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Introduction 
 
Aerosol Indirect Effect 
 
Increases in anthropogenic sources of cloud condensation nuclei can increase cloud albedo by increasing 
the concentration and reducing the size of cloud droplets, usually referred to as the indirect effect of 
aerosol on climate (Twomey 1977).  However, the magnitudes of the various kinds of indirect forcing 
are particularly uncertain, because they involve subtle changes in cloud radiative properties and lifetimes 
(Schwartz and Slingo 1996). 
 
Why Ground-Based Remote Sensing? 
 
Studies relating the enhancement of cloud droplet concentrations to the increase of cloud albedo have 
typically limited to in-situ and remotely sensed characterization of cloud microphysics during the 
intensive field campaigns, such as International Climatology Program (Radke et al. 1989), Atlantic 
Stratocummulus Transition Experiment (ASTEX) (Albrecht et al. 1995), and Aerosol Characterization 
Experiment-2 (ACE-2) (Brenguier et al. 2000). 
 
The U.S. Department of Energy’s (DOE’s) Atmospheric Radiation Measurement (ARM) Program 
established the Southern Great Plains (SGP) and North Slope of Alaska (NSA) Cloud and Radiation 
Testbed (CART) sites to conduct multiple continuous in situ and remote measurements of radiation and 
cloud and aerosol properties over the extended periods (Stokes and Schwartz 1994).  Surface remote 
sensing has the advantage of continuous operation over long periods and can examine long-term trends 
in aerosol properties (Figure 1).  Key measurements and instruments are shown in Table 1. 
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Figure 1.  Schematic of ground-based remote sensing of cloud properties at the ARM SGP site in 
North Central Oklahoma. 
 
Objective 
 
Here, we use ground-based remote sensing of cloud optical depth (τc) and liquid water path (LWP) to 
determine the dependence of optical depth on LWP.  One of the goals is to examine the characteristics 
of cloud drop effective radius (re) and investigate its relationship to aerosol concentration using ARM 
data for the year 2000. 
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Table 1.  Summary of Primary Instrumentation 
 

 
 
Methodology 
 
Most Favorable Cloud Type 
 
• Complete overcast needed for the determination of τc by using multi-filter rotating shadowband 

radiometer (MFRSR). 
 
• Low level liquid water clouds without overlying cloud. 

 
• Clouds in boundary layer should be related to aerosol at the surface. 

 
Case Selection and Data Retrieval 
 
• Wide-spread low-level and thin cloud layer selected and not interfered by higher-level cirrus ice 

clouds. 
 
• Completely overcast cloudy situations screened using shaded and unshaded irradiances measured by 

pyranometers, and confirmed by the estimation of clear-sky cover (Long and Ackerman 2000). 
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• Cloud optical depth (τc) obtained using the observed atmospheric transmittance, and surface albedo 
(Min and Harrison 1996).  

 
• Cloud LWP measured by a microwave radiometer used to obtain re of cloud droplets.  

 
Dependence of Transmittance on Cloud Optical Depth 
 
Figure 2 shows the strong dependence on cloud optical depth evaluated with a radiative transfer model 
SBDART (Ricchiazzi et al. 1998) based on the discrete ordinate radiative transfer (DISTORT) algorithm 
for discrete-ordinate-method radiative transfer (Stamnes et al. 1988).  Transmittance is sensitive to 
optical depth and solar zenith angle (SZA), but relatively insensitive to cloud drop re. 
 
Cloud optical depth displays a nearly linear dependence of optical depth on the inverse of transmittance, 
again quite insensitive to the value of re employed in the retrieval.  This insensitivity allows optical 
depth to be retrieved without a priori knowledge of re. 
 
For the results presented here, τc is retrieved by a dependence of transmittance on cloud optical depth.  A 
nonlinear least square method, implemented through the linearized iteration (Bevington 1969), in 
conjunction with an adjoint formulation of radiative transfer to speed up the computation (Min and 
Harrison 1996).  
 
Time Series of Cloud Properties 
 
Figure 3 indicates well defined single cloud layer below 1 km.  The matching of total and diffuse 
irradiances from 1300 to 1840 Universal Time Coordinates (UTC) is further indication of total overcast 
conditions.  Optical depth (τc) and LWP tend to track each other over the course of day, indicative of a 
more or less constant proportionality between them during the complete overcast day, notably, as LWP 
increases (decreases), τc increases (decreases) despite being measured by completely different 
instruments, despite being measured by completely different measurements with different field of view.  
The method of determining τc presumes horizontal homogeneity.  Satisfaction of this requirement is 
indicated by the temporal homogeneity of the several traces.  And, examination of LWP during the 
intermittent drizzle demonstrated that total LWP was not influenced by drizzle.  On March 15 
(Figure 4), the low-level warm cloud existed below 2 km the entire day.  Optical depth and LWP 
exhibited similar fluctuations during the overcast period, with a roughly linear dependence of τc on 
LWP.  Until 1700 UTC, cloud layer was confined to 1 km and aerosol scattering coefficient also began 
to decrease when mixed layer height increased from the sounding. 
 
Relationship Between Cloud Optical Depth and LWP 
 
Scatterplots of τc against LWP show the controlling influence of LWP on τc (Figure 5).  To the extent 
that data can be represented as a linear dependence on a line through the origin, then the data are 
indicative of a single value of re.  Optical depth exhibited a roughly linear dependence on LWP with  
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Figure 2.  Calculated atmospheric transmittance as a function of optical depth, and dependence of 
optical depth as a function of inverse of atmospheric transmittance. 
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Figure 3.  Time series of cloud boundaries, total horizontal and diffuse irradiances, cloud optical depth, 
LWP, re of cloud droplets and aerosol scattering coefficient on April 13.  The thick black line indicates 
the completely overcast period. 
 
slopes that varied day to day, especially plots of 2/18, 3/19, 4/13, and 7/23 exhibiting a nearly linear 
dependence of τc on LWP, indicating the re of around 5.2-5.6 µm.  It suggests that the cloud should be 
considered to be horizontally homogeneous and consist of relatively uniform particles with the vertically 
integrated re.  Overall the plots showed steeper slopes than those of marine clouds (Schwartz et al. 
2002). 
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Figure 4.  Time series of cloud boundaries, cloud fraction, cloud optical depth, LWP, re of cloud 
droplets and aerosol scattering coefficients on March 15. 
 
Relationship of Effective Radius to Aerosol 
 
Figure 6 examines the relationship of re to aerosol light scattering coefficient σsp on the average of each 
event.  Effective radius was negatively albeit weakly correlated with σsp.  The case of October 26 is 
excluded; for this case, unusually, a mixed layer did not develop even during the daytime and thus the 
cloud was decoupled from the surface.  The slope of log(re) vs. log(σsp) is -0.16 (r = 0.47).  The 
magnitude is consistent with attribution of varying re to variation in the aerosol that served as nuclei for 
droplets comprising cloud. 
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Figure 5.  Scatterplots of cloud optical depth against LWP.  Lines denote cloud optical depth for 
indicated constant values of re. 
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Figure 6.  Scatterplots showing re vs. scattering coefficient based on the average of each event.  Error 
bar indicates the standard deviation of re and σsp, respectively. 
 
From the time series of cloud properties (Figures 3 and 4), there generally seemed to be no systematic 
correlations between re and σsp within a day.  On April 13 (Figure 3), re decreased slightly from 6.8 - 
7.2 µm to 5.8 - 6.5 µm especially around 1500 UTC, when σsp also decreased 66.7 to 36.0 Mm-1, not 
consistent with the expectation of enhancement associated with greater aerosol loading and decreased re.  
This could be explained by the vertical decoupled structure of In situ Aerosol Profile (IAP, Figure 7) 
with discontinuity right over the mixed layer.  Vertical decoupled structure was indicated around 1 km 
AGL together with sharp decrease of σsp from 70 - 80 to 2 - 10 Mm-1.  Apparently upper level cloud for 
this period seems to be not related to aerosol at the surface.  
 
Discussion 
 
Dependence of re on potential temperature gradient and wind shear is compared for below cloud, in 
cloud layer and above the mixed layer (ML).  Wind shear exhibited anti-correlation with re only above 
the ML (Figure 8).  Lower re is associated with the higher wind shear that could increase the ascent rate 
of air parcels in cloud, which might facilitate the cloud supersaturation, and finally decrease re.  The 
systematic difference in cloud spherical albedo for a given LWP attributable to difference in re is evident 
for the several days (Figure 9).  The change in shortwave radiation budget associated with changes in re 
is evaluated using SBDART model.  For a LWP = 100 g m-2, τc for re equal to 9.2, 6.6 and 5.2 µm are 
16.3, 22.7, and 28.8.  For SZA 60˚ and vegetated surface, the corresponding broadband  
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Figure 7.  Vertical profiles of aerosol scattering coefficients from IAP flight and potential temperature 
from Balloon-Borne Sounding System on April 13. 
 
irradiance at top of the atmosphere are 286, 256, and 236 W m-2.  The decrease in re from 9.2 to 5.2 µm 
and resultant increase in τc decrease the absorbed irradiance by 50 W m-2. 
 
Conclusions 
 
Ground-based remote sensing of cloud optical depth and LWP has been used to determine the 
dependence of optical depth on LWP.  The characteristics of cloud droplet re are investigated using SGP 
ARM archive for the whole year 2000. 
 
Optical depth and LWP tend to track each other over the course of each episode, indicative of a roughly 
linear dependence between them during the complete overcast situation.  Additionally the slope of τc 
against LWP is inversely proportional to re.  Effective radius exhibits negative correlation with σsp at the 
surface, expected for the Twomey mechanism, although other factors such as vertical decoupling 
structure of aerosol and vertical wind shear appear to influence re.  Notably, the decrease in re and the  
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Figure 8.  Relationships of re with wind shear from the ML top to 1 km above the ML top. 
 
enhancement of τc results in the increase in cloud albedo and decrease in absorption of solar radiation.  
Future work would be to examine how well surface aerosol measurements could represent the overlying 
atmospheric column, using in situ aircraft measurement and Raman lidar.  The influence of turbulent 
factors on re should be investigated in more accurately quantifying the aerosol influence on cloud 
microphysics. 
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Figure 9.  Cloud spherical albedo as a function of cloud LWP.  Curve denotes cloud albedo for 
indicated constant values for re. 
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