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ABSTRACT 
 
 

First proposed by Twomey, the aerosol first indirect effect hypothesizes that increased 

aerosol concentration leads to a larger number of cloud condensation nuclei, and therefore 

smaller but more numerous cloud droplets, which results in greater reflection of incoming solar 

radiation. It is known that this phenomenon has a net effect to cool the Earth radiatively and 

offset a substantial amount of the warming caused by the increasing of greenhouse gases. 

However, the magnitude of this effect has been very uncertain. For example, discrepancies of 

more than a factor of 2 have been reported among various observational results. This uncertainty 

is a major hurdle in advancing our understanding of how humans have altered, and may in the 

future alter the Earth's climate. One of the difficulties in deriving the magnitude of this effect 

from observational data arises from the fact that the aerosol abundance often varies coherently 

with meteorological conditions, which makes it extremely hard to distinguish between the 

changes in cloud microphysical parameters caused by varying aerosol concentration and by 

varying meteorological conditions.  Therefore, the goal of this study is to find a reliable method 

to extract the real strength and to narrow the uncertainty in the estimates of the indirect radiative 

effect of aerosols. To achieve this goal, first, a satellite visible/near-infrared algorithm is 

developed to retrieve cloud optical depth and effective radius simultaneously at solar 

wavelengths (0.63 and 1.61 μm), and a satellite microwave algorithm is developed to retrieve 

liquid water path in the microwave range (19 and 37 GHz). Using these algorithm we derive 

cloud microphysical variables in relation to the aerosol first indirect effect. Second, a drizzle 

index is introduced to discriminate the drizzle clouds from non-drizzle clouds from satellite, 

which ensures our estimation of the first indirect effect not being contaminated by precipitation 

related processes.  Third, using an analytical model, we have explained how the coherent nature 

between cloud depth and aerosol concentration as observed in the northeastern Pacific causes 

misidentification of the aerosol first indirect effect. Finally, we have further explained that the 

coherent variation between aerosol abundance and meteorological conditions is the major cause 

responsible for the large discrepancies among various observed values of the aerosol first 
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indirect effect published in literature. We found that clouds in clean areas tend to deviate more 

from adiabatic process than clouds in polluted area near the coast, which causes an artifact term 

in commonly-used methods for deriving the aerosol first indirect effect. By introducing a new 

method capable of removing this artifact, the real strength of the aerosol first indirect effect is 

assessed over the region of Northeast Pacific. It shows that the magnitude of the aerosol first 

indirect effect measured by the new parameter is about half of that originally estimated by 

Twomey.   
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CHAPTER 1 

BACKGROUND AND OBJECTIVES 

Introduction 

It has been more than a century since scientists first predicted that changes in the 

chemical composition of the atmosphere, particularly increasing concentrations of carbon 

dioxide from anthropogenic activities, might change the Earth’s heat balance and cause a 

warming of the atmosphere (Arrhenius, 1896). In contrast, it is only recently that 

scientists began to consider quantitatively how anthropogenic aerosols – very small 

particles that are suspended in the air – affect global climate (Charlson et al., 1990). 

Although there is much evidence to suggest that aerosols cause cooling, it is not 

confidently known just how large such an effect might be (IPCC, 1996). Because the 

effects of atmospheric aerosols on climate are still poorly understood, and because these 

effects could play an essential role in explaining past climate trends and in predicting 

future climate change, the importance of anthropogenic aerosols has been underscored by 

the goals and efforts of a number of national and international programs, for example, the 

Atlantic Stratocumulus Transition Experiment (ASTEX, Albrecht et al., 1995), the 

Tropical Aerosol Radiative Forcing Observational Experiment (TARFOX, Russell et al., 

1999), the Aerosol Characterization Experiment (ACE 1 & ACE 2, Bates et al., 1998; 

Raes et al., 2000), the Monterey Area Ship Track Experiment (MAST, Durkee et al., 

2000), and the Indian Ocean Experiment (INDOEX, Ramanathan et al., 2001). 

The mechanisms by which atmospheric aerosols influence radiative forcing upon 

global climate can be distinguished into the following three categories: 

Direct forcing: Scattering and absorption of shortwave (solar) radiation by aerosols 

produce radiative forcing by changing the planetary albedo. Absorption of longwave 

(terrestrial) radiation enhances the atmospheric greenhouse effect and causes surface 

warming. Absorption of solar or thermal radiation within the atmospheric column 

produces changes in the atmospheric temperature profiles. 
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Indirect (cloud) forcing: Aerosols serve as cloud condensation and ice nuclei, thereby 

modifying the microphysics, the radiative properties, and the lifetime of clouds. The 

aerosol indirect effect can be further divided into two effects: the first indirect effect, 

whereby an increase in aerosols causes an increase in droplet concentration and a 

decrease in droplet size for a fixed liquid water content (Twomey, 1974), and the second 

indirect effect, whereby the reduction in cloud droplet size affects the precipitation 

efficiency, tending to increase the liquid water content, the cloud lifetime (Albrecht, 

1989), and the cloud thickness (Pincus and Baker, 1994). 

Semi-direct forcing: Absorption of solar radiation by aerosols leads to a heating of the air, 

which can result in an evaporation of cloud droplets. It is referred to as semi-direct effect 

(Lohmann and Feichter, 2001). 

This study is focused on the aerosol first indirect effect. More specifically, we 

concentrate on the aerosol first indirect effect on marine stratus/stratocumulus. Marine 

stratus/stratocumulus is important to global climate, because 1) it covers a vast area over 

the globe and has a relatively long lifetime; 2) Ocean has low albedo compared to land, 

leading to a greater albedo contrast between cloud and oceanic surfaces, hence a greater 

climate sensitivity to marine clouds; 3) Stratus/stratocumulus tops exist at lower altitudes 

where increases in cloud extent have less of an effect on terrestrial radiation than do high-

level clouds that have lower radiation temperature. The relatively large warming effect of 

high cloud tends to counterbalance the cooling effect caused by reflecting shortwave 

radiation. 

Evidences of the Aerosol Indirect Effect 

There is much observational evidence that aerosols have an effect on cloud 

microphysical properties and rainfall amounts. Measurements of marine stratocumulus 

clouds (Coakley et al., 1987; Radke et al., 1989) demonstrated that ship fumes modify 

cloud droplet spectrum by redistributing water into larger number of smaller droplets. 

Using satellite measurements of the Advanced Very High Resolution Radiometer 

(AVHRR), Kaufman and Nakajima (1993) related the reflectance to visible radiation of 
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low cumulus and stratocumulus clouds over Brazil to enhanced aerosol loading from 

biomass burning. Boers et al. (1994) examined monthly mean cloud condensation nuclei 

(CCN) concentration in marine boundary layer air at Cape Grim, Tasmania, and optical 

depth of low marine clouds derived from satellite data; a trend of increasing cloud optical 

depth with increasing CCN was found. By surveying the effective cloud drop radii, re, 

(defined as the ratio of the third to the second moment of a droplet size distribution) from 

satellite observation, Han et al. (1994) found that there are systematic differences in drop 

size between continental and marine water clouds, and between marine clouds in the 

Northern and in the Southern Hemispheres. These differences are perhaps explained by 

greater anthropogenic pollution in the Northern than in the Southern hemispheres, and in 

continental than in marine regions. More directly, using aircraft observations during the 

INDOEX experiment, Liu et al. (2003) showed that clouds with greater aerosol number 

concentration produce more but smaller cloud droplets than less polluted clouds with the 

same liquid water content. Aerosol-induced precipitation suppression has also been 

observed both with in situ measurements (Ferek et al., 2000) and with satellite 

observations (Rosenfeld, 2000). An example of this effect of aerosols (Ramanathan et al., 

2001) can be seen in Figure 1, which displays satellite-retrieved effective radius re as a 

function of the cloud top temperature (a surrogate for cloud top height) for various 

studies. It revealed that the effective radius in polluted regions is systematically smaller 

than those in clear regions. Below freezing level, the measurements of re at cloud tops 

were recorded at more than 25 μm in pristine air masses. Within polluted air masses, 

however, re at cloud tops was considerably less than the precipitation threshold of 14 μm, 

indicating a lack of coalescence and suppressed precipitation.  

Problems in Estimating the Aerosol First Indirect Effect 

Uncertainty in the Aerosol Indirect Effect 

Although many in situ and remote sensing observations confirm the aerosol first 

indirect effect, its magnitude (ranging from 0 to –2 Wm-2 in terms of radiative forcing) is 

considered to be one of the most uncertain elements of the anthropogenic climate forcing. 
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Estimates from the Intergovernmental Panel on Climate Change (IPCC) 2001 Report on 

several contributions to radiative forcing over the industrial period are shown in Figure 2, 

together with the IPCC's estimates of the uncertainties associated with each of these 

contributions. It is seen that aerosol indirect effect has a comparable magnitude to the 

warming effect of anthropogenic greenhouse gases. However, its scientific understanding 

is very low (note that the IPCC did not even provide an estimate for the indirect forcing). 

Discrepancies among the Observed Aerosol Indirect Effect 

Many studies have been conducted to improve the understanding of the 

uncertainties in the aerosol indirect effect. However, the complexity of this problem 

seems to grow with each new study. On the observational side, this effect of aerosols has 

never been consistently observed by satellite. Discrepancies of more than a factor of 2 

have been reported among various observational results (Rosenfeld and Feingold, 2003). 

The discrepancy may result from different types of satellite data. For example, over 

ocean the AVHRR-measured aerosol first indirect effect (Nakajima et al. 2001) is twice 

as large as that (Bréon et al., 2002) measured by the Polarization and Directionality of the 

Earth Reflectances (POLDER). The discrepancy may also result from different methods. 

Figure 3 shows the observed aerosol first indirect effect we compiled from 12 recent 

studies and grouped with color for two different methods (to be explained in later 

chapters). Despite the variation in each group, it is seen from Figure 3 that there is a 

systematic discrepancy between the two groups.  

Additionally, analyzing the global observations of cloud effective radius and 

aerosol number concentration, Sekiguchi et al. (2003) found that the correlation between 

the two variables can be negative, positive, or none, depending on the location of the 

clouds. Their results (Figure 4) revealed that negative correlations between cloud 

effective radius and aerosol number concentration are mostly identified along coastal 

regions where abundant continental aerosols inflow from land. Whereas, using the 

observations in Brazilian biomass burning regions, Feingold et al. (2001) found that the 

response of cloud effective radius to aerosol loading is the greatest in the region where 

aerosol optical depth is the smallest. One of the difficulties in deriving the aerosol 
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indirect effect is thought to be caused by the coherent variation between aerosol 

abundance and meteorological conditions. 

Inconsistency between Simulation and Observation 

Currently, the important processes involved in the indirect cloud effect have not 

been quantitatively understood so that they can be included in climate models. As we 

discussed earlier, the consensus of IPCC for the aerosol first indirect radiative forcing 

ranges from 0 to -2 W m-2. However, these estimates are difficult to reconcile with the 

observed temperature record. For example, using global temperature records as a 

constraint, Knutti et al. (2002) show that the estimate of the aerosol first indirect effect 

lies between 0 to -1.2 Wm-2, so that the upper limit is about half of that reported by IPCC. 

Evidence that general circulation models (GCMs) may tend to overestimate the first 

indirect aerosol effect also comes from the recent study by Lohmann and Lesins (2002), 

who show that their GCM overestimates the response of cloud droplet effective radius to 

the change in the aerosol loading in comparison with satellite observations. By taking this 

overestimation into account, they concluded that the estimate of the global mean aerosol 

first indirect effect should be reduced from -1.4 to -0.85 Wm-2. 

Objectives of This Study 

Because the uncertainties associated with aerosol forcing are the major source of 

uncertainty in climate forcing, clearly, narrowing the uncertainty in the estimates of the 

indirect radiative effect of aerosols is one of the prerequisites for making progress on 

understanding human influences on climate. The objectives of this study are, therefore, 

(1) to survey the differences among the observed values of the aerosol first 

indirect effect published by previous investigators; 

(2) to understand why there are such large discrepancies among these 

observations, through theoretical derivation and observational analyses; 

(3) to estimate the strength of the aerosol first indirect effect, using observational 

datasets provided by previous investigators and derived in this study. 

 5



To achieve these goals, we not only analyze data provided by previous investigators, but 

also develop satellite retrieval algorithms to derive variables needed to estimate the 

aerosol first indirect effect.  

 The rest of the dissertation is arranged as follows. In Chapter 2, we describe the 

retrieval algorithms developed in this study. By combining satellite visible, infrared and 

microwave data, we are able to derive the following cloud microphysical and radiative 

properties: cloud effective radius, optical depth, liquid water path, and geometric 

thickness (with the aid of National Centers for Environmental Prediction / National 

Center for Atmospheric Research reanalysis data). These variables are used in subsequent 

chapters to study the aerosol indirect effect. In Chapter 3, a drizzle detection algorithm 

based on satellite data is introduced. This algorithm enables us to separate non-drizzling 

clouds from drizzling ones, so that we can avoid the influence of precipitation on the 

aerosol first indirect effect and isolate the aerosol first indirect effect from the second 

(precipitation related) indirect effect. The spatial variation of the “observed” values of the 

aerosol indirect effect is explained in Chapter 4. In Chapter 5, the discrepancies among 

various observed values of the aerosol first indirect effect are explained; a more 

appropriate parameter to represent the effect is defined; and the strength of the effect is 

estimated. Conclusions and future works are given in Chapter 6. There will be a short 

introduction and a brief summary in each chapter to explain the purpose and summarize 

the main result of the corresponding chapter. 
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CHAPTER 2 

RETRIEVAL OF CLOUD PHYSICAL PARAMETERS 

Introduction 

Measuring the response of cloud drop size to the changes in aerosol and cloud 

droplet concentrations is extremely challenging because aerosol abundance typically co-

varies with meteorological conditions, entangling the microphysical and meteorological 

signals (Schwartz et al., 2002; Ackerman et al., 2004). For instance, for clouds with the 

same liquid water path, the cloud with lower droplet number concentration has a larger 

averaged particle size. On the other hand, cloud droplet size increase as clouds develop 

deeper. Consequently, a smaller mean particle size may be a result of a high number 

concentration of cloud droplets, but may also be due to the cloud being under-developed. 

The former reflects the effect of aerosol because aerosols are the source of cloud 

condensation nuclei, while the latter is apparently related to atmospheric stability and the 

water vapor supply. Therefore, to evaluate the effect of aerosol on cloud microphysical 

properties, it is necessary to examine all the parameters that are interrelated. To this end, 

in this study we develop retrieval algorithms and retrieve the following four most 

important cloud parameters: cloud effective radius re, cloud optical depth τc, liquid water 

path LWP, and cloud geometric depth H. These retrievals are performed using the 

Tropical Rainfall Measurement Mission (TRMM) satellite data.  

TRMM Data and Data Matching 

TRMM Instruments 

The TRMM orbit is circular, non-sun-synchronous, at an altitude of 350 km and 

an inclination of 35° to the Equator. This orbit provides extensive coverage in the tropics 

and allows each location to be covered at a different local time each day. The TRMM 

satellite carries three rain measuring instruments: the TRMM Microwave Imager (TMI), 
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the Visible Infrared Scanner (VIRS), and the Precipitation Radar (PR). Figure 5 shows 

the schematic view of the scan geometries of these sensors. 

The TMI is a multichannel passive microwave radiometer operating at five 

frequencies: 10.65, 19.35, 37.0, and 85.5 GHz at dual polarization and 22.235 GHz at 

single polarization. The TMI makes conical scans with an incident angle of 52.8° at the 

earth surface. Scene radiation is recorded from left to right (looking in the +X flight 

direction) over an annular sector of 130° about the sub-satellite track. The separation 

between successive scans is 13.85 km along the flight direction, which is nearly equal to 

the spatial resolution of the 37 GHz. The swath width is 758.5 km, which comprises of 

104 low-resolution pixels (frequencies other than 85.5 GHz) or 208 high-resolution pixels 

(85.5 GHz).  

The VIRS is a five-channel, cross-track scanning radiometer operating at 0.63, 

1.61, 3.75, 10.8, and 12.0 μm. The VIRS records scene radiation from right to left 

looking in the +X direction over a scan angle of ±45° from the nadir. It has a swath 

width of 720 km, which comprises of 261 pixels. Each pixel has a 292 μs integration 

time, resulting in a triangular response function with an along-scan width of 4.22 km and 

a half-width field-of-view (IFOV) of 2.11 km at nadir. At the ±45° scan angle, the IFOV 

grows to 3.02 km in both the cross- and along-track directions. The scan lines are 

contiguous at nadir and, therefore, overlap approximately 0.9 km at the edge of the swath. 

The PR is an electronically scanning radar, operating at 13.8 GHz that measures 

the 3-D rainfall distribution over both land and ocean, More specifically, this instrument 

will define the layer depth of the precipitation and provide information about the rainfall 

reaching the surface. The PR electronically scans from right to left looking in the +X 

direction across the ground track of the satellite every 0.6 seconds. The horizontal 

resolution is 4.3 km at nadir, the range resolution is 250 m and the scanning swath width 

is 220 km. 
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Data Matching 

The TRMM satellite is equipped with both TMI and VIRS on the same platform 

so that problems arising from mismatch in space and time between observations by 

different sensors are avoided. However, since TMI has larger footprints than VIRS, to 

compare and combine the TMI and VIRS results, it is necessary to collocate the VIRS 

pixels into an equivalent TMI pixel. The process of forming an equivalent pixel is shown 

as follows: 

Assume that ellipses A, B and C are the three neighboring TMI pixels along the 

scan direction (Figure 6). Let (x1, y1), (x2, y2) and (x3, y3) be their longitude-latitude 

coordinates, respectively. Therefore, the minor diameter (a) and major diameter (b) of the 

effective field of view (denoted by the area of ellipse) for pixel B can be approximately 

written with latitudinal-longitudinal coordinates by: 

4

)y(y)x(x
a

2
31

2
31 −+−

≈                                       (1-a) 

a)  tob of (Ratioab ×≈                                          (1-b) 

Also,  and (where α is the angle between cross-track direction and longitude 

axis) are obtained by:  
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−+−
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2
31

2
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−+−

−
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So, for the middle pixel B, the ellipse equation of effective field of view in the longitude-

latitude coordinate system is written as:  

1
b

)sinαx(x)cosαy(y

a

)cosαx(x)sinαy(y
2

22

2

22 =⎥⎦
⎤

⎢⎣
⎡ −−−

+⎥⎦
⎤

⎢⎣
⎡ −+−

    (3) 

Assuming (x, y) is the longitude-latitude coordinate for an arbitrary VIRS pixel, based on 

Eq. (3) we can determine that the VIRS pixel is inside a TMI effective field of view if (x, 
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y) makes the left hand side of Eq. (3) less than 1. Repeating the calculation untill all 

VIRS pixels within the TMI pixel are included, then averaging over these VIRS pixels, in 

this way we collocate the VIRS pixels into an equivalent TMI pixel.  

Retrieval of Cloud Effective Radius and Optical Depth 

Principles for Optical Depth and Effective Radius Retrievals 

Figure 7 shows the spherical albedo, which represents a mean value of the 

reflection function over all solar and observational zenith and azimuth angles, versus 

wavelength for various values of re calculated by a radiative transfer model. It was 

assumed that τc at 0.75 μm is 16, column water vapor concentration is 4.5 kg m-2, and 

surface albedo is 0.0. Because of conservative scattering (no absorption) in the water 

vapor windows at wavelengths λ ≤ 1.0 μm, the cloud optical thickness can be derived 

primarily from reflectance measurements in this wavelength region. On the other hand, 

the solar reflection is sensitive to particle size at wavelengths near 1.61, 2.13, and 3.75 

μm where solar radiation experiences some water vapor absorption. The principle 

outlined above forms the basis for simultaneously retrieving cloud optical depth and 

effective radius from multichannel measurements of reflected solar radiation. 

Algorithm Description 

Following the methodology of Nakajima and King (1990), the algorithm to 

retrieve cloud optical depth τc and effective radius re has been developed at visible and 

near-infrared frequencies (Shao and Liu, 2004). Since τc is primarily determined by 

visible reflectance and re is primarily determined by near-infrared reflectance, the most 

common approach for retrieving τc and re is to use a pre-computed look-up-table. The 

basic idea of the look-up-table method is to match the reflectance measured by satellite 

with the reflectance pre-computed by a radiative transfer model under the same viewing 

geometry and search for the pair of τc and re that makes the best fit between the model 

and the observation (Nakajima and King 1990). There are two near infrared (i.e. the 1.61 
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and 3.7 μm) channels on the TRMM satellite. Both of them can be used to retrieve the 

effective radius of a cloud. In our study, we choose channel 1.61 μm for the following 

two reasons: 1) The signal of the 3.7 μm channel is contaminated due to the mixture of 

thermal and solar radiation; 2) The solar irradiance is larger at 1.61 μm than at 3.7 μm, 

which results in larger signal to noise ratio when using 1.61 μm channel.  

An example of the look-up-tables is given in Figure 8 for the VIRS (Visible 

Infrared Scanner) 0.63 and 1.61 μm channels showing the lines of constant τc and re in 

reflectance space. Note that there are no unique solutions for optically thin clouds made 

of small droplets when re < 4 μm (Nakajima and Nakajima, 1995). The constant re lines 

are only shown between 4 and 32. Because the grid resolution is finite, unique values for 

these quantities are obtained through interpolation. To generate this look-up-table, the 

Santa Barbara DISORT Atmospheric Radiative Transfer model (SBDART, Ricchiazzi et 

al., 1998) is used to compute the reflectances. In this model, the following modified 

gamma size distribution n(r) is used for cloud droplets: 

r)
r

2
exp()

r

r
(nn(r)

e

1

e

0

+
−= − ,                                            (4) 

where r is cloud droplet radius, n0 is a normalization constant, and λ is equivalent to the 

variance of the distribution that determines the width of the distribution (λ = 7 is used in 

the SBDART model). A detailed description of the model and its validation can be found 

in Ricchiazzi et al. (1998). In this example, a standard tropical atmosphere, a standard 

maritime aerosol profile, a vertically uniform re profile and a Lambertian ocean surface 

are used for the radiative transfer model runs. The aerosol optical depth at 0.63 μm for 

this profile is about 0.25. The ocean surface albedo at 0.63 μm is around 0.045. 

Algorithm Uncertainties 

For marine non-raining warm clouds, uncertainties associated with the following 

three assumptions and the beam-filling effect are considered to be the main contributors 

to errors in the retrieved values of cloud optical depth and droplet effective radius: 
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Cloud droplet size distribution: Without independent information regarding the cloud 

microphysics, we must make assumptions concerning the form of the size distribution in 

order to constrain the retrieval problem. This assumption introduces some uncertainties, 

because size distribution of the same form that varies in width can yield slightly different 

cloud optical properties. Based on in situ measurements, Miles et al. (2000) found that 

the width of the size distribution for stratus is highly variable.  Wetzel and Von der Haar 

(1991) found that by changing the effective variance of a modified gamma distribution 

(see Eq.4) from 0.1 to 0.3 an error of 2-3 μm for the droplet effective radius occurs.  

Uniform re profile assumption: The assumption of constant effective radius with height 

makes the retrieval biased to the magnitude of re at the cloud top because the near-

infrared can not penetrate deep into clouds. For example, using a simulated cloud in 

which re increases linearly with height, Nakajima et al. (1991) found the retrieved re by 

assuming a uniform profile to be roughly 90% of the actual values as the cloud-top re in 

the vertically inhomogeneous cloud.  

Plane-parallel approximation: The approximation allows the radiative transfer equation 

to be solved more efficiently. However, clouds often feature fully 3D structures with 

strong variability in both vertical and horizontal directions. Numerous theoretical studies 

and observational results indicate that using the plane-parallel approximation can 

introduce significant errors into the retrievals (Varnai and Marshak, 2001). For example, 

1D retrievals can significantly overestimate the optical thickness in areas that appear too 

bright because they are tilted toward the sun, and underestimate it in areas that are too 

dark because they are shadowed by a thicker cloud element. Loeb et al. (1997) found that 

the most important factors responsible for deviations from 1D theory are cloud-side 

illumination (for broken cloud fields), and cloud-top structure (i.e., nonflat cloud tops). 

Even for stratus and stratocumulus cloud types, Loeb and Coakley (1998) pointed out that 

the plane-parallel assumption can cause errors in retrievals of cloud optical depth (up to 

30%) for certain solar and viewing geometry.  

Beam-filling effect: When broken cloudiness occurs within the field of view (FOV) of the 

instrument, the instrument integrates across both clear and cloudy portions of the scene, 

which reduces the measured radiance as compared to an overcast FOV. This reduction in 
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radiance is often called the beam-filling effect, which leads to random and systematic 

errors in the retrievals (Greenwald et al., 1996). For broken clouds, contamination from 

sea surface makes the interpretation of retrieval results difficult.  

Due to the plane-parallel assumption, the three-dimensional effect of clouds (e.g., 

cloud-side illumination and cloud-top structure) can introduce errors to the retrievals, 

especially when solar zenith angle is high. To minimize this effect, only stratiform clouds 

with solar zenith angle less than 65° or convective clouds with solar zenith angle less 

than 45° are selected in our analysis. Additionally, only pixels with visible reflectance 

greater than 0.3 are kept for data analysis, because retrievals for less reflective pixels are 

more prone to be erred by the effect of partial beam-filling as well as uncertainties in sea 

surface albedo and aerosol concentration. Finally, we exclude the pixels with infrared 

brightness temperature at 10.8 μm (as a proxy of cloud top temperature) lower than 273 

K to ensure only liquid water cloud to be analyzed.  

Retrieval of Liquid Water Path 

To obtain an independent measurement of cloud liquid water, a new algorithm is 

developed to retrieve liquid water path at microwave frequencies. Unlike the visible and 

near-IR frequencies at which cloud radiative processes are dominated by droplet 

scattering, microwave radiation for cloudy conditions is dominated by absorption/ 

emission of cloud droplets over the spectral range from 6 to 37 GHz. Additionally, 

surface emission and reflection contribute a significant portion of the microwave 

intensity received by satellite. Since the surface emission of land is strong enough to pale 

other signals, in this study the algorithm of liquid water path is developed for the oceanic 

regions.  

Principles for Liquid Water Path Retrievals 

In the absence of rain (no scattering produced by precipitation-sized particles), the 

atmospheric absorption in the frequency range of interest (0 ~ 100 GHz) is governed by 

the following three processes (Figure 9): 
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1) Oxygen absorption from a set of rotational lines near 60 GHz;   

2) Water vapor absorption from rotational lines at 22.2 GHz;   

3) Absorption by cloud water droplets, whose radii are small compared with the 

radiation wavelength. 

Without scattering by rain drops, the brightness temperature TB received by a 

satellite instrument is determined only by the processes of emission and absorption, and 

given by: 

∫∫ τ
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where Ts is the sea surface temperature, τm the optical depth from the surface to the top of 

atmosphere at microwave frequencies, T(t) is atmospheric temperature at the optical 

depth t, μ the absolute value of the cosine of zenith angle, and  are the emissivity 

and reflectivity of the ocean surface for polarization p. The first term on the right hand 

side of Eq. (5) is due to surface emission. The second term defines the integrated 

atmospheric emission, and the third term corresponds to the downwelling radiation 

emitted by the atmosphere, reflected at the surface and then transmitted to the satellite.  

pε pℜ

To simplify the equation while keeping the basic physics, we assume that the 

emitting temperature of the atmosphere is the same as the sea surface temperature. Thus 
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On substitution of Eq. (6) into Eq. (5), it yields 

)]1)((1[TT p2
sB ε−μℑ−≈ ,                                             (7) 

where  is the transmissivity along the direction defined by μ. /μτme)μ( −=ℑ

As mentioned before, in the microwave spectrum below 100 GHz, atmospheric 

absorption is due to three components: oxygen, water vapor, and liquid water in the form 

of clouds. If W and V are the liquid water path and columnar water vapor,  and  

are mass absorption coefficients for cloud droplets and water vapor, respectively, then 

Wβ Vβ
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where is the oxygen optical depth. Taking the logarithm of both sides of Eq. (8), 

yields, 
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Since  is nearly constant over the globe and T
2Oτ s can be accurately inferred from the 

thermal infrared channel, if εp, βW and βV are specified, a unique solution for W and V 

can be obtained by exploiting two frequencies (one sensitive to W and the other sensitive 

to V).  

Algorithm Description 

It is known that βW and βV are functions of cloud temperature Tc, and εp strongly 

depends on sea surface wind speed (WS). Therefore, according to Eq. (9), WS and Tc are 

two variables affecting on the LWP retrieval. Since Tc can be inferred from infrared 

measurements, the major error source in LWP retrievals is due to the uncertainty in WS. 

To reduce the error in LWP caused by the uncertainty in WS, instead of two individual 

frequencies, frequency combinations are used in our algorithm to minimize the influence 

of the sea surface. A series of radiative transfer model simulations have been conducted 

by varying surface temperature, surface wind speed, column water vapor and cloud liquid 

water path. Using the simulation results, we examined the sensitivity of column water 

vapor and liquid water path for many brightness temperature combinations (to be shown 

in the next subsection) based on statistical analysis, and found that the following 

parameters (TL and TW) are sensitive to liquid water path and column water vapor, 

respectively, 

TL = T37H - T037H                                                   (10a) 

TW = T19H - 0.6T37V                                                (10b) 
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where Tυp represents the brightness temperature over a cloudy sky at frequency υ and 

polarization p. T0υp represents the corresponding brightness temperature in the event that 

the cloud did not exist while other surface and atmospheric conditions were the same. 

The calculation of T037H using observation data is discussed later. 

Similar to the solar method, look-up-table method is used to retrieve liquid water 

path and column water vapor. Figure 10 shows an example of the look-up-tables 

computed by the microwave radiative transfer model (MWRT) of Liu (1998). The model 

inputs for this example are set as follows: the standard tropical atmosphere, cloud 

location from 1 to 2 km, sea surface temperature at 300 K, sea surface wind speed at 0, 4 

and 8 m s-1, liquid water path varying from 0 to 2000 g m-2, and column water vapor 

varying from 17.2 to 68.8 kg m-2. From Figure 10, it is seen that the three symbols 

(denotes different sea surface wind speed changing from 0 to 4 to 8 m s-1) are almost 

along the same constant liquid water path lines, which indicates that the retrieval of liquid 

water path is insensitive to surface wind at least within the range of wind speed from 0 to 

8 m s-1. Another important feature that can be seen from this diagram is that the isolines 

of column water vapor and the isolines of liquid water path are nearly orthogonal, and 

approximately parallel to x-axis and y-axis, respectively. Therefore, by using TL and TW, 

we minimizes the cross influence between column water vapor and liquid water path 

retrievals. 

Without the knowledge of T037H (the virtual brightness temperature assuming the 

cloud did not exist while other surface and atmospheric conditions were the same), one 

way is to use the corresponding brightness temperature over nearby clear sky (T0*
37H) as 

a replacement of T037H. However, since the column water vapor in cloudy regions may 

differ from that in clear-sky regions nearby the clouds. T0*
37H is close but not equal to 

T037H. To minimize the error in T037H a two-step approach is thereby adopted to calculate 

T037H. First, we assume that column water vapor is horizontally uniform, and use T0*
37H 

as the first guess of T037H. Using the look-up-table, the first guess of column water 

vapors for both cloudy and clear-sky regions can be derived. The difference between the 

two retrieved column water vapors (ΔCWV) is then used to re-calculate T037H with the 

equation of T037H = T0*
37H + κ⋅ΔCWV, where the proportional coefficient κ is nearly a 
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constant (1.0 K m2 kg-1) as shown in Figure 11. Using the re-calculated T037H, liquid 

water path and column water vapor will be determined by the look-up-table.  

Sensitivity Studies 

To study the sensitivity of TL and TW to geophysical variables, we conducted a 

series of model simulations using the MWRT (Liu, 1998), letting LWP vary from 0 to 

500 g m-2, CWV from 25 to 55 kg m-2, WS from 0 to 10 m s-1, and SST from 295 to 305 

K. In the simulations a stratus cloud layer is assumed either at 1-2 km or 2-3 km in 

altitude. Then, we regress the model simulated data with multivariate linear regression, in 

which TL or TW is the dependent variable and normalized LWP, CWV, SST and WS are 

independent variables. The resulting regression coefficients and correlation coefficients 

(R2) are listed in Table 1. R2 > 0.99 implies that TL and TW are approximately linear 

functions of LWP, CWV, WS and SST. Due to these linear relationships, the sensitivities 

of LWP and CWV to TL, TW, WS and SST can be derived using the above regression 

coefficients and are listed in Table 2. From Tables 1 and 2 we may draw the following 

conclusions: 1) TL is most sensitive to LWP, and TW is most sensitive to CWV; 2) the 

uncertainty in TW and SST is negligible to our LWP retrieval, and uncertainty in TL and 

SST is negligible to our CWV retrieval; 3) While uncertainty in WS is not negligible to 

our CWV retrieval, it is negligible to our LWP retrieval. Thus, by the choice of TL and 

TW we can obtain LWP and CWV simultaneously using the aforementioned look-up-

table method. However, because the sensitivity of CWV to WS is not negligible, CWV 

contains a systematic error due to the uncertainty in WS. This error in CWV does not 

hamper us in obtaining accurate LWP. On the contrary, the choice of TL and TW makes 

the LWP retrieval insensitive to WS at the expense of the accuracy of CWV retrieval. 

Error Analysis  

In this subsection we simulate LWP retrieval errors associated with SST, WS, 

cloud mean temperature, and humidity difference before and after the re-calculation of 

T037H. During the simulation, except for the parameter being tested, all other parameters 

are fixed with the following settings: the standard tropical atmosphere, cloud at 1-2 km, 
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SST=300 K, WS=0.0 m s-1, CWV varying from 30 to 50 kg m-2 and all brightness 

temperatures are output at the viewing angle of the TMI (~53°). In the following we 

examine each of the above parameters and their effect on LWP errors. 

Sea surface temperature: Figure 12 shows the simulated retrieval errors in LWP (i.e., 

retrieved values minus model input) caused by an error of 5 K in SST before (×) and 

after (○) the re-calculation of T037H. Results indicate SST is not a significant error 

source; an uncertainty in SST of 5 K only produces error in LWP by less than 5 g m-2.  

Surface wind speed: Figure 13 gives the LWP errors caused by an uncertainty of 5 m s-1 

in near surface wind speed. The result shows that the maximum error in LWP caused by 

this uncertainty is only 7 g m-2. Such small errors are attributable to the better choice of 

the input parameters (TL and TW) in our algorithm.  

Cloud mean temperature: Figure 14 shows the difference (error) of the retrieved LWPs in 

two simulations: one (Figure 14a) is to replace the cloud layer from 1-2 km to 2-3 km, 

and the other is to replace the cloud layer from 1-2 km to 1-4 km. Both of these changes 

cause a –5 K deviation in cloud mean temperature. Figures 14a and 14b indicate that a -5 

K bias in cloud mean temperature can cause roughly a 10% relative error in LWP 

retrievals no matter where the cloud is or how thick the cloud extends in the vertical. 

Note that at microwave frequencies the liquid water absorption coefficient increases with 

decreasing temperature. Consequently, a negative bias in cloud mean temperature results 

in a positive error in the retrieved LWP. To further study the cloud temperature effect, we 

calculated LWP errors for two more cases in which the cloud layers are still 2-3 km and 

1-4 km, but the cloud temperature is modified to 291 K, the mean temperature of the 1-2 

km cloud layer. Because the cloud used in generating the look-up-tables is at 1-2 km, by 

this means we eliminated the errors in cloud mean temperature, but still retain the cloud 

geometry. As shown in Figure 15, the major error in LWP arises from the change in 

cloud temperature, not from the cloud geometry. The errors are largely reduced when the 

cloud temperature agrees with the mean temperature of the cloud at 1-2 km.  

Humidity Difference: Without prior information regarding the CWV difference (ΔCWV) 

between inside and outside the cloud, we generate the look-up-table assuming CWV is 

spatially uniform. However, in the real world, air in a cloud is more humid than the air in 
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the nearby clear-sky so that ΔCWV is non-zero (Liu et al., 2001). This ΔCWV will 

thereby introduce an error in TL if we simply replace T037H with T0*
37H as discussed 

before. Figure 16 shows the retrieval errors caused by 2 kg m-2 of CWV difference 

between inside and outside the cloud. This result demonstrates that using a two-step 

approach to re-calculate T037H can significantly reduced errors in LWP. 

Beam-filling Problem: In practice, the beam-filling effect is a major error source in 

calculating TL and TW. Assuming that f1 and f2 are cloud fractions within pixels of 37 and 

19 GHz, respectively, the error in TL and TW can be rewritten as: 

)T0)(T(1ΔT 37H37H1L −−= f ,                                    (11-a) 

)T0)(T0.6(1)T0)(T(1ΔT 37V37V119H19H2W −−−−−= ff .             (11-b) 

Since TW is insensitive to LWP (i.e., T19H - 0.6T37V ≈0), replacing T19H and T019H with 

0.6T37V and 0.6T37V, Eq.11-b can be rewritten as 

)T0)(T0.6(ΔT 37V37V21W −−= ff .                                  (12) 

Assuming LWP=500 gm-2, f1=0.75, and f2=0.5, as simulated by the microwave radiative 

transfer model, these result in ΔTL ~ 9 K, ΔTW ~ 5 K. According to Table 2a, it can cause 

an error ~175 g m-2 in LWP. 

Due to the nonexistence of coincident in situ validation data, we examine the 

validity of the retrieval algorithm using data over cloud-free regions. Figure 17a shows a 

scatter diagram of observed brightness temperatures at 37 GHz versus CWV derived 

from the data set of cloud-free area. A linear least-square fit to the data indicates a slope 

of 0.92 K m2 kg-1, close to the theoretical result ~1.0 K m2 kg-1 (shown in Figure 11). The 

frequency distribution of retrieved LWP for the cloud-free area is shown in Figure 17b, 

which shows an almost zero mean and a 7 gm-2 standard deviation. This indicates that our 

LWP retrievals have virtually no systematic error and the random error is around 7 g m-2. 

Cloud Geometric Thickness 

Cloud depth H is estimated by using the cloud top temperature, the near surface 

temperature and relative humidity (Shao and Liu, 2005). In the calculation, the marine 
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boundary layer is assumed to take the structure presented in Betts (1985). Observations of 

cloud top temperature are from the thermal channels of the VIRS situated on the TRMM 

satellite. Six-hourly NCEP/NCAR (National Centers for Environmental Prediction / 

National Center for Atmospheric Research) reanalysis surface data are utilized to obtain 

air temperature and relative humility near the surface. First, we interpolate the 

NCEP/NCAR near surface air temperature and relative humility in time and space for 

each TRMM scene. Then, we evaluate the temperature at the lifting condensation level 

(LCL) by assuming air mass ascent from near surface following a dry adiabatic lapse rate 

until saturation occurs. The temperature difference between the LCL and cloud top is 

then calculated, and the cloud depth is obtained by assuming an in-cloud lapse rate of 7.5 

K km-1. 

Summary 

Using TRMM satellite data, the visible/near-infrared algorithm is implemented to 

simultaneously retrieve cloud optical depth and effective radius at solar wavelengths 

(0.63 and 1.61 μm), and a new microwave algorithm is developed to retrieve liquid water 

path in the microwave range (19 and 37 GHz). Since VIRS and TMI have different 

spatial resolutions, a data-matching algorithm was also developed to collocate smaller 

VIRS pixels into a larger TMI pixel. Error analysis shows our LWP algorithm has two 

advantages: 1) the algorithm has little sensitivity to the state of the sea surface. This is 

advantageous because on the global scale the uncertainty in surface wind speed has been 

a significant error source in liquid water path estimation so far; 2) The error due to 

uncertainty in the humidity difference between inside and outside clouds can be strikingly 

reduced by the re-calculation of T037H. At the same time, the re-calculation of T037H does 

not bring an appreciable extra error in liquid water path. 
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CHAPTER 3 

DRIZZLE DETECTION 

Introduction 

The aerosol first indirect effect can be seriously contaminated by precipitation 

related processes. To evaluate the first indirect effect, one important step is to remove 

drizzling clouds in our analysis datasets. This requires a method of drizzle detection to 

discriminate drizzling from non-drizzling clouds. However, there have been very few 

studies on detecting drizzle from satellite measurements although drizzle detection may 

be conducted using surface-based and airborne cloud radars. Since global measurements 

require satellite observations, a satellite-measurable drizzle index is developed in this 

study. The basic idea is to compare liquid water path derived from two different methods: 

the microwave method and the solar method. The microwave method uses microwave 

measurements to directly estimate cloud liquid water path. The solar method makes use 

of solar reflectance measurements at non-absorbing visible and absorbing near-infrared 

frequencies to first determine the cloud visible optical depth and the cloud effective 

radius, then to infer cloud liquid water path. Since photons at near-infrared frequencies 

are not able to penetrate deep into the clouds while photons at microwave frequencies do, 

liquid water path derived from the microwave method differs from that derived from 

solar method. It is this difference that is useful to detect the presence of drizzle drops. 

Theoretical Analysis 

For an idealized non-drizzling cloud, in which liquid water content increases 

linearly at some fraction η of its adiabatic value and cloud droplet number concentration 

Nc stays constant with height, it follows that (Brenguier et al., 2000; Szczodrak et al., 

2001): 
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where c is approximately a constant, t is in-cloud optical depth varying from  (at 

cloud base) to  (at cloud top). Using the relationship 
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completing the integration, LWP is then expressed in terms of re
top (effective radius at 

cloud top) and τc, 
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For drizzle/rain clouds, since drizzle drops increase with decreasing height, we 

may assume the effective radius profile re(t) is in the following form: 

ϕφ −+= t)G(τFt(t)r ce ,                                                (15) 

where F and G are functions of cloud microphysical parameters such as η and Nc, φ and 

ϕ are coefficients. The first term, Ftφ, represents the contribution by condensational 

growth with re increasing with height. The second term, G(τc-t)
ϕ, represents the 

contribution of collision-coalescence growth of drizzle with re increasing with the 

decrease in height. If F, G, φ and ϕ are independent of t, integrating re(t) with t, we obtain 

LWP as 
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Noting that at cloud base re
btm ≡ re(0) = Gτc

ϕ and at cloud top re
top ≡ re(τ) = Fτc

φ, and 

replacing Gτc
ϕ and  Fτc

φ in (16) by re
btm and re

top, we have 
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Eq. (17) indicates that for drizzling/raining clouds the proportional coefficient is related 

to both the condensation and the collision-coalescence processes. And the contribution 

from the collision-coalescence process (the term with ϕ) is modulated by the ratio of re
btm 

to re
top. Comparing Eq. (17) and Eq. (14), it is found that the formation of drizzle will 

change the proportional coefficient, which provides the theoretical basis for us to detect 

drizzle as discussed in later sections.  
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However, satellite measured re is not re
top, but an effective radius of droplets 

somewhere near cloud top. How far it is from cloud top is primarily dependent on the 

cloud opacity and the vertical variation of the effective radius. During the developing 

stage, re
top increases as the cloud deepens. At the same time, satellite observed re ranges 

from the value near the cloud geometric middle when the cloud is thin, and becomes 

closer and closer to re
top, i.e., re

top/re approaching to 1 as the cloud develops deeper. 

Assuming that  and  during the cloud development stage, where p1q

c1
top
e pr τ= 2q

c2e pr τ= i 

and qi (i = 1, 2) are approximately constants, we may write  
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As indicated in Eq. (14), LWP/τc is proportional to re
top, Eq. (18) is further expressed as 
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Here, x is introduced as an adjustment parameter partitioning the contributions of re and 

τc to LWP. There should exist an optimal x to separate drizzle clouds from non-drizzle 

clouds efficiently, because drizzle formation reduces the contribution of τc while 

increasing the contribution of re to LWP.  Modifying x to an optimal value can maximize 

this drizzle-induced microphysical change to relation Eq. (19) while minimizing the 

effects due to changes caused by non-drizzle cloud drops. 

Introduction of a Drizzle Index 

To determine the optimal x in Eq. (19) and further understand how the 

relationships among LWP, re and τc are related to the vertical distribution of cloud drops, 

we perform radiative transfer model simulations to generate a synthetic “satellite 

dataset”. In the simulations, we assume three kinds of clouds and locate them between 1 

and 5 km. For non-drizzling clouds, re at cloud base (re
btm) is assigned to be 2 μm, re at 

cloud top (re
top) varies from 6 to 12 with 2 μm increments. As suggested by previous 

studies (Martin et al., 1994), re may increase or decrease with height in drizzling clouds. 
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Therefore, for drizzle clouds we assume two different re profiles. For light drizzling 

clouds, re
btm is assigned to be 8 μm, re

top varies from 10 to 16 μm with an increment of 2 

μm. For drizzling/raining clouds, re
top is assumed to be 12 μm, and re

btm varies from 12 to 

18 μm with an increment of 2 μm. In the non-drizzle and light drizzle cases, τc (at 0.55 

μm) is 8, 12, 18, 26 or 36. In the drizzle/rain case, τc (at 0.55 μm) is 6, 8, 12, 18 or 26. 

Using the radiative transfer models (SBDART and MWRT), we calculated the upwelling 

radiances at the top of the atmosphere at visible, near-infrared and microwave 

wavelengths. These synthetic radiances are then used to “retrieve” liquid water path, 

effective radius, and cloud optical depth, using the retrieval algorithms described in 

Chapter 2.  

The optimal value of x in Eq. (19) is determined in such way that non-drizzle data 

points can be best fitted by Eq. (19) with small scatter, while drizzle data points have 

large departure from the fitting curve. To achieve this, we calculate 12 dd  and 13 dd  

for x ranging from –5 to 5 (Figure 18). 2d  and 3d  represent the averaged distance 

between the best-fitting line regressed using non-drizzle data and the data points for light 

drizzle and drizzle/rain cases, respectively (points below the fitting line have negative 

distance). 1d  represents the average of the absolute values of distance between the best-

fitting line and the data points for non-drizzle case. The greater 12 dd  and 13 dd  are, 

the better we can separate drizzle clouds from non-drizzle cloud. It is seen from Figure 18 

that the largest values of 12 dd  and 13 dd  occur near x = -1.5. Substituting x = -1.5 

into Eq. (19), it follows that 

2/)13(

cerLWP −ββτα= ,                                              (20) 

The above equation allows us to infer liquid water path using re and τc. To differentiate 

liquid water paths calculated with re and τc and derived from microwave method, 

hereafter we call the former LWPc and the latter LWPm.  

Using the synthetic data for the above three kinds of clouds, the relation of 

log(LWPmτc
1/2) and log(reτc

3/2) is shown in Figure 19, with lines connecting the points 
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that have the same τc. The best-fitting line for non-drizzle clouds is also shown in the 

figure with the thick line. In Table 3, we list the values of α and β, correlation coefficient 

(R2) and r.m.s. difference between the fitting line and the modeled data. To illustrate the 

impact of re profiles on α and β, we also list α and β for light drizzle and drizzle/rain 

cases although α and β vary depending re profiles for these cases. Figure 19 shows that 

non-drizzle case points are close to the fitting line, indicating that those clouds can be 

adequately described by the relation LWPm=αre
βτc

(3β−1)/2. This relation is relatively 

insensitive to cloud droplet number concentration Nc, because lines that connect the same 

τc but different re
tops (i.e., with different Nc) are approximately parallel to the fitting line. 

For the light drizzle case, it shows that the data points tend to depart from fitting line as 

re
top decreases. For drizzle/rain case, the same is true as re

btm increases. Table 3 shows that 

α is the highest for light drizzle while β increases from non-drizzle, to light drizzle and 

drizzle/rain conditions. The different values of α and β between non-drizzle and drizzling 

clouds suggest that Eq. (20) may be used for drizzle detection. Therefore, we define a 

drizzle index as follows: 
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The calculation of coefficients α and β using observational data is explained in the next 

section. Since the values of α and β are derived from non-drizzling clouds, they contain 

no information about the drizzle drops near cloud base. Consequently, LWPc has little 

contribution from the liquid water of drizzle while the LWP derived from microwave 

brightness temperatures (LWPm) does. This difference results in a larger ratio of LWPm to 

LWPc for drizzle/rain clouds than for non-drizzle clouds. Figure 20 shows the LWPm-

LWPc relation using the modeled synthetic data. For non-drizzle clouds, DI is insensitive 

to cloud effective radius profiles and is close to 1. For drizzle/rain clouds, as particles 

become larger (particularly near the cloud base), DI increases to beyond 1. Our 

calculation indicates that for non-drizzle clouds DI ranges from 0.9 to 1.1, while DIs for 

drizzle/rain clouds are greater than 1.1. In Figure 20, DI for drizzle clouds can be as large 

as 1.6. This suggests that DI ~1.1 can be used as a threshold for drizzle detection. 
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Observational Studies 

Description of cases and DI calculation 

To demonstrate the utility of the drizzle detection technique described above, we 

perform case studies in this section using data observed by the TRMM satellite. Four 

cases with different cloud types are selected (Table 4). Figure 21 shows the visible and 

infrared images of the four cases. It is seen that they contrast with each other in cloud 

height, reflectance, and horizontal structure. For example, clouds in Case 1 have 

relatively warm top temperature, low reflectance, and flat cloud tops, indicating that the 

clouds are low, thin, and stratiform, which implies a lower probability of drizzle. In 

contrast, clouds in Case 4 have relatively low top temperature, high reflectance and 

clump appearance, indicating that the clouds are thick, convective, and are more 

opportune for drizzle/rain. As a matter of fact, no appreciable rainfall signal was detected 

in these four cases by the precipitation radar (PR, operating at 13.8 GHz) onboard the 

TRMM satellite. It must mentioned here that the drizzle and light rain signal is lower than 

the minimum detectable radar reflectivity factor ~17 dBZ (corresponding to ~1 mm h-1 of 

rainfall rate) of PR. However, as shown below, our analysis using DI suggests some 

drizzling/raining areas in these clouds within the PR covered areas. 

To infer the DI, we first need to determine α and β in Eq. (20). Considering that α 

and β may differ from cloud to cloud, we determine the two coefficients for each cloudy 

scene using observed data. First, within a cloudy scene we select those pixels whose re 

and LWPm(reτc)
-1 (both of them are simple indicators of drizzle used by previous studies) 

are so small that they are very unlikely to be associated with drizzle. The criterion we use 

is: re < 15 μm and 0.43 < LWPm(reτc)
-1 < 0.53. This is a very strict criterion to ensure that 

all pixels selected are from non-drizzle clouds. Next, a least-square regression is 

performed to determine α and β. The DI is then calculated using Eq. (21). As indicated in 

Eq. (20), LWPm, re and τc are almost linearly related for non-drizzling clouds on a log-log 

coordinate graph. Therefore, the values of α and β derived under the strict criterion 

should not differ much from those if we were to calculate them using all non-drizzle 

pixels. 
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Results and Discussions 

Figure 22 shows retrieval results on a log(LWPmτc
1/2) - log(reτc

3/2) plot. Black dots 

in the figure represent the selected pixels with re < 15 μm and 0.43 < LWPm(reτc)
-1 < 0.53, 

which are used to derive α and β, and gray dots represent the rest of data pixels. Lines in 

Figure 22 represent the best-fit lines for these selected data points. The regression results 

are listed in Table 5. It is seen that the values of α and β are consistent with those from 

model simulations for the non-precipitating clouds (c.f. Table 3). The large correlation 

coefficient (R2) and the small r.m.s difference in the regression further suggest that the 

form of Eq. (20) can adequately describe the relation among liquid water path, cloud 

effective radius and optical depth for non-drizzle clouds, and is insensitive to horizontal 

inhomogeneity of cloud droplet number concentration. Comparing Figure 22 with Figure 

19, we find that the characteristics between the two figures are very similar, except that 

the points of possible drizzling clouds (gray dots) are closer to the fitting line in Figure 19 

than in Figure 22 when τc is small. One possible explanation is that drizzle formation 

modifies cloud microphysical properties, which is not fully prescribed in our radiative 

transfer model inputs. 

Figure 23 shows the horizontal distributions of the retrieved re and τc at VIRS 

pixel resolution, and DI at TMI pixel resolution for the four cases. Except for Case 3, the 

patterns between τc and re are not similar to each other. The cause of the dissimilar 

pattern may be interpreted as follows. At the early stage of cloud formation, both particle 

size near the cloud top (re) and optical depth τc monotonically increase as the cloud 

develops, resulting in a similar pattern for τc and re. However, when the cloud is well-

developed, large drops at cloud top fall through the cloud and grow by coalescence. This 

process increases re and decreases τc, resulting in dissimilar patterns of τc and re. Notice 

that clouds with large re but small τc also have large values of DI. Also notice that large 

values of DI also appear near the convex part of convective cells, where clouds are 

usually more developed and more likely to be associated with an area of precipitation. In 

this sense, the DI defined in this study is indeed an indicator of drizzle.  
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Figure 24 shows a scatter plot of τc versus LWPm/τc, color-coded with DI. As a 

matter of fact, 1.5LWPm/τc is the mean effective radius over the entire cloud layer 

(Masunaga et al. 2002a, Liu et al. 2003). In Figure 24, DI increases with increasing 

LWPm/τc, but changes little with increasing τc. This means that DI is strongly correlated 

with drop size, but not with τc per se. For data points with DI ~1.1 (a drizzle threshold 

suggested by our model simulations) in Figure 24, LWPm/τc is around 8, corresponding to 

an effective radius in the middle of the cloud around 12 μm. Converting effective radius 

in the middle of the cloud to effective radius near cloud top by multiplying 6/5 (Nakajima 

and King, 1990), an effective radius of ~12 μm in the middle of the cloud corresponds to 

re = 14 ~15 μm. The latter is often used as the precipitation threshold in several previous 

studies (e.g., Gerber, 1996; Rosenfeld, 2000; Masunaga et al., 2002b). Referring to 

Figure 20, DI (measured by the departure from the LWPc=LWPm line) actually reflects 

the change in particle size at cloud base. Therefore, compared to re (a proxy of effective 

radius somewhere near the cloud top), DI is more powerful to reflect the information of 

drizzle/rain drops that are mostly distributed in the lower part of cloud.  

Validation 

Further confirmation that large values of DI are a result of drizzling may be 

gained by comparing coincident cloud radar data with our satellite assessment.  In this 

study, we found one such coincident case (Case 1 of our cases described above) observed 

by the Wyoming Cloud Radar (WCR, operating at 95 GHz) measurement during the 

Dynamics and Chemistry of Marine Stratocumulus (DYCOMS-II) experiment on July 

24, 2001. Since its minimum detectable signal at 300 m distance is about -26 dBZ, the 

WCR is capable of identifying drizzle particles (Stevens et al., 2003). Figure 25a shows 

time-height cross section of radar reflectivity and satellite retrievals (nearest to the flight 

leg) along the line A-B in Figure 23a. It is seen that DI peaks appear at almost the same 

position of the most intense reflectivity cells (C1 and C2). At C1, there is a slight 

mismatch between the locations of the DI peak and the high reflectivity cell, possibly due 

to the time difference (~15 min) between aircraft and satellite observations, or navigation 
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error in the aircraft and/or satellite data. The satellite passing time is indicated by dashed 

line in Figure 25a. 

In Figure 25b, it is shown that re increases and τc decreases gradually from near 

the coast (point B) to offshore (point A) except at positions C1 and C2, where sudden 

changes in re and τc suggest that microphysical conditions in those cells are different from 

their surroundings. Large values of re (ranging from about 23 to 27) and small values of 

τc (ranging from about 12 to 14) are associated with C1 and C2. The effect of drizzle 

formation on stratocumulus microphysics, typically increasing cloud effective radius and 

decreasing optical depth, also has been observed from satellite (Nakajima and Nakajima, 

1995; Greenwald and Christopher, 2000) and suggested by model simulations (Lohmann 

et al., 2000). 

From coincident satellite imagery, we found that near point A clouds become 

broken and exhibit more cellular structures. As pointed out by Stevens et al. (2003), this 

type of pattern was found in all flights during DYCOMS-II experiments. They stated: 

“satellite imagery of the drizzling cloud layers shows pronounced cloud clearings in the 

vicinity of the aircraft on those flights where pronounced drizzle was measured. Where 

drizzle was heavy, there was evidence of closed cellular convection embedded in a 

larger-scale cloud field which was more homogeneous, during flights with little evidence 

of drizzle such clearing were not evident in the vicinity of the aircraft.” Their 

observations are consistent with our interpretation based on DI, i.e., near point A, C1 and 

C2 are cells with drizzles (DI > 1.1).  Additionally, we found that in the areas just outside 

of cells C1 and C2, the values of DI are around 1.1 and res are around 14~16 μm. This is 

another indication that our drizzle threshold (DI ~ 1.1) is consistent with the drizzle 

threshold of re = ~15 μm used by others (e.g., Gerber, 1996; Rosenfeld, 2000; Masunaga 

et al., 2002b). 

Summary 

In this chapter, we have developed a method to detect drizzle using satellite data. 

The drizzle detection is based on the following two considerations: First, as cloud 
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develops, the relation among liquid water path, optical depth and effective radius keeps 

the same form of LWP=αre
βτc

(3β−1)/2 as long as no drizzle forms. Second, drizzle 

formation changes cloud microphysical properties and vertical droplet size distribution, 

and accordingly alters the relation among liquid water path, optical depth and effective 

radius. We investigated the relations among LWP, re and τc by radiative transfer 

modeling and analysis of satellite data. As indicated by model simulations, for 

drizzle/rain clouds, as drizzle particle size near cloud base increases, β  increases 

continuously while α first increases, but then decreases due to the re-decreasing-with-

height profile. The collective effect of drizzle in a cloud is to cause the underestimation 

of liquid water path if we apply LWP=αre
βτc

(3β−1)/2 (the relation derived for non-drizzle 

clouds) to calculate liquid water path for drizzle clouds. As a result, the ratio 

LWPm/LWPc (i.e., DI) increases as drizzle forms. Model simulation results show that for 

non-drizzle clouds DI is close to 1, and for drizzle clouds DI is greater than 1. Case 

studies using satellite data indicate that values of DI are greater in the regions with large 

re (but relatively small τc) and/or near the center of convective cells, consistent with the 

fact that these areas are more likely to precipitate. Furthermore, coincident airborne cloud 

radar measurements were used to verify the capability of DI for drizzle detection. The 

result indicates that DI is large near the convective cells that have stronger radar 

reflectivity, and suggests that DI ~ 1.1 may be used for drizzle threshold, which is also 

consistent with our model simulations. 
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CHAPTER 4 

WHY IS THE AEROSOL INDIRECT EFFECT SO VARIABLE? 

Introduction 

Although evidence has shown that enhanced aerosol concentration reduces cloud 

drop size and increases cloud albedo, this phenomenon is not always observed by 

satellite. Satellite derived correlation between cloud drop size and aerosol concentration 

can be negative, insignificant or even positive, depending on the location of the clouds 

(Figure 4, Sekiguchi et al. 2003). Why is the satellite observed aerosol first indirect effect 

so variable? Is it due to the differences in the aerosol’s properties themselves (Feingold, 

2003), or other cloud dynamical variables, such as the cloud geometric depth as 

suggested by Brenguier et al. (2003)? In this study, a concept of coherent pattern problem 

is introduced to explain this puzzling correlation between cloud drop size and aerosol 

concentration. To support the proposed explanation, cloud physical/optical properties are 

derived from marine stratocumulus over the northeastern Pacific during the summer of 

2000 using the algorithms developed in Chapters 2 and 3. In addition, cloud geometric 

depths are derived from NCEP/NCAR reanalysis data, and aerosol optical depths are 

extracted from the Moderate Resolution Imaging Spectroradiometer atmospheric aerosol 

product (MOD04_L2) archived by NASA. Due to the persistence of clouds in the study 

region, satellite aerosol data are not available on a daily basis. Three-monthly mean data 

are used to represent the mean states of both clouds and aerosols.  

The Coherent Pattern Problem and Analytic Model 

As hypothesized in the aerosol first indirect effect, re can be modified by aerosol 

concentration. Since re also increases as a cloud develops (cloud depth H increases), 

using satellite observable τa as a proxy of aerosol concentration, the variation of re with 

respect to τa may be expressed by 
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The left hand side of Eq. (22) describes the overall change of re with τa, which is the 

apparent aerosol first indirect effect often observed by satellite. Because the aerosol first 

indirect effect is a measure of the re change due to aerosol loading alone, it should not be 

measured by dre/dτa, but by (∂re/∂τa)H. Therefore, the second term on right hand side of 

Eq. (22) denotes the difference between the satellite observed and the real strength of the 

aerosol first indirect effect. We assume that H and τa are not randomly distributed in 

space, but rather, follow certain patterns that are not orthogonal, so that dH/dτa ≠ 0. It 

should be emphasized that the variations of H might not be caused directly by the 

variations of τa, or vice versa. They may just happen to be coherently distributed in space, 

due to other physical processes such as those related to boundary layer depth and 

prevailing wind. Eq. (22) indicates that even though the relation among re, τa and H is 

known, the aerosol first indirect effect measured by satellite is still variable depending on 

the spatial distributions of H and τa. 

Since re increases as H increases, 
a

)H/r( e τ∂∂ is positive. From Eq. (22), we may 

conclude that: if dH/dτa < 0, dre/dτa becomes more negative than (∂re/∂τa)H. Hence the 

apparent aerosol first indirect effect observed by satellite is intensified. Likewise, if 

dH/dτa > 0, dre/dτa becomes less negative than (∂re/∂τa)H, or even positive. A weak or 

even opposite aerosol first indirect effect may be induced from satellite data under this 

kind of spatial distributions. In this study, we call this spatial distribution impact on the 

observed re - τa relation the “coherent pattern problem”.  

Next, we derive an analytical model of the function of re(H, τa) for marine 

stratocumulus. For an adiabatic cloud, re may be related to cloud drop number 

concentration Nc and H by  (Brenguier et al., 2003).  Although it cannot be 

simply parameterized, for non-drizzling clouds the effect of non-adiabatic processes on r

3/13/1

ce HNr −∝

e 

seems to be small based on in situ measurements (Brenguier et al., 2003) as well as our 

own assessment using the relation between re and H. Therefore, we assume that re-H 

relation in stratocumulus only has a small departure from the adiabatic model while 
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preserving a similar functional relationship. Based on previous studies (e.g., Nakajima et 

al., 2001), let us approximate Nc by a power function of τa. We may then write 

ψξ−στ= Hr ae  ,                                                   (23) 

where σ is a coefficient, and the exponents ξ and ψ reflect the importance of aerosol and 

cloud depth in determining the cloud drop size, respectively. It should be mentioned that 

for clouds with re > ~14 μm precipitation may start to alter the above relation. Therefore, 

in our data analysis we will apply the drizzle detection threshold as developed in Chapter 

3 to filter out potential drizzle pixels. 

Data Analysis and Results 

We use stratocumulus observed over the northeastern Pacific during summer 

(June, July and August) 2000 as an example to explain the coherent pattern problem, and 

further to determine the aerosol first indirect effect. Using the aforementioned algorithms 

(Chapter 2 and 3), cloud effective radius, cloud optical depth, liquid water path and 

drizzle index are derived from combined visible, near-infrared and microwave data from 

the TRMM satellite, and six-hourly NCEP/NCAR reanalysis surface data are utilized to 

evaluate cloud depth. In addition, data on τa are from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) atmospheric aerosol product archived by NASA (Kaufman 

and Tanré, 1998). To ensure that measurements are from warm, non-precipitating 

stratocumulus, we use the following criteria to select our dataset: 1) infrared cloud top 

temperature between 280 and 288 K, 2) drizzle index less than 1.0, i.e., no drizzle 

occurring in the clouds, and 3) the product of the variances of re and cloud optical depth 

within a TRMM Microwave Imager’s 37 GHz field of view (~12 km) less than 8.0 μm2 

(a threshold used to filter out non-uniform convective clouds).  

The three-monthly geometric mean distributions of τa, τc, re, H, LWP, and VAR 

(index of cloud variability calculated by the product of the variances of τc and re with 

TMI footprint) are shown in Figure 26. One feature is that the gradient of both τa and H is 

almost perpendicular to the California coastline. The gradient of τa and H has the opposite 
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sign near coastal region (i.e., H increases while τa decreases away from the coast), but the 

same sign far off the coast. Consulting Eq. (22), this coherent pattern should cause a 

strong negative re - τa correlation near the coast, and a weak negative or even positive 

correlation to the west of region. It is also seen from Figure 26 that the pattern of H is not 

similar to that of LWP, suggesting the uneven degree of deviation from adiabatic process. 

This will cause another problem in evaluation the aerosol first indirect effect, which will 

be discussed in the next chapter. 

Using the above three-monthly geometric mean 1°×1° data of re, τa and H, the 

multivariate linear regression of lnre on lnτa and lnH based on the logarithmic form of Eq. 

(23) and single linear regression of lnre on lnτa are performed to obtain ∂lnre/∂lnτa and 

dlnre/dlnτa, respectively. Table 6 summarizes the coefficients and R2 values of these 

regressions together with the width of 95% confidence interval for each coefficient 

(shown in the parentheses). Regression coefficients and their 95% confidence intervals 

indicate that the correlations between re and τa (negative) and between re and H (positive) 

are statistically significant. The R2 value shows the multivariate regression explains 

73.4% of the total variance in the observed re, indicating that the relationship described 

by Eq. (23) is statistically robust for our dataset.  

To illustrate the coherent pattern problem in the satellite dataset, we analyze the 

data by binning them along the H gradient (NE-SW) direction. Although H and τa are 

multidimensional variables in general, in this particular case, we simplify them to one-

dimensional variables because they mainly vary in the NE-SW direction. We divide the 

data into 12 bins according to their distance (s) from the California coast (distance from 

the red line shown in Figure 26a). All variables are then averaged within each bin. Figure 

27 shows H and τa as a function of s; circles and triangles are the so averaged H and τa, 

respectively, where the curves are their fittings, i.e., H(s) and τa(s).  

In Figure 28, the large dots show the re - τa relation for observed data averaged in 

the 12 bins. Small dots show the re - τa relation calculated using Eq. (23) with H(s) and 

τa(s) in Figure 27 and the regressed σ, ξ and ψ in Table 6. The curves show the re - τa 

relation at constant values of H calculated with Eq. (23) and the regressed σ, ξ and ψ in 

Table 6. The small dots captures the general trends of the large dots, suggesting that the 
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coherent pattern between H and τa is the major factor responsible for the varying 

correlation between satellite observed re and τa. For a given point A, the slope of AB 

represents the apparent aerosol first indirect effect, dre/dτa, while the slope of AC 

represents the real strength of this effect, (∂re/∂τa)H. The distance BC is proportional to 

the difference between the apparent and real strengths. It is seen that in the region where 

H(s) gradient has the opposite sign to τa(s) gradient (i.e., s < ~1800 km or H < ~0.7 km), -

dre/dτa > -(∂re/∂τa)H, while the opposite is true for the regions where the gradients of H(s) 

and τa(s) have the same sign. The correlation between observed re and τa changes sign at 

the same location (H ~ 0.7 km) as dH/dτa does, while re and τa are always negatively 

correlated at a constant H as indicated by curves. It is also noted from Figure 28 that for 

H > 0.7 km, (∂re/∂τa)H is still negative although satellite data derived re and τa are 

positively correlated. In other words, for those regions where increasing τa appears to 

increase re, the aerosol first indirect effect still works in the direction of reducing cloud 

droplet size with the increase of aerosol loading if we exclude the artifact caused by the 

coherent pattern problem.  

Summary 

Using an analytical model, we explained how the coherent nature between H and 

τa misidentifies the aerosol indirect effect, if the H gradient is not orthogonal to τa 

gradient. In the northeastern Pacific during summer, the gradients of both variables are 

almost normal to the California coastline with opposite signs near the coast and the same 

sign far off the coast. As a result, the apparent aerosol indirect effect observed by satellite 

is enhanced near the coast while it is reduced far off the coast. This may partially explain 

the findings of Sekiguchi et al. (2003) that negative correlation between Na and re is the 

most evident near coastal regions, while the correlation becomes less significant or even 

turns to positive far off shore. Our study also manifests that in the regions where 

increasing τa appears to increase re, the real aerosol indirect effect still works in the 

direction of reducing cloud drop size with the increase of aerosol loading. Since the 

aerosol indirect effect is such a complex process that involves a series of interactions 
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among aerosol, cloud, dynamics and thermodynamics, there should be other possible 

causes responsible for varying re - τa correlation, for example, different cloud type, 

dynamics, or influence by turbulence (e.g., Novakov et al., 1994; Leaitch et al., 1996; 

Reid et al. 1999). In addition, the values of ξ and ψ may vary depending on regions and 

seasons. However, because our analytical model explains the observed data well, the 

coupled effects of aerosol concentration and cloud depth on cloud drop size due to their 

coherent pattern should be a major cause for the variable values of satellite derived 

aerosol indirect effect. 
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CHAPTER 5 

HOW STRONG IS THE AEROSOL FIRST INDIRECT EFFECT? 

Introduction 

Several theories on the aerosol first indirect effect have been proposed. Among 

them, there are two competing theories with opposite signs of the aerosol indirect 

radiative forcing. The cooling effect theory as originally proposed by Twomey (1974) 

hypothesizes that an increase in aerosol concentration results in a large number of smaller 

cloud droplets, leading to a higher cloud albedo. The warming effect theory as proposed 

by Liu and Daum (2002) suggests that an increase in aerosol concentration broadens the 

spectrum of cloud droplets, which increases cloud effective radius and lowers cloud 

albedo. Although there is much evidence suggesting that the aerosol first indirect effect 

causes net cooling, its magnitude has been regarded as one of the greatest uncertainties in 

climate forcing. A currently accepted consensus of this effect ranges from 0 to -2 Wm-2 

(IPCC, 2001). Recently, some studies indicate that this magnitude may have been 

overestimated. For example, using global temperature records as a constraint, the 

estimate of aerosol first indirect effect lies between 0 to -1.2 Wm-2 (Knutti et al., 2002). A 

similar result was also obtained from model simulations using satellite observations as a 

constraint (Lohmann and Lesins, 2002). However, large-scale observations have not been 

able to show consistent magnitude of this effect (Haywood and Boucher, 2000). 

Discrepancies of more than a factor of 2 have been reported among various observational 

results (Feingold, 2003; Rosenfeld and Feingold, 2003). Narrowing this large range of 

uncertainty is pivotal in understanding how human activities influence the Earth's 

climate. Also it is interesting to investigate if this large uncertainty in the aerosol first 

indirect effect is caused by the aerosol indirect warming effect or not. In this chapter, we 

attempt to understand the discrepancies among variously observed values of the aerosol 

first indirect effect and to answer the question how strong this effect is through analyzing 

data published by previous investigators and derived by ourselves in this study. 
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The Systematic Discrepancy 

By definition, the aerosol first indirect effect is measured by the response of cloud 

particle size to the change in aerosol number concentration for a given cloud, or, -

∂lnre/∂lnNa, where ∂ signifies that the difference is due to aerosol variation alone, re is the 

cloud droplet effective radius, and Na is the aerosol number concentration. If the change 

of aerosol number concentration doesn’t alter cloud liquid water content, it leads to re ∝ 

Nc
-1/3, where Nc is the cloud droplet number concentration. Therefore, ⅓∂lnNc/∂lnNa 

equals to -∂lnre/∂lnNa (Twomey, 1977). However, because it is impossible to have 

otherwise identical clouds under different environment of aerosol number concentrations, 

to compute the above derivatives from observational data, the differentials of the cloud 

and aerosol variables are actually calculated based on measurements of a group of clouds 

over different aerosol abundances. Currently, there are two major approaches to quantify 

the aerosol first indirect effect. One is to measure the change of cloud droplet number 

concentrations due to the change of aerosol number concentrations (Twomey, 1977), i.e., 
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where Δ means taking the difference of variables between clean and polluted clouds. The 

other is to measure the change in cloud radiative properties, such as the cloud effective 

radius or cloud optical depth, with respect to the change in aerosol number concentrations 

at constant liquid water path W (Feingold et al., 2001), i.e., 
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The first approach is often used in aircraft in situ measurements, while the second 

approach is favorable in satellite observations where only vertically integrated quantities 

can be derived.  

Since re ∝ Nc
-1/3 (Twomey, 1977), it has been thought that IE1 and IE2 represent 

the same measure of the aerosol first indirect effect, and should be equal. However, the 

results we compiled from recent observational studies, as summarized in Table 7, show 

that the observed magnitudes of IE1 are not in agreement with those of IE2. In fact, the 

 38



values of IE2 are systematically lower (about half on average) than the values of IE1. To 

address the seemingly inconsistent results, some investigators (Rosenfeld and Feingold, 

2003) attributed the discrepancies to the variation of the number of activated nuclei 

among different types of clouds, and some (Feingold, 2003) to the differences among the 

aerosol’s properties themselves. However, both explain the diversity of IE1 or IE2 rather 

than the systematic discrepancy between IE1 and IE2. In this study, we argue that the 

systematic discrepancy between IE1 and IE2 is caused primarily by the differential loss of 

cloud liquid water between clean and polluted clouds as explained below.  

Theoretical Basis 

In nature, clouds are likely subjected to mixing with their ambient drier air and 

become sub-adiabatic. The degree of mixing may depend on meteorological conditions, 

and could differ among the group of clouds selected to compute IE1 or IE2. Let Nc and 

 denote the cloud droplet number concentrations in an actual cloud and in an idealized 

adiabatic cloud, respectively. N

cN′

c is always less than cN′  under the same atmospheric 

condition because of evaporation of cloud droplets in the actual cloud. Assuming 

, we can breakdown ΔlnNN/N =′cc c/ΔlnΝa into two parts, 
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ΔlnN
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Referring Eq. (24), the left side of Eq. (26) is IE1. The first term on the right side of Eq. 

(26) indicates the change of cloud droplet number in response to the change of aerosol 

number concentration without the reduction of cloud droplets. The second term on the 

right side of Eq. (26), however, is a term arising from the correlation between ζ and Na 

within the group of clouds used for analysis. If Na and ζ vary randomly or ζ is uniform 

within the group of clouds, the averaged value of the second term should be zero. 

Otherwise, if Na and ζ vary in a coherent fashion within this group of clouds, a nonzero 

value will result for this term, which can be negative or positive depending on the spatial 

distributions of ζ and Na. Since the aerosol first indirect effect is meant to measure the 
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change of cloud particle size due to aerosol variation without altering cloud liquid water 

content (Twomey, 1977), it should be estimated within the clouds that have the same ζ. 

Therefore, the aerosol first indirect effect proposed by Twomey (1974) should not be 

measured by IE1, but by ⅓Δln cN′ /ΔlnΝa. In the following, we investigate how the terms 

in Eq. (26) may be evaluated from observational data, and position their roles in 

contributing to the aerosol first indirect effect. We confine our focus on marine stratus 

and/or stratocumulus clouds since the results listed in Table 7 are mostly from this type 

of clouds. 

For an adiabatic cloud, cloud effective radius re is related to droplet number 

concentration Nc and cloud liquid water content L by Brenguier et al. (2000), 

3/1
c

3/1
e )Nk()LC(r −′′′=′ ,                                                (27) 

where the prime (Noone et al.) to the symbols denotes the values under adiabatic process; 

, and ρ is the density of liquid water; k is a parameter defined by the cubic 

ratio of the volume radius to the effective radius. (Liu and Daum, 2002; Martin et al., 

1994). In reality, clouds are likely subjected to mixing with their ambient drier air and 

become sub-adiabatic. It has been observed that the mixing process tends to decrease 

cloud droplet number concentration, but not decrease the mean volume radius (Blyth and 

Latham, 1991; Brenguier et al., 2000). In other words, during mixing all cloud droplets 

inside the mixed air mass are evaporated while cloud droplets outside the mixed air mass 

are intact (Baker et al., 1980), which gives rise to 

)4/(3C πρ=

1k/kr/r ee =′=′ and 1LL/N/N cc <′=′  

(Blyth and Latham, 1991). The symbols without prime here denote quantities in the sub-

adiabatic clouds. Therefore, although the droplet number concentration and liquid water 

content in actual clouds deviate from their corresponding adiabatic values, re, L and Nc in 

actual clouds still obey the same formula as in adiabatic clouds, i.e.,  

3/1
c

3/1
e )kN()CL(r −= .                                                (28) 

The above relation has also been well established with observations (Martin et al., 1994; 

McFarquhar and Heymsfield, 2001; Pawlowska and Brenguier, 2000; Pontikis and Hicks, 

1992) as well as model simulations (Wyser, 1998). On the other hand, using the adiabatic 
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relation between cloud liquid content and cloud depth, i.e., HL ∝′  (Brenguier et al., 

2000), and adapting 1k/kr/r ee =′=′ , we may express re based on Eq. (27) by,  

3/1
c

3/1
e )Nk()CH(r −′∝ .                                                (29) 

From Eqns. (28) and (29), we can express ΔlnNc/ΔlnΝa and Δln cN′ /ΔlnΝa by 

aaa

c

Nln

kln

3

1

Nln

Aln

Nln

Nln

3

1

Δ
Δ

−
Δ
Δ

=
Δ
Δ

,                                         (30) 

and 
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where  and ; Since k depicts the dispersion of cloud drop spectrum 

(Liu and Daum, 2002; Martin et al., 1994), the last term in Eq (30) or (31) is related to 

the so-called aerosol indirect warming effect (Liu and Daum, 2002). Recalling that 

⅓Δln /ΔlnΝ

1
e

3/1 rLA −= 1
e

3/1 rHB −=

cN′ a represents the true Twomey effect (e.g., reducing cloud drop size solely 

due to the increased drop number concentration), we propose that the real strength of the 

aerosol first indirect effect (referred to as IE hereafter) should be the sum of the true 

Twomey cooling effect plus the warming effect. Therefore, assuming k is a general 

power function of Na, based on Eq. (29), the aerosol first indirect effect is measured by 
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or  

Ha

e

Nln

rln
IE ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ
Δ

−= .                                                  (33) 

Note that Eq. (32) is equivalent to Eq. (33) since re is proportional to H3 for marine 

stratus. IEs calculated with Eqs. (32) and (33) should be close to each other. However, 

since the actual cloud base is higher than the LCL (Serpetzoglou et al., 2006), cloud 

depths derived from the temperature difference between cloud top and LCL are 

overestimated. This overestimation in H can err IE calculated by Eq. (32) but may not err 
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IE calculated by Eq. (33)as long as the derived H is a monotonically increasing function 

of the actual H. In other words, calculating IE with Eq. (32) requires the absolutely 

correct cloud depth, while only relatively correct cloud depth is required when using Eq. 

(33). Due to the advantage of using Eq. (33), in this study we minimize the error in H by 

adjusting H till the difference between the two IEs calculated by Eqs. (32) and (33) 

vanishes.   

Data Analysis and Results 

Figure 29 shows the measurements of the relation between L/H and Nc based on 

data in Table 1 of (Miles et al., 2000), in which they compiled observations of cloud 

properties by 15 investigators at various regions. In this plot, clouds with base higher than 

750 m and with droplet number concentration larger than 360 cm-3 are excluded for the 

following considerations: the interaction between aerosol and cloud properties may 

change its behavior when cloud base height is greater than 700-800 m (Durkee et al., 

2000), and the aerosol first indirect effect may be saturated when aerosol loading 

becomes too heavy (Han et al., 2000). Since the liquid water content for adiabatic cloud 

 is proportional to the cloud height H (Brenguier et al., 2000), L′ H/L∝ζ . Therefore, 

the slope of the scatterplot in Figure 29 describes the dependence of ζ on Nc. In spite of 

the points being scattered, the positive correlation between ζ and Nc is statistically 

significant. Since ζ is the fraction of drop number concentration (or liquid water content) 

of the actual cloud with respect to the undiluted (adiabatic) cloud, the nonzero slope of 

the best-fit line (i.e., Δlnζ/ΔlnΝc) reflects the uneven degree of loss of cloud water for 

clouds with different drop number concentrations. The positive slope means that clean 

clouds tend to lose more liquid water than polluted clouds. It is seen from Figure 29 that 

Δlnζ/ΔlnΝc = 0.51. Dividing ⅓ΔlnΝc/ΔlnΝa on both sides of Eq. (26) yields that the ratio 

of Δln /ΔlnΝcN′ a to ΔlnΝc/ΔlnΝa equals to 1-Δlnζ/ΔlnΝc. Therefore, Δlnζ/ΔlnΝc = 0.51 

translates to IE1 being two times larger than the true Twomey effect, ⅓Δln /ΔlnΝcN′ a. 

Figure 30 shows the observed k – Nc relation reproduced from Figure 1 of (Liu 

and Daum, 2002), which contains 37 observations from various investigators. The slope 
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of the best fitting line indicates Δlnk/ΔlnΝc = -0.21. If the median value of 0.20 for IE1 

(i.e., ⅓ΔlnNc/ΔlnΝa) as listed in Table 7 is used, the aerosol indirect warming effect term 

⅓Δlnk/ΔlnΝa is about -0.04. In other words, the warming effect seems to be fairly small 

compared to either IE1 or IE2. 

With the aid of ⅓Δlnk/ΔlnΝa = -0.04, we may estimate IE1, IE2, and IE from 

observational data based on Eqs. (25), (30), (31), and (32). First, let us evaluate 

ΔlnA/ΔlnΝa and ΔlnB/ΔlnΝa using data observed over the Northeast Pacific near the 

California coast (24°-36°N and 114°-150°W) during summer (June to August) of 2000. 

The dataset contains 3-monthly mean values of W, re, H and τa (aerosol optical depth) in 

every 1° by 1° grid derived from data of multiple satellites and NCEP/NCAR reanalysis. 

This is the same dataset as used in Chapter 4 to study the H - τa coherent pattern effect, 

except that datum points with  less than 210  are excluded here to 

further ensure observations being from uniform stratus clouds. Considering liquid water 

content generally increases linearly with height for non-precipitating marine stratus 

(Brenguier et al., 2000; Martin et al., 1994), we calculate L with 2WH

2WH − -2-2 km m g

-1. 

Figure 31 shows the scatterplots of A and B versus τa on a logarithmic scale using 

the aforementioned dataset. Because τa is generally proportional to Na (Nakajima et al., 

2001), the slopes of the scatterplots are the values of the terms ΔlnA/ΔlnΝa and 

ΔlnB/ΔlnΝa (i.e., the estimate of IE), respectively. From this figure, it is seen that 

ΔlnA/ΔlnΝa ≈ 0.26 and ΔlnB/ΔlnΝa ≈ 0.1. Using ⅓Δlnk/ΔlnΝa = -0.04 as discussed 

previously, we derive the other terms in Eqs. (26) to (32), and summarize them in Figure 

32. It can be seen that our result of Δlnζ/ΔlnΝc (0.53) agrees well with that derived from 

data of previous investigators (0.51) as shown in Figure 29, although the latter are 

obtained from data observed over 11 regions. Comparing Figure 32 with Table 7, another 

interesting result is that our results for ΔlnA/ΔlnΝa (0.26) and IE1 (i.e., ⅓ΔlnΝc/ΔlnΝa = 

0.30) are well consistent with the corresponding results (0.27 and 0.29) calculated from 

the data of the Atlantic Stratocumulus Transition Experiment listed in Table 1 of Taylor 

and McHaffie (Taylor and McHaffie, 1994), also comparable to the values of IE1 listed in 

Table 7 (~0.20). On the other hand, removing the term ⅓Δlnζ/ΔlnNa from ΔlnA/ΔlnΝa 
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using our data, it yields that ΔlnΒ/ΔlnΝa = 0.10, which is on average about half of IE1 

(~0.20) but comparable to IE2 listed in Table 7 (~0.09).  

Using the same Northeast Pacific dataset, we also calculated IE2 as defined in Eq. 

(25). Its probability distribution function is shown in Figure 33. The mean value of IE2 

for this dataset is 0.086, which is comparable to the values given by previous 

investigators as listed in Table 7 and has the same order of magnitude as ΔlnB/ΔlnΝa as 

well. This suggests that on average IE2 yields similar meaningful results to ΔlnB/ΔlnΝa to 

represent aerosol first indirect effect for stratus/stratocumulus clouds although at a given 

W bin the IE2 value could be very different from the overall average.  

The above results may be explained as follows. It has been found that clouds in 

clean area far from the coast tend to have higher tops and be less uniform (Bretherton and 

Wyant, 1997; Kaufman et al., 2005; Taylor and McHaffie, 1994, also see Figure 26), 

therefore, possibly are deviated more from adiabatic process than clouds in more polluted 

area near the coast (Brenguier et al., 2000; Taylor and McHaffie, 1994). As a result, 

Δlnζ/ΔlnΝa > 0 and IE1 > IE. It is noted that the term of ⅓Δlnζ/ΔlnΝa may have had the 

same magnitude of IE, so that IE1 is about twice IE.  

Summary 

The parameter of IE1 used by many investigators is not suitable to quantify the 

aerosol first indirect effect because it includes a term of the aforementioned artifact. This 

artifact term is caused by the differential loss of cloud liquid water between clean and 

polluted clouds. It usually has a positive value (although it can be negative or none) and 

is as large as the aerosol indirect effect itself. By reconciling the observed values from the 

different approaches, we also show that it is the artifact term rather than the aerosol 

indirect warming effect that causes the systematic discrepancy between the values of 

observed IE1 and IE2. A physically more meaningful parameter is introduced in this study, 

using which the aerosol first indirect effect is assessed over the region of Northeast 

Pacific. It shows that the order of the aerosol first indirect effect measured by the new 

parameter is about half of that estimated by Twomey (1977) (0.1 vs. 0.23). 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORKS 

Anthropogenic aerosols enhance cloud reflectance of solar radiation by increasing 

the number concentration of cloud droplets that form on aerosols. This process is referred 

to as the aerosol first indirect effect. Many in situ and remote sensing observations 

support this hypothesis. However, the scientific understanding has been very low. This 

effect of aerosols has not been consistently observed by satellite yet. Discrepancies of 

more than a factor of 2 have been reported among various observational results. 

Additionally, analyzing the global observations of cloud effective radius and aerosol 

number concentration has revealed that the correlation between the two variables can be 

negative, insignificant, or even positive, highly depending on the location of the clouds. 

Besides other potential causes responsible for varying cloud particle size and aerosol 

concentration correlation, such as different cloud type, dynamics, or influence by 

turbulence, in this study, we argue that the variable nature of the so-far “observed” 

aerosol first indirect effect is primarily caused by an artifact associated with the 

observational data, that is, the coherent variation between aerosol abundance and 

meteorological conditions. In other words, it is not the aerosol first indirect effect itself 

that is so variable, but the way it is derived that is not appropriate. Therefore, the ultimate 

goal of this study is to find a reliable method to evaluate the aerosol first indirect effect 

using satellite data. To achieve this goal, our study includes: algorithm development, 

theoretical analysis, surveying historic data and analyzing satellite retrievals derived by 

ourselves. We choose the region off the coast of California to examine how the aerosol 

abundance co-varies with cloud physical/dynamical properties, particularly cloud 

effective radius, optical depth, liquid water path, and geometric thickness. Then we 

extract the aerosol first indirect effect from overall effects. Primary data sources for the 

algorithm development and data analysis are from multiple satellites and NCEP/NCAR 

reanalysis during the summer of 2000.  

The research goal has been fulfilled through the following steps:  
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First, a visible/near-infrared algorithm to simultaneously retrieve cloud optical depth and 

effective radius at solar wavelengths (0.63 and 1.61 μm), and a new microwave algorithm 

to retrieve liquid water path in the microwave range (19 and 37 GHz) have been 

developed (Shao and Liu, 2004). In particular, many new ideas are introduced in the new 

liquid water path algorithm. Error analysis shows the new algorithm has two advantages 

over previous algorithms: 1) the algorithm has little sensitivity to the state of sea surface; 

2) error due to uncertainty in the humidity difference between inside and outside clouds is 

substantially reduced.  

Second, a theoretical relation among liquid water path, effective radius, and cloud optical 

depth for non-drizzle clouds is derived and is used to develop a drizzle index (Shao and 

Liu, 2004) that can detect drizzling clouds by combining satellite visible, near-infrared, 

and microwave measurements. The fundamental idea is based on the following two 

considerations: 1) the relation among liquid water path, effective radius, and cloud optical 

depth is relatively unchanged during cloud condensation developing stage. 2) drizzle 

formation (condensation and the collision-coalescence processes) can dramatically alter 

the original relationship among the above three variables, leading to a larger value of the 

drizzle index for drizzle/rain clouds than for non-drizzle clouds. Model simulations and 

satellite observations show that the drizzle index for non-drizzle clouds is close to 1, and 

for drizzle clouds it is greater than 1. Furthermore, coincident airborne cloud radar 

measurements were used to verify the capability of the drizzle index parameter.  

Third, using an analytical model, we explained how the coherent nature between cloud 

depth and aerosol concentration as observed in the northeastern Pacific causes 

misidentification of the aerosol first indirect effect (Shao and Liu, 2005). It is shown that 

the gradients of both variables are almost normal to the California coastline with opposite 

signs near the coast and the same sign far off the coast. As a result, the apparent 

magnitude of the aerosol first indirect effect is enhanced near the coast while it is reduced 

far off the coast. This may explain the findings of Sekiguchi et al. (2003), who found that 

negative correlation between aerosol concentration and cloud effective radius is the most 

evident near coastal regions (including the California coastal regions), while the 

correlation becomes less significant or even turns to positive far off shore. Our study also 
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manifests that in the regions where increasing aerosol loading appears to increase cloud 

drop size, the real aerosol first indirect effect still works in the direction of reducing cloud 

drop size with the increase of aerosol loading.  

Fourth, we further explained that the coherent variation between aerosol abundance and 

meteorological conditions is also a major cause responsible for the large discrepancies 

among various observed values of the aerosol first indirect effect published in literature 

(Shao and Liu, 2006). We found that clouds in clean areas tend to deviate more from an 

adiabatic process than clouds in polluted area near the coast, which causes an artifact 

term in the commonly-used method for deriving the aerosol first indirect effect. By 

introducing a new method capable to remove this artifact, the real strength of the aerosol 

first indirect effect is assessed over a region of the Northeast Pacific. It shows that the 

order of the aerosol first indirect effect measured by the new parameter is about half of 

that estimated by Twomey (0.1 vs. 0.23).   

In this study, the theoretical relations among liquid water path, liquid water 

content, cloud depth, effective radius and cloud optical depth for non-drizzle clouds are 

derived under the assumption that liquid water content linearly increases with height and 

cloud droplet number concentration stays constant with height. These assumptions are 

generally reasonable for warm marine stratocumulus based on prior data from field 

experiments (e.g., Slingo et al., 1982; Brenguier et al., 2000). Therefore, the algorithm 

developed in this study may be applied to these clouds. Additionally, plane-parallel and 

single-layer assumptions are used for the cloud field in the retrieval algorithms. 

Significant retrieval error can be induced for multi-layer clouds and clouds with 

horizontal inhomogeneity. To minimize error associated with these assumptions, we 

subjectively chose our dataset from clouds with single-layer and relatively homogenous 

appearance. Due to the persistence of clouds in the study region (N. Pacific off California 

coast during summer), satellite aerosol data are not available on a daily basis. Therefore, 

three-monthly mean data are used to represent the mean states of both cloud and aerosol. 

The assumption is that the aerosol properties between clear and cloudy days are similar. 

Since the overall distributions of cloud variables over northeastern Pacific during summer 

are very steady, it is plausible that analysis using the time-averaged data preserves the 

mean characteristics of the aerosol first indirect effect although aerosol impact on 
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individual clouds has a much shorter timescale. 

In the future, we plan to advance this study in the following directions. First, more 

validations using in situ measurements from field experiments are needed to verify and 

possibly improve our algorithms, especially for drizzle detection. Second, evaluation of 

the aerosol first indirect effect will be extended to global scale and radiative forcing will 

in turn be estimated. Third, a climatological study of the probability of drizzling in the 

context of aerosols’ indirect effect, that is the aerosol second indirect effect, will be 

conducted. 
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Table 1a. The regression coefficients of TL and TW based on the 
normalized data sets for cloud at 1-2 km 

1-2km LWP CWV WS SST Intercept R2

TL(K) 26.494 -3.362 -0.992 0.018 26.393 0.9926 

TW(K) 0.537 22.668 6.545 0.055 -12.428 0.9986 

 

 

 

Table 1b. Same as Table 1a but for cloud at 2-3 km 

2-3km LWP CWV WS SST Intercept R2

TL(K) 28.541 -3.703 -1.094 0.020 29.636 0.9921 

TW(K) 0.939 22.653 6.524 0.054 -12.448 0.9985 
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Table 2a. Sensitivities of LWP to TL, TW, WS and SST. 

 
|ΔLWP/ΔTL| 

(g m-2 K-1) 

|ΔLWP/ΔTW| 

(g m-2 K-1) 

|ΔLWP/ΔWS| 

(g s m-3) 

|ΔLWP/ΔSST| 

(g m-2 K-1) 

1-2 km 18.8 2.79 0.040 0.049 

2-3 km 17.4 2.85 0.048 0.050 

 

 

 

Table 2b. Sensitivities of CWV to TL, TW, WS and SST. 

 
|ΔCWV/ΔTL| 

(kg m-2 K-1) 

|ΔCWV/ΔTW| 

(kg m-2 K-1) 

|ΔCWV/ΔWS|

(kg s m-3) 

|ΔCWV/ΔSST| 

(kg m-2 K-1) 

1-2 km 0.027 1.32 0.866 0.007 

2-3 km 0.043 1.32 0.864 0.007 
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Table 3. Coefficients derived by fitting model data to Eq. (20). 
The following units are used: LWPm: g m-2, re: μm. 

 α β R2 r.m.s difference 

Non-drizzle 0.771 0.937 0.996 0.0028 

Light drizzle 0.936 0.938 0.999 0.0005 

Drizzle/Rain 0.570 1.031 0.998 0.0010 

 

 

 

Table 4. List of Cases 

 Date Local Time Central Location 

Case 1 01-07-24 07:17 120W, 33S 

Case 2 99-02-28 11:16 128E, 23N 

Case 3 99-03-05 13:25 77W, 24S 

Case 4 99-03-01 10:20 132E, 26N 

 

 

 

Table 5.  Statistics related to the drizzle index for the 4 cases 

 
Pixel 

number 
α β R2

r.m.s 

difference 

Case 1 

Case 2 

Case 3 

Case 4 

588 

429 

248 

354 

0.613 

0.580 

0.584 

0.522 

0.970 

0.978 

0.971 

0.990 

0.981 

0.986 

0.987 

0.993 

0.0027 

0.0054 

0.0037 

0.0039 
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Table 6. Summary of Regressions (Sample number = 403) 

 R2 Variables Coefficients 

lnτa -ξ: -0.070 (± 0.031) 

lnH  ψ: 0.241 (± 0.023) 
Multivariate 

Regression 
0.734 

Constant ln σ: 2.477 

lnτa -0.297 (± 0.033) 
Single Regression 0.443 

Constant 1.698 
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Table 7. Summary of the observed aerosol first indirect effects from various studies 

Source IE1 IE2 ΔlnA/Δlnτa

Chuang et al. 2000 (Figure 9) 0.16   

Feingold et al, 2001 (Table 2) 0.18   

Twohy et al. 2005 (Figure 3) 0.18   

Kaufman et al. 1991 (Eq. 14) 0.23   

Conant et al. 2004 (Table 2) 0.28   

Taylor et al. 1994 (Table 1) 0.29  0.27 

Sekiguchi et al. 2003 (Table 1)a  0.073  

Nakajima et al. 2001 (Figure 4)  0.080  

Bréon et al. 2002   0.085  

Feingold et al. 2003 (Table 2)  0.10  

Kim et al. 2003   0.13  

a. Average of over-ocean results for the global correlation slopes (0.100, 0.0689, 0.0498). 
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Figure 1. Satellite-retrieved effective radius of particles near the top of deep convective 
clouds, as a function of the cloud top temperature, which serves as a surrogate for cloud 
top height. This is shown for clouds forming in polluted (solid lines) and pristine air 
(broken lines) observed from various regions as indicated in legend. The vertical green 
line denotes the 14 µm precipitation threshold radius. (from Ramanathan et al., 2001) 

 

 

 

 

Figure 2. Global mean radiative forcing from different factors for 2000 relative to 1750. 
Positive and negative bars denote warming and cooling forcings, respectively, with 
estimated uncertainties denoted by the error bars. (from IPCC, 2001) 
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Figure 3. The observed aerosol first indirect effect from various studies using different 
methods indicated in red and blue colors. 

 

 

 

Figure 4. Distributions of the correlation between log10Na and log10re with three-month 
(March to May) POLDER data for 17.5º × 17.5º area sampling. (from Sekiguchi et al., 
2003) 
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Figure 5. Schematic view of the scan geometries of the three TRMM primary rainfall 
sensors: TMI, PR, and VIRS. (from Kummerow et al., 1998) 
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Figure 6. Schematic diagram of three neighboring TMI pixels and corresponding VIRS 
pixels in longitude-latitude coordinate system. 
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Figure 7. Cloud spherical albedo as a function of wavelength for selected values of the 
effective radius of cloud droplets. Results apply to cloud optical thickness τc (0.75 μm) = 
16, and columnar water vapor CWV = 4.5 kg m-2. (from King et al., 1997) 
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Figure 8. Relationship between reflectances at 0.63 and 1.61 μm for various values of 
cloud optical depth τc and effective radius re. 
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Figure 9. The atmospheric absorption spectrum for oxygen, water vapor, and cloud water. 
Results for three water vapor cases (10, 30, and 60 mm) are shown. The cloud water 
content corresponds to a moderately deep non-raining cloud layer. (from Wentz and 
Meissner, 2000) 
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Figure 10. Relationship between TL and TW for various values of LWP (g m-2) and CWV 
(kg m-2) at WS 4 m s= -1 (lines and ×). Dots denote data points with different wind speeds 
as indicated in legend. 
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Figure 11. T037H as a function of column water vapor as simulated by a radiative transfer 
model for various environments. Symbol (+) for SST=300 K, WS=0 m s-1 and the 
standard tropic atmospheric profile, ( ): add 5K in SST, ( ): add 10 m s-1 in WS, ( ): 
mid-latitude summer atmospheric profile. 
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Figure 12. Errors in LWP caused by a SST error of 5K. Symbol × and ○ represents 
before and after TL revision, and the associated error bars correspond to the standard 
deviations. 
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Figure 13. Same as Figure 12 but for an uncertainty of 5 m s-1 in the surface wind speed. 
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Figure 14. Same as Figure 12 but for a change of cloud layer position. 
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Figure 15. Same as Figure 14 except that cloud temperatures are set with the mean 
temperature of 1-2 km. 
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Figure 16. Same as Figure 12 but for humidity difference. 
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Figure 17. (a) Scatter diagram of brightness temperature at 37GHz versus CWV derived 
from the cloud-free data set. Also shown is a linear least squares fit of the data. (b) 
Histogram of LWP retrieved from the cloud-free data set. The mean and standard 
deviation are also indicated. 
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Figure 18. The ratios of 12 dd  and 13 dd  for various x in Eq. (19).  See text for 

definitions of 1d , 2d , and 3d  
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Figure 19. Relation between log(LWPmτc
1/2) and log(reτc

3/2) as simulated by radiative 
transfer models. Units for LWPm and re are g m-2 and μm, respectively. Symbols denote 
the different effective radius profiles as indicated in legend with a pair of effective radii 
at the top (re

top) and base (re
btm) of the cloud. The points with the same values of cloud 

optical depth are connected with thin lines. The thick line is the fitting curve for non-
drizzling clouds. 
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Figure 20. Scatter plot of LWPc versus LWPm. Symbols are same as those in Figure 19. 
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Figure 21. Images of TRMM visible reflectance (a)-(d) and infrared brightness 
temperature (e)-(f) for the four cases studied. Each image covers an area of 
approximately 720 × 550 km2. 
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Figure 22. Scatter plot of log(LWPmτ c
1/2) versus log(reτ c

3/2) for the four cases described 
in the text. Black dots represent the pixels with re < 15 μm and 0.43 < LWPm(reτc)

-1 < 
0.53. Gray dots are the rest of the pixels in the scene. Lines represent the best-fit lines for 
these points. 
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Figure 23.  The horizontal distributions of the retrieved re (a)-(d) and τc (e)-(h) at VIRS 
pixel resolution, and DI (i)-(l) at TMI pixel resolution for the four cases studied. Line A-
B indicates the flight track of C-130 aircraft. 
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Figure 24. Scatter plot of LWPm/τc verse τc for the four cases. Data points are color-
coded according to the value of DI. 
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Figure 25. The time-height cross-section of the radar reflectivity and satellite retrievals 
along the line A-B shown in Figure 23a. Indicated by dashed line is satellite passing time. 
(a) Radar reflectivity superimposed with DI=LWPm/LWPc and (b) retrievals of re and τc. 

 

 

 

 

 

 

 

 71



 

 

 

 

 

 

-150W -132W -114W
(km)

H

24N

30N

36N

0.2 0.5 0.8 1.1

b

-150W -132W -114W

τc

24N

30N

36N

8 10 12 14 16

d

-150W -132W -114W

τa

24N

30N

36N

0.03 0.06 0.09 0.12

a

-150W -132W -114W

(μm)

re

24N

30N

36N

-150W -132W -114W
(μm-2)

VAR

24N

30N

36N

0.9 1.4 1.9 2.4 2.9 3.4 3.9 4.4 4.9 5.4

f

-150W -132W -114W
(g m-2)

LWP

24N

30N

36N

40 70 100 130

e

8 10 12 14 16

c

 

Figure 26. Three-monthly (June to August, 2000) 1º × 1º geometric mean distributions of 
(a) aerosol optical depth τa, (b) cloud depth H, (c) cloud effective radius re, (d) cloud 
optical depth τc, (e) liquid water path LWP, and (f) index of cloud variability VAR. 
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Figure 27. Cloud depth H and aerosol optical depth τa as a function of s. Circles and 
triangles are H and τa averaged in the 12 s-bins, respectively. The curves, H(s) and τa(s), 
are their best fits. Indicated by the dashed line is the distance where the gradient of τa 
changes sign.  
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Figure 28. Relation between re and τa for observed and calculated data. The large dots 
show the re - τa relation for observed data averaged in the 12 s-bins with darkness 
indicating cloud heights. Small dots show the re - τa relation calculated using Eq. (23) 
with H and τa in Figure 27 and σ, ξ, and ψ values in Table 6. The curves show the re - τa 
relation at constant values of H. 
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Figure 29.  The relation between L/H (g m-3 km-1) and Nc (cm-3). Red line is the best 
fitting and blue curves represent the 95% confidence range. Shown in the legend are the 
slope and its corresponding 95% confidence interval. 
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Figure 30. The relation between k and Nc (cm-3). Red line is the best fitting and blue 
curves represent the 95% confidence range. Shown in the legend are the slope and its 
corresponding 95% confidence interval. 
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Figure 31. The dependence of parameters (a) A and (b) B on τa. Red lines are the best 
fitting and blue curves represent the 95% confidence range. Shown in the legends are the 
slopes and the corresponding 95% confidence intervals. 
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Figure 32. The relative magnitude of the terms involved in the interaction between the 
aerosol number concentration and the cloud microphysical properties as derived from 
data observed over the Northeast Pacific near the California coast during summer of 2000, 
except that the term ⅓Δlnk/ΔlnΝa is estimated from previous studies.   
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Figure 33. The probability distribution function of (Δlnre/Δlnτa)W . Shown in the legend 
are the mean value and the 95% confidence interval. 
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