00 LST and 05:00 LST.
The solid horizontal line in each figure is the average cloud-base height normalized with re-
spect to cloud-top height (zt).
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Fig. 15. Vertical distribution of the time- and area-averaged buoyancy flux (w ′θ
′
v ) over the period between 04:30 LST

and 14:00 LST. The solid horizontal line in each figure is the average cloud-base height normalized with respect to
cloud-top height (zt).
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Fig. 16. Vertical distribution of the time- and area-averaged water-vapor flux (w ′q
′
v ) in m h−1 for SW-D2 and SW-D5.

(a) and (b) are averaged over the period between 04:00 LST and 07:30 LST and (c) and (d) are averaged over the
period between 07:30 LST and 09:30 LST. The solid horizontal line in each figure is the average cloud-base height
normalized with respect to cloud-top height (zt).
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