
Sixteenth ARM Science Team Meeting Proceedings, Albuquerque, NM, March 27 - 31, 2006 

Investigation of the Aerosol Indirect Effect During the 
Atmospheric Radiation Measurement Program’s  
March 2003 Aerosol Intensive Operational Period  

at the Southern Great Plains:  Sensitivity Tests 
 
 

H. Guo and JE Penner 
Department of Atmospheric, Oceanic, and Space Sciences 

University of Michigan 
Ann Arbor, Michigan 

 
 
Introduction 
 
Clouds and their related physical processes present perhaps the most complicated and perplexing 
problems in the study of climate change and weather forecasting (Stephens 2005).  One important cloud-
related process is the aerosol-cloud-radiation interaction, or the so-called aerosol indirect effect (AIE). 
The AIE is estimated to vary from 0.0 to -4.8 W/m2 in state-of-the-art global climate models (Penner 
et al. 2001).  The uncertainty in this estimation has stimulated substantial research in recent years.  Most 
of this research focuses on the first AIE, the second AIE, or both. 
 
The first AIE mainly refers to the modification of the cloud droplet number concentration (Nd) by 
aerosols, which is also called “Twomey” effect.  Twomey (1977) showed that a higher aerosol number 
concentration (N ) would result in a higher Na d and a smaller mean droplet size, and thereby lead to a 
higher cloud reflectivity if the cloud water content kept unchanged.  The first AIE is widely supported 
by a variety of measurements (e.g., in situ airborne measurements and ground-based remote sensing).  
By analyzing the airborn measurement during the Second Aerosol Characterization Experiment, 
Brenguier et al. (2000) showed that Nd could characterize the contamination of the air mass, and that the 
difference of cloud radiative properties between polluted and clean cases was noticeable.  Using ground-
based remote sensing data, Penner et al. (2004) showed that the cloud optical depth differed in clean and 
polluted regions under the condition that the liquid water path was the same.  
 
The second AIE was first proposed by Albrecht (1989).  He showed that a higher t Nd and a smaller 
droplet size could inhibit or slow down precipitation formation, and thereby increase the cloud liquid 
water path (LWP) and cloud lifetime.  However, the second AIE is inextricably entangled with the 
meteorological background, other physical processes and feedbacks (e.g., turbulence [cloud 
entrainment/detrainment]) (Ackerman et al. 2003; Ackerman et al. 2004), and even surface fluxes.  
Therefore, the second AIE is extremely difficult to quantify (Penner et al. 2001). 
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The study of the AIE in maritime clouds has attracted considerable attention in recent years.  Maritime 
clouds occur frequently, and cover a large area and have a relatively high albedo (about 0.3-0.4) 
compared to the underlying ocean surface (about 0.1) (Randall et al. 1984).  By investigating three 
nocturnal maritime stratocumulus cloud cases, Ackerman et al. (2004) pointed out that the LWP 
increased with Nd for the range of N  they considered (~25-350 cm-3

d ), only if the atmosphere above the 
cloud layer was moist (the relative humidity reached at least 70%) or there was significant precipitation 
at the surface (specifically, the average surface precipitation rate exceeded 0.1 mm/day).  Otherwise, the 
cloud water content might decrease as Nd increased because of the enhanced entrainment of the dry air at 
the cloud top.  Entrainment was enhanced when Nd increased because the net condensational heating by 
the formation of precipitation/drizzle was reduced.  Condensational heating reduces the radiative cooling 
at cloud top and results in a sharp decrease of entrainment at the cloud top (Stevens et al. 1998).  
 
Lu and Seinfeld (2005) examined an ensemble of 98 three-dimensional ERM simulations of marine 
stratocumulus clouds to explore the AIE.  They conducted a statistical analysis and showed that the 
cloud LWP responded primarily to the large-scale subsidence and sea surface temperature.  The cloud 
LWP tended to be positively correlated with Na when there was heavy surface precipitation, otherwise it 
did not.  This positive (non-positive) correlation would enhance (reduce) the overall AIE for the heavily 
(lightly) drizzling clouds. 
 
Are these results also applicable to continental clouds?  It is surprising that continental clouds have not 
received the same scrutiny as marine clouds, even though most global climate models suggest that the 
total AIE over land should be at least as large as that over oceans (Lohmann & Feichter 2005).  The 
continental boundary layer differs from the marine boundary layer because the surface sensible and 
latent heat fluxes vary significantly over the diurnal cycle (Garstang & Fitzjarrald 1999).  The 
continental boundary layer grows rapidly after sunrise and reaches its maximum (1 km or more) just 
before sunset.  At night, it decreases dramatically to only a couple of hundred meters thick.  In contrast, 
the depth of the marine boundary is far more constant, and undergoes only a weak diurnal cycle.  It often 
becomes slightly deeper at night because of radiative cooling.  
 
Han et al. (2002) used satellite data to examine the global cloud liquid water path sensitivity (δ) to cloud 
droplet number concentration during the daytime, specifically in the local afternoon from 14:00 Local 
Standard Time (LST) to 16:00 LST.  (δ is defined as the ratio of the change of cloud LWP to the change 
of column-integrated cloud droplet number concentration (N

cN
LWP
Δ
Δ

=δc), that is, ).  They analyzed δ over 

oceans and over land.  According to their analysis, marine clouds have areas with both large positive and 
large negative δ, and these areas have a strong seasonal dependence; (i.e., negative δ tends to occur over 
the summer hemisphere ocean).  For most continental clouds, δ is neutral or slightly negative.  This may 
mean that an increase of N , and therefore, Na c, does not necessarily result in an increase of cloud LWP, 
which could imply a negligible or even negative second AIE (Albrecht 1989).  
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Since the second AIE involves dynamic, radiative, and surface flux feedbacks in the response of the 
cloud water and its vertical and horizontal extent to aerosol loading, there may be some other factors or 
feedbacks that operate in the continental environment and play a role in the response of clouds to Na.  
For example, Ovtchinnikov and Ghan (2005) stressed the dominant effect of the dynamical framework 
on both the microphysical and the macrophysical properties of their simulated continental cloud, and 
they pointed out that this effect was much stronger than the AIE.    
 
To advance our scientific understanding of aerosol-cloud-radiation interaction, the U.S. Department of 
Energy’s Atmospheric Radiation Measurement (ARM) Program conducted an Aerosol Intensive 
Operation Period at its Southern Great Plains site in May 2003 (Ferrare et al. 2006; Feingold et al. 
2006).  During this Aerosol Intensive Operation Period, measurements of the cloud condensation 
nucleus concentration as a function of supersaturation were taken to relate cloud condensation nucleus 
concentration to aerosol composition and size distribution.  Airborne measurements of the cloud droplet 
number concentration were also made.  Because the field campaigns were limited in time and space, 
remote-sensing techniques also were intensively employed at the Southern Great Plains site to provide 
cloud microphysical, macrophysical, and radiative properties.  These techniques provided droplet 
effective radius, cloud morphology and cloud optical depth, which provided a good opportunity to study 
the role of aerosols in continental large-scale clouds.   
 
In this study, we use a cloud resolving model (i.e., the Active Tracer High-resolution Atmospheric 
Model [ATHAM]) to discuss the effect of aerosol loading on the cloud droplet effective radius (Re), and 
on the cloud LWP.  The case we examine is a stratiform cloud that occurred on May 17, 2003.  
Sensitivity tests are conducted to investigate the AIE and the impact of the surface energy and moisture 
fluxes on the cloud development.  
 
The paper is organized as follows:  The Model Description and Simulation Setup section describes 
ATHAM and the simulation set-up.  The Sensitivity Tests section presents a series of sensitivity tests.  
The Conclusions and Discussion section discusses and summarizes our results. 
 
Model Description and Simulation Setup 
 
Model Description 
 
ATHAM is a non-hydrostatic, compressible atmospheric model that solves the Navier-Stokes equations 
and is formulated with an implicit-time step and a finite-difference scheme (Oberhuber et al. 1998; 
Herzog 1998; Herzog et al. 1998; Herzog et al. 2003; Guo et al. 2004, 2005).  The model predicts 
momentum, potential temperature, pressure, turbulent kinetic energy, turbulent length scale, and tracers 
(e.g., specific humidity, cloud water, rain water, ice, and graupel).  To have better conservation 
properties, the model solves momentum equations, tracer equations, and the thermodynamic equation in 
the flux form, rather than the adjective form.  As is customary for cloud resolving models, it applies a  
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periodic lateral boundary condition.  At the lower boundary, it assumes a material surface, across which 
surface sensible heat and moisture fluxes pass.  The model top is a rigid lid.  At the upper part of the 
numerical domain (upper 20%), a sponge layer is applied to minimize the spurious reflection of upward 
propagating gravity waves. 
 
Simulation Set-Up 
 
ATHAM can be set up by using either a two-dimensional or three-dimensional framework.  The two-
dimensional framework has been employed in this study.  Three-dimensional simulations were also 
performed for our base case.  The simulated cloud microphysical and macrophysical properties for the 
three-dimensional simulation are similar to those for the two-dimensional results, and are evaluated well 
against observations.  Grabowski et al. (1998) also demonstrated that two-dimensional simulations could 
be used as realizations of cloud systems.  In the following, for computational efficiency, we focus on our 
two-dimensional simulations.  It is expected that two-dimensional results might differ from the three-
dimensional counterpart quantitatively, but not qualitatively.  
 
In this study, we use a horizontal domain of 210 km with a uniform grid resolution of 2 km.  The 
vertical domain is 20 km and uses a stretched grid, which is uniformly 40 m for the lowest 2 km and 
then relaxed to about 300 m near the model top.  The time step is about 3 seconds. 
 
Sensitivity Tests 
 
Sensitivity to Aerosol Particle Number Concentration 
 
In this section, we will artificially increase (double) and decrease (halve) the aerosol number 
concentration (N ) to examine both the first and the second AIE.  From observations, the total Na a is 
about 1200 cm-3, which is referred as “Na1200” (base case).  In the sensitivity test “Na2400,” Na is 
doubled in each aerosol size bin (Figure 1); (i.e., the total N  is about 2400 cm-3

a ).  In the sensitivity test 
“Na600,” Na is reduced to half of the base case value in each aerosol size bin.  Two additional sensitivity 
tests are also examined where the total Na is reduced again to 300 cm-3 and again to 150 cm-3, i.e., 
“Na300” and “Na150,” respectively (Figure 1 and Table 1).  In these four sensitivity tests, the model set-
ups are the same as those in the base case (“Na1200”) except for N . a

 
Figures 2 and 3 show the temporal evolution of the spatial averages of N , Rd e, drizzle rate at cloud base, 
and cloud LWP in the four sensitivity tests and in the base case.  With increased N , the total Na d 
consistently increases and Re consistently decreases.  Nd also exhibits a diurnal variation.  In the 
morning, it reaches its maximum and reaches its minimum in the afternoon.  Table 1 presents the 
domain and time-averaged N  and Rd e.  Most of the aerosol particles (around 70%) are activated to form 
cloud drops, especially in the case of low Na.  This is because most of the measured aerosol particles are 
in the accumulation mode and can readily be nucleated if supersaturations are high enough (the lower  
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Figure 1.  The aerosol particle size distribution from the Passive Cavity Aerosol Spectrometer 
measurement, which is used in the base case (solid line, “Na1200”).  Other distributions are used in 4 
sensitivity tests of Na150—Na2400 (as shown in Table 1). 
 
 

Table 1.  Results from the sensitivity tests for increasing and decreasing Na

RTotal N Total N N Drizzle 
Name  

a 
(/cm

ed a
3) (/cm3) (:m) (g/m2) (mm/day) 

Na150 150 114 9.44 74.64 0.552 
Na300 300 224 7.79 83.56 0.372 
Na600 600 451 6.49 99.83 0.161 
Na1200 (base case) 1200 853 5.29 110.74 0.018 
Na2400 2400 1,374 4.53 110.93 0.004 

  LWP and R  are the spatial and temporal average. e
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Figure 2.  Time series of the spatially averaged (a) cloud droplet number concentration (Na), and 
(b) effective radius (Re) within the cloud layers in the base case and in 4 sensitivity tests (line types are 
indicated in the legend). 
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Figure 3.  The same as in Figure 2, but for (a) the drizzle rate below the cloud base, and (b) the cloud 
LWP (Note:  in the base case of “Na1200” and the sensitivity test of “Na2400,” the cloud LWPs are 
almost the same so that the two curves overlap). 
 
size limit of the Passive Cavity Aerosol Spectrometer measurement is 0.1 : m in diameter).  With Na 
lower than the base case (“Na150,” “Na300,” and “Na300”), a slightly larger fraction (≈75%) of the 
aerosol particles are nucleated.  With N  higher than the base case (“Na a2400”), relatively fewer aerosol 
particles (≈57%) are activated. 

de NRLWC 3)/(
3
4 βπ=

The cloud LWC can be related to N  and R  (Note:  we assume that Rd e by ε is linearly 
proportional to the volume-mean radius Rv, that is, Re = βRv, where β is 1.143 for the continental clouds 
[Martin et al. 1994; Lohmann et al. 1999]).  For a given cloud LWC, Re is inversely proportional to 
N 1/3.  If N  is doubled, Rd d e will be reduced by 20%, theoretically.  From Table 1, we can find that Re is 
reduced by 17% when N  is doubled.  This is because the cloud LWC increases with higher Na a in the 
relatively clean scenarios (“Na150,” “Na300,” and “Na600”).  In addition, fewer aerosol particles are 
activated in the polluted scenarios (“Na1200” and “Na2400”).  
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The time evolution of N  and Rd e (Figure 2) and the time averages of N  and Rd e (Table 1) for the 
sensitivity tests show that the first AIE is evident and robust.  However, the second AIE is not as striking 
as the first AIE (Figure 3 and Table 1).  When Na is increased from 1200 cm-3 to 2400 cm-3 (i.e., 
“Na1200” and “Na2400”), the domain and time averaged cloud LWP is almost unchanged (from 
110.74 g/m2to 110.93 g/m2), although there is about a 10% decrease of the cloud LWP when Na is 
reduced by half and this decrease continues when Na is reduced further (Table 1).  Note that the drizzle 
rate below the cloud base generally decreases as Na increases.  However, when the precipitation is 
reduced to a negligible amount, further increases in Na do not contribute to allowing clouds to contain 
more cloud water, and the response of the cloud LWP to increases in Na (due to the lack of precipitation) 
becomes insignificant.  Thus, an increase of Na does not necessarily lead to an increase of cloud LWP 
(comparing “Na1200” and “Na2400”).  Only when there is significant precipitation, does cloud LWP 
increase with Na, as in the cases with N  equal to 150, 300, 600 and 1200 cm-3. a

 
As shown in Figure 3, the differences in the cloud LWP among the four sensitivity tests are only 
distinguishable after five or six hours of simulation time when the precipitation forms in the base case, 
which is similar to the continental cloud case studied by Ovtchinnikov and Ghan (2005).  The cloud 
LWP increases (or at least does not decrease) with Na during the first part of the simulation (before 
20:00 Universal Time Coordinates [UTC]).  However, it decreases with Na after 20:00 UTC.  The cloud 
LWP in the cleanest case (“Na150”) becomes the highest among the four sensitivity tests and base case 
after 21:30 UTC, which is just opposite to the second AIE hypothesis.  This result is associated with 
drizzle evaporative cooling.  Figure 4a shows the time evolution of the column-integrated evaporation 
rate by the falling drizzle.  Obviously, “Na150” has the strongest drizzle evaporation rate because of the 
highest drizzle production among the five simulations (four sensitivity tests and one base case).  The 
vertical profiles of the evaporative cooling rate averaged over the last 2 hours (from 20:30 UTC to 
22:30 UTC) are presented in Figure 4b.  Within the sub-cloud layers and cloud base (from 300 m to 
about 1000 m), there is a significant evaporative cooling which can reach up to 0.18 K/h for the 
“Na150”case.  Therefore, “Na150” would be expected to have the coldest sub-cloud layer among the five 
simulations.  
 
Figure 5a shows the difference in the horizontally and temporally averaged temperature profiles from 
20:30 UTC to 22:30 UTC between the base case (“Na1200”) and three sensitivity tests for “Na150,” 
“Na300” and “Na600.”  (Note the temperature and moisture profiles for the sensitivity test for “Na2400” 
are almost identical to those of the base case “Na1200” and are therefore omitted.)  The temperatures at 
cloud base in the sensitivity tests for “Na150,” “Na300,” and “Na600” are lower than that in the base case 
(“Na1200”) by 0.25, 0.2, and 0.1 K on the average, respectively (Figure 5a).  Less water vapor can be 
held at these colder temperatures and therefore more water vapor condenses to form cloud water.  The 
horizontally and temporally averaged specific humidity at cloud base in the tests for “Na150,” “Na300,” 
and “Na600” are smaller than those in the base case by 0.15 g/Kg, 0.12 g/Kg, and 0.07 g/Kg, 
respectively (Figure 5b).  However, the horizontally and temporally averaged cloud LWCs are larger by 
0.11 g/Kg, 0.10 g/Kg, and 0.08 g/Kg, respectively (Figure 5c).  We note that the temperature and the  
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Figure 4.  Time series of the horizontally averaged (a) column-integrated drizzle evaporative rate, and 
(b) profiles of drizzle evaporative cooling rate averaged over the last 2 hours of the 11-hour simulation 
for the base case (Na1200) and for the 4 sensitivity tests (Na150---Na2400) (line types are indicated in 
the legend). 
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Figure 5.  The vertical profiles of the difference in the horizontally averaged (a) in-situ temperature, 
(b) specific humidity and (c) cloud liquid water content, averaged over the last 2 hours of the 11-hour 
simulation, between the sensitivity test “Na600” and the base case “Na1200” (solid), between the 
sensitivity test “Na300” and the base case “Na1200” (dashed), and between the sensitivity test “Na150” 
and the base case of “Na1200” (dotted). 
 
specific humidity at the cloud top are higher in the tests for Na150, Na300, and Na600 than those in the 
base case, while the cloud LWC is lower.  Since the cloud LWP is the vertical integral of the cloud  
LWC over the cloud layers, the cloud LWP is determined by both the cloud geometrical thickness (H) 
and the cloud LWC vertical distribution.  The vertical extent of the layers with decreased LWC at cloud 
top is smaller than the vertical extent of the layers with increased LWC near cloud base.  The cloud 
LWP is therefore dominated by the contribution from the lower part of the cloud here.  As a result, the 
cloud LWP tends to become larger with smaller Na.  Feingold et al. (1996) showed that when only a 
small amount of drizzle was produced in a cloud, the evaporative cooling tended to be just below cloud 
base and resulted in a destabilization and a more vigorous circulation.  They further hypothesized that 
this destabilization could enhance cloud liquid water. 
 
10 



Sixteenth ARM Science Team Meeting Proceedings, Albuquerque, NM, March 27 - 31, 2006 

Sensitivity Tests for Surface Latent and Sensible Heat Fluxes 
 
As discussed in the Sensitivity to Aerosol Particle Number Concentration section, the cloud LWC 
depends on the thermodynamic vertical profile.  With the same moisture profile, the cloud LWC will be 
higher in a cooler atmosphere (e.g., Figure 5).  Given the same vertical temperature profile, the cloud 
LWC can also be higher if there is a larger moisture supply.  In this section, we will explore the impact 
of the surface latent and sensible heat fluxes on the cloud morphology and cloud evolution. 
 
First, we examine the effect of the surface latent heat flux by increasing and decreasing it by 25%, 
referred as “Na1200_1.25LHFlx” and “Na1200_0.75LHFlx.”  As expected, a larger surface latent heat 
flux leads to a higher cloud LWP, and vice versa (Figure 6).  The spatial and temporal average of the 
cloud LWP increases and decreases by 7% in the “Na1200_1.25LHFlx” case and in the 
“Na1200_0.75LHFlx” case, respectively, compared to the base case “Na1200” (Table 2).  In both 
“Na1200_1.25LHFlx” and “Na1200_0.75LHFlx,” there is little precipitation (not shown here).  
Therefore, an important cloud water sink is not present, and there is no feedback from evaporative 
cooling as discussed above.  The surface moisture flux is effectively transported upward and reaches the 
cloud layers in this well-mixed boundary layer.  As a result, the cloud LWP responds almost linearly to 
the enhanced (reduced) surface moisture supply.  

 
Figure 6.  Time series of the horizontally averaged cloud LWP in the base case (solid), and in the 
sensitivity tests increasing (dotted) and decreasing (dashed) the surface latent heat flux by 25%. 
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Table 2.  Results from the sensitivity tests for increasing and decreasing surface sensible and 
latent heat fluxes. 

Surface fluxes (in-cloud) 
LWP CLWCHR   e

Name sensible latent (g/m2) (:m) (m) (g/m3) 
Na1200_1.25LHFlx ×1. ×1. 25 116.92 5.28 302.32 0.36 
Na1200_0.75LHFlx ×1. ×0.75 101.83 5.07 281.33 0.33 
Na1200_1.25SHFlx ×1.25 ×1. 86.57 4.84 266.91 0.29 
Na1200_0.75SHFlx ×0.75 ×1. 116.97 5.47 350.19 0.33 
Na1200 (base case) ×1. ×1. 110.74 5.29 293.14 0.34 

 
HTable 2 presents the horizontal and temporal average of the cloud geometrical thickness ( ) and the 

spatial and temporal average of the cloud LWC (CLWC CLWCH).  Both  and  increase/decrease 
almost linearly (by 3-4%) in response to the increase/decrease of the surface latent heat flux (by 25%). 
Thus, a higher surface moisture supply can not only promote the cloud moisture, but also deepen the 
cloud layer. 
 
Over land, the surface sensible heat flux undergoes a large diurnal variation as land surfaces respond 
faster to the solar forcing.  The planetary boundary layer (PBL) begins to grow a half hour after sunrise 
and the maximum PBL depth occurs near sunset.  The PBL is often characterized by an intense mixing 
of warm air rising from the surface.  However, as the night progresses, the PBL usually collapses to a 
shallow layer (Stull 1988; Medeiros et al. 2005).  Two sensitivity tests for increasing and decreasing the 
surface sensible heat flux by 25% were also carried out (denoted as “Na1200_1.25SHFlx” and 
“Na1200_0.75SHFlx,” respectively).  Figure 7 shows the temporal evolution of the horizontally 
averaged in-cloud LWP and cloud fraction.  An enhanced surface sensible heat flux helps “evaporate” 
clouds and leads to a reduction of both the in-cloud LWP and the cloud fraction.  Figure 8 shows the 
temporal evolution of the cloud LWC for “Na1200_1.25SHFlx” and “Na1200_0.75SHFlx.” 
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Figure 7.  Time series of the horizontally averaged in-cloud LWP and cloud fraction in the base case 
(solid), and in the sensitivity tests with increasing (dotted) and decreasing (dashed) the surface sensible 
heat flux by 25%.  
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Figure 8.  Time-height cross section of horizontally averaged cloud LWC in the sensitivity tests with 
increasing (left panel) and decreasing (right panel) surface the sensible heat flux by 25%. 
 
From 12:30 UTC to 20:00 UTC, the magnitudes of the cloud LWC and their spatial distributions in 
these two tests are similar.  However, the cloud tends to become shallower in “Na1200_1.25SHFlx.” 
Both the cloud top and cloud base rise faster in “Na1200_1.25SHFlx” than those in 
“Na1200_0.75SHFlx” (Figure 9).  From 13:00 UTC to 20:00 UTC the cloud base rises from 0.5 km to 
1.0 km and cloud top rises from 0.5 km to 1.3 km in “Na1200_1.25SHFlx.”  (Note:  the cloud base and 
top in ATHAM are defined as the lowest and highest model levels with the cloud LWC > 0.001g/Kg and 
Nd > 5/cm3).  However, over the same period in “Na1200_0.75SHFlx,” the cloud base rises from 0.5 km 
to 0.8 km and cloud top rises from 0.5 km to 1.3 km.  The difference in the cloud tops between 
“Na1200_1.25SHFlx” and “Na1200_0.75SHFlx” is much less pronounced than the difference in the 
cloud bases.  The cloud base is higher and the cloud is shallower in “Na1200_1.25SHFlx.”  A higher 
surface sensible flux causes a deeper sub-cloud layer (i.e., an enhanced cloud base), and results in a 
lower cloud LWP (Golaz et al. 2001).  As shown in Table 2, CLWC  is reduced by only 10% from  
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Figure 9.  Time series of the horizontally averaged heights of (a) cloud base, (b) cloud top, and 
(c) cloud geometrical thickness (H) in the base case (solid line), and in the sensitivity tests with 
increasing (dotted) and decreasing (dashed) the surface sensible heat flux by 25%. 
 

H“Na1200_0.75SHFlx” to “Na1200_1.25SHFlx.”  However,  is reduced by 24%, and the in-cloud 
LWP is reduced by 27%.  This indicates that the change of LWP is mainly attributed to the change of 
the cloud geometrical thickness H when the surface sensible heat flux changes. 
 
On the average, the in-cloud LWP decreases from 109.67 g/m2 to 86.57 g/m2 (by 20%) after increasing 
the surface sensible heat flux by 25%; but it increases from 109.67 g/m2 to 116.97 g/m2 (by 7%) after 
increasing the latent heat flux by 25%.  The cloud LWP does not respond linearly to the surface sensible 
heat flux, whereas it does response almost linearly to the surface latent heat flux.  Surface sensible heat 
could influence the thermal structure of the PBL, and thereby the cloud morphology (mainly the height 
of cloud base).  The decreased amount of cloud LWP caused by an enhancement of the surface sensible  
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heat flux by 25% is similar to that caused by quadrupling Na (Tables 1 and 2).  The response of cloud 
LWP to the change of the thermal-dynamic vertical structure is even more striking than its response to 
the aerosol burden. 
 
Conclusions and Discussion 
 
In this continental cloud that we studied, an enhancement of N  generally resulted in a higher Na d and a 
smaller droplet size.  The first AIE is evident and robust.  However, the cloud LWP does not always 
increase with Na.  In the heavily polluted scenario where the precipitation efficiency is already very low 
(or negligible), an increase in Na will not change cloud water content or cloud geometrical thickness.  
We show that near the end of our simulation (from 20:00 UTC to 22:30 UTC, or 14:00 LST to 
16:30 LST), if there is a small amount of drizzle, the evaporation of drizzle cools the cloud base, and 
this cooling increases the cloud water content in the lowest layers of the cloud and results in an increase 
in cloud LWP when aerosol and droplet concentrations decrease.  The local time for this result 
corresponds to that of the satellite overpass time (i.e., from 14:00 LST to 16:00 LST) in the 
investigations reported by Han et al. (2002) and Han et al. (1994).  Thus, our result is consistent with 
satellite observations for continental clouds of neutral or slightly negative liquid water sensitivity to 
aerosol burden (Han et al. 2002).  So we suspect that the evaporative cooling effect by drizzle might 
explain the neutral or slightly negative sensitivity over land.  However, our model result might be case-
dependent and needs to be further explored and examined. 
 
We also show that cloud LWP increases with Na only when there is a significant amount of 
precipitation.  This is because the precipitation is an important sink of cloud water for precipitating 
clouds and its decrease allows the cloud LWP to increase.  The spatial and temporal average cloud LWP 
increases as N  increases despite the small decrease at the end of our simulations. a

 
In this case study, the sub-cloud layer is well-mixed and the surface moisture supply is effectively 
transported upward.  As a result, the cloud LWP responds almost linearly to the change of the surface 
latent heat flux.  Both the cloud geometrical thickness and cloud water content increases nearly linearly 
with a stronger surface latent heat flux. 
 
Variations in the surface sensible heat flux play an important role in the PBL.  The surface sensible heat 
flux affects the depth of the PBL, and therefore determines the increase in the cloud base over time. 
Sensitivity tests show that the cloud base is lifted to a higher altitude given a higher sensible heat flux. 
As a result, the cloud tends to be thinner and drier.  The impact of the surface sensible heat flux on the 
cloud morphology is more pronounced than its impact on the cloud water content.  Therefore, the 
variation in the cloud LWP is largely attributable to the change of cloud geometrical thickness. 
Therefore, in addition to the cloud water content, cloud morphology (or cloud geometrical thickness) is 
also of significance in determining the cloud LWP.  The decrease of cloud LWP after increasing 
sensible heat flux by 25% is comparable to the change after quadrupling Na.  Another consequence of 
the higher surface sensible heat flux is a decrease in the cloud fraction.  After increasing the sensible 
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flux by 25%, the uniform cloud deck is broken up as a result of the lower ambient relative humidity. 
There is a systematic trend between the high relative humidity and the cloud water content, and their 
individual spatial patterns, as well.  
 
The response of the cloud LWP to the aerosol loading is often complicated by thermo-dynamical 
feedbacks (e.g., cloud top entrainment, drizzle evaporative cooling and moistening, and surface fluxes), 
and could sometimes even be controlled by them.  Surface energy flux plays an important role in 
determining the cloud LWP.  Anthropogenic emissions of aerosols and their precursors could attenuate 
the incoming solar radiation and result in a reduction of solar heating at the surface (“solar dimming”). 
Such a reduction may result in a smaller surface energy and moisture flux transported upward to the 
lower atmosphere.  These two factors have two competing impacts on the cloud LWP and therefore can 
either amplify or diminish the total AIE.  A decrease in the latent heat flux might lead to a shallower and 
drier cloud (smaller cloud LWP).  A decrease in the sensible heat flux would result in a deeper cloud 
(larger cloud LWP).  Because surface latent and sensible flux often co-vary with each other, and 
correlate with the underlying soil moisture, a fully coupled atmospheric and the land-surface model is 
needed to investigate the net effect of aerosols on clouds and the energy budget. 
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