












































































































































































Figures 4.20 and 4.21 are monthly averages of aerosol optical thickness for 

January and July 1999 from retrievals performed using the NOAA- 14 AVHRR 

instrument. The data are at 100 Km resolution and are used here as a proxy for 

boundary layer CCN concentrations. These concentrations arc of interest because it is 

theorized that increases in CCN will lead to reductions in water cloud particle sizes, 

due to the fact that larger nuclei concentrations are thought to increase the number of 

cloud particles without affecting the cloud's liquid water content (Twomey 1980). 

This so-called aerosol indirect effect is a current area of research in the climate 

change community due to the fact that reductions in cloud particle size can act to 

increase the cloud's overall albedo and can further act to reduce precipitation 

efficiency (Khain et al. 2004) (Ziegler 1988). 

The particle size spatial distributions contain several striking features. First, in the 

July data and to a lesser degree in January, the predominate stratocumulus regions off 

the west coasts of North and South America, as well as Africa, exhibit well defined 

regions of small particle sizes. This is due to the fact that these areas are characterized 

by widespread regions of shallow water clouds with very modest vertical velocities, 

resulting in relatively small cloud top particle sizes. 

In July, the clouds in the southern oceans are found to have large median effective 

radius values of 16-18 microns, while in January these same regions have somewhat 

smaller -13 micron particle sizes. These changes correlate well with the observed 

aerosol optical thicknesses. In July, the southern oceanic air is seen, in figure 4.15, to 

be nearly devoid of aerosol, with most regions characterized by AOTs of less than .4, 

whereas in January typical values are 3 - 5 times as large. The effective radius results 
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are in agreement with results obtained from the Southern Ocean Cloud Experiment 

(SOCEX), which occurred in Southern Australia in 1995. Through in-situ 

observations, this study found that in the pristine air of the Southern Ocean was 

characterized by a distinct seasonal cycle of non-anthropogenic aerosol 

concentrations, whose source is oceanic dimethyl-sulphide (DMS). Boers et al. 

( 1996) observed very low droplet concentrations of roughly 30 cm-3 in the boundary 

layer with typical effective radii of 16 to 18 microns. Summer-time droplet 

concentrations were 3-fold larger with particle sizes in the 12-14 micron range. These 

SOCEX results suggest that the OE VIRS data better matches the observed Southern 

Ocean data than does either the operational MODIS retrieval or the AVHRR results 

of Han and Rossow (1993). 

While this is the most dramatic example, other areas of aerosol influence can be 

seen. Large aerosol optical depths found in the Arabian Sea in July as well as off the 

coast of China in January are also shown to correlate well with areas of reduced cloud 

top particle sizes. 

VVhile this work represents only a cursory initial look at the effect of aerosols on 

water cloud particle sizes it will hopefully, in the future, undertake more direct 

comparisons between the effective radius and optical thickness of individual cloud 

scenes with collocated boundary layer aerosol data. This type of analysis will be 

made possible by aerosol profiles produced by the ICES AT satellite program and will 

be an area of future research. 
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Figure 4.23: Retrieved Aerosol Optical Thickness (AOT) derived from data provided by 
NOAA/AVHR.R. satellite. July 1999. 

Figure 4.24: Retrieved Aerosol Optical Thickness (AOT) derived from data provided by 
NOAA/A VJHRR satellite. January 1999. 

4.8 Tau!Re Correlations 

Nakajima and Nakajima (1995) showed that stratocumulus regions off California 

characterized by clean maritime air exhibited particle sizes that were negatively 
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correlated with optical thickness, while in more polluted regions there was a positive 

correlation between effective radius and measured optical thickness. They argue that 

in polluted regions, the drizzle process is reduced, resulting in a thickening of the 

stratus with the most opaque clouds containing the largest particle sizes, while in 

clean environments the clouds with the largest particle sizes form drizzle, reducing 

their liquid water path, and therefore their optical depth resulting in the observed 

negative correlation. 

The results presented in this thesis suggest that when this analysis is extended to 

all water clouds the relationship becomes somewhat more complicated. Figure 4.22 

presents the effective radius/optical thickness regressions for water clouds retrieved 

by the OE VIRS retrieval in July 1999. In general, observed regressions lie between 

zero and positive 2, with very few of the negative correlations observed by Nakaj ima 

and Nakajima. Three regions are highlighted in 4.22 and the scatter plots of optical 

thickness and effective radius in these regions are presented in figure 4 .23. Region 1 

is characterized by large positive slopes and relatively large particle sizes, with 

median values between 15 and 17 microns. It is in a region of relatively pristine air, 

and has many thick clouds with large particle sizes. This region seems to be very 

distinct from the stratocumulus observed by Nakajima and Nakajima and is shown by 

the PR to be a region of frequently precipitating, and likely vertically developed, 

water clouds. Region 2 is characterized by large positive regressions, small mean 

particle sizes, between 9-12 microns, and heavy aerosol loading. Its r/re scatter plot is 

very similar to those observed in the prior study of Nakajima and Nakajima, and is 

mostly characterized by many optically thick scenes with small particle sizes, a 
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signature of aerosol-influenced clouds. Region 3 has nearly zero slope, and very large 

mean particle sizes, approaching 20 microns. Figure 4.23 shows that this region has 

very few optically thick clouds and very large effective radii. In this relatively clean 

maritime environment, these clouds are overwhelmingly precipitating, leading to a 

reduction in liquid water content, thus limiting their optical thickness. 

An identical analysis is performed for January 1999 and is presented in figure 

4.24, with scatter plots of highlighted regions exhibited in figure 4.25 . Slightly 

negative slopes, moderate aerosol loading, and large median particle sizes 

characterize region 5. Its scatter plot most closely resembles the negative regression 

regimes found in Nakajima and Nakajima (1995), with a mix of optically thin 

precipitating scenes and more opaque aerosol influenced clouds with small cloud top 

effective radii . 
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Figure 4.25: Regression coefficients of optical thickness and effective radius for water 
clouds from the OE VIRS retrieval for July 1999. 
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Figure 4.26: Optical thickness and effective radius scatter plots for 
water louds retrieved with the OE VIRS retrieval for July 1999 in 
highlighted regions. 
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Figure 4.27: Regression coefficients of optical thickness and effective radius for water 
clouds from the OE VIRS retrieval for January 1999. 
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lFigure 4.28: Optical thickness and effective radius scatter plots 
for water clouds retrieved with the OE VIRS retrieval for 
January 1999 in highlighted regions. 
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CHAPTE 5: CONCLUSIONS 

5.1 Principal Findings 

The goal of this thesis was to develop an efficient, research grade 3-channel 

optimal estimation (OE) cloud top effective radius and optical depth retrieval for the 

VIRS instrument and to assess its performance through comparison with other data 

sets. 

Good agreement was found with the operational MODIS particle size retrieval 

for ice clouds using a simplified 2-channel "MODIS retrieval simulator" . 

When the full 3-channel OE retrieval with explicit errors was compared for 

the same scene a 15% negative bias was observed in the OE result. The 

discrepancy was ascribed to the introduction of independent 3.75-!l 

information, independent radiative transfer implementations, and distinct 

inversion techniques . 

For water clouds, the OE retrieval was found to produce a 15-45% negative 

bias in effective radius (re) and an 8% positive bias in optical thickness 

relative to the operational MODIS retrieval. However, when the MODIS 

simulator OE retrieval was compared, these biases were reduced to 10-25% re. 

The introduction of the 3.75- !l information as the third channel was thought 

to account for roughly half of the overall discrepancy, with the remainder due 

to forward model brightness differences resulting from details of the radiative 
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transfer implementation regarding atmospheric gases and scattering phase 

functions. 

o It is proposed that for the cloud scenes examined, the more fully developed 3-

channel optimal estimation approach produces not only different, but superior 

results . This is due to the fact that more pertinent spectral information is 

considered; cloud scenes used for comparison were carefully selected to 

adhere to the forward model's plane parallel assumptions and due to the 

explicit error characterization provided by the optimal estimation approach. 

Histograms of cloud top height and optical thickness were compared to the 

International Cloud Climatology Satellite Program (ISCCP) data for the 

TRMM region as well as the Tropical West Pacific (TWP) region for July 

1999. Close agreement was found in both cases, although the OE retrieval 

cha acterizes fewer deep convective scenes and more optically thin high 

clouds than were found by the ISCCP team. 

o More detailed optical thickness/cloud top height distributions for ice clouds 

exhibited a robust tri-modal optical thickness structure, representing cirrus, 

moderately thick ice clouds, and deep convection, in both the TWP as well as 

the roader TRMM region 

• The 3 ice cloud optical thickness regimes were found to have distinct particle 

size distributions . Cirrus clouds had typical effective diameter values of 20-70 

microns, with a median value near 45, while the thicker ice clouds were 

characterized by a more narrow size distribution shifted to larger values 

centered near 55 microns. 
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For water clouds, the optical thickness distribution was found to be a very 

smooth with a peak near 1 = 5, though as discussed this peak is considered 

artificial due to the direct elimination of optically thin clouds and the fact that 

clouds with small optical depths are typically very small in aerial extent and 

therefore may not completely fill a VIRS FOV. Further, few water clouds with 

optical thickness in excess of 25 in the TRMM region and 10 in the TWP 

were found. The clouds also exhibited a very smooth effective radius 

histogram that peaked near 11 microns, with few cases in excess of 30 

microns. 

Precipitating water clouds, as determined by the Precipitation Radar (PR), 

exhibited a very distinct effective radius histogram from non-precipitating 

scenes, with a median value of nearly 20 microns. 

A secondary maximum at 15 microns in the non-precipitating water clouds 

may represent a drizzle mode with rainfall too slight to be detected by the PR. 

These results broadly support the threshold value of re > 14 microns used to 

distinguish precipitating stratocumulus cloud scenes by Rosenfeld and 

Lemsky (1998), but it is shown that the particle size distributions for 

precipitating and non-precipitating clouds are far from distinct suggesting the 

role of other mechanisms (i.e. cloud dynamics, turbulence, etc.) besides cloud 

top particle size in determining the presence of precipitation sized particles. 

For non-precipitating water clouds, effective radius was found to be 

negatively correlated with optical thickness, while in precipitating warm 

clouds a positive correlation was observed. 
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Maps of retrieved effective radius for water clouds from the OE VIRS 

retrieval exhibit similar large-scale structure to the operational MODIS data, 

but estimate somewhat smaller particles and contain larger zonal and seasonal 

variations. 

o The OE VIRS retrieval compares more favorably with the A VHRR values 

retrieved by Han and Rossow (1993), however the current study produces 

particle sizes roughly 15% larger than those inferred from AVHRR. 

@ Retrieved cloud top particle sizes in water clouds show robust negative 

correlations with aerosol optical thickness values. This effect is most 

pronounced in the Southern Ocean where seasonal variations in non­

anthropogenic aerosols are shown to result in a 20-30% reduction in cloud top 

effective radius in January relative to July. This large seasonal effective radius 

reduction agrees very well with in-situ measurements made during the 

SOCEX campaign; this seasonal signal is not present in the operational 

MODIS data. 

Expanding on the work of Nakaj ima and Nakajima (1995) regressions of 

optical thickness with effective radius are presented and used to identify a 

number of regions dominated by distinct water cloud modes, including aerosol 

influenced water clouds in which there was no drizzle mode, vertically 

developed precipitating clouds in pristine tropical environments, and an 

optically thin precipitating mode in regions of very clean boundary layer air. 
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5.2 Future Work 

The cunent study was limited to cloud optical thicknesses in excess of 3 and to 

oceanic scenes. It would be fruitful to extend these results globally as well as to more 

optically thin cloud scenes. However, additional retrieval development would be 

required to examine optically thin scenes, since there is very little parameter 

sensitivity for the cunent wavelengths at small optical thicknesses. 

Future work will also center on examining any potential conelation between 

cloud top particle size and rain rate in both water and ice clouds, as well as 

comparisons between the VIRS retrieved liquid water path and other data sources. 

Theoretical analysis will be performed on synthetic clouds to determine the intra­

cloud weighting functions of a variety of near-IR channels (e.g. 1.63 and 3.75 

microns) in order to assess the degree to which different channels contain physically 

distinct information. This work could lead to the retrieval of a crude vertical profile of 

particle sizes within the upper reaches of water clouds. 

Finally, an initial look at the aerosol indirect effect was compelling in a seasonally 

averaged sense. Future work will examine the correlation between boundary layer 

aerosol optical thicknesses with collocated cloud top effective radius retrievals . This 

will be soon be possible utilizing the instrument array available on the A-train. 
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