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The operational processing of MODIS imagery to produce the MOD06 cloud product 

is based on the assumption that cloudy 1-km pixels are overcast.  This assumption is 

examined using a partly cloudy pixel retrieval scheme, which allows for fractional 

cloud cover within the 1-km pixels.  Cloud flags attached to 250-m MODIS imagery 

data were aggregated to 1-km resolution to compare with fractional cloud cover 

retrieved using the partly cloudy pixel scheme.  For regions containing only single-

layered, low-level marine stratocumulus, the fractional cloud cover derived from the 

250-m flags was substantially greater than that obtained with the partly cloudy pixel 

retrievals.  When 1-km visible reflectances and 11-µm radiances were interpreted 

according to the pixel-scale cloud cover fraction, the interpretations obtained with the 

partly cloudy pixel retrieval scheme were those expected based on radiative transfer 



theory.  Those obtained from the 250-m flags, however, suggested that many of the 1-

km pixels that were identified as overcast were only partially cloud covered.  These 

findings were confirmed using 500-m MODIS imagery to identify pixels that were 

overcast by marine stratocumulus.  Based on the spatial uniformity of 1.6- and 2.1-µm 

reflectances for overcast and cloud-free pixels, reflectances at these wavelengths were 

used to distinguish between overcast and partly cloudy 500-m pixels.  The 250-m 

cloud flags obtained from the MOD06 cloud product, however, identified many of the 

partly cloudy pixels as overcast.  The overcast assumption made by the MOD06 cloud 

product also leads to biases in cloud properties such as cloud optical depth and droplet 

effective radius.  Comparisons of cloud layer temperature, optical depth, and droplet 

effective radius derived from 2.1-µm reflectances show that overcast results agree 

with what is expected from cloud parcel models.  Pixels with partial cloud cover, 

however, underestimate optical depth and overestimate droplet effective radius and the 

biases produce trends that counter expectations based on cloud parcel models.  These 

biases become more evident as cloud cover within a pixel decreases.  
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OVERESTIMATION OF CLOUD COVER IN THE 
MODIS CLOUD PRODUCT 

CHAPTER 1 

Introduction 

 

1.1  Background 

 Clouds play a major role in the climate system, but the role they play remains a 

mystery.  Among the different cloud types that cover the globe, stratus and 

stratocumulus cover approximately 40% of the world’s oceans (Hartmann et al., 

1992).  Marine stratocumulus often lie off the west coast of continents, on the east side 

of oceanic subtropical highs.  The trade winds in these regions blow from mid-

latitudes towards the intertropical convergence zone (ITCZ).  A relatively strong 

inversion at the top of the planetary boundary layer caused by the formation of clouds, 

combined with cool sea surface temperatures caused by ocean upwelling limit a 

cloud’s vertical growth, giving them the single-layered structure of marine 

stratocumulus (Klein and Hartmann, 1993).  With current satellite technology, it is 

possible to view these clouds in exceptional detail; however, incorporating clouds in 

climate models continues to present challenges within the modeling community. 

 Clouds interact with radiation in two ways, by scattering and absorbing 

incoming sunlight and absorbing and emitting infrared radiation.  The amount of 

sunlight a cloud reflects back to space and the amount of terrestrial infrared radiation a 
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cloud absorbs and emits depends on variables such as cloud top temperature, whether 

the cloud is composed of liquid or ice, the amount of liquid or ice, and the sizes of the 

water droplets and ice crystals (Rogers and Yao, 1989).  The optical properties of 

clouds vary constantly over relatively small space and time scales, making it difficult 

to accurately determine their properties. (Wielicki and Parker, 1992).  In addition, 

because clouds cover spatial scales ranging from tens of meters to several hundred 

kilometers, they often cover only a fraction of a satellite imager’s field of view (FOV), 

or pixel.  Clouds must be several orders of magnitude larger than the FOV to 

accurately estimate their areal coverage (Shenk and Salomonson, 1972).  Clearly, 

higher resolution data provides better assessments of cloud cover; however, even the 

1-km pixel resolution used in current imagers is too large to accurately estimate these 

fractions using conventional cloud retrieval methods, to be explained in the next 

section. 

 A partly cloudy pixel is defined as an imager pixel of arbitrary resolution that 

is only partially covered by cloud.  The original goal of this study was to assess 1-km 

partly cloudy pixel retrievals of cloud fraction through a comparison with the 

Moderate Resolution Imaging Spectroradiometer (MODIS) 250-m cloud mask, the 

“MOD35” mask product.  Initial tests, however, showed that the MODIS 250-m cloud 

mask is flawed.  The threshold method used for the cloud mask does not account for a 

pixel that is only partially cloud covered, an error that appears to lead to an 

overestimation of cloud fraction.  Therefore, through a comparison with cloud fraction 

retrievals from the partly cloudy pixel retrieval scheme (PCPR), this study will instead 
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show the extent to which the MODIS 250-m cloud mask overestimates cloud cover 

and the consequences of such errors. 

 Shenk and Salomonson (1972) implemented the cloud, no-cloud threshold in 

an attempt to derive partial cloud cover from imagery data.  They used simple, 

regularly-spaced cloud patterns, and placed a resolution grid on top of the clouds in 

order to simulate satellite imagery.  They considered every grid box that contained 

some portion of cloud as completely overcast.  Realizing this method held the 

potential to overestimate cloud cover, they tried a second threshold approach.  The 

new approach accounted for the occurrence of a partially cloud covered grid box, and 

assigned a cloud fraction of 50% to those elements.  Coakley and Bretherton (1982) 

verified Shenk and Solomonson’s findings and took partly cloudy pixel retrievals a 

step further by introducing the spatial coherence method.  This method relies on the 

spatial uniformity of emitted radiation at 11 µm by clouds in distinct layers that 

completely cover imager pixels to identify overcast pixels.  Figure 1.1 shows an 

example of an arch obtained for means and standard deviations of 11-µm radiances for 

4×4 arrays of 1-km pixels within a 100-km region.  The region surrounds the 50-km 

region shown later in Fig. 2.1.  The smallest standard deviations occur with data points 

that contain only cloud-free (highest mean radiances) or overcast pixels (lowest mean 

radiances), which cluster together and form the feet of the arch.  Arrays of partly 

cloudy pixels, with larger standard deviations and with radiances lying between those 

of the cloud-free and overcast radiances, form the body of the arch. 
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Figure 1.1  The 11-µm radiance means and standard deviations for 4×4 arrays of      
1-km pixels taken from a 100-km region.  The clusters that form the feet of the arch 
represent cloud-free (higher mean radiances) and overcast pixels (lower mean 
radiances).  Data points in between the clusters identify partly cloudy pixels. 
 

 Arking and Childs (1985) further developed this method by using data from 

the Advanced Very High Resolution Radiometer (AVHRR).  Three channels from 

AVHRR in combination with radiative transfer equations allowed them to determine 

cloud cover fractions, as well as cloud optical depth, cloud-top temperature, and 

droplet radius for each pixel, as described below.  Each of 6 possible microphysical 

models (MPM, denoted by m) included predetermined values for the droplet radius 

mode, particle phase, wavelength, extinction coefficient, single scattering albedo, and 

asymmetry parameter.  The MPM was determined by assuming a cloud fraction = 1.0 

(overcast conditions), then calculating an average 3.7-µm reflectance for that pixel as 

a function of m.  The correct m for that pixel was found through a comparison of the 

calculated 3.7-µm reflectance with the observed reflectance.  They then incorporated a 
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“maximal clustering technique” similar to the spatial coherence method, which sought 

to resolve problems associated with partially cloud covered pixels.  Visible 

reflectances, 11-µm radiances, optical depth, and cloud top temperature were analyzed 

with a cluster analysis scheme.  Through this analysis, clusters of pixels were 

identified as overcast, while those pixels that deviated from the overcast clusters were 

assumed partly cloudy. 

 While these methods successfully identified partly cloudy pixels, accurately 

determining cloud fraction amounts remained uncertain.  Wielicki and Parker (1992) 

provided an analysis of seven previous attempts to determine fractional cloud cover, 

including the spatial coherence method developed by Coakley and Bretherton (1982), 

through a comparison with very high spatial resolution data from the Landsat 

Thematic Mapper (TM).  Wielicki and Parker aggregated 28.5-m resolution Landsat 

TM data to the appropriate resolution (1, 4, or 8 km) for comparison of the cloud 

fractions obtained with the various algorithms and a 28.5-m reference cloud fraction 

for 24 58.4-km cloud fields.  They concluded that estimates produced by each 

algorithm were highly sensitive to the sensor spatial scale and/or the cloud optical 

depth, which implies that the largest errors occurred with partially cloud covered 

pixels and the presence of optically thin clouds.  In addition, the determination of 

cloud fraction depends largely on the selected algorithm.  Each of the algorithms 

showed large differences in cloud fraction amounts among one another and compared 

with the 28.5-m resolution Landsat TM estimates, indicating that much work remains 

to accurately estimate cloud fraction. 
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 Coakley et al. (2005) re-examined the partly cloudy pixel retrieval scheme  

proposed by Arking and Childs (1985).  The partly cloudy pixel retrieval scheme was 

originally applied to 2-km Visible and Infrared Scanner (VIRS) data from the Tropical 

Rainfall Measuring Mission (TRMM) using climatologies of temperature, humidity, 

and ozone profiles and radiative transfer calculations to determine cloud properties for 

partially cloud covered pixels.  The retrieval scheme works only for single-layered 

cloud systems because it is based on the assumption that all clouds in the layer have 

the same altitude.  Therefore, the scheme was applied to marine stratocumulus cloud 

decks located entirely over ocean.  Using an average altitude for multi-layered systems 

results in errors in the retrieved cloud properties. 

 In the partly cloudy pixel retrievals, a scene identification scheme is first 

applied to determine whether a pixel is a) cloud-free, b) partly cloudy or overcast by 

clouds that are distributed in altitude, or c) overcast by clouds in a well-defined layer.  

When the clouds are part of a single-layered system, the radiance for a partly cloudy 

pixel depends on the average cloud-free radiance, , average overcast radiance, , 

and cloud fraction, , and is given by, 

SI CI

CA

( ) ),,(1 CeCCSCPC zRIAIAI τ+−= .    (1.1) 

For a given average cloud layer altitude, , the average overcast radiance depends on 

visible optical depth, 

Cz

τ , and droplet effective radius, .  For partly cloudy pixels, the 

cloud altitude is obtained from nearby overcast pixels, which are presumably located 

within the same cloud layer.  To retrieve the optical depth, droplet effective radius, 

eR
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and cloud fraction in a pixel, these parameters are adjusted through iterations until the 

calculated radiances at visible, near infrared, and thermal infrared wavelengths match 

those observed. 
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1.2  Motivation 

 The study described in this thesis applies the partly cloudy pixel retrieval 

scheme to MODIS data.  The Terra and Aqua satellites, launched in 1999 and 2002, 

respectively, both carry the Moderate Resolution Imaging Spectroradiometer 

(MODIS).  MODIS is a whiskbroom scanning radiometer, capable of scanning the 

entire Earth in two days.  The imager provides data for 36 channels, or “bands”, with 

resolutions of 250 m (2 bands), 500 m (5 bands), and 1 km (29 bands).  These bands 

range from 0.415 µm in the visible to 14.235 µm in the infrared (Platnick et al., 2003).  

Analyses in this study use MODIS data from the morning satellite Terra and, more 

specifically, from the 0.64- and 0.84-µm bands at 250-m and 1-km resolutions, the 

1.6- and 2.1-µm bands at 500-m and 1-km resolutions, and the 3.7- and 11-µm bands 

at 1-km resolution. 

 In addition to the radiometric data, MODIS provides operational products 

including several cloud properties, such as droplet effective radius, cloud optical 

depth, and cloud-top altitude.  A 250-m resolution cloud mask is also supplied in the 

MODIS products.  This cloud mask is based on a threshold approach for determining 

cloud cover that assigns either a “0”, indicating cloud-free, or a “1”, indicating cloud-

contamination, to each pixel.  This method does not allow for pixels that are only 

partially cloud covered, an error that appears to lead to an overestimation of cloud 

fraction. 

 Assigning overcast flags to pixels that are only partly cloudy results in biases 

in the retrieved cloud properties, such as cloud optical depth and droplet effective 
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radius.  Following Han et al. (1994), the biases created with the overcast pixel 

assumption are clearly demonstrated by assuming a simple linear relationship between 

the reflectance of a partly cloudy pixel and the cloud fraction within that pixel, 

CCPC IAI = .     (1.2) 

For simplicity, reflectances of cloud-free ocean scenes are assumed to be negligible.  

Figure 1.2 shows 0.64-µm visible reflectances as a function of 0.64-µm visible optical 

depths for droplet radii ranging from 3 to 40 µm for overcast pixels.  These overcast 

reflectances were obtained using the Eddington Approximation, 

( )
( )g

g
IC

−+

−
=

14
31

14
3

τ

τ
.     (1.3) 

The single-scattering albedo, ω , was assumed to be 1, indicating that water droplets 

absorb no radiation at 0.64 µm.  The asymmetry parameter, , depends on droplet 

radius and wavelength and was derived using Mie Theory.  Values of g for 0.64 µm 

range from ~0.82 to ~0.88. 

g

 Figure 1.3 is the same as Fig. 1.2, but for 2.1-µm reflectances.  Water droplets 

absorb some radiation at 2.1 µm and therefore 1≠ω .  In the Eddington 

Approximation, when absorption occurs the reflectances are given by, 

  ( )( )
( ) ( ) ατατ

ατατ

−

−

−−+
−−

=
eUeU

eeUIC 22

2

11
1 ,    (1.4) 

where ( )ω
α
−

=
12

U ,     and     ( )( )gωωα −−±= 113 . 
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Values for ω  ranged from ~0.91 to ~0.99 and g ranged from ~0.82 to ~0.89, 

depending on the droplet effective radius. 

 

 
 
Figure 1.2  The 0.64-µm visible reflectance as a function of 0.64-µm visible optical 
depth for droplet radii ranging from 3-40 µm.  The blue dotted line indicates 
hypothetical conditions for an overcast pixel.  The red dotted line shows the optical 
depth for µm and 50% cloud cover. 14=eR
 

 Using Figs. 1.2 and 1.3, the influence of partial cloud cover on retrieved cloud 

properties can be demonstrated.  As shown in Fig. 1.2, the overcast reflectance 

 for a pixel with optical depth 5.0=CI 10=τ  and droplet effective radius 14=eR µm.  

Applying (1.2), the partly cloudy reflectance 25.0=PCI  for a pixel with 50% cloud 

cover.  If this partly cloudy pixel was assumed to be overcast, for  and a 

droplet effective radius 

25.0=PCI

14=eR µm, the pixel would have an optical depth, 33.3=τ .  

Hence, assigning an overcast flag to a partly cloudy pixel results in an underestimation 

of optical depth.  Assuming the same conditions as in Fig. 1.2 ( 10=τ ;  µm),  14=eR
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the overcast reflectance at 2.1-µm is 3.0=CI .  Partial cloud cover of 50%, however, 

results in a partly cloudy reflectance 15.0=PCI .  From Fig. 1.2, a pixel with 50% 

cloud cover has an apparent optical depth 33.3=τ , and from Fig. 1.3 a droplet 

effective radius µm.  Therefore, assigning an overcast flag to a partly cloudy 

pixel results in an overestimation of droplet effective radius. 

22~eR

 

 
 
Figure 1.3  Same as Fig. 1.2, but for 2.1-µm reflectances.  The blue dotted line 
indicates hypothetical conditions for an overcast pixel.  The red dotted line shows the 
droplet effective radius, µm, for 50% cloud cover and 22~eR 33.3=τ . 
 

 These biases become more prevalent as cloud fraction decreases, causing the 

trends in cloud properties to deviate from those expected, for example, from adiabatic 

cloud parcel models.  As a parcel of air rises and water vapor within the parcel 

condenses, its liquid water content (LWC) increases as, 

oNbh ll += ,      (1.5) 
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where N is the droplet number concentration, b is the rate of condensation with ascent 

for saturated air, h is the height above the lifting condensation level (LCL), and  is 

the LWC at cloud base, given by, 

ol

Lo RN ρπ 3
03

4
=l ,     (1.6) 

where  is the critical radius for nucleation at cloud base and  is the 

density of liquid water.  Since LWC increases with height, droplet radius must also 

increase.  Cloud optical depth is approximately related to droplet radius by, 

0R 31 g cmL  =ρ

NLRe
22πτ = ,      (1.7) 

where L is the thickness of the cloud.  Therefore optical depth must increase as the 

thickness of the cloud increases.  As shown in Figs. 1.2 and 1.3, making the 

assumption that a pixel is overcast when in fact it is only partially cloud covered 

results in trends in cloud optical depth and droplet effective radius that do not follow 

what is expected from the cloud parcel model described above.  Assuming a constant 

number concentration, droplet effective radius and optical depth should increase as 

height above the LCL increases.  In addition, optical depth should increase as droplet 

effective radius increases.  As described earlier, the overcast pixel assumption creates 

biases in these cloud properties.  Assuming a pixel is overcast when it is only partially 

cloud covered will result in a smaller optical depth and a larger droplet radius than 

what is present within the pixel.  Figure 1.4 shows a schematic of the reflectances 

observed in a 1-km partly cloudy pixel, the properties expected for partly cloudy and 

overcast pixels, and the biases expected for the overcast pixel assumption. 
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 The overcast pixel assumption also produces biases in the planetary albedo.  

Such biases arise because of differences in the anisotropy of sunlight reflected by 

cloud-free oceans and by low-level stratus clouds.  The biases, however, are relatively 

small, ~5% for small solar zenith angles, and somewhat larger for larger zenith angles 

(Coakley and Kobayashi, 1989). 

 The biases in retrieved cloud properties have thus made the observations 

difficult to use in assessments of cloud models, particularly for marine stratocumulus.  

Access to more accurate data would allow for more complex models, ultimately 

leading to a better understanding of the role of clouds in the climate and how they 

might change in the future. 
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Figure 1.4  Schematic of the reflectances observed in a 1-km partly cloudy pixel.  The 
orange arrows represent scattered light and the red arrows represent emitted radiation.  
The expected and biased relationships between optical depth, droplet effective radius, 
and cloud layer altitude are given. 
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CHAPTER 2  

Data and Method 

 

 In this study Terra MODIS data were analyzed from ten orbital segments that 

occurred between May and July, 2004.  Each orbital segment covers approximately 

2330 km ×  2000 km.  All of the scenes analyzed for this study contain extensive 

marine stratocumulus cloud decks situated off the west coast of Europe and northern 

Africa, generally between 25°N and 40°N.  Extensive cloud decks such as marine 

stratocumulus are occasionally associated with localized convection, producing 

cumulus, cumulonimbus, and cirrus clouds, whose cloud-top altitudes extend much 

higher than the surrounding low-level cloud deck.  As previously described, the partly 

cloudy pixel retrieval scheme fails with multi-layered cloud decks.  As described in 

Matheson et al. (2005), screening rules were applied to 50×50-km2 regions to ensure 

that all clouds within the region were part of a well-defined, single-layered, low-level 

system, and thus suitable for partly cloudy pixel retrievals. 

 The 50-km regions collected for the study were placed into categories based on 

the percentages of partly cloudy and overcast 1-km pixels within the region.  The 

cloud cover was obtained with the partly cloudy pixel retrieval scheme.  In order to 

obtain a sufficient sample of overcast and partly cloudy pixels, regions were selected 

in which more than 40% of the pixels were overcast and more than 40% of the pixels 

were partly cloudy.  Ultimately, 135 50-km regions fulfilled the above criteria and 

were saved into files that included the 1-km partly cloudy pixels retrievals, 1-km 
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MODIS cloud product data (referred to as “MOD06”), and aggregated 250-m data.  

This collection of regions is hereby referred to as “Data Set 1” or “DS1”.  Figure 2.1 

shows an example of a 50-km region from DS1.  Distributions of the 1-km pixel scale 

cloud fraction and the regional scale cloud fraction are shown in Fig. 2.2.  The pixel-

scale distribution shows more pixels with larger cloud fractions, and a spike in 

overcast pixels.  The regional scale shows that all of the regions in DS1 have an 

overall cloud fraction greater than 60%. 

 

 

 
 
Figure 2.1  A 50-km region from DS1 showing visible reflectances for a marine 
stratocumulus deck in the North Atlantic, just off the coast of Europe (32.5°N, 
12.5°W), 13 May 2004 at 1110 UTC taken by Terra.  The image on the left shows the 
250-m resolution reflectances, while the pink box on the right shows the same region 
at 1-km resolution. 
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Figure 2.2  Distributions of cloud fraction for DS1 for the pixel scale (left) and the 
regional scale (right).  The frequency of overcast pixels is 49%. 
 

 In addition to DS1, a second set of regions was collected for analysis.  The new 

set of regions was extracted from the same imagery used for DS1, however, each   50-

km region was now required to have less than 50% cloud cover.  In total, 71 50-km 

regions were gathered (hereby referred to as “Data Set 2” or “DS2”).  Data Set 2 

allowed for an analysis of cloud property trends for smaller cloud fractions.  Such 

clouds were expected to be optically thinner than those in the more cloudy regions.  

Figure 2.3 shows an example of a 50-km region from DS2.  Figure 2.4 shows the same 

distributions as Fig. 2.2, except for DS2.  Contrary to DS1, the pixel-scale 

distributions for DS2 show a spike for cloud-free pixels.  The regional-scale 

distribution shows that all regions in DS2 have an overall cloud fraction less than 

50%. 
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Figure 2.3   Same as Fig. 2.1 except for a 50-km region from DS2 showing visible 
reflectances for a marine stratocumulus deck in the North Atlantic, just off the coast of 
Europe (34.4°N, 24.6°W), 14 May 2004 at 1155 UTC taken by Terra. 
 
 
 
 

        
 
Figure 2.4  Same as Fig. 2.2, except for DS2.  The frequency of cloud-free pixels is 
58%. 
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 In order to compare 250-m resolution MODIS data with 1-km data retrieved 

with the partly cloudy pixel retrieval scheme, 250-m data was aggregated to a 1-km 

resolution.  The aggregation is described in the MODIS Level 1A Earth Location 

Algorithm Theoretical Basis Document (ATBD) (Version 3.0, 1997: 

http://modis.gsfc.nasa.gov/data/atbd/atbd_mod28_v3.pdf).  The method employs a 

weighted average of 250-m pixels in 7×4 arrays to produce 1-km resolution data 

contained in the MOD02 Level 1B 1-km radiance data.  The weighting is designed to 

account for the point spread function of the MODIS field of view.  Differences 

between the aggregated reflectances and the 1-km observations were less than ~0.2%, 

indicating the aggregation process used in this study was correct. 

 Figure 2.5 shows a hypothetical 7×4 array of 250-m pixels and the process by 

which it is aggregated to 1-km resolution.  Each ‘1’ and ‘0’ represents possible values 

assigned to each pixel by the 250-m MODIS cloud mask.  The numbers below the 

7×4 array indicate the weighting factors applied to each pixel in that column and the 

dotted yellow line indicates the location of the nominal 1-km pixel.  The sum of the 

weighted pixel values is divided by 64 (the sum of the weighting factors for the 4 

rows).  The number inside the final 1-km pixel represents the fractional cloud cover as 

a result of aggregating the 7×4 array of 250-m pixels.  The aggregation of a 3×2 array 

of 500-m data to produce a 1-km resolution pixel used a weighting scheme similar to 

that for the 250-m pixels.  The aggregation applies not only for cloud fraction, but also 

for any 250-m or 500-m resolution radiance. 
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Figure 2.5  The triangular weighting function applied to a hypothetical 7×4 250-m 
resolution pixel array to produce the aggregated 1-km resolution pixel. 
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CHAPTER 3 

RESULTS 

 

3.1  Cloud Fraction 

 Cloud fractions derived from the 250-m MODIS cloud mask and the partly 

cloudy pixel retrieval scheme (PCPR) are assessed using various techniques to show 

the extent to which MODIS overestimates cloud cover.  The overcast pixel assumption 

leads to biases in the retrieved cloud properties.  Trends in cloud properties, such as 

visible optical depth and droplet effective radius, are compared with those expected 

from cloud parcel models.  Results from these comparisons provide a quantitative 

analysis of the errors involved with the overcast pixel assumption. 

 Figure 3.1 shows an assessment of partly cloudy pixel retrievals of cloud 

fraction using 1-km aggregates of the 250-m cloud flag for DS1.  Cloud fractions were 

binned according to PCPR, and averages for each bin were computed on the pixel 

scale for all of the subregions combined.  Error bars represent standard deviations 

within each cloud fraction bin.  The diagonal dotted line indicates agreement between 

the 250-m cloud flag and the 1-km partly cloudy pixel retrievals.  The results in the 

figure indicate that the retrievals agree for overcast conditions and approach 

agreement for cloud-free conditions.  Aside from these limits, the 250-m cloud flag 

appears to overestimate cloud cover for all pixel-scale cloud fractions.  The greatest 

error occurs as cloud fraction approaches ~50%.  The results are similar to those 
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obtained by Chang and Coakley (1994).  They compared cloud fractions derived from 

the spatial coherence of 11-µm radiances and cloud fractions based on a simple 

thermal infrared threshold.  Results showed that using a threshold that identifies all 

pixels containing some cloud as overcast produces an overestimation of cloud cover 

when compared with the spatial coherence cloud cover, much like that shown in Fig. 

3.1.  The results are similar for DS2.   

 Cloud fraction can be used to interpret reflected and emitted radiances at 

different wavelengths.  Based on their physical and microphysical properties, clouds 

will reflect and emit different fractions of radiation at different wavelengths.  Figure 

3.2 shows an interpretation of 1-km MOD02 11-µm radiances and 0.64-µm visible 

reflectances in terms of pixel-scale cloud fraction for the 50-km region shown in Fig. 

2.1.  The results are typical for most regions within DS1.  Figure 3.2 shows 1-km 

cloud fractions, overlaid in color, derived using PCPR (left) and using the aggregated 

250-m cloud mask (right).  Gray data points identify pixels with ; light blue 

data points identify pixels with 

95.0>CA

05.0≤CA ; all other colors identify pixels with 

intermediate cloud fraction amounts.  Trends in the data imply that as 11-µm radiances 

decrease, visible reflectances increase, indicating the presence of colder, more 

optically-thick clouds.  Lower 11-µm radiances and higher visible reflectances 

therefore coincide with larger cloud fractions and overcast pixels.  Conversely, as 11-

µm radiances increase, visible reflectances decrease, indicating that the clouds are 

thinning and the imager is receiving more surface emission.  Higher  11-µm radiances 
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and lower visible reflectances therefore coincide with smaller cloud fractions and 

cloud-free pixels. 

 
 

 

Figure 3.1  Assessment of 1-km partly cloudy pixel retrievals using the aggregated 
250-m MODIS cloud mask.  Observations are composited for DS1. 
 

 When comparing these figures, however, the 250-m cloud mask appears to 

overestimate cloud cover for all cloud fractions.  As stated previously, the 250-m 

cloud mask uses a threshold approach for determining cloud cover, assigning a “1” or 

a “0” to each pixel.  The results in Fig. 3.2 imply that the 250-m cloud mask uses a 

thresholding scheme that appears to identify pixels with >50% cloud fraction as 

overcast. 

 The same analyses were done for DS2.  Figure 3.3 shows an interpretation of 

11-µm radiances and 0.64-µm visible reflectances in terms of cloud fraction for the 

50-km region shown in Fig. 2.3.  The figure indicates fewer overcast pixels and more 
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cloud-free pixels since these regions contain less overall cloud cover than those in 

DS1.  In addition, 11-µm radiances are about 5 mW m-2 cm sr-1 larger in Fig. 3.3, 

indicating higher temperatures and more surface emission.  Once again, comparing the 

250-m cloud mask with the 1-km PCPR results indicates that the MODIS cloud mask 

appears to set pixels with ~50% cloud cover to overcast. 

 

 

 

   

Figure 3.2  An interpretation of 1-km MOD02 11-µm radiances (mW m-2 cm sr-1) and 
0.64-µm visible reflectances in terms of pixel-scale cloud fraction, , for the 50-km 
region taken from DS1 shown in Fig. 2.1.  Cloud fractions determined by PCPR (left) 
and the 250-m aggregated MODIS cloud mask (right) are overlaid in color. 

CA
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Figure 3.3  Same as Fig. 3.2 except for the 50-km region taken from DS2 shown in 
Fig. 2.3. 
 

 Figures 3.4 and 3.5 are similar to the previous two figures, except for the use 

of 2.1-µm reflectances instead of 11-µm radiances.  Because clouds reflect some    

2.1-µm radiation, 2.1-µm reflectances increase with increasing visible reflectances.  

Since optically thick clouds are likely to reflect more sunlight than optically thin 

clouds, these higher 2.1-µm reflectances indicate the presence of thicker clouds.  Also, 

higher reflectances at 2.1-µm for overcast optically thick clouds indicate smaller 

droplet sizes.  Figure 3.6 shows the distribution of droplet effective radii derived from 

2.1-µm reflectances for DS1 and DS2 for MOD06 overcast and MOD06 and PCPR 

partly cloudy pixels ( 8.02.0 )≤≤ CA .  Pixel-scale cloud fractions were chosen to 

ensure that the pixels were truly partly cloudy and to ensure that there was enough 

cloud cover for reliable estimates of cloud properties.  Only the MOD06 overcast 

distribution is shown because MOD06 and PCPR results are within 1 unit for optical 
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depth and 0.3 µm for droplet effective radius for overcast conditions.  For DS1, the 

mean 2.1-µm droplet radius for overcast pixels is 03.12=eR  µm, about 1 µm larger 

than the mean for PCPR partly cloudy pixels.  Larger droplets are expected for thicker, 

overcast clouds.  On the other hand, the overcast mean is nearly 2 µm smaller than the 

mean for MOD06 partly cloudy pixels, which is indicative of the bias associated with 

the overcast pixel assumption: assuming a pixel is overcast will result in an 

overestimation of droplet radius.  Similar results are obtained for DS2, however the 

MOD06 partly cloudy pixel mean is ~4 µm larger than the overcast mean, while the 

PCPR partly cloudy pixel mean is only ~1 µm smaller.  The MOD06 bias is likely 

enhanced because overall cloud fraction in DS2 is smaller, and so the overcast pixel 

assumption produces a much greater error.  Generally, larger droplets will reflect less 

light at 2.1 µm. 

 Figure 3.7 shows the same data as Fig. 3.6, except for 0.64-µm optical depth.  

The mean optical depth for overcast pixels in DS1 is 76.12=τ , while that for PCPR 

partly cloudy pixels is 44.8=τ .  The mean for MOD06 partly cloudy pixels, however, 

is 3.4=τ , about 8.5 smaller than that for overcast pixels and almost half the value 

obtained with PCPR.  These results are again indicative of the overcast pixel 

assumption used by MODIS: assuming a pixel is overcast will result in a smaller 

optical depth than is actually present within the pixel.  Larger optical depths indicate 

thicker clouds, which will reflect more of the incident light.  Therefore, it is assumed 

that the higher 2.1-µm reflectances in Figs. 3.4 and 3.5 for overcast pixels are a result 

of more optically thick clouds.  Variations in 2.1-µm reflectances for optically thick 
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overcast pixels reflect variations in droplet radius.  Similar results are obtained for the 

pixels in DS2. 

 Similar to Figs. 3.2 and 3.3, the 250-m cloud mask applied to the 2.1-µm 

reflectances also appears to show an overestimation of cloud cover.  Comparing PCPR 

and MODIS results in Fig. 3.3 indicates that the 250-m cloud mask assumes overcast 

conditions for pixels with cloud fractions greater than ~50%.  Figure 3.6 shows cloud 

fractions based on 2.1- and 0.64-µm reflectances for the region from DS2 shown in 

Fig. 2.3.  Trends in the data are similar to those shown in Fig. 3.4.  2.1-µm 

reflectances increase with increasing 0.64-µm reflectances and larger cloud fractions.  

Overcast 250-m pixels extend to those pixels that PCPR indicates as ~50% cloud 

covered.  Figures 3.8 and 3.9 produce analogous results using the 3.7-µm reflectance 

band. 
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Figure 3.4  An interpretation of 1-km MOD02 2.1- and 0.64-µm reflectances in terms 
of cloud fraction for the 50-km region taken from DS1 shown in Fig. 2.1.  Cloud 
fractions determined by PCPR (left) and the 250-m aggregated MODIS cloud mask 
(right) are overlaid in color. 
 
  

   

Figure 3.5  Same as Fig. 3.4 except for the 50-km region taken from DS2 shown in 
Fig. 2.3. 
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Figure 3.6  Distribution of MOD06 and PCPR droplet effective radius derived from 
2.1-µm reflectances for DS1 and DS2.  Distributions are shown for MOD06 overcast 
pixels (red), MOD06 partly cloudy pixels with 8.02.0 ≤< CA  (blue), and PCPR partly 
cloudy pixels with 8.02.0 ≤< CA  (green).  Means and standard deviations are given. 
 
 

        
 
Figure 3.7  Same as Fig. 3.6 except for 0.64-µm optical depth. 
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Figure 3.8  An interpretation of 1-km MOD02 3.7-µm radiances (mW m-2 cm sr-1) 
and 0.64-µm reflectances in terms of cloud fraction for the 50-km region taken from 
DS1 shown in Fig. 2.1.  Cloud fractions determined by PCPR (left) and the 250-m 
aggregated MODIS cloud mask (right) are overlaid in color. 
 
 
 

   
 
Figure 3.9  Same as Fig. 3.6 except for the 50-km region taken from DS2 shown in 
Fig. 2.3. 
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 Figure 3.10 shows the means and standard deviations of  arrays of 500-m 

1.6- and 2.1-µm reflectances for a 100-km subregion surrounding the 50-km region 

shown in Fig. 2.1.  Groups or “clusters” of overcast and cloud-free pixels appear when 

plotting means against standard deviations for arrays of pixels, producing the feet of 

the arch and also exhibiting the smallest standard deviations (arrays are 2×2 for 1-km; 

4×4 for 500-m; and 8×8 for 250-m).  Arrays of partly cloudy pixels contain an 

intermediate range of means and larger standard deviations, forming the body of the 

arch.  The figure highlights only those pixels that, when averaged into the appropriate 

array size, produced a completely overcast or cloud-free pixel array (i.e., an overcast 

MOD35 data point required 64 250-m pixels with an assigned cloud mask of “1”).  

Overcast and cloud-free pixels are shown in color on both plots.  The 2-km overcast 

(dark red) and cloud-free (dark blue) pixels were derived from cloud cover determined 

by the partly cloudy pixel retrieval scheme.  The 250-m overcast (yellow) and cloud-

free (light blue) pixels were determined by the MOD35 250-m cloud mask.  Applying 

thresholds to the spatial uniformity of the 1.6- and 2.1-µm reflectances determined the 

500-m overcast (red) and cloud-free (blue) pixels.  Within these data, “overcast” was 

assigned to points with 1.6-µm means  reflectance and 2.1-µm means  

reflectance, and standard deviations 

44×

%40≥ %30≥

%3≤  reflectance for both wavelengths.  These 

thresholds were chosen based on the appearance of the clusters at the feet of the 

arches.  “Cloud-free” was assigned to data points with means %3≤  reflectance and 

standard deviations ≤  reflectance.  Cloud-free reflectances at these wavelength are 

approximately zero. 

%1
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 Figure 3.11 shows the distributions of droplet effective radius derived from     

2.1-µm reflectances and visible optical depths for overcast pixels within the 100-km 

region used in Fig. 3.10.  Approximately 75% of the radii fall between the 3–10 µm 

range, and approximately 75% of optical depths are greater than ~8.  Referring again 

to Fig. 1.3, a 3–10 µm range in droplet radius with 8>τ  indicates only a  ~20% range 

in 2.1-µm reflectances.  Overcast regions on the scale of those used in this study 

therefore tend to have a limited range of variability in droplet effective radius, creating 

a spatial uniformity of reflected sunlight at 1.6 and 2.1 µm.  Because of the absorption 

by liquid water at these wavelengths, the reflectances at 1.6 and 2.1 µm saturate for 

optically thick clouds and are approximately zero for cloud-free pixels, as shown in 

Fig. 1.3.  The saturation and limited variability in droplet radius produce a clustering 

of overcast mean reflectances when comparing means against standard deviations. 
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Figure 3.10  Means and standard deviations of 1.6- and 2.1-µm reflectances for 44×  
arrays of 500-m pixels for a 100-km region surrounding the 50-km region shown in 
Fig. 2.1.  Cloud-free and overcast pixels are shown in color for the 1-km partly cloudy 
pixel retrievals, 500-m spatial coherence analysis, and 250-m MOD35 cloud mask.  
Cloud-free and overcast pixels at 500-m resolution were determined by applying 
thresholds to the spatial uniformity of the 1.6- and 2.1-µm reflectances.  Note the 
difference in scaling on both axes. 
 

 The results shown in Fig. 3.10 are consistent with those presented previously 

in this section.  The 250-m cloud mask shows overcast pixels for a much larger 

fraction of the data than does the 500-m spatial coherence analysis and 1-km partly 

cloudy pixel retrieval scheme.  The 1-km partly cloudy pixel retrievals are consistent 

with the 500-m spatial coherence analysis, indicating that the 250-m cloud mask likely 

overestimates cloud cover within the region.  Similar results are obtained using both 

the 1.6- and 2.1-µm reflectances. 
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Figure 3.11  Distribution of 1-km partly cloudy pixel retrievals of droplet effective 
radius derived from 2.1-µm reflectances (left) and optical depth (right) for the overcast 
pixels within the 100-km region used in Fig. 3.10. 
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3.2  Cloud Properties 

 3.2.1  Data Set 1 Results 

 Retrieved pixel-scale cloud layer temperature, 0.64-µm visible optical depth, 

and droplet effective radius derived from 2.1-µm reflectances were used to determine 

the relationships among cloud properties for overcast and partly cloudy pixels.  These 

relationships were compared with those expected from cloud parcel models.  Cloud 

cover was determined using the fractional cloud cover retrieved by PCPR.  These data 

were saved for both DS1 and DS2.  Initial searches using scatterplots of optical depth, 

droplet effective radius, and cloud layer temperature pixel-scale observations yielded 

no obvious relationships, and thus another approach was necessary.  Binned quantities 

of 0.64-µm optical depth and droplet effective radius departures from their means for 

overcast pixels within each 50-km region were therefore analyzed as functions of 

cloud layer temperature departures, and then as functions of each other to determine if 

cloud property trends might exist.  Initially, bins were divided according to the optical 

depth, droplet radius, or temperature departure, which allowed for the probability of 

much larger numbers of pixels falling into one or two bins, heavily weighting the 

associated means.  Bins were therefore normalized so that approximately equal 

numbers of pixels fell into each bin, ultimately creating 9 bins, each of which 

contained 10% of the total number of observations falling between the 5th and 95th 

percentiles of the entire data set.  Mean values for each bin were calculated for each of 

the regions in DS1 and DS2, then a composite mean was calculated for all of the 

region means within each bin.  The standard error was calculated for each variable for 
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each bin.  The standard error was given by the standard deviation of the bin means for 

each region, divided by the number of regions that contributed to the bin mean.  The 

standard error represents the uncertainty in the bin mean.  The figures show the bin 

means, standard errors for the dependent variable, and trend lines with correlation 

coefficients derived from weighted least squares fits.  The least squares fit was 

weighted according to the standard errors of the data within each bin, allowing for the 

calculation of a more accurate fit line. 

 Figure 3.12 shows deviations from the overcast means of cloud layer 

temperature and 0.64-µm visible optical depth for MOD06 1-km data.  These results 

are for overcast (left) and for partly cloudy pixels (right).  The cloud fraction was 

determined by PCPR.  Cloud layer temperature departures were binned.  The figure 

shows means for cloud layer temperatures, and means and standard errors for optical 

depth departures associated with each bin.  The trend for overcast and partly cloudy 

pixels show a strong correlation between cloud layer temperature and visible optical 

depth (  for overcast; 9044.0−=r 8436.0−=r  for partly cloudy).  For overcast pixels, 

decreasing cloud layer temperatures correspond to increasing visible optical depths, 

indicating that colder cloud layers within 50-km regions are associated with thicker 

clouds.  This trend is consistent with what is expected from a cloud parcel model, as 

described in Chapter 1.  For partly cloudy pixels, the deviations were also calculated 

from the overcast means in order demonstrate how the inferred properties behave as 

the overcast pixel assumption is violated.  Again, optical depth increases as cloud 

layer temperatures decrease, which follows what is expected from a cloud parcel 
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model.  The values of optical depth, however, are invariably smaller and the cloud 

layer temperatures are invariably higher than those found in overcast pixels.  An 

example presented in Chapter 1 illustrated the biases associated with assuming 

overcast conditions for a partly cloudy pixel.  This overcast pixel assumption leads to 

optical depths that are too small and layer temperatures that are too high. 

 Figure 3.13 is the same as Fig. 3.12, but shows PCPR optical depth and cloud 

layer temperature departures.  Figures 3.12 and 3.13 have similar trends; cloud layer 

temperature decreases with increasing optical depth for both overcast and partly 

cloudy pixels.  In addition, both figures show smaller optical depths for partly cloudy 

pixels when compared with overcast pixels.  Compared with the MOD06 results, 

overcast conditions agree with one another.  PCPR partly cloudy pixel cloud layer 

temperatures, however, are nearly the same as those for overcast pixels, which is a 

reflection of the PCPR cloud layer temperatures for partly cloudy pixels being taken 

from nearby overcast pixels, as discussed later in this section.  Figure 3.12 displays 

smaller optical depths than Fig. 3.13, which is evidence of the overcast pixel 

assumption employed by the MOD06 cloud product.  The trends show high 

correlations for overcast pixels, though only a moderate correlation for partly cloudy 

pixels (  for overcast; 9420.0−=r 5948.0−=r  for partly cloudy).   Figure 3.14 shows 

a distribution of the departures of optical depths from the overcast means for overcast 

and partly cloudy MOD06 pixels and partly cloudy PCPR pixels.  Since departures are 

calculated from the overcast means, the MOD06 overcast distribution (red) is centered 

over zero.  For partly cloudy pixels, however, the PCPR distribution (green) is 
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centered at , indicating that optical depths for partly cloudy pixels are smaller 

than those for overcast pixels.  Smaller optical depths within partly cloudy pixels are 

expected based on cloud parcel models, as partly cloudy pixels will often include the 

thinner edges or breaks in cloud decks.  The MOD06 partly cloudy distribution (blue) 

is centered at , much smaller than PCPR partly cloudy pixels, which is further 

evidence of the overcast pixel assumption employed by the MOD06 cloud product. 

87.4−

58.8−

 

        

Figure 3.12  Deviations from the overcast means of 1-km MOD06 cloud-top 
temperature and 0.64-µm visible optical depth for DS1.  Means and standard errors are 
shown for overcast and for partly cloudy pixels with cloud cover ranging from 0.2 to 
0.8.  Cloud fractions were determined by the partly cloudy pixel retrieval scheme.  
Cloud layer temperatures were binned.  The figure shows the standard error of the 
mean of optical depth departures associated with each bin.  A trend line and 
correlation coefficient, r, are shown. 
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Figure 3.13  Same as Fig. 3.12 except for PCPR.  Note the differences in scales with 
those used in Fig. 3.12. 
 
 

 

Figure 3.14  Distributions of MOD06 and PCPR 0.64-µm visible optical depth 
departures from overcast means within 50-km scale regions for DS1.  Distributions are 
shown for MOD06 overcast pixels (red), MOD06 partly cloudy pixels with 

 (blue), and PCPR partly cloudy pixels with 8.02.0 ≤< CA 8.02.0 ≤< CA  (green).  
Means and standard deviations are given.  

 



 40

 Figure 3.15 shows the deviations from the overcast means of 1-km MOD06 

cloud layer temperature and droplet effective radius derived using 2.1-µm 

reflectances.  These results are for overcast (left) and partly cloudy pixels (right), 

which were determined by partly cloudy pixel retrievals of cloud fraction.  Cloud layer 

temperature departures were binned.  The figure shows cloud layer temperature 

departure means, and means and standard errors for droplet radius departures 

associated with each bin.  For overcast pixels, increasing cloud layer temperatures 

follow increasing droplet effective radii, implying that warmer cloud layers are 

associated with larger cloud drops.  This trend is not consistent with what is expected 

from a cloud parcel model.  The trend line for overcast pixels shows a low correlation 

between cloud layer temperature and droplet radius ( )4439.0=r .  Deviations were 

derived from the overcast means for partly cloudy pixels with cloud fractions ranging 

from 0.2 to 0.8 for 1-km MOD06 cloud layer temperature and droplet effective radius 

retrieved using 2.1-µm reflectances.  The figure shows a negative correlation, 

implying that droplet radii increase as cloud layer temperature decreases.  The slope of 

the trend line, however, is only slightly negative ( )082.0−  indicating that there is very 

little change in droplet radius as cloud layer temperature changes.  In addition, droplet 

radius and cloud layer temperature show a very low correlation with each other 

. ( )2733.0−=r

 Figure 3.17 shows distributions of departures from the overcast means of 

droplet effective radius derived from 2.1-µm reflectances for DS1.  The PCPR partly 

cloudy pixel mean is ~1.5 µm smaller than the overcast mean, which follows what is 
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expected from cloud parcel models.  Clouds that partially fill 1-km pixels are expected 

to be thinner, and thus to have smaller droplets than nearby clouds that completely 

cover the pixels.  The MOD06 partly cloudy pixel mean, however, is nearly 2 µm 

larger than the overcast mean, explaining the larger droplet sizes for partly cloudy 

pixels in Fig. 3.15.  In addition, the distributions of overcast and partly cloudy pixel 

droplet radius overlap as droplet radius increases, suggesting that within individual 

regions some overcast pixels will have radii that are greater than those in some of the 

partly cloudy pixels and some will have radii that are smaller. 

 The results for PCPR, shown in Fig. 3.16, exhibit a much stronger relationship 

between droplet radius and cloud layer temperature.  The trend for both overcast and 

partly cloudy pixels shows droplet radius increasing with increasing cloud layer 

temperature.  The trends counter those expected from a cloud parcel model and the 

data is highly correlated ( 9526.0=r  for overcast; 9316.0=r  for partly cloudy).  The 

ranges of temperature departures (1 K for overcast; 2 K for partly cloudy), however, 

are small, and much smaller than those found for the MOD06 results. 

 Cloud layer altitudes for PCPR partly cloudy pixels are acquired from the 

altitudes of nearby overcast pixels, allowing for the possibility that the clouds within 

the partly cloudy pixels are actually at a different altitude.  As stated in Chapter 1, the 

reflectance of a partly cloudy pixel is approximately given by 

CCPC IAI = , 

where  is cloud fraction and  is the reflectance for the cloudy portion of the 

pixel.  If the clouds within a partly cloudy pixel are at a higher altitude than the 

CA CI
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overcast pixels, they will have a lower cloud temperature and thus emit less and 

produce a smaller observed radiance at 11 µm.  Assuming a constant cloud layer 

altitude and temperature between the clouds within the partly cloudy pixel and the 

clouds within nearby overcast pixels, a lower partly cloudy pixel 11-µm radiance 

implies a larger cloud fraction than is actually present within the pixel.  According to 

(1.2), a larger cloud fraction requires a lower partly cloudy reflectance in order to 

match the calculated reflectance with that observed.  In theory, clouds with lower 

visible and near-infrared reflectances usually have less numerous, larger droplets than 

clouds with higher reflectances.  Underestimating cloud layer altitude and thereby 

overestimating cloud fraction, and underestimating the reflectance in the partly cloudy 

pixel thus leads to overestimates of droplet radii.  The opposite holds for clouds within 

partly cloudy pixels that are at a lower altitude than clouds within overcast pixels.  A 

lower altitude indicates a higher cloud layer temperature and a higher 11-µm radiance.  

Because the cloud is assumed to be at the same altitude and temperature as nearby 

overcast pixels, a higher emitted radiance implies a smaller cloud fraction than what is 

actually present.  Using (1.2), a smaller cloud fraction requires a higher reflectance to 

match the observed reflectance.  Higher reflectances typically correspond to smaller 

droplets.  Overestimating cloud altitude within a partly cloudy pixel therefore results 

in an underestimate of cloud droplet size. 

 The MOD06 cloud product, on the other hand, uses discrete temperature 

intervals when determining cloud layer temperature within a pixel.  Figure 3.18 shows 

a scatterplot of cloud layer temperatures for PCPR and MOD06 for the 50-km region 
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shown in Fig. 2.1.  Both products have similar temperature ranges; however, obvious 

discrete intervals exist within the MOD06 data, as only four cloud layer temperatures 

are present within the 50-km region.  PCPR temperatures for the same region vary 

continuously within a comparable temperature range.  The discrete values of layer 

temperatures in the MOD06 products give rise to the somewhat larger range in 

temperature departures for overcast pixels, shown in Fig. 3.15, compared with the 

range for the PCPR results in Fig. 3.16.  Figure 3.19 shows distributions of cloud layer 

temperature (left) and departures from the overcast means of cloud layer temperatures 

(right) for MOD06 overcast (red) and partly cloudy pixels (blue) and PCPR partly 

cloudy pixels (green) for all regions in DS1.  Distributions of the MOD06 overcast and 

partly cloudy data show numerous peaks and valleys, indicating discrete temperatures 

within the data.  PCPR partly cloudy pixels, on the other hand, show a somewhat 

smoother distribution of temperatures with fewer peaks and valleys.  The MOD06 

partly cloudy pixel cloud layer temperature departure distribution shows a significant 

bias toward warmer temperatures (mean 58.1= K), while the overcast distribution is 

centered at zero.  The warmer temperatures for partly cloudy pixels are probably 

evidence of emission from the cloud-free portions of the pixels.  The PCPR partly 

cloudy distribution is only slightly off-centered from zero (mean K), 

consistent with the PCPR temperatures for partly cloudy pixels being derived from 

those of nearby overcast pixels.  Trends for both the optical depth and droplet effective 

radius comparisons with cloud layer temperature are consistent with biases resulting 

from incorrect cloud amount estimates. 

18.0−=
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Figure 3.15  Deviations from the overcast means of 1-km MOD06 cloud-top 
temperature and droplet effective radius derived from 2.1-µm reflectances for DS1.  
Means and standard errors are shown for overcast and for partly cloudy pixels with 
cloud cover ranging from 0.2 to 0.8.  Cloud fractions were determined by the partly 
cloudy pixel retrieval scheme.  Cloud layer temperatures were binned.  The figure 
shows the standard error of the mean in droplet radius associated with each bin.  The 
trend line and correlation coefficient, r, are shown. 
 
 
 

 



 45

   
 
Figure 3.16  Same as Fig. 3.15 except for PCPR.  Note the differences in scale on 
both axes, and also the differences in scale with those used in Fig. 3.15. 
 

 

Figure 3.17  Distributions of MOD06 and PCPR droplet effective radius departures 
from overcast means derived from 2.1-µm reflectances for DS1.  Distributions are 
shown for MOD06 overcast pixels (red), MOD06 partly cloudy pixels with 

 (blue), and PCPR partly cloudy pixels with 8.02.0 ≤< CA 8.02.0 ≤< CA  (green).  
Means and standard deviations are given. 
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Figure 3.18  Cloud layer temperatures for PCPR and MOD06 for the 50-km region 
shown in Fig. 2.1 taken from DS1. 
 
 
 

     

Figure 3.19  Cloud layer temperature (left) and departures from the overcast means of 
cloud layer temperature (right) for MOD06 overcast (red) and partly cloudy pixels 
(blue) and PCPR partly cloudy pixels (green) for DS1.  Means and standard deviations 
are given. 
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 Figure 3.20 shows the relationship between 1-km MOD06 droplet effective 

radius and visible optical depth departures from the means of overcast pixels for 

overcast and for partly cloudy pixels with cloud fractions ranging from 0.2 to 0.8.  

Overcast and partly cloudy conditions were determined using cloud fraction derived 

from PCPR.  Optical depth departures were binned.  The figure shows means for 

optical depth departures, and the means and standard errors for droplet radius 

departures associated with each bin.  Overcast pixels show a trend similar to those 

expected from cloud parcel models, while partly cloudy pixels show the opposite 

trend.  In cloud parcel models, as clouds thicken, optical depth and droplet radius both 

increase.  For overcast pixels, the departures from the means are centered at zero for 

both optical depth and droplet radius and are highly correlated ( )9868.0=r .  For 

partly cloudy pixels, Fig. 3.20 shows larger values of droplet effective radius and 

smaller values of optical depth.  The partly cloudy data are also highly correlated 

.  These biases in droplet radius and optical depth are consistent with 

those found in the theoretical example presented in Chapter 1, which describes the 

overcast pixel assumption.  In addition, droplet effective radius increases with 

decreasing optical depth implying that, in general, thin clouds contain increasingly 

larger cloud droplets and smaller droplet number concentrations.  The large droplet 

radii are possibly explained by collision-coalescence within the cloud, followed by 

precipitation in the form of drizzle.  As the large droplets fall out, the optical depth of 

the cloud will decrease.  For a constant liquid water amount, number concentrations 

will also decrease, resulting in larger droplets in thinning clouds.  Droplet radii for 

( 8587.0−=r )
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partly cloudy pixels are more sensitive to changes in visible optical depth than are 

droplet radii for overcast pixels, though for both overcast and partly cloudy pixels, 

droplet radii are relatively constant for a wide range (~10) of optical depths. 

 The results for PCPR, shown in Fig. 3.21, exhibit similar trends as those for 

MOD06.  The biases in optical depth and droplet radius, however, are no longer 

present because PCPR does not employ an overcast pixel assumption.  For overcast 

pixels, droplet radius increases with increasing optical depth, which is expected from a 

cloud parcel model.  The data are highly correlated ( )981.0=r , though the slope of 

the overcast trend line is nearly horizontal indicating that droplet radii vary little with 

changes in optical depth.  The trend for partly cloudy pixels counters what is expected 

from a cloud parcel model, as droplet radius slightly increases with decreasing optical 

depth.  These data are also highly correlated ( )9544.0−=r  and droplet radii is much 

more sensitive to changes in optical depth for the partly cloudy pixels. 
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Figure 3.20  Deviations from the overcast means of 1-km MOD06 visible optical 
depth and droplet effective radius derived from 2.1-µm reflectances for DS1.  Means 
and standard errors are shown for overcast pixels and for partly cloudy pixels with 
cloud cover ranging from 0.2 to 0.8.  Cloud fractions were determined by the partly 
cloudy pixel retrieval scheme.  Optical depths were binned.  The figure shows the 
standard error of the mean for droplet radius associated with each bin.  The trend line 
and correlation coefficient, r, are shown. 
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Figure 3.21  Same as Fig. 3.20 except for droplet radii and optical depths from PCPR. 
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3.2.2 Data Set 2 Results 

 The same analyses involving cloud property trends used for DS1 were 

performed for DS2.  Figure 3.22 shows deviations from overcast means of 1-km 

MOD06 cloud layer temperature and 0.64-µm optical depth for overcast and partly 

cloudy pixels taken from DS2.  Both overcast and partly cloudy pixel trends behave as 

one would expect from a cloud parcel model, since optical depth increases with 

decreasing cloud layer temperature.  Partly cloudy pixels, however, show smaller 

optical depths than those for overcast pixels.  The data are only moderately correlated 

with each other (  for overcast; 5443.0−=r 7287.0−=r  for partly cloudy).  Referring 

to Fig. 2.4, a large fraction of the regions in DS2 have regional cloud cover ~50% and 

errors associated with the overcast pixel assumption maximize when .  

Partly cloudy temperatures reach a maximum of 4.5 K warmer than temperatures for 

overcast pixels.  These temperature retrievals probably include some surface 

emissions, biasing the retrieved layer temperatures toward higher values.   

%50=CA

 As shown in Fig. 3.23, the results for PCPR are similar to those for MOD06.  

The temperature range is much smaller for PCPR, however, which implies that there 

are fewer errors associated with surface emission, especially within partly cloudy 

pixels.  In addition, the mean optical depths are not as small as those for MOD06 

(approximately 36 −≤∆≤− τ  for PCPR; approximately 310 −≤∆≤− τ  for MOD06).  

These differences in optical depth are shown more clearly in Fig. 3.24.  The figure 

shows distributions for MOD06 overcast (red) and partly cloudy pixels (blue) and 

PCPR partly cloudy pixels (green) taken from DS2 departures from the overcast 
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means of visible optical depth.  Similar to the results for DS1, the MOD06 partly 

cloudy mean (  is twice as small the PCPR partly cloudy mean , 

indicating a gross underestimation of optical depth in the MOD06 cloud product for 

partly cloudy pixels.  Figure 3.23 shows high correlation coefficients for PCPR 

overcast (  and partly cloudy pixels 

)

)

36.6− ( )96.2−

9703.0−=r ( )8819.0−=r .  Visible optical depth 

is slightly more sensitive to changes in cloud layer temperature for overcast pixels, as 

the slope of the trend line for overcast pixels is double the slope for partly cloudy 

pixels (slope  for overcast; slope379.3−= 511.1−=  for partly cloudy). 

 

      

Figure 3.22  Deviations from the overcast means of 1-km MOD06 cloud-top 
temperature and 0.64-µm visible optical depth for DS2.  Means and standard errors are 
shown for overcast and for partly cloudy pixels with cloud cover ranging from 0.2 to 
0.8.  Cloud fractions were determined by the partly cloudy pixel retrieval scheme.  
Cloud layer temperatures were binned.  The figure shows the standard error of the 
mean in optical depth associated with each bin.  The trend line and correlation 
coefficient, r, are shown.  Note the difference in scales for the abscissa. 
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Figure 3.23  Same as Fig. 3.22 except for PCPR.  Note differences in scales with 
those used in Fig. 3.22. 
 
 
 
 

 
 
Figure 3.24  Distributions for departures from the overcast means of 0.64-µm visible 
optical depth for MOD06 overcast (red) and partly cloudy pixels (blue) and PCPR 
partly cloudy pixels (green).  Means and standard deviations are given. 
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 Figure 3.25 shows that the trends for departures from the overcast means of 

MOD06 cloud layer temperature and droplet effective radius derived from 2.1-µm 

reflectances are the same for both overcast and partly cloudy pixels.  These trends 

counter what is expected from a cloud parcel model, since droplet radius increases 

with increasing temperature.  Partly cloudy pixels have much larger droplets that also 

exhibit a much larger range of droplet radii than found in overcast pixels.  In addition, 

droplet radii tend to be larger and cloud layer temperatures tend to be higher for partly 

cloudy pixels than for overcast pixels.  The results for PCPR (Fig. 3.26) show similar 

trends as those for MOD06, however, the PCPR overcast trend line is slightly 

negative.  The fit for the trend line has a very low correlation coefficient 

, indicating that there is almost no correlation between droplet radius 

and temperature for overcast pixels.  PCPR partly cloudy pixels show smaller droplet 

radii than do MOD06 partly cloudy pixels.  Figure 3.27 shows distributions of 

departures from the overcast means of droplet radius derived from 2.1-µm reflectances 

for MOD06 overcast (red) and partly cloudy pixels (blue) and PCPR partly cloudy 

pixels (green) for DS2.  The MOD06 partly cloudy mean is  µm larger than the 

overcast mean and nearly 4 µm larger than the PCPR partly cloudy mean.  These 

results reflect the biases that result from the overcast pixel assumption. 

( 1277.0−=r )

2>
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Figure 3.25  Deviations from the overcast means of 1-km MOD06 cloud layer 
temperature and droplet effective radius derived from 2.1-µm reflectances for DS2.  
Means and standard errors are shown for overcast and for partly cloudy pixels with 
cloud cover ranging from 0.2 to 0.8.  Cloud fractions were determined by the partly 
cloudy pixel retrieval scheme.  Cloud layer temperatures were binned.  The figure 
shows the standard error of the mean in droplet radius associated with each bin.  The 
trend line and correlation coefficient, r, are shown.  Note a difference in scale on the 
y-axis. 
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Figure 3.26  Same as Fig. 3.25, except for PCPR.  Note the difference in scales for 
both axes, and also the differences with those used in Fig. 3.25. 
 
 

 
 
Figure 3.27  Distributions for departures from the overcast means of droplet effective 
radius derived from 2.1-µm reflectances for MOD06 overcast (red) and partly cloudy 
pixels (blue) and PCPR partly cloudy pixels (green).  Means and standard deviations 
are given. 
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 The results for the comparison of departures from the overcast means of 

MOD06 0.64-µm visible optical depth and droplet effective radius derived from     

2.1-µm reflectances are shown in Fig. 3.28.  The trends for overcast pixels agree with 

what is expected from a cloud parcel model, since droplet radii increase with 

increasing optical depths.  The trend lines show a high correlation for overcast pixels 

.   For partly cloudy pixels, the correlation is nonexistent .  

The low correlation between optical depth and droplet radius is a result of the low 

correlation between cloud layer temperature and droplet radius for the same data.  In 

addition, for partly cloudy pixels with the smallest optical depths, the trends counter 

what is expected from a cloud parcel model.  A counter-model relationship also exists 

for cloud layer temperature and droplet radius.  The biases that result from the 

overcast pixel assumption are evident in Fig. 3.28, as optical depths are smaller and 

droplet radii are larger than those for overcast pixels. 

( 8972.0=r )

)

)

( )1099.0=r

 Figure 3.29 shows the same comparison using PCPR.  The trend for overcast 

pixels shows a moderate correlation between optical depth and droplet radius 

, and the results agree with what is expected from a cloud parcel model.  

The partly cloudy pixel results, on the other hand, show a very low correlation 

.  While the trend shows droplet radius increasing with increasing optical 

depth, most of the data appears to follow the opposite trend, likely due to the low 

correlation and counter-model relationship between cloud layer temperature and 

droplet radius.  Partly cloudy pixel optical depths and droplet radii are smaller than 

those for overcast pixels.  As clouds break up they are expected to be thinner, thus 

( 6517.0=r

( 1811.0=r
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exhibiting smaller optical depths and droplet radii.  Nonetheless, for clouds with 

optical depths comparable to those for overcast pixels, as optical depths decrease, 

droplet radii increase, countering expectations based on cloud parcel models. 

 
 
 
 
 

   
 
Figure 3.28  Deviations from the overcast means of 1-km MOD06 0.64-µm optical 
depth and droplet effective radius derived from 2.1-µm reflectances for DS2.  Means 
and standard errors are shown for overcast and for partly cloudy pixels with cloud 
cover ranging from 0.2 to 0.8.  Cloud fractions were determined by the partly cloudy 
pixel retrieval scheme.  Cloud layer temperatures were binned.  The figure shows the 
standard error of the mean in droplet radius associated with each bin.  The trend line 
correlation coefficient, r, are shown. 
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Figure 3.29  Same as Fig. 3.28, except for PCPR.  Note the differences in scales with 
those used in Fig. 3.28. 
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CHAPTER 4 

CONCLUSIONS 

 

 The goal of this study was to assess the performance of 1-km partly cloudy 

pixel retrievals of cloud fraction through a comparison with the 250-m MODIS cloud 

mask.  Initial tests showed that the MODIS cloud mask is flawed due to the use of an 

overcast pixel assumption applied to partly cloudy pixels.  The 250-m MOD35 cloud 

mask and the MOD06 cloud product are based on the assumption that cloudy pixels 

are overcast, while the partly cloudy pixel retrieval scheme (PCPR) allows for partial 

cloud cover.  The study therefore focused on the consequences of this assumption and 

the extent to which it produces biases in other retrieved cloud properties. 

 Two data sets were collected to perform this analysis.  Data Set 1 (DS1) 

included 135 50-km regions in which more than 40% of pixels had partial cloud cover 

and more than 40% of pixels were overcast.  Data Set 2 (DS2) included 71 50-km 

regions in which the total cloud cover was less than 50%.  Initial tests showed that the 

250-m MOD35 cloud mask is flawed and appears to overestimate cloud cover for all 

cloud fractions other than overcast conditions. 

 Interpretations of 0.64-, 2.1-, 3.7-, and 11-µm in terms of the pixel-scale cloud 

cover were performed using the 1-km PCPR cloud fraction and the aggregated 250-m 

MOD35 cloud mask.  The results obtained using the 1-km PCPR cloud fraction were 

those expected based on radiative transfer theory.  The MOD35 cloud mask, however, 

appeared to identify many of the pixels as overcast when those pixels were clearly 
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only partially cloud covered, based on the radiances observed within the pixel.  These 

results were consistent for all wavelengths analyzed, as well as for both DS1 and DS2. 

 The assessment of cloud fraction based on the spatial coherence of 500-m   

1.6- and 2.1-µm reflectances produced similar results.  1-km PCPR overcast and 

cloud-free pixels compared very well with the spatial coherence analysis applied to the 

500-m data for both 1.6 and 2.1 µm.  The 250-m MODIS cloud mask, however, 

identified overcast conditions for many of those pixels that were clearly only partly 

cloudy.  These results support the conclusion that the overcast pixel assumption used 

by the MODIS cloud mask leads to an overestimation of cloud cover. 

 Assuming a pixel is overcast when it is only partially cloud covered produces 

biases in cloud properties, such as optical depth and droplet effective radius.  The 

optical depth within a pixel will be underestimated and the droplet effective radius will 

be overestimated, which is shown by the example presented in Chapter 1.  In addition, 

adiabatic cloud parcel models suggest certain relationships should exist between these 

cloud properties, as well as with cloud layer temperature.  These biases and 

relationships were analyzed using the 1-km MOD06 cloud product and PCPR data for 

both DS1 and DS2.  Trends in the data were determined using weighted least squares 

fits.  Comparisons of cloud layer temperature and visible optical depth showed the 

expected relationships for MOD06 and PCPR for both data sets.  Optical depth 

increased with decreasing cloud layer temperatures, which is anticipated from a cloud 

parcel model.  Optical depths for partly cloudy pixels are expected to be smaller than 
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those for overcast pixels; however, MOD06 partly cloudy pixel optical depths were 

significantly smaller than those for PCPR. 

 Relationships between cloud layer temperature and droplet effective radius did 

not always follow what is expected from a cloud parcel model.  In most cases, droplet 

effective radius increased with increasing cloud layer temperature.  Cloud parcel 

models, however, suggest that droplet radii should increase with decreasing cloud 

layer temperature.  The least squares fit, on the other hand, showed these data were 

poorly correlated with each other, suggesting that the observations were simply of 

disconnected distributions of layer temperatures and droplet radii within the 50-km 

regions.  Droplet radii in partly cloudy pixels are expected to be smaller than those in 

overcast pixels, assuming that as clouds break up they become thinner and droplets 

evaporate.  MOD06 droplet radii for partly cloudy pixels were consistently larger than 

those for overcast pixels, and much larger than those for PCPR partly cloudy pixels.  

The smaller optical depths, described above, and larger droplet radii reflect the biases 

expected for the overcast pixel assumption used by the MOD06 cloud product. 

 The relationships between visible optical depth and droplet effective radius for 

overcast pixels showed trends following those expected from cloud parcel models for 

MOD06 and PCPR.  The retrieved droplet radii in partly cloudy pixels and visible 

optical depth trends did not, however, follow the expected trends.  Droplet radii 

increased with decreasing optical depth, indicating that as clouds became thinner, 

droplet radii grew larger.  This relationship implies the presence of less numerous, 

very large droplets in thin clouds.  The larger droplets are possibly due to the effects of 

 



 63

collision-coalescence within a cloud, while the smaller optical depths are probably due 

to the effects of drizzling as these larger droplets fall out of the cloud.  Nonetheless, 

the results are also consistent with biases expected for the overcast assumption applied 

to partly cloudy pixels. 

 The relationships found for cloud layer temperature, visible optical depth, and 

droplet effective radius were similar for both DS1 and DS2.  The biases found in 

MOD06 partly cloudy pixels, however, were enhanced in DS2.  The regions in DS2 

are more sparsely covered by clouds and errors associated with the overcast pixel 

assumption increase as cloud fraction within a pixel approaches ~50%. 
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