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Adiabatic parcel models suggest specific relationships between cloud thickness and 

cloud properties. Such relationships govern cloud radiative forcing and thus cloud 

feedbacks in the climate system.  Current remote sensing techniques work well at 

measuring these properties in low-level cloud systems that are overcast.  Significant 

biases exist, however, when measuring cloud properties in regions of broken clouds.  

The operational MODIS cloud product (MOD06) assumes each cloudy 1-km imager 

pixel is overcast.  The failure to account for partial cloudiness can result in 

substantially greater cloud top temperatures than in overcast regions and a bias in the 

subsequent optical properties.  Such discrepancies are accounted for in a partly cloudy 

pixel retrieval scheme that takes into account the fractional cloud cover in pixels that 

are only partly cloud covered.  To assess the cloud properties in the MOD06 product 



and those obtained with the partly cloudy pixel retrievals, CALIPSO lidar returns were 

used to identify low-level, single-layered cloud systems over oceans collocated with  

1-km MODIS Aqua imagery.  The MODIS cloud product, CALIPSO, and the partly 

cloudy pixel retrieval scheme all show similar relationships between cloud thickness 

and cloud properties when MODIS pixels are overcast.  Cloud altitudes in overcast 

regions show relatively little variation within 50-km scales.  When marine stratus 

cloud layers are broken, cloud top temperatures from the MODIS cloud product are 

substantially greater for partly cloudy pixels than overcast pixels within the same 

region.  The cloud product suggests that clouds in partly cloudy pixels are at 

significantly lower altitudes.  Such clouds exhibit biases in their cloud properties when 

compared with those derived using the partly cloudy pixel retrieval scheme.  

CALIPSO and the partly cloudy retrievals show similar relationships for cloud 

altitudes and cloud properties retrieved in both broken and overcast regions.  The 

results suggest that the MODIS cloud products should be used to assess relationships 

between cloud altitude and cloud properties only for regions that are extensively 

overcast by clouds in a single layer. 
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PROPERTIES OF MARINE STRATUS AND STRATOCUMULUS DERIVED 
USING COLLOCATED MODIS AND CALIPSO OBSERVATIONS 

 

    CHAPTER 1  
 

INTRODUCTION 
 

 1.1  Retrieval of Cloud Properties from Satellite Imagers  
 
 The ability to accurately model the global climate system depends on 

knowledge of how clouds affect both the global and regional scale energy balance.  

Low optically thick clouds have a significant impact on the Earth’s radiation budget.  

The net global forcing from these low stratus clouds is reported to be near −16 W m-2 

(Hartmann et al. 1992).  During summer months this forcing can be as much as     

−100 W m-2 at the regional scale (Klein and Hartmann 1993).  Climate models require 

accurate parameterizations of clouds.  Accurate and reliable measurements of cloud 

properties are necessary to assess the validity of current climate and cloud models.   

 Advances in remote sensing and the launch of new satellites have enhanced the 

ability to study clouds, but challenges remain.  Previous studies have shown that 

problems exist with current cloud remote sensing techniques (Shenk and Salomonson 

1971, Coakley et al. 2005).  Cloud property retrievals in regions of broken clouds 

show biases in cloud top temperature, visible optical depth, and derived droplet radius.  

The observed relationships between the retrieved cloud properties do not follow trends 

predicted by simple adiabatic cloud parcel models.  These biases arise because current 

methods for retrieving cloud properties fail to take into account pixels that are only 

partially covered by clouds.  Assuming an imager pixel is overcast when in fact it is  



 
 

2

only partly cloud covered results in higher retrieved cloud top temperatures, lower 

optical depths, and larger derived droplet radii than would be expected when 

compared with truly overcast pixels (Coakley et al. 2005).  Remotely sensed cloud 

properties in regions of extensive optically thick cloud layers are less likely to be 

influenced by errors in estimates of cloud cover.  Consequently, properties derived 

from overcast regions are considered more reliable.  Imager pixels in these regions are 

likely to be entirely cloud-filled, so aside from effects due to subpixel variability 

within the clouds (Cahalan et al. 1994, Marshak et al. 2006), biases in cloud properties 

are generally not detected in these measurements.  This study pays particular attention 

to regions of broken clouds where cloud properties derived from imagery data appear 

to show biases in clouds properties due to partly cloudy pixels being considered as 

overcast. 

 1.2  New Opportunities Provided by CALIPSO and the A-train  
 
 The Moderate Resolution Imaging Spectroradiometer (MODIS) is the primary 

instrument for obtaining cloud properties onboard the Terra and Aqua satellites 

(Platnick et al. 2003).  Terra has a descending orbit with an equatorial crossing time of 

1030 local solar time.  Aqua has an ascending orbit with an equatorial crossing time of 

1330 and is currently the first satellite in the A-train constellation of satellites.  Aqua’s 

position in the A-train allows its measurements to be collocated with CALIPSO, 

CloudSat, PARASOL, and AURA.  MODIS is a 36-channel whiskbroom scanning 

radiometer that measures wavelengths of reflected and emitted radiation between 
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0.415 μm and 14.235 μm.  Two bands have a nadir resolution of 250 m, five bands of 

500 m and 29 bands of 1 km. 

 The MODIS cloud product, referred to as MOD06, contains information on 

cloud optical and microphysical properties.  The analyses used to produce MOD06 

rely on a series of threshold tests to detect the presence of clouds and derive their 

subsequent properties such as cloud phase (whether water or ice), optical depth, 

droplet effective radius for water clouds, ice particle diameter for ice clouds, and cloud 

top temperature.  The MODIS cloud product is described by Platnick et al. (2003) and 

is produced for both daytime and nighttime satellite passes at a resolution of 1 km.   

 MOD06 uses reflectance thresholds to classify pixels as either overcast or 

cloud-free and does not account for partial cloudiness.  As previously mentioned, 

neglecting partial cloudiness can produce biases in retrieved cloud properties.  

Coakley et al. (2005) examined the effect of partly cloudy imager pixels on satellite 

retrievals with the development of a retrieval scheme that takes into account imager 

pixels that are only partly cloudy.  For single-layered cloud systems, partly cloudy 

pixels are pixels that lack spatially uniform emission.  Following Arking and Childs 

(1985), Coakley et al. (2005) used altitudes of overcast pixels to determine the altitude 

of the layer.  Overcast pixels were identified as those that belonged to pixel arrays that 

exhibited spatially uniform emission and passed 0.64-µm reflectance and 11-µm 

radiance thresholds that were associated with the uniformly emitting pixel arrays.  

They then assumed that all clouds in the layer were at the same altitude.  Layer 

altitudes for the overcast pixels were deduced from the surface temperature and cloud 
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emission temperature.  Analyzed meteorological fields for the temperature and vapor 

profiles were used to calculate a lookup table of emitted radiances (Coakley et al. 

2005).  They then took the radiance for each pixel to be given by  

),,()1( eCCCSC RzIAIAI τ+−=                                     (1.1) 

where Ac is the fractional cloud cover within the pixel, Is is the average cloud-free 

radiance, and Ic(zc,τ,Re) is the overcast radiance for the pixel.  The average overcast 

radiance of a pixel is a function of altitude, optical depth, and droplet radius.  The 

cloud fraction, optical depth, and droplet radius for each pixel are adjusted until the 

calculated radiances match those observed at visible, near infrared, and thermal 

infrared wavelengths. 

 Uncertainties, like those arising from partially filled pixels as previously 

discussed, limit the ability of imagers to accurately measure cloud heights, especially 

in multilayered and broken cloud regions.  Lidars can be used to construct vertical 

profiles of the atmosphere and are thus useful for validating spectrometer 

measurements of clouds heights.  Lidar stands for “light detection and ranging” 

(Stephens 1994) and can be thought of as the optical analog to radar.  A laser pulse is 

sent out, reflects off an object and returns to a receiver.  The strength of the 

backscatter signal and the time it takes to return to the platform provide information 

on the object and its distance from the lidar. 

 The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 

(CALIPSO) satellite was launched on 28 April 2006 and is expected to make 

continuous measurements of Earth’s atmosphere for three years.  One of the primary 
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objectives of the CALIPSO mission is to provide observations necessary to improve 

the understanding of the effects of clouds and aerosols on the climate system (Winker 

et al. 2003).  As part of the A-train constellation of satellites, CALIPSO flies 

approximately 1.5 minutes behind the MODIS Aqua satellite to minimize changes in 

the observed clouds and aerosols.  Reliable aerosol retrievals cannot be made in 

regions of sunglint because the reflectivity of the background ocean is rather uncertain.  

Consequently, CALIPSO flies 215 km to the east of the Aqua track so that its footprint 

remains outside the sunglint seen by the MODIS Aqua instrument.  The CALIPSO 

satellite serves as a platform for the Cloud-Aerosol Lidar with Orthogonal Polarization 

(CALIOP).  CALIOP provides profiles of total attenuated backscatter coefficients at 

532 nm and 1064 nm.  The CALIPSO lidar beam has a 70 meter footprint at the 

earth’s surface and a 30 meter vertical resolution.  The spacing between each shot is 

333 meters.  Total attenuated backscatter coefficient profiles are downlinked at full 

resolution (30 m) from –0.5 km to 8.2 km.  Lidar profiles are averaged to a resolution 

of 60 m vertical and 1 km horizontal in the upper troposphere (8.2 km to 20.2 km).  To 

reduce the data volume, additional averaging is performed in the stratosphere, 

resulting in 180-m vertical and 1.67-km horizontal resolution (Vaughan et al. 2004).  

The high spatial resolution of the CALIPSO lidar in the lower troposphere allows it to 

accurately measure altitudes of clouds and aerosol layers, making it especially useful 

for validation of other cloud and aerosol remote sensing techniques. 

 CALIPSO is able to distinguish between clouds and aerosols by relying on the 

total attenuated backscatter coefficients, beam polarization, and the color ratio (ratio of 
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the mean attenuated backscatter coefficients measured at 1064 nm and 532 nm) (Liu et 

al. 2005).  A feature finding algorithm identifies altitudes where the attenuated 

backscatter coefficient has exceeded the expected backscatter coefficient for molecular 

scattering.  After features (clouds and aerosols) have been identified, scene 

classification is performed.  Scene classification is based on the differences in the 

physical and optical properties of aerosols and clouds reflected in lidar signals (Liu et 

al. 2005).  Large backscatter coefficients ( 008.0≥β km -1sr-1) above the surface often 

indicate the presence of a cloud (Vaughan et al. 2005).  In addition to signal strength, 

the color ratio ( 5321064 )ββ  can be used to distinguish between clouds and aerosols.  

Clouds generally consist of larger particles than aerosols.  The backscatter coefficients 

for large cloud droplets are not expected to show much difference between the 1064 

and 532-nm wavelengths.  Their color ratio is about 1.0.  Aerosols, however, are much 

smaller, and the expectation is that aerosol backscatter coefficients will be much 

smaller at 1064 nm than at 532 nm, so that in general the color ratio is less than one 

(Vaughan et al. 2004).  If a cloud is detected and the returned lidar beam preserves the 

polarization of the incident light, the cloud is most likely made of water droplets.  If 

the returned beam has been depolarized, then the cloud may be made of ice particles.  

When backscatter coefficients are smaller and the color ratio is less than one, as 

mentioned above, the depolarization of the lidar beam is also used to distinguish 

between aerosol type.  Non-spherical dust particles can produce high depolarization 

ratios, while those that are spherical have low depolarization ratios.  CALIPSO is 

likely to have difficulty distinguishing between aerosol and cloud at cloud boundaries.  
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This study focuses on the upper boundary of low-level clouds so cloud and aerosol 

particle identification is not critical. 

 1.3  Objective 
 
 Here the CALIPSO lidar is used as a tool to validate current satellite cloud 

retrieval techniques (Winker et al. 2003, Mahesh et al. 2004).  The goal of this study is 

to assess the cloud layer temperatures obtained from the MODIS and partly cloudy 

pixel retrievals through comparison with those inferred from CALIPSO lidar returns.  

CALIPSO cloud altitude data were not yet available for the initial part of this study, so 

a threshold-based cloud detection routine was developed.  Clouds identified from 

CALIPSO 532-nm backscatter coefficients are used to identify overcast or partly 

cloudy collocated MODIS pixels.   A pixel is identified as overcast if the lidar signal is 

completely attenuated and no surface return below the cloud is present.  A pixel is 

identified as partly cloudy if the lidar is not completely attenuated and there is an 

associated lidar surface return.  Clouds that allow the lidar signal to pass through them 

are likely to be thin if not broken.  Cloud property retrievals of thin clouds may 

experience biases if allowances have not been made for the reflectivity of the 

underlying surface.  CALIPSO is most effective at detecting low-level water clouds 

with optical depths of as small as 0.01 (Vaughan et al. 2005).  The CALIPSO lidar is 

capable of detecting surface returns below clouds when the optical depth is as large as 

3.  The MODIS cloud product, CALIPSO, and partly cloudy pixel retrievals of cloudy 

imager pixels are used to assess the associated errors in cloud properties of the partly 

cloudy pixels.   
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  For this study, pixel-scale (1 km) comparisons are made between CALIPSO 

and MODIS detected clouds.  The lack of an extensive database of satellite or airborne 

lidar data has limited previous studies to at most one month of data.  CALIPSO’s 

ability to make continuous global measurements greatly increases the database from 

which cloud measurement comparisons can be made.  For this study, CALIPSO 

observations made over a five month period between June and October 2006 were 

used to assess the MODIS cloud product and partly cloudy pixel retrievals.   

1.4  Background 
 
  The significant role that low-level clouds play in the earth’s energy budget 

motivates studies focused on regions where stratiform clouds tend to persist.  Low 

stratiform clouds are most prevalent in regions over ocean on western continental 

margins.  Klein and Hartmann (1993) report stratus amounts greater than 60% in 

subtropical ocean regions near California, Peru, Namibia, the Arctic and the North 

Atlantic during the months of June through November.  Stratus clouds are most 

common off western coastal margins due to the presence of subtropical highs in the 

descending branches of the Hadley Cell.  The greatest stratus amounts tend to form 

under a well-defined inversion (Klein and Hartmann 1993). During summer months a 

midlatitude high-pressure area causes winds to move cool water from higher latitudes 

toward the equator along western coastal margins.  These winds also initiate upwelling 

along the west coasts of continents bringing more cold water to the surface.  Warmer 

air moving over the cold water is cooled to its dew point and condenses creating a 

layer of fog and clouds (Pilie et al. 1979).  A trade inversion maintained in part by 
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subsidence in the Hadley circulation limits stratiform convection to the boundary layer, 

ensuring that clouds remain low (Klein and Hartmann 1993).  

 Cloud models need accurate observations to assess their performance.  The    

1-km spatial resolution of MODIS is an improvement over past satellites, but sub-

pixel clouds are still an issue.  Even at the 1-km resolution individual cloud elements 

or small breaks in cloud fields often remain unresolved.  Threshold retrieval methods 

which take pixels to be overcast if a cloud is detected are prone to errors in estimates 

of cloud properties because of a blurring of the cloud areas with clear areas.  Shenk 

and Salomonson (1971) described two methods used for determining cloud cover.  

The first method was to count every resolution element that contained some portion of 

a cloud as overcast.  This method is similar to that currently used to analyze imagery 

data including MODIS, where reflectance thresholds are established slightly above the 

background cloud-free values (Platnick et al. 2003).  The second method involves 

subdividing the data into three regimes:  the element is cloud-free, partly cloud filled, 

or completely cloud filled.  A weighting function is applied to each pixel depending on 

cloud cover. Cloud-free pixels are given a weight of 0.0, partially filled pixels a 

weight of 0.5, and overcast pixels a weight of 1.0.  Method 2 is essentially a procedure 

that establishes two thresholds, one at the low end and another at the high end of the 

reflectance range.  Results from the two methods carried out on simulated clouds 

indicated that Method 1 resulted in an overestimation of cloud cover while Method 2 

resulted in an improvement of cloud cover estimates (Shenk and Salomonson 1971).  

Current retrieval techniques, such as those used by MODIS, do not take advantage of 
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Method 2 because of the difficulty of determining the upper threshold for the 

classification of overcast pixels 

 Coakley et al. (2005) offered a means for identifying overcast pixels for single-

layered clouds, thereby allowing for the separation of cloud-free, partly cloudy, and 

overcast pixels required by Shenk and Salomonson.  Coakley et al. (2005) applied the 

partly cloudy pixel retrieval scheme to low-level, single-layered clouds observed with 

the Visible and Infrared Scanner (VIRS) aboard the Tropical Rainfall Measuring 

Mission (TRMM).  They illustrated the biases generated by assuming a pixel is 

overcast when it is in fact only partly covered.  These biases included an 

overestimation of droplet radius and cloud cover fraction and an underestimation of 

optical depth and cloud altitude for partly cloudy pixels (Coakley et al. 2005). 

 Previous studies claimed reasonable agreement between lidar inferred cloud 

heights and scene classifications with those derived from MODIS (Frey et al. 1999, 

Mahesh et al. 2004).  These studies, however, made no differentiation between 

overcast and broken cloud regions, and in some cases focused on averaging 

measurements over large areas.  No previous studies have used a space based lidar to 

focus on pixel-scale comparisons of low-level maritime clouds.  

 Mahesh et al. (2004) used the 1064-nm backscatter data from the space-based 

Geoscience Laser Altimeter System (GLAS) to determine cloud heights.  They 

demonstrated that a simple threshold detection scheme could be used to identify cloud 

layers in lidar profiles.  Raw GLAS data were first averaged to 5-Hz (about 1.0-km 

horizontal resolution) and the threshold detection was applied to the profile beginning 
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at an altitude of 16-km and ending at 400-m above the surface.  The 400-m cutoff was 

used to avoid identifying a surface return as a cloud.  The vertical resolution of each 

bin in a GLAS profile was 76.8 m.  A cloud was considered to exist when the 

attenuated backscatter coefficient in three consecutive bins was greater than     

5.0× 10-6 m-1 sr-1.  The three bin requirement for cloud detection meant that the 

minimum thickness of a detected cloud was 230 m.  The study was limited to data 

collected over a single month. 

 Mahesh et al. (2004) found that MODIS scene classifications appeared to be 

less reliable at high latitudes and near-night conditions.  Daytime scene classifications 

of Aqua and GLAS agreed 91% of the time while nighttime measurements agreed 

only 37% of the time for all areas investigated.  Terra cloud measurements were 

collocated with GLAS data only at latitudes north of 70°N or south of 70°S and did 

not perform as well when compared to the GLAS observations.  The poor performance 

of MODIS cloud measurements at high latitudes is partly due to the difficulty of 

distinguishing clouds from the surface in regions of snow and ice (Mahesh et al. 2004).  

Cloud measurements at high latitudes are also made difficult because the satellite 

passes between daytime and nighttime near the poles.  Nighttime cloud measurements 

are more uncertain because they must rely on fewer spectral channels (infrared 

channels only) (Mahesh et al. 2004).  Reflected solar radiation during the day allows 

MODIS to establish reflectance thresholds in the near infrared allowing for easier 

discrimination between clouds and surface in snow and ice-free regions. 

Measurements taken during the Subsonic Aircraft and Cloud Effects Special 
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Study (SUCCESS) field campaign were used to assess cloud heights derived from the 

MODIS airborne simulator (MAS) with those collocated with the Cloud Lidar System 

(CLS) (Frey et al. 1999).  The CLS was used to validate the MAS CO2 slicing method 

for determining cloud heights for 10 separate days of data between April and May 

1996.  The CO2 slicing method is used to derive cloud heights from MODIS radiances.  

To improve the signal to noise ratio (SNR) Frey et al. (1999) averaged groups of 100 

MAS fields of view (FOV) (10 × 10 pixel arrays covering 0.25 km2) centered on the 

latitude and longitude of the CLS observations.  The resolution of each MAS FOV 

was approximately 50 m at the surface while the CLS footprint was only about 10 m.  

The MAS averages were then compared with CLS cloud measurements.  Frey et al. 

(1999) considered lidar values of cloud height to be “truth” and found that MAS cloud 

top heights were within 500 m in 32% and± ± 1500 m in 64% of the cases measured 

by CLS.  Most clouds were multilayered, so the agreement between CLS and MAS 

cloud heights was an encouraging result.  Frey et al. (1999) reported that cirrus cloud 

measurements were affected by underlying thick low-level clouds.  A bias in cloud-

free temperatures, however, was determined to have a greater impact on the retrieval 

of low-level cloud properties, making the problem of multilayer clouds secondary to 

that of properly specifying cloud-free radiances (Frey et al. 1999).  The difficulty of 

retrieving low-level cloud properties using the CO2 slicing method was demonstrated 

by Wielicki and Coakley (1981).  They report the largest cloud retrieval errors occur 

for low-level clouds and low cloud amounts.   
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 The limited amount of data that can be collected with an airborne lidar 

illustrates the usefulness of a continuously operating space-based platform for lidar 

measurements of the atmosphere.  The Lidar In-space Technology Experiment (LITE) 

was designed to demonstrate the feasibility of using a space-based lidar for studying 

the atmosphere.  Hogan et al. (2004) used data collected from LITE to estimate the 

global distribution of stratiform supercooled liquid water clouds.  When analyzing 

lidar profiles they used the top 480-m of each profile to characterize the signal noise 

for that profile.  A cloud threshold value of 4 standard deviations above the median 

noise level was determined for each profile.  For each 5°C temperature interval 

(approximately equivalent to 1 km in altitude) at least 4 or more vertical bins in the 

LITE profile needed to exceed the cloud threshold value in order for that interval to be 

classified as containing a cloud.  The 4 bins in the lidar profile were not required to be 

adjacent to one another.  Contamination by aerosols was kept at a minimum by using 

data collected only above 2 km.  

 LITE observations were compared with ground based lidar data from 

Chilbolton in Southern England.  Hogan et al. (2004) reported that there was much 

better sampling of cold clouds using a space-based lidar than a ground-based system.  

Not surprisingly, high clouds are often obscured by low boundary-layer clouds and so 

go undetected by ground-based lidars (Hogan et al. 2004).  Although only 10.5-hours 

of LITE data were used, the amount of data was roughly equivalent to nearly 6-months 

of observations from a ground-based lidar assuming a mean cloud-level wind speed of 

20 m s-1 (Hogan et al. 2004), demonstrating the usefulness of a space-based lidar. 
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 Omar and Gardner (2001) used LITE data to locate high-altitude cirrus clouds 

over the equator in regions of very cold temperatures.  Spaceborne lidars have a clear 

line of sight to high altitude clouds and so have an advantage over ground based lidars 

when studying high cirrus clouds (Omar and Gardner 2001).  Cirrus clouds in the 

upper troposphere near the equator affect ozone chemistry and the Earth’s energy 

budget.  Very cold cirrus clouds provide a surface for heterogeneous reactions of 

chlorine-containing compounds, much like polar stratospheric clouds, enhancing the 

destruction of ozone.  These clouds tend to be more persistent with time over the 

equator so their effects on ozone chemistry could be significant.  Analysis of tropical 

cirrus clouds indicated that they usually have a midpoint around an altitude of 15-km.  

This agreed with results from a 6-year climatology from Stratospheric Aerosol and 

Gas Experiment II (SAGE II) observations that showed a maximum in subvisible 

cirrus cloud frequencies at 15-km near the equator (Omar and Gardner 2001).  SAGE 

II uses the solar occultation technique to determine vertical profiles (1 km resolution) 

of stratospheric ozone, nitrogen dioxide, water vapor, the aerosol extinction coefficient, 

and the extinction coefficient of thin clouds.  The 1-km vertical resolution of SAGE II 

data makes it useful for determining the altitudes of subvisible cirrus clouds (Wang et 

al. 1996).  Temperature profiles were derived by first obtaining a relative density 

profile from the molecular backscatter coefficients.  Next, the temperature profile was 

calculated by integrating the ideal gas law and hydrostatic equations downward from 

an assumed upper level temperature determined by the NMC analysis model at 36 km 

(Whiteway and Carswell 1994, Omar and Gardner 2001). Comparison of LITE 
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temperature measurements with National Meteorological Center (NMC) analyzed 

model data showed favorable agreement in both cloud and cloud-free regions (Omar 

and Gardner 2001).   

 Noise can be a problem when trying to identify clouds in lidar profiles.  Lidar 

measurements made during the day have a lower SNR than measurements made at 

night.  Omar and Gardner (2001) recognized the difficulty with daytime lidar 

observations so they restricted their study to nighttime LITE measurements.  A 

threshold cloud detection routine was used for the 532-nm attenuated backscatter ratio.  

The backscatter ratio is given by  
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where ( )zairβ ′  is the calculated molecular backscatter coefficient and ( )ztotalβ ′ is the 

measured backscatter. Omar and Gardner (2001) assumed clouds to be present in the 

lower stratosphere whenever the 532-nm backscatter ratio was greater than 1.1.  An 

average of 500 laser shots was used to improve the SNR and only segments of orbits 

where there was substantial cloud cover were used. 

 The distribution and type of cloud layers influence regional radiation budgets.  

Stubenrauch et al. (2005) evaluated cloud heights from the TIROS-N Operational 

Vertical Sounder (TOVS) Path-B climate data with data from LITE.  Stubenrauch et al. 

(2005) used a cloud detection method based on the variation of the scattering ratio of 

the measured backscattered signal and the molecular backscatter signal as well as its 

derivative, 
z
zR

Δ
Δ )( .  This method was more advanced than that used by Omar and 
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Gardner (2001).  By taking into account the background aerosol layer still present 

from the Mt. Pinatubo eruption, Stubenrauch et al. (2005) calculated a mean 

backscatter ratio of 1.32 at a reference altitude of 18 km instead of the theoretical 

value of 1 for molecular scattering.  Then, starting down from this altitude, a detection 

threshold above 1.32 was calculated at each level using the running mean of the 

scattering ratio and its standard deviation over 300-m intervals.  A cloud layer was 

required to have a physical thickness greater than 100 m.  Backscatter profiles were 

averaged over every 1°×  1° lat-lon grid.  Only observations with 75 out of an average 

90 LITE profiles within the grid were kept for the 10-day period between 9 to 19 

September 1994.  Stubenrauch et al. (2005) found that 62% of the maritime clouds 

were single layered while 55% of continental systems were multilayered.  According 

to LITE, 34% of all detected clouds were low-level, of which 94% were considered 

single-layered.  These low-level clouds significantly influence the Earth’s energy 

budget (Hartmann et al. 1992).   Unlike previous studies, the cloud observations in the 

Stubenrauch et al. study were only considered “quasi-simultaneous.”  Nearly 

simultaneous observations were not possible due to the different orbits of NOAA 

satellites carrying TOVS and the space shuttle carrying LITE.  About 70% of the 

collocated data, however, were within an hour of each other with a maximum 

difference of 3 hours in observation time between TOVS and LITE.  Data were 

averaged over a 1°×  1° latitude and longitude grid box to reduce the effects of the 

time differences. 
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    CHAPTER 2  
 

DATA ANALYSIS AND METHOD 

 2.1 Data Analysis 
 
 MODIS Aqua and CALIPSO satellite observations were analyzed for the 

period between 13 June 2006 and 31 October 2006.   The observations were over 

oceans off western continental margins.  Most of the observations were off the west 

coasts of Africa and Europe (30° E - 40° W, 60° S - 60° N) and off the west coasts of 

North and South America (70° W - 150° W, 60° S - 60° N).  Figure 2.1 shows the 

location of all 50-km regions analyzed for this study.  Very few observations were 

north of 60°N or east of 30° E. 

 

 

Figure 2.1  Location of all low-level 50-km regions identified from CALIPSO returns 
(red lines). 
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Level 1 and 2 MODIS data were obtained from the NASA Goddard Space Flight 

Center LAADS (Level 1 Atmosphere and Archive Distribution System) website 

available at http://ladsweb.nascom.nasa.gov.  The partly cloudy pixel retrieval scheme, 

as described by Matheson et al. (2005) and Coakley et al. (2005), was applied to the 

MODIS Level 1B calibrated radiance data.  Following the application of the partly 

cloudy pixel retrieval scheme, MODIS Level 1 data and the partly cloudy pixel 

retrievals were analyzed to identify 50-km regions that contained low-level, single-

layered clouds.  Retrieved cloud properties obtained with the partly cloudy pixel 

retrievals were compared with those from the MODIS Level 2 cloud product, MOD06.  

 CALIPSO Level 1 and 2 data were obtained from the NASA Langley Web 

Ordering Tool available at http://eosweb.larc.nasa.gov/JORDER/ceres.html.  

CALIPSO Level 1B data consist of reconstructed geolocated instrument data 

processed to sensor units at full resolution (Hostetler et al. 2006).  Included in the 

Level 1B data files are profiles of total attenuated backscatter coefficients at 532 nm, 

1064 nm, and perpendicular attenuated backscatter coefficients at 532 nm.  Level 1b 

data are time-referenced and include ancillary information consisting of radiometric 

and geometric calibration coefficients and analyzed profiles of temperature, pressure, 

and density.  The Level 2 Lidar Cloud and Aerosol Layer Product data include derived 

geophysical variables such as column and layer properties.  Information on cloud 

altitude was obtained from CALIPSO Level 2 data for comparison with results from 

the cloud top detection scheme developed for this study.  
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 2.2  Collocation of CALIPSO and MODIS data 
 
 An automated scene collocation and cloud detection routine was used to 

identify 50-km ocean regions that contained a single layer of low-level stratus.  50-km 

regions were chosen in order to ensure that there were a large number of low-level, 

single-layered overcast and broken cloud systems, while avoiding multi-layered cloud 

systems.  As mentioned earlier, CALIPSO Level 2 cloud altitude data were not 

initially available for this study; so, a threshold based cloud detection routine was 

developed.  Results from the cloud top detection scheme and the Level 2 data were in 

agreement as shown in the Results section.  

 The first step in collocating CALIPSO and MODIS observations was to 

identify candidate regions.  Low-level, single-layered cloud systems are typically 

found over oceans off western continental margins (Klein and Hartmann 1993).  As 

previously mentioned, most 50-km regions used in this study were located off the west 

coasts of North America, South America, Europe, and Africa between latitudes 60° S 

and 60° N.  A combination of scene identification and layer tests described in Coakley 

et al. (2005) and Matheson et al. (2005) were used to identify low-level, single-layered 

cloud systems from the partly cloudy pixel retrievals and the statistics of the 11-µm 

MODIS Aqua radiances in each region.  Image granules were divided into 50-km 

regions in which there was no more than 10% land and at least 80% of the pixels had 

valid partly cloudy pixel retrievals.  The collocation process examined only 50-km 

MODIS regions with a center latitude and longitude within 25 km of the CALIPSO 

suborbital path.  Within these regions an automated routine was used to match the 
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CALIPSO latitudes and longitudes with those of the MODIS pixels to identify which 

of the MODIS pixels was collocated with the lidar.  

 Figure 2.2 shows an example of a 1000-km collocated CALIPSO and MODIS 

scene with two 50-km regions identified by yellow lines. The scene is located off the 

west coast of Peru on 12 August 2006.  Green lines on top of the MODIS images mark 

the path of the CALIPSO lidar with the two 50-km regions indicated in yellow.  The 

cirrus cloud between 10 and 15-km in the CALIPSO scene clearly affects the 11-µm 

infrared wavelength but is difficult to detect in reflected sunlight at 0.84-µm.   

 
532 nm Total Attenuated Backscatter Begin UTC:  2006-224  19:33:40.4510 End UTC:  2006-224 19:36:9.2360 

0.84 -µm  11-µm c) 

a) 

( km
-1sr -1)

50-km regions 

b) 

 
 
Figure 2.2 Collocated CALIPSO and MODIS observations on 12 August 2006 off the 
west coast of Peru. Image a) is a 1000-km CALIPSO scene constructed from profiles 
of the 532-nm total attenuated backscatter coefficient.  Image b) is a MODIS 11-µm 
infrared image and image c) is the MODIS 0.84-µm image of reflected sunlight.  The 
vertical yellow lines in a) outline two 50-km regions.  The green line in images b) and 
c) denotes the CALIPSO suborbital path.  The yellow sections on the green line mark 
the 50-km regions.  
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CALIPSO’s sensitivity to these upper-level clouds was used to identify multilayered 

cloud systems that may not have been detected by the single-layered tests performed 

with the MODIS data.  Cirrus and midlevel cloud filters were developed and used with 

the CALIPSO observations for each 50-km region.   

 2.3  Cirrus Cloud Filter  
 
 A scheme was developed for detecting small and thin cirrus between 8.2 km 

and 20.0 km from the CALIPSO backscatter data.  Random noise in the lidar signal, 

the wide range of backscattering intensities, and the tenuous nature of cirrus clouds 

made upper-level cirrus clouds difficult to detect.  The difference between the 

backscatter coefficients for molecular scattering and those for clouds and aerosols 

form the basis for differentiation.  The cirrus cloud filter is an adaptive routine that 

uses the difference of attenuated backscatter coefficients in two adjacent levels.  Here, 

attenuated backscatter coefficients refer to the 532-nm total attenuated backscatter 

coefficients reported in the Level 1b CALIPSO data.  The ability to detect the faintest 

features often requires horizontal and vertical averaging to increase the signal to noise 

ratio (SNR) (Vaughan et al. 2004); so, a grid averaging strategy was developed for the 

altitude range between 8.2 and 20 km.  Each grid square represents a 15-km horizontal 

average (15 profiles with 1-km horizontal resolution at this altitude range) and 240-m 

(4 adjacent levels) vertical average.  There are 150 lidar profiles for each 50-km region 

so the grid in each region contains 10 squares across, while the 240-m vertical 

thickness of each square results in 49 squares between 8.2 and 20 km.  If the 

difference in the backscatter coefficient between two vertically adjacent grid boxes 
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exceeded 0.0031 km-1 sr-1 then the existence of a cirrus cloud was deemed possible 

and the scene was not analyzed.  The difference between backscatter values in two 

vertically adjacent grid boxes in cloud-free air above 8.2 km is typically less than 

0.003 km-1 sr-1.  Cirrus layers can be extensive (Winker 1998); consequently, probing 

is done vertically because there is a high likelihood of detecting cloud-free air above 

and below a cloud.  When the backscatter coefficient exceeds these threshold 

conditions visual inspection of the images constructed from backscatter coefficients 

usually reveals that a cloud is present, as shown in Figure 2.3.  Fig. 2.3a shows a 

typical CALIPSO scene that includes cirrus.  The cirrus cloud between 13 km and    

15 km is readily detected in the lidar scene.   
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a) 

Figure 2.3  CALIPSO scene with a cirrus cloud between 13 km and 15 km (a).  
Vertical lines mark a 5-km section.  The averaged profile for the 5-km section shows a 
bulge indicating cirrus between 13 and 15-km (b).  The grid boxes on the profile 
represent two boxes over which the profile is averaged.  A cirrus is detected in b) 
because |Average(Grid Box 1) – Average(Grid Box 2) | > 0.0031 km-1 sr-1.   
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Fig 2.3b demonstrates the use of the cirrus cloud filter for detecting the cloud.  The 

profile in Fig. 2.3b is a 5 km average (15 profiles) starting at the vertical yellow line in 

Fig 2.3a.  The bulge in the average backscatter coefficient between 13 km and 15 km 

reflects the presence of cirrus.  The two red grid boxes show positions where the 

vertical average of the signal will be calculated and then subtracted from each other.  

The grid averaging strategy was applied to limit the number of regions falsely 

identified as containing cirrus clouds when no averaging was applied.  With no 

averaging, false positives were inevitable and frequently occurred in regions with high 

levels of background noise.  A brief examination of rejected scenes, however, 

indicated that the cirrus filter performed well (identified cirrus correctly) most of the 

time.  For this study it was best to error on the side of caution when searching for 

cirrus clouds.   

 The cirrus filter operates only above 8.2 km.  A second filter was needed to 

detect midlevel clouds below 8.2 km to ensure that the regions contained a single-

layered cloud system. 

2.4  Midlevel Cloud Filter 
 
 The midlevel cloud filter was based on a simple threshold method.  The 

vertical resolution of CALIPSO improves to 30 meters below 8.2 km.  A running 

average over three vertical bins (90 m) and 15 profiles (5 km) between 5 and 8.2 km 

was maintained as the procedure marched along the orbit.  If the average attenuated 

backscatter coefficient exceeded 0.01 km-1 sr-1, then the presence of a midlevel cloud 

was deemed possible and the scene was excluded from analysis.  Figure 2.4 shows an 
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optically thin cloud between 5 km and 8.2 km and the associated running averages of 

attenuated backscatter coefficient. 
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UTC 2006-182 14:19:32.8884 – 40.32740l UTC 2006-182 14:19:33.6324 – 34.376 
Figure 2.4  Faint midlevel cloud between 5 km and 8.2 km over marine stratus in 
image constructed from backscatter coefficients.  The running average of the 
backscatter coefficient indicates the presence of a midlevel cloud at 7 km.  
 

 2.5  Marine Stratus Detection 
 
 For 50-km regions that passed the cirrus and midlevel cloud filters the low-

level marine stratus cloud detection routine was used to identify each scene as either 

overcast, partly cloudy, or cloud-free.  The low-level cloud detection scheme operated 

on the full resolution (30 m vertical, 333 m horizontal) 532-nm total attenuated 

backscatter coefficients beginning at a height of 5 km and ending 100 m above the 

surface. The 100-m cutoff was chosen to avoid difficulties associated with detecting 

near-surface layer clouds or fog. 
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 In a previous study, cloud detection required at least three vertical bins to 

exceed a threshold value (Mahesh et al. 2004).  For this study, additional criteria had 

to be met to ensure that a detected cloud had some degree of horizontal and vertical 

continuity.  The total attenuated backscatter in a single profile had to exceed a 

threshold of 0.05 km-1 sr-1 for three adjacent vertical levels.  The threshold value of  

0.05 km-1 sr-1 was chosen because it was higher than the average molecular 

backscatter of 0.0013 km-1 sr-1 and noise near 0.006 km-1 sr-1 in the region of interest.  

Also, the backscatter coefficient at the same vertical levels in at least two horizontally 

adjacent profiles were required to exceed the threshold.  Once these criteria were met a 

cloud top was identified at the altitude of the first instance the threshold was exceeded.  

The vertical resolution of CALIPSO data between the surface and 8.2 km is 30 m.  

Therefore, this technique was not capable of identifying cloud layers thinner than      

90 m.  Since no profile averaging was done to prepare data for the cloud detection 

routine, the criteria for the vertical and horizontal continuity of the cloud were chosen 

to avoid identifying a noise spike as a cloud.  The cloud detection routine also 

appeared to perform well when compared with visual inspection of images constructed 

from the backscatter coefficient, as shown in Figure 2.5.  The two 50-km regions in 

Fig 2.5 are those marked in Fig. 2.2.  The green x ’s denote a sampling (every 10) of 

the cloud tops identified by the cloud top detection scheme for each region.  Locations 

where the lidar reflected off the surface are marked with yellow x ’s.  The 

classification of overcast regions, broken cloud regions, and surface returns will be 

discussed in Sections 2.6 and 2.7. 
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Figure 2.5  Image constructed from 532 nm total attenuated backscatter coefficients.  
Cloud tops are marked in green and surface returns are marked in yellow. 
 
 
A sudden discontinuity or jump in cloud altitude greater than 0.5 km was taken to be 

an indication of multiple cloud layers.  Scenes with such discontinuities were not 

included in the analysis.  Figure 2.6 shows a CALIPSO scene with a discontinuity in 

the cloud altitude.  Cloud heights obtained with this detection scheme compared well 

with those in the CALIPSO Level 2 data products as will be shown in Section 3.2.2.  

CALIPSO cloud top temperatures were inferred from CALIPSO detected cloud 

altitudes using the coincident temperature profiles generated by NASA’s Global 

Modeling and Assimilation Office (GMAO) and included as part of the CALIPSO 

Level 1 data.   
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Figure 2.6  CALIPSO scene with cloud discontinuity greater than 0.5 km showing a 
low-level multilayered cloud system.   
 

2.6  Surface Returns 

 A lidar surface return occurred when the lidar pulse and its return penetrated 

the cloud layer.  Lidar surface returns were important for this study because they were 

used to identify collocated MODIS imager pixels that may have been partly cloudy or 

contained thin clouds.  Surface returns were often found near the edges of clouds 

where the clouds became thin.  A lidar surface return was marked when the 532-nm 

attenuated backscatter coefficient exceeded a value of 0.025 km-1 sr-1 below 100 m.  A 

digital elevation map (DEM) included with the CALIPSO data was used to determine 

the surface elevation.  The observations in this study were over ocean, so the elevation 

of the surface was at sea level.  The threshold for surface returns is lower than that for 

clouds to account for the attenuation of the lidar signal when it passes through a cloud.  
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Figure 2.7a illustrates a CALIPSO detected marine stratus cloud having no lidar 

surface return below it, while Fig. 2.7b shows a surface return detected below a cloud.   

The figure shows that the selected threshold parameters are greater than the noise even 

near the surface. 

 

 

Cloud Threshold

Surface 

Cloud

Surface Threshold

Cloud Threshold

Cloud 

Surface Return
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 UTC 2006-224 19:34:12.6890 UTC 2006-224 19:34:22.855
 
Figure 2.7  Marine stratus and surface detection thresholds applied to 532-nm total 
attenuated backscatter coefficients.  Total attenuated backscatter exceeds the cloud 
threshold of 0.05 km-1 sr-1 in three adjacent levels (a).  Attenuated backscatter at 1-km 
and surface exceed their respective thresholds of 0.05 km-1 sr-1 and 0.025 km-1 sr-1 (b).   
 

2.7  Classification of Overcast and Broken Cloud Scenes 
 
 A 50-km region was taken to be overcast if all CALIPSO profiles in the region 

had detected a low-level cloud and there were no lidar surface returns.  Regions of 

broken clouds were identified if at least 30% of the profiles had detected a low-level 

cloud and there were at least three “breaks” of at least one profile containing cloud-

free air between the profiles containing lidar cloud returns.  The cloud-free breaks 
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were not required to be adjacent to each other.  The absence of a detected cloud itself 

was not sufficient to label the profile as cloud-free.  A cloud-free profile or “break” 

was identified if the 90 meter vertical average of the 532-nm total attenuated 

backscatter coefficient was less than 0.01 km-1 sr-1.  The threshold for cloud-free air 

was chosen not only because it was sufficiently below the threshold for clouds, but 

also because it was greater than the average noise level between 0.1 and 5 km and 

allowed for scattering by aerosols.  A lower threshold would have resulted in many 

profiles with greater than average noise or aerosol concentrations to fail the cloud-free 

threshold, resulting in fewer broken cloud regions qualifying for further analysis.  

Regions with fewer than three breaks were not analyzed.  

 2.8  Analysis of Collocated MODIS Observations  
 
 Parameters of interest for this study included cloud top temperature, cloud 

visible optical depth ( )τ , and cloud droplet effective radius derived for the 1.6-µm,  

2.1-µm, and 3.7-µm channels.  

 Cloud properties retrieved for 3×3 arrays of MODIS pixels centered on 

CALIPSO lidar returns were averaged.  In the case of broken clouds the properties 

were weighted by the cloud fraction in each pixel.  Not all MODIS pixels had valid 

retrievals so averages were allowed to contain as few as six of the nine pixels.  Pixel 

averaging was performed to ensure the retrieved cloud properties were representative 

of the layer.  In addition, the pixel averaging allowed for possible differences in the 

CALIPSO and MODIS geolocations.   
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 A sufficient number of MODIS cloud retrievals were required for each scene.  

At least 50% of the pixels within a 50-km region had to have valid MODIS MOD06 

and partly cloudy pixel retrievals for the region to be included in the analysis. 

 Errors in analyzed meteorological fields are common over the sparsely 

observed ocean regions.  Consequently, instead of comparing cloud layer temperatures 

derived from CALIPSO and MODIS observations, only the departures of the 

temperatures from their overcast means within 50-km regions were compared.  

Likewise, departures of cloud properties from the mean of the overcast pixels within 

each region were compared.  In overcast regions there were no lidar surface returns, so 

variations in the cloud properties were from the means of all the pixels.  In broken 

cloud regions, variations of temperature, optical depth, and derived droplet radius 

were determined by subtracting the values for pixels associated with a CALIPSO lidar 

surface return from the means of those without.    
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    CHAPTER 3  
 

RESULTS 
 

3.1  CALIPSO and MODIS Observations  
 
 The MODIS Aqua and CALIPSO observations were collected for 127 days of 

observations between 13 June 2006 and 31 October 2006 and corresponded to 373 

CALIPSO daytime satellite passes.  A total of 6,353 50-km regions were initially 

identified from 1,071 MODIS image granules as containing low-level, single-layered 

clouds.  Table 3.1 shows the number of regions that passed subsequent scene 

identification and single-layered cloud tests.  Following the application of the 

multilayer cloud filters discussed in Chapter 2, 87.7% of these regions were deemed 

single-layered.  As discussed in Section 2.7, at least 50 lidar profiles in a region were 

required to have a detected cloud layer for that region to be analyzed further. Only 

50.4% of the initial 50-km regions identified from MODIS data met this requirement. 

Of the 2,371 regions that did not have a sufficient number of CALIPSO cloud 

detections, 87.7% (1,795) of them had no clouds detected at all and could be 

considered “clear.”  It is likely that many regions initially identified from MODIS 

imagery as containing low-level, single-layered clouds were not identified as such by 

CALIPSO because the lidar path followed a line of cloud-free pixels, adjacent to the 

cloud decks.  The cloud top detection routine was capable of detecting clouds with 

optical depths of approximately 0.1.  Such clouds might be attributed to cloud 

contamination in otherwise cloud-free pixels or as aerosols in the operational MODIS 
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processing.  Scenes that met all criteria for low-level, single-layered systems were 

then labeled as “overcast” if all CALIPSO profiles had detected a cloud with no 

surface return.  Regions were labeled as “broken” if fewer than 150 profiles had a 

detected cloud and there were at least three cloud-free lidar profiles.   

 
Table 3.1  Number and percentage of 50-km regions that survived successive data 
screening tests.  Percentages are based on 6,353 50-km regions identified as low-level, 
single-layered by spatial uniformity tests performed on 1,017 MODIS image granules 
from 127 days of observations between 13 June 2006 and 31 October 2006.  
 

Screening Number Percent 

50-km regions identified as containing 
single-layered and low-level clouds from 
MODIS data. 

6,353                        100% 

5,574                       87.7% 

3,203                       50.4% 

Regions identified as low-level and single-
layered after application of the multi-layer 
cloud filter. 

Regions with at least 30% of CALIPSO 
profiles with detected low-level clouds and 
identified as containing either overcast or 
broken clouds. 

Regions identified as overcast. 
 
 Regions with at least 50% of MODIS 
 pixels having valid MOD06 and 
 partly cloudy pixel retrievals. 
 
 Regions identified as overcast with no    
 surface returns. 

Regions identified as broken clouds. 
 
 Regions with at least 50% of MODIS 
 pixels having valid MOD06 and 
 partly cloudy pixel retrievals. 

1,561                       24.6% 

1,566                       24.6% 

  662                       10.4% 

1,637                       25.8% 

1,570                       24.7% 
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For this study, only overcast regions that contained no surface returns were analyzed.  

Only 10.4% (662) of all the initial 50-km regions met this final requirement.  Nearly 

25% (1,570) of all initial regions satisfied criteria to be considered broken cloud 

regions.  For the remainder of Chapter 3, overcast regions refer to those containing 

lidar profiles with no lidar surface returns.  Regions with broken clouds refer to those 

with both cloud and lidar surface returns.  The identification of clouds and lidar 

surface returns was discussed in Chapter 2. 

 Most regions identified as multilayered contained cirrus clouds.  Table 3.2 

contains information on the types of upper-level clouds, their average altitudes and the 

number of regions that contained them.  Some scenes contained both midlevel and 

cirrus clouds.  In some scenes a single cloud may have been considered both midlevel 

and cirrus if it spanned both analysis regions above and below 8.2 km.   

 
Table 3.2   Multilayered cloud report.  Number and percentage of the 6,353 regions 
identified by as single-layered and low-level based on MODIS radiances that the 
CALIPSO cloud filter identified as multilayered. 
 

Screening % 

779     12.3%  

166       2.6%                    N/A 

Number Altitude of upper-level cloud 

Regions with low-level, multilayered  
clouds.  (Discontinuities in cloud height.) 

 Regions with midlevel clouds            101       1.6%            6.484 0.902 km   ±

Regions with cirrus clouds           583       9.2%            12.48 3.080 km ±

Total number of regions identified as  
containing multilayered clouds. 
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Cloud heights were not recorded for regions with low-level, multilayered clouds, as 

they were identified only by large discontinuities in cloud height. 

 The application of the cloud top detection scheme to all CALIPSO satellite 

passes over ocean revealed that the average size of a cloud break over ocean was 

approximately 4.4 km with a standard deviation of 17.4 km.  Cloud breaks over land 

were not recorded.  Cirrus clouds were detected in approximately 17.06 5.69% of all 

profiles for each daytime lidar pass and had an average height of 11.56 2.12 km.  

Midlevel clouds were detected in approximately 13.78

±

±

± 4.09% of all profiles and had 

an average height of 6.56± 0.95 km. 

 3.2  CALIPSO data comparisons 

 3.2.1  Comparisons of first and second release data 
 
 Most of the CALIPSO Level 1b daytime satellite passes (295) were from 

NASA’s second release dataset that was made available on 8 December 2006.  Nearly 

21% (78) of the 373 CALIPSO satellite passes, however, were from the first release of 

CALIPSO data that was made available in mid June of 2006.  The second release 

dataset contained newly calibrated attenuated backscatter coefficients and updated 

geolocation parameters.  Comparisons of observations from the two datasets show 

some variation between the 532-nm total attenuated backscatter coefficients.  These 

differences were found to have a small effect on the results of the cloud top detection 

scheme developed for this study.  To simplify notation the cloud top detection scheme 

will be referred to as CTDS for the remainder of this thesis.  Figure 3.1 shows cloud 

top altitudes detected using the CALIPSO Level 1b first release data and the cloud top 
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altitudes determined from the Level 1b second release data.  The data points lie close 

to the line of perfect agreement.  There is one outlier for the overcast regions and three 

for the broken cloud regions.  All of these outliers fall below the 1:1 line, indicating 

that for these few profiles the first release cloud tops were higher than those estimated 

from the second release.  The likely reason for the difference is that the calibrated 

backscatter values in the second release are slightly smaller.  Consequently, the signal 

may not first rise above the cloud threshold value until the lidar pulse is deeper in the 

cloud, thereby making the cloud top appear lower.   

 

 

Overcast Regions Broken Cloud Regions 

 
Figure 3.1  Cloud heights calculated from CALIPSO Level 1b release 1 and release 2 
data for profiles without a lidar surface return from 34 overcast regions and profiles 
with a lidar surface return from 97 broken cloud regions. 
 

 Figure 3.2 is a distribution of cloud top altitudes estimated from the CALIPSO 

Level 1 first and second release data.  The distributions for the two data sets are nearly 

identical for both overcast and broken cloud regions.  The mean and standard 
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deviation of cloud altitudes detected in overcast regions for the two data releases is the 

same at 1.38 0.27 km, while altitudes for clouds with a lidar surface return in broken 

cloud regions differ by 10 meters on average. 

±

 

 

Overcast Regions Broken Cloud Regions 

Figure 3.2  Distribution of cloud heights calculated from CALIPSO Level 1b 1st and 
2nd release data for profiles without a lidar surface return from 34 overcast regions and 
profiles with a surface return from 97 broken cloud regions. 
 

 Figure 3.3 is a distribution of the altitude differences between the two datasets 

(Release 1 – Release 2).  Although the standard deviation of the differences is close to 

10 m, most differences greater than zero between the two data releases are at 30 

meters.  The 30 meter difference corresponds to a difference of one altitude level for 

the backscatter data.  As mentioned above, the first release data is likely to have a few 

instances where the cloud detection routine places the cloud top at a higher level than 

it does for the second release data.  Again, the lower backscatter values require the 

±
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routine to probe further into a cloud before the backscatter coefficients first rise above 

the threshold level. 

 Broken Cloud Regions Overcast Regions 

 
 
Figure 3.3.  Distribution of cloud altitude differences determined with CTDS between 
release 1 and release 2 of CALIPSO data for 34 overcast regions and 97 broken cloud 
regions.  Cloud altitude differences for both overcast and broken cloud regions are 
near zero.   
 

 Closer examination of clouds detected from first and second release data 

revealed instances where profiles with clouds or clear air were reported in one case but 

not the other.  Table 3.3 gives cloud and cloud-free occurrences for the two releases.  

Percentages in bold represent agreement between release 1 and 2.  Overcast regions 

with no lidar surface returns agree in all cases for both releases.  Cloud detection was 

not as consistent between release 1 and 2 data for profiles with a surface return.  Most 

of the disagreement arose from the cloud detection routine identifying clouds in the 

release 1 data while not identifying them with the release 2 data.  As mentioned earlier, 
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the disagreement is likely due to the smaller attenuated backscatter coefficients in the 

second release.  As a result, thin clouds may be less likely to satisfy the cloud 

detection requirements.  Less than 3% of the profiles investigated had inconsistent 

cloud detection, so the effect of such differences is small. 

 
Table 3.3  Cloud detection frequencies for Level 1 first and second release data for 
overcast (a) and broken cloud regions (b). Percentages in bold type indicate agreement 
between clouds or no clouds detected by the CTDS. 
 
 
 

No Cloud Cloud Total 
No 

Cloud 
0% 0% 

 
0% 

 
Cloud 0% 100% 

(5,100) 
100% 
(5,100) 

Total 0% 100% 
(5,100) 

100% 
(5,100) 

Release 1 
a)  Overcast Regions (profiles with no lidar surface return) 
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ea
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 2
 

 
 
 
 

No Cloud Cloud Total 
No 

Cloud 
52.68% 
(1,893) 

2.23% 
(80) 

54.91% 
(1,973) 

Cloud 0.640% 
(23) 

44.45% 
(1,597) 

45.09% 
(1,620) 

Total 53.33% 
(1,916) 

46.67% 
(1,677) 

100% 
(3,593) 

Release 1 
b)  Broken Cloud Regions (profiles with a lidar surface return) 

R
el

ea
se

 2
 

 

Figure 3.4 shows average backscatter coefficients for 1000 daytime lidar profiles of 

the 532 nm total attenuated backscatter coefficients for a region of cloud-free air 

above a low-lying, extended cloud deck for CALIPSO data release 1 and 2.  The 

backscatter values from the second release data are slightly less than those from the 

first release.  The lower backscatter values follow from the different calibration 
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constants applied to the range scaled, energy and gain normalized profiles from the 

two releases.  The CALIPSO calibration constant (or calibration coefficient) is given 

by 

)()(
)(

2
cc

c

zTz
zX

C
βλ =                                                (3.1) 

where is the range scaled, energy and gain normalized raw data profile from 

CALIPSO observations, 

)( czX

)( czβ  is the estimated backscatter coefficient, and is 

the transmissivity.  

)(2
czT

)( czβ and are estimated from meteorological analyses and 

SAGE II observations, not from CALIPSO.  The calibration constant is calculated for 

the altitude range between 30 and 34 km to avoid uncertainties due to aerosol 

backscatter at lower altitudes.  The use of a higher calibration altitude would have 

made it difficult to measure the weak molecular backscatter signal with the CALIPSO 

lidar.  After the calibration constant has been determined it is applied to the 

entire profile. 

)(2
czT

)(zX

 When 1000 lidar profiles are averaged, the 532-nm calibration constant for the 

first release data has an average value that is (km3 sr counts) less than the 

constant used for the second release data. 

910690.6 ×

 The lower backscatter values arise from the volume backscatter coefficient 

which is given by 

)(
)()( 2 zΤC

zXz
λ

=β                                                  (3.2) 
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where is the calibration constant, the range-scaled, energy and gain-

normalized profile, and is the two-way transmission (Hostetler et al. 2006).   

λC )(zX

)(2 zT

 

 
 

 

a) b) 

c) d) 

 
Figure 3.4  1000 profile average of clear air above 2 km for release 1 and 2 of 
CALIPSO data.  Molecular backscatter coefficients (dashed line) for release 1 (a) and 
release 2 (b).  The difference of release 2 from release 1 backscatter coefficients is 
shown in c) while the difference in molecular backscatter coefficients for            
release 1–release 2 is shown in d). 
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The use of a larger calibration constant results in a smaller volume backscatter 

coefficient.  Fig. 3.4c shows the difference between the two profiles. (Rel1 – Rel2).   

The effect of a larger calibration constant for the second release data becomes more 

apparent at lower altitudes where the difference between backscatter coefficients from 

release 1 and 2 are the largest.   

 The molecular backscattering coefficient in Fig. 3.4 is given by  

     
)(
),(

),(
λ
λσ

λβ
m

m
m S

z
z =                                            (3.3) 

where the volume molecular scattering coefficient can be estimated from   

    
)(

)()(
),(

zT
zPQ

z s
m

⋅
=

λ
λσ .                                    (3.2) 

where the constant (K hPa-1 m-1) and P(z) and T(z) are the 

coincident profiles of pressure and temperature.  The extinction to backscatter ratio, 

Sm, is given by  

610742.3)( −×=λsQ

    bwm kS ⋅= )3/8( π                                                 (3.3) 

where the King factor =1.0142 for 532-nm (Hostetler et al. 2006). bwk

A possible explanation for why the measured backscatter does not match the predicted 

molecular backscatter is that the calibration coefficient for daytime lidar profiles is 

calculated during the nighttime pass and as such is not necessarily representative of 

daytime observations.  Also, the analyzed pressure and temperature profiles may not 

be representative of the actual atmospheric conditions in the region of interest and thus 
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they fail to accurately predict the molecular backscatter coefficients.  Methods for 

refining the calibration of the CALIPSO data are continuing to be developed. 

 With the new geolocation, the difference between the latitude and longitude 

values for the two releases was most noticeable at high latitudes.  At high latitudes the 

difference was almost 3 km.  Most often, however, the difference was between 0 and  

2 km.  The larger latitude and longitude differences had potential implications for this 

study because the scene collocation routine makes use of these CALIPSO geolocation 

parameters to identify the proper MODIS imager pixels.  Fortunately, the use of the   

9-pixel arrays of MODIS observations mitigated somewhat the effects of the 

geolocation shift.  Also, most 50-km regions were at lower latitudes where low-level, 

single-layered clouds are usually found. 

 The shift of geolocation in data release 2 meant the analyzed temperature and 

pressure profiles would also be different.  Attenuated backscatter coefficients for 

molecular scattering for both releases were almost identical for most profiles.  Of the 

1000 profiles used in the average, four had temperature and pressure values that 

differed by almost 0.01 K and 0.008 hPa, making the calculated molecular backscatter 

values for the first release data greater than those for the second release.  Fig 3.4d 

shows the difference of the molecular backscatter for the composite profile of release 

1 and 2.  Even when the four profiles with large temperature and pressure differences 

were included in the average profile, the differences in the molecular backscatter 

coefficients were very small.   
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 3.2.2  Cloud Detection Routine and CALIPSO Level 2 Cloud Altitudes 
 
 CALIPSO Level 2 data became available in December 2006 and were not 

available for the initial part of this study.  CALIPSO Level 2 cloud altitude 

measurements were compared to those inferred from the cloud top detection scheme 

used in this study.  Figure 3.5 shows CTDS and CALIPSO Level 2 cloud altitudes for 

78 50-km regions that were overcast and 221 regions that had broken, low-level, 

single-layered clouds.  Again, only profiles with lidar surface returns were used for the 

broken cloud regions.   

 

 

Broken Cloud Regions Overcast Regions 

 
Figure 3.5  Level 2 and cloud top detection scheme (CTDS) altitudes for profiles 
without a lidar surface return in 78 overcast regions and profiles with a surface return 
in 221 broken cloud regions. 
 

 Results from the two detection methods are well correlated.  The CALIPSO 

Level 2 cloud altitudes appear to be slightly higher for some clouds for profiles with a 

lidar surface return in the broken cloud regions.  The small differences in cloud 
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altitudes between the two methods are possibly a result of very thick haze being 

classified as a cloud by CTDS.  Another possibility is that there may have been a few 

occurrences in which large noise excursions satisfied the CTDS cloud criteria.  A third 

and more likely reason is that the CALIPSO Level 2 cloud altitude routine utilizes a 

dynamic threshold method that is likely to place the height of the cloud slightly higher 

than is done by CTDS.  CTDS is triggered only when the cloud has a relatively high 

backscatter coefficient, which is likely to be at some distance into the cloud.   

 The increased sensitivity of the CALIPSO Level 2 routine is likely due to a 

number of reasons.  First, Level 2 uses an attenuated scattering ratio, as opposed to the 

actual backscatter coefficients, allowing easier detection of the first instance the signal 

rises above the background molecular signal.  The CTDS uses a threshold value that is 

significantly greater than the molecular signal and so it is not as likely to identify the 

first instance the backscatter signal rises above the molecular background.  Also, the 

CALIPSO feature finding algorithm uses a threshold array that is a function of altitude.  

There are lower threshold values at low altitudes where the cloud-free SNR is greater 

and higher threshold values at high altitudes (regions of low cloud-free SNR) 

(Vaughan et al 2005).  Similar to the cloud top detection routine used here, the 

CALIPSO feature finding routine requires a minimum feature thickness to avoid 

identifying a noise excursion as a feature.  Unlike the CTDS, however, where there is 

only one minimum thickness value (90 meters), the feature finding algorithm has a 

minimum thickness that changes with altitude and is a function of the altitude 

dependent values in the threshold array.  The dependence of the CALIPSO minimum 



 
 

45

feature thickness on altitude may allow cloud thickness to be smaller than that of the 

CTDS at low altitudes.  An additional reason for the increased sensitivity of the Level 

2 feature finding algorithm is that if the minimum feature thickness is not met there 

are two additional criteria used to establish that a legitimate feature is present.  To 

allow for the possibility of thin, dense clouds the Level 2 feature finding routine 

performs an additional test for a minimum spike thickness and spike threshold factor.  

The minimum spike thickness is slightly smaller than the minimum feature thickness.  

The spike threshold factor is a unitless number that amplifies the threshold array 

within the boundaries of the spike (Vaughan et al. 2005).  Some thin, dense clouds can 

produce a large spike in the backscatter profile but are not sufficiently thick to satisfy 

the minimum feature thickness requirement.  If the spike meets the minimum spike 

thickness and is sufficiently large that its scattering ratio is greater than the determined 

spike threshold factor, then a feature is identified.  The use of these additional two 

feature finding criteria is likely to allow the CALIPSO algorithm to identify clouds 

more often than the CTDS. 

 Figure 3.6 shows the profile-scale distribution of cloud heights from CALIPSO 

Level 2 data and those obtained with the CTDS.  On average the CALIPSO Level 2 

cloud heights match those of the CTDS for both overcast and broken cloud regions.  

Both CTDS and CALIPSO Level 2 data suggest clouds have an average altitude of 

1.17 0.27 km for overcast regions while in broken cloud regions the clouds are 

slightly higher and more variable at 1.25

±

± 0.40 km.   
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Figure 3.6  Distribution of cloud top detection scheme (CTDS) (dashed blue line) and 
CALIPSO Level 2 cloud heights (solid red line) for profiles without a lidar surface 
return in overcast regions and profiles with a lidar surface return in broken cloud 
regions.  
 

Figure 3.7 shows the profile-scale distribution of the cloud height differences between 

Level 2 and CTDS.  The differences are close to zero for both overcast and broken 

cloud regions.  The standard deviation shown in Fig 3.7 suggests that most differences 

between the CTDS and CALIPSO Level 2 data correspond to a single vertical level, 

with CALIPSO Level 2 altitudes being slightly higher than CTDS for profiles with a 

lidar surface return in broken cloud regions. 
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Figure 3.7  Distribution of differences of Level 2 cloud top altitudes from the CTDS 
altitudes (CALIPSO Level 2 − CTDS) for overcast and broken cloud regions. 
 

 Occasionally the CTDS and Level 2 cloud data disagreed on whether or not a 

cloud was detected.  Table 3.4 shows how often the two cloud detection methods 

agreed for profiles in the 78 overcast and 221 broken cloud regions.  In overcast 

regions the clouds proved to be thick and opaque, with the Level 2 and CTDS 

reporting a detected cloud in every profile, resulting in 100% agreement.  To examine 

cloud detection in broken cloud regions only profiles with a lidar surface return 

identified by the CTDS were considered.  Out of the 221 broken cloud regions 

examined there were 8,993 profiles that had a lidar surface return.  Agreement 

between the CTDS and CALIPSO Level 2 data is identified by bold type.  The total 

agreement between the CTDS and Level 2 cloud data for profiles with lidar surface 

returns was 81.18%.   
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Table 3.4  Cloud detection frequencies for the CTDS and CALIPSO Level 2 cloud 
data for overcast (a) and broken cloud regions (b). Percentages in bold type indicate 
agreement between the CTDS and CALIPSO Level 2 detection routines.  
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For profiles where there was disagreement, the CALIPSO Level 2 cloud detection 

routine identified a cloud as present more often (16.74%) when CTDS did not.  For 

comparison, the CTDS identified a cloud only 2.091% of the time when the CALIPSO 

Level 2 routine did not.  Clearly, the Level 2 cloud detection routine is somewhat 

more sensitive than the CTDS.  As mentioned above, the most likely reason for the 

increased sensitivity of the Level 2 cloud detection routine in these broken cloud 

regions is that the use of the minimum spike thickness and spike threshold factor 
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allows for the detection of thinner clouds than can be detected with the CTDS.  

Interestingly, both methods suggest that for all profiles with lidar surface returns in 

broken cloud regions roughly 50% have a coincident cloud detected.  Also, of all the 

profiles with clouds detected in the broken cloud regions (33,150), only 27% of them 

contained surface returns, meaning that the number of profiles being investigated for 

the broken cloud regions is much smaller than that for overcast regions.  

 Comparisons of CALIPSO Level 2 cloud altitudes with those from the CTDS 

revealed that a second cloud layer was occasionally reported in the Level 2 data.  In 

overcast regions there were 5 profiles out of the 11,700 (0.00043%) where there was 

an additional cloud layer detected by the Level 2 scheme.  These clouds had altitudes 

near those of the corresponding CTDS.  The altitudes of this second layer, however, 

were lower than the CTDS cloud heights by an average of 0.47± 0.06 km.  A second 

cloud layer was also occasionally found by the Level 2 routine in the broken cloud 

regions.  Looking only at profiles with both cloud and surface returns, 48 out of 4,624 

profiles with CTDS detected clouds (1.04%) had a second Level 2 cloud layer below 

or above that detected by the CTDS.  Figure 3.8 shows a distribution for these second 

layer altitudes from the CALIPSO Level 2 cloud altitudes and the corresponding 

CTDS altitudes.   
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Figure 3.8 Distribution of CTDS altitudes (dashed blue line) and the corresponding 
CALIPSO Level 2 second layer altitudes (solid red line) for profiles with a lidar 
surface return in broken cloud regions. 
 

For further analysis, Figure 3.9 shows the distribution of the profile-scale differences 

between the CTDS altitudes and CALIPSO Level 2, layer 2 cloud altitudes.  The 

second layer altitudes are on average about 270 meters below those from the CTDS in 

broken cloud regions.  A distribution for overcast regions is not included because so 

few cases contained a second layer. 
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Figure 3.9  Distribution of cloud altitude differences between CALIPSO Level 2, 
layer 2 and the corresponding CTDS altitudes (CALIPSO L2 (LAYER 2)– CTDS).  
 

 This study pays particular attention to differences in cloud properties between 

profiles with no lidar surface return and profiles with a lidar surface return.  Figure 

3.10 shows distributions of cloud altitude departures from overcast means and Figure 

3.11 shows distributions of the differences between the CTDS and CALIPSO Level 2 

departures.  The results show that the differences in cloud altitudes between Level 2 

and the CTDS are even less evident for the departures in altitudes for the overcast and 

broken clouds.  Cloud altitude departures in broken cloud regions in Fig 3.10 are taken 

from the mean of the profiles without a lidar surface return.  Clouds with a lidar 

surface return below them are reported to be slightly lower on average than those 

without a surface return for both the Level 2 routine and the CTDS.  On average, the 

differences between CALIPSO Level 2 and CTDS cloud altitude departures in 

overcast regions is near zero. 
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Overcast Regions Broken Cloud Regions 

 
Figure 3.10  Distribution of CTDS and CALIPSO Level 2 cloud height departures 
from the mean in overcast regions and departures from profiles with a CALIPSO lidar 
surface return from those without a lidar surface return in broken cloud regions. 
 
 
 

 
 

Figure 3.11  Distribution of cloud height departure differences between CALIPSO 
Level 2 and the cloud top detection scheme (CTDS) for profiles without a lidar surface 
return in overcast regions and profiles with a lidar surface return in broken cloud 
regions. 
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3.3  Comparing MODIS, PCPR and CALIPSO Observations 

 MODIS observations of overcast cloud regions were considered to provide 

reliable MOD06 cloud products.  For overcast regions the MOD06 cloud properties 

agreed with those from the partly cloudy pixel retrievals.  To simplify notation for this 

paper the partly cloudy pixel retrieval scheme will be referred to as PCPR.   Figure 

3.12 shows cloud top temperatures obtained from MOD06 and PCPR for MODIS 

pixels without a lidar surface return in overcast regions and pixels associated with a 

CALIPSO surface return in broken cloud regions.  There is good agreement for cloud 

layer temperatures in overcast regions.  MOD06 cloud top temperatures in broken 

cloud regions are typically higher than PCPR temperatures as shown in Fig 3.12.   

 

 

Overcast Regions Broken Cloud Regions 

 
Figure 3.12  Pixel scale comparisons of MOD06 and partly cloudy pixel retrievals of 
cloud top temperature for pixels without a CALIPSO lidar surface return in overcast 
regions and pixels with a surface return in broken cloud regions.   
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The higher MOD06 temperatures probably arise from emission in the cloud-free 

portions of the pixel in the retrieval. 

 Figure 3.13 shows pixel scale distributions of retrieved cloud top temperatures 

for overcast and broken cloud regions.  In overcast regions MOD06 and PCPR have 

mean temperatures within 0.7 K of each other, however, for pixels with a lidar surface 

return in broken cloud regions, the MOD06 temperatures are more than 2 K higher 

than those obtained with the PCPR scheme.  Cloud top temperatures inferred from 

CTDS cloud heights and the corresponding CALIPSO temperature profiles (dashed 

green line) have also been included in Fig. 3.13.   

 

 
 

Figure 3.13  Pixel-scale distribution of cloud top temperatures for MOD06 (dashed 
blue line), PCPR (solid red line) and CALIPSO (dashed green line) for pixels without 
a lidar surface return in 662 overcast regions and pixels with a lidar surface return in 
1,570 broken cloud regions . 
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CTDS inferred temperatures (called CALIPSO here) indicate warmer cloud top 

temperatures than those suggested by both MOD06 and PCPR.  The CALIPSO 

temperatures are on average about 5 K higher than those from PCPR for both overcast 

and broken cloud regions.  The large discrepancy between CTDS and PCPR 

temperatures in overcast regions is likely due to different temperature profiles used by 

each method.  MOD06 layer temperatures indicate an increase of cloud top 

temperature in broken cloud regions, while both CALIPSO and PCPR indicate slightly 

lower temperatures on average. 

 Figure 3.14 shows the same distributions for MOD06 and PCPR presented in 

Fig. 3.13, but organized so that the MOD06 and PCPR pixel-scale cloud temperatures 

can be easily compared for overcast and broken cloud regions.  Means and standard 

deviations are given.  It is evident that MOD06 retrieved cloud temperatures for pixels 

with a lidar surface return in broken cloud regions are higher than in overcast regions, 

while PCPR temperatures are in close agreement, as expected, given the assumptions 

underlying the PCPR scheme. 
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Figure 3.14  Pixel-scale distribution of retrieved cloud temperatures for pixels in 
overcast (dashed blue line) and broken cloud regions (solid red line) for MOD06 and 
PCPR. 
 

 Figure 3.15 indicates that PCPR optical depths in overcast regions tend to be 

slightly higher than those reported by MOD06.  In broken cloud regions both PCPR 

and MOD06 indicate smaller optical depths for pixels associated with a CALIPSO 

lidar surface return than those without.  These smaller optical depths are expected 

since clouds that allow the lidar pulse to penetrate them are, by nature, thinner than 

those without a lidar surface return.  Also, PCPR optical depths are shown to be higher 

for pixels with a lidar surface return than those reported by MOD06.  This agrees with 

results presented in Coakley et al. (2005) in which optical depths for partly cloudy 

imager pixels were found to be smaller for threshold based retrievals than for 

retrievals that take into account the partial cloud cover within pixels.   
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Figure 3.15  MOD06 and partly cloudy pixel retrieval of visible optical depth for 
pixels without a lidar surface return in overcast regions and with a lidar surface return 
in broken cloud regions.   
 

 Figure 3.16 shows the pixel scale distributions of the 0.64-µm optical depth for 

MOD06 (dashed blue line) and PCPR (solid red line) in overcast and broken cloud 

regions.  Means and standard deviations are given and confirm the observation that 

PCPR optical depths are greater than MOD06.   
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Figure 3.16  Pixel-scale distribution of MOD06 (dashed blue line) and PCPR (solid 
red line) visible optical depth for pixels without an associated lidar surface return in 
overcast regions and pixels with an associated surface return in broken cloud regions. 

 
 
Now, looking only the broken cloud regions, the decrease of optical depth for pixels 

associated with a CALIPSO lidar surface return compared to those pixels without a 

surface return is significant for both MOD06 and PCPR, as shown in Figure 3.17.  Fig. 

3.17 shows optical depths for pixels associated with a lidar surface return (solid red 

line) and pixels associated with no lidar surface return (dashed blue line) in broken 

cloud regions for MOD06 and PCPR.  Both MOD06 and PCPR optical depths are 

lower for pixels associated with a lidar surface return than for pixels associated with 

no lidar surface return in broken cloud regions.  PCPR indicates greater optical depths 

than MOD06 for pixels with and without a lidar surface return. 
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Figure 3.17  Pixel-scale distribution of MOD06 and PCPR visible optical depth for 
pixels without a lidar surface return (dashed blue line) and pixels with a lidar surface 
return in broken cloud regions (solid red line). 
 

 Figure 3.18 is similar to Fig. 3.16, however, it represents the distribution of 

cloud optical depths for all profiles, regardless of region classification.  Pixels 

considered as overcast were taken from both overcast and broken cloud regions.  For 

all 3,131 regions the average optical depth for pixels not associated with a lidar 

surface return is smaller than that for the overcast regions shown in Fig. 3.16.  For 

both Fig. 3.16 and Fig. 3.18 the pixels not associated with a lidar surface return have 

PCPR optical depths that are approximately 1.75 higher than the MOD06 optical 

depths.  Pixels associated with a lidar surface return have optical depths that are 

similar to those of pixels in regions classified as broken.  In both cases, the PCPR 

optical depths are on average almost 2 greater than those reported by MOD06 for 

pixels associated with a lidar surface return. 
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WITHOUT LIDAR SURFACE RETURNS WITH LIDAR SURFACE RETURNS

Figure 3.18  MOD06 and PCPR optical depth for all pixels, regardless of scene 
classification, without an associated CALIPSO lidar surface return and with a lidar 
surface return. 
 

 Figure 3.19 shows the MOD06 and PCPR 2.1-µm derived droplet radius for 

pixels without a lidar surface return in overcast regions and pixels with a surface return 

in broken cloud regions.  MOD06 and PCPR droplet radii appear to be in good 

agreement for overcast pixels.  For broken cloud regions the radii exhibit considerable 

differences for pixels with a lidar surface return. 
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Figure 3.19  MOD06 and partly cloudy pixel retrieval of 2.1-μm derived droplet 
effective radius for pixels without a lidar surface return in overcast regions and pixels 
with a surface return in broken cloud regions.   
 

 Figure 3.20 shows the pixel scale distribution of the 2.1-μm derived droplet 

effective radius for MOD06 (dashed blue line) and PCPR (solid red line) in overcast 

and broken cloud regions.  Means and standard deviations are given.  It is apparent 

that droplet radius increases for both retrieval schemes for pixels with a lidar surface 

return in broken cloud regions when compared to overcast regions.  The PCPR scheme 

assumes a constant layer altitude for partly cloudy pixels, but when cloud heights for 

clouds in the partly cloudy pixels are actually higher (lower emission temperature) 

than the assumed layer altitude, the PCPR scheme overestimates the cloud cover, and 

underestimates the near infrared reflectance of the overcast portion of the pixel.  The 

outcome is slightly larger droplets.  Also, photon leakage through the sides of small 

clouds can limit the amount of reflected sunlight, resulting in larger retrieved droplet 

radii.   
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Figure 3.20  Pixel scale comparisons for MOD06 (dashed blue line) and PCPR (solid 
red line) 2.1-µm derived droplet effective radius for pixels without a lidar surface 
return in overcast regions and pixels with a lidar surface return in broken cloud regions.  
 

 Figure 3.21 shows distributions of MOD06 and PCPR derived droplet radius 

for pixels associated with a lidar surface return and pixels not associated with a 

surface return in broken cloud regions.  By concentrating only on broken cloud 

regions, as shown in Fig. 3.21, it is clear that both MOD06 and PCPR derived droplet 

radii for pixels without an associated lidar surface return (overcast pixels) are greater 

than droplet radii for pixels with a surface return.  This difference is more pronounced 

for the PCPR droplet radii than for the MOD06 droplet radii.  Similar distributions 

were found for 1.6 and 3.7-µm derived droplet effective radius.   
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Figure 3.21  Pixel-scale distribution of MOD06 and PCPR 2.1-µm derived droplet 
radius for pixels without an associated lidar surface return (dashed blue line) and 
pixels with a lidar surface return (solid red line) in broken cloud regions. 
 

 Figure 3.22 shows the pixel-scale distribution of MOD06 (dashed blue line) 

and PCPR (solid red line) 1.6-μm derived droplet effective radius for overcast and 

broken cloud regions.  Figure 3.23 shows distributions of MOD06 and PCPR 1.6-µm 

derived droplet radius for pixels associated with a lidar surface return and pixels with 

no surface return in broken cloud regions.  It is apparent that the MOD06 1.6-µm 

derived droplet radii for pixels with a lidar surface return are larger on average than 

those without a surface return (overcast pixels).  The overestimation of droplet radius 

is consistent with assuming a pixel is overcast when it is only partly cloudy (Coakley 

et al. 2005).  PCPR derived droplet radii for pixels with a lidar surface return are 

smaller than those for pixels without one.   
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Figure 3.22  Pixel-scale distribution of 1.6-µm derived droplet radius for pixels 
without a lidar surface return in overcast regions (dashed blue line) and pixels with a 
lidar surface return in broken cloud regions (solid red line).   
 
 
 

 

Figure 3.23  Pixel-scale distribution of MOD06 and PCPR 1.6-µm derived droplet 
radius for pixels without a lidar surface return (dashed blue line) and pixels with a 
surface return (solid red line) in broken cloud regions. 
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The distributions of the 3.7-μm derived droplet radius, shown in Figure 3.24, indicate 

smaller droplets are present in clouds with surface returns in broken cloud regions 

when compared to overcast regions.  The smaller droplet radii may be a better 

representation of the droplet size distribution because liquid water is more absorbing 

at the 3.7-μm wavelength, allowing for less photon leakage out the sides of small 

clouds. 

 

 

Figure 3.24  Pixel-scale distribution of 3.7-µm derived droplet effective radius for 
pixels without a lidar surface return in overcast regions (dashed blue line) and pixels 
with a lidar surface return in broken cloud regions (solid red line).   
 

Again, focusing only on broken cloud regions, Figure 3.25 shows distributions of       

3.7-µm derived droplet radius for pixels with and without a lidar surface return.  The 

MOD06 and PCPR derived droplet radii are smaller for pixels associated with a lidar 

surface return than pixels without a surface return (overcast pixels), consistent with 

cloud parcel model assumptions based on the optical depths for the same pixels 

reported earlier (lower optical depths).   PCPR 3.7-µm derived droplet radii have a 
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greater average size difference between pixels with and without a lidar surface return 

than indicated by MOD06 (1.49 µm for PCPR and 0.88 µm for MOD06).  Also, PCPR 

droplet radii are smaller on average than indicated by MOD06 for pixels with a 

surface return.  These smaller droplet radii are likely the result of PCPR taking into 

account fractional cloud cover within each pixel. 

 

 

Figure 3.25  Pixel-scale distribution of MOD06 and PCPR 3.7-µm derived droplet 
radius for pixels without a lidar surface return (dashed blue line) and pixels with a 
surface return (solid red line) in broken cloud regions. 
 

 The MODIS cloud product includes information on cloud top pressure so 

comparisons were made between MOD06 cloud top pressures and those calculated 

from the coincident CALIPSO temperature and pressure profiles.  Figure 3.26 shows a 

distribution of pixel-scale cloud top pressures for pixels without a lidar surface return 

in overcast regions and pixels associated with a CALIPSO lidar surface return in 

broken cloud regions.  Means and standard deviations are given.  In overcast regions 

pressure distributions for both MOD06 and CALIPSO have a similar shape and 
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resemble a Gaussian or normal distribution with a mean pressure of 733.71 hPa for 

MOD06 and 880.68 hPa for CALIPSO.  In overcast regions the MOD06 (solid red 

line) cloud top pressure is approximately 147 hPa lower on average than pressures 

inferred from CALIPSO returns, indicating altitudes that are approximately 1.5 km 

higher.  MODIS cloud top pressures appear to take discrete values within the 

atmosphere.  Lower MODIS cloud top pressures in overcast regions are likely due in 

part to the use of different pressure profiles than those included with CALIPSO data. 

 

 

Overcast Regions Broken Cloud Regions 

 
Figure 3.26  Distributions of cloud top pressure for MODIS (solid red line) and 
CALIPSO (dashed blue line) for pixels without a lidar surface return in overcast 
regions and pixels with a surface return in broken cloud regions. 
 

Although MOD06 indicates cloud top pressures for pixels with surface returns in 

broken cloud regions are on average 22.25 hPa less than those inferred from the CTDS, 

there is a wide distribution of cloud top pressures suggesting a wide range of cloud top 

altitudes with the highest frequency of them near 930 hPa, suggesting lower clouds 
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than indicated by the CTDS.  Now, focusing only on the broken cloud regions, Figure 

3.27 shows distributions of MODIS and CALIPSO inferred cloud top pressures for 

pixels with a lidar surface return (solid red line) and pixels with no surface return 

(dashed blue line).  Clearly, the MODIS cloud top pressure for pixels associated with a 

lidar surface return is higher than for those pixels without surface returns within the 

same region.  CALIPSO inferred pressures show little variation within the same region. 

 

 

Broken Cloud Regions Broken Cloud Regions 

Figure 3.27  MOD06 and CALIPSO cloud top pressure for profiles without a lidar 
surface return (dashed blue line) and profiles with a lidar surface return (solid red line) 
in broken cloud regions.  
 

 Figure 3.28 shows a pixel-scale distribution of cloud top altitudes determined 

by the partly cloudy pixel retrieval scheme (red line) and CTDS (dashed blue line).  

Cloud top altitudes were compared for both overcast and broken cloud regions.  

Means and standard deviations are given.  CTDS cloud altitudes in overcast regions 

were on average over 800 meters lower than those indicated by PCPR.  In broken 
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cloud regions the CTDS cloud heights for profiles with surface returns were on 

average 920 meters lower than those indicated by PCPR.  CTDS cloud heights in 

broken cloud regions were found to be 90 meters lower on average than in the overcast 

regions, while PCPR cloud heights were 80 meters higher on average.  Higher PCPR 

cloud heights are likely due to the use of different temperature and pressure profiles 

than those supplied with CALIPSO data.  Both distributions appear Gaussian except 

for the small spike in cloud altitudes near 0.5 km for the CTDS.  This spike explains 

the similar spike in the CTDS inferred cloud top pressures near 1000 hPa for broken 

cloud regions in Fig. 3.26. 

 

 

Overcast Regions Broken Cloud Regions 

 
Figure 3.28  Distribution of cloud top altitudes determined by the partly cloud pixel 
retrieval scheme (solid red) and CALIPSO (dashed blue) for profiles without a lidar 
surface return in overcast regions and profiles with a lidar surface return in broken 
cloud regions. 
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Focusing on the broken cloud regions, Figure 3.29 shows distributions of PCPR and 

CALIPSO cloud altitudes for pixels with no lidar surface return and pixels with a 

surface return.  Clearly, both PCPR and CTDS show little variation between the cloud 

altitudes of pixels with a lidar surface return and those without a surface return within 

the same region.  The PCPR cloud heights for pixels associated with a lidar surface 

return are only about 30 meters higher on average than those pixels without a surface 

return.  The CTDS cloud heights are approximately 170 meters lower on average for 

profiles with a surface return than profiles with no surface return in broken cloud 

regions.  The larger difference of the CTDS cloud altitudes for profiles with and 

without a lidar surface return is likely due to upturns and downturns near cloud edges 

where surface returns are often found and will be discussed in the next section. 

 

 

Broken Cloud Regions Broken Cloud Regions 

Figure 3.29  Distribution of PCPR and CTDS cloud top altitudes for pixels associated 
with no lidar surface return (dashed blue line) and pixels with a surface return (solid 
red line) in broken cloud regions. 
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 3.4 MODIS, PCPR and CALIPSO Cloud Property Departures 

 Departures of optical depth, droplet radius and cloud top temperature from the 

mean of pixels not associated with a CALIPSO lidar surface return were investigated 

for MOD06 and the partly cloudy pixel retrieval method.  Departures were calculated 

for each 50-km region independently.  To be considered, the imager pixels were 

required to have a valid MOD06, CALIPSO cloud temperature, and partly cloudy 

pixel retrieval, thereby ensuring that the same pixels were being compared.  It should 

be mentioned that because the CALIPSO lidar has a resolution of 333 meters there 

were up to three CALIPSO profiles for every one MODIS pixel.  Consequently, the 

collocation routine identified the same MODIS pixel up to three times, resulting in up 

to 150 MODIS pixels being identified for each 50-km region and meaning that for all 

the MOD06 and PCPR results shown in this thesis many distinct imager pixels were 

counted more than once.   

 3.4.1 Temperature departures 

 Retrieved cloud top temperatures are likely to be noticeably affected by surface 

emission in the cloud-free portions of the partly cloudy pixels.  Figure 3.30 shows 

departures of cloud temperatures from the mean of all overcast pixels in a region for 

MOD06 (dashed blue line), PCPR (red line) and CALIPSO (dotted and dashed green 

line).  Means and standard deviations of the departures are given.  Temperature 

departures are approximately zero for most pixels in overcast regions for all methods, 

but temperature departures do not agree in broken cloud regions for all methods.  In 

broken cloud regions PCPR and CALIPSO indicate small departures with means near 
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zero, while MOD06 suggests departures averaging over 1 K.  In addition, the wide 

range of MOD06 cloud top temperatures indicates large variations in cloud altitudes 

and suggests other retrieved cloud properties may also be biased.  In the broken cloud 

regions CALIPSO indicates a greater variation of cloud top temperatures    

(0.07 0.62 K) than in overcast regions (0.00± ± 0.21 K).  The slightly higher mean and 

larger standard deviation of the CALIPSO inferred temperature departures in broken 

cloud regions is likely due to the following:  First, the mean of the CALIPSO inferred 

temperature departures is greater than zero because clouds in broken regions tend to be 

thinner.   

 
 

 

PIXELS WITH NO LIDAR 
SURFACE RETURN 

PIXELS WITH A LIDAR 
SURFACE RETURN 

 
Figure 3.30  Pixel-scale distribution of temperature departures from the mean of 
pixels with no lidar surface return (overcast pixels) for MOD06 (dashed blue line), 
PCPR (solid red line), and CALIPSO inferred temperatures (dotted and dashed green 
line).  Produced for pixels associated with no lidar surface return in overcast regions 
and pixels with a surface return in broken cloud regions. 
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Consequently, the lidar is able to penetrate further into these clouds, making them 

appear lower resulting in slightly warmer temperatures.  Second, the edges of clouds 

often exhibit upturns and downturns (C. Bretherton, personal correspondence, 2007), 

resulting in a less uniform cloud top altitude when compared with overcast regions.  

Figure 3.31 shows an example of the upturns and downturns present in a 50-km region 

of broken clouds.  Surface returns are common near the edges of clouds, in the areas 

where these upturns and downturns appear, and since only profiles with a lidar surface 

return are included in the analysis of broken cloud regions, the temperature departures 

are expected to be greater than those in overcast regions.  The cloud top altitude 

variations are also evident in the corresponding 50-km lidar scene constructed from 

532-nm total attenuated backscatter coefficients. 
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Figure 3.31 CTDS cloud top altitudes with corresponding surface returns using the 
cloud top detection scheme in a 50-km broken cloud region showing downturns near 
cloud edges.  The corresponding scene constructed from backscatter profiles is also 
shown.  [UTC 2006-224-19:34:23.103] 
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 3.4.2 Calculation of moment of inertia and slope 

 Based on inferences from cloud parcel models, cloud temperature should have 

an effect on optical depth and droplet radius, so data were examined to investigate the 

extent of any dependence.  It was difficult to decipher a clear signal from scatter plots 

of the raw data so color contour plots were created using data binned according to 

temperature, optical depth, and droplet radius, as described below.  After data were 

binned, a slope of the resultant plot was determined to identify trends in the data.  By 

treating the plot as a two dimensional body a trend line could be determined by 

calculating the rotation of the principle axes of inertia from the original axes.  First, 

the binned data was treated as a collection of point masses.  Each bin had a specific 

distance x and y (optical depth and temperature or droplet radius and temperature) 

from the origin and had an effective mass equal to the number of counts in the bin.  

The moments of inertia about the x and y axis are given by  

2
i

i
ix ymI ∑=                                                    (3.4) 

2
i

i
iy xmI ∑=                                                      (3.5) 

ii
i

iyxxy yxmII ∑==                                         (3.6) 

The principle moments of inertia are calculated about the center of mass (Tipler 1982).  

The coordinates of the center of mass are given by 

i
i

icm xm
M

X ∑=
1 , and                                   (3.7) 
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i
i

icm ym
M

Y ∑=
1 ,                                           (3.8) 

where M is the total mass of the system and is given by 

∑=
i

imM .                                                   (3.9) 

The moments of inertia about the center of mass can be determined through the use of 

Steiner’s parallel axis theorem (Thornton and Marion 2004 and Tipler 1982).  They 

are given by 

2MhII cm −= .                                            (3.10) 

In this case, the moment of inertia, I, refers to the original moments of inertia about 

the origin and h is the distance from the origin to the center of mass.  An inertia tensor 

can be constructed using the moments of inertia about the center of mass so that  

⎥
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⎤
⎢
⎣

⎡
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yyyx

xyxx

II
II

I  

Conveniently, the principle moments and axes of inertia are the eigenvalues and 

eigenvectors of the inertia tensor (Thornton and Marion 2004).  After the principle 

axes have been determined a rotation angle between them and the original x and y axes 

can be calculated by determining the angle between the two vectors using the law of 

cosines  

2
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2
2

2
1

2
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=φ                                       (3.11) 

where  are the x and y coordinates of the unit vector for the x axis of the first 

coordinate system and are the coordinates of a unit vector along the principle 

11 , yx

22 , yx
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axis of the rotated coordinate system.  The eigenvectors are the principle axes in the  

x-y coordinate system.  The slope of the principle axis, which is also the slope of the 

trend line, is obtained from the angle, SLOPE=)tan(φ  

 Another approach to determining the slope is to find the rotation matrix which 

transforms the moments of inertia in the original coordinate system into one aligned 

with the principle moments.  The transformation of one coordinate system to another 

can be represented by a matrix equation of the form 

AXX =′  

where the rotation matrix, , is given by A
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⎞
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=A                                          (3.12) 

with  being the new coordinate system and  the old one (Thornton and Marion 

2004).  Expanding this expression and performing matrix operations returns 
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Similar to (3.4)-(3.6) the moments of inertia of the new coordinate system (principle 

axes) are given by  

∑                                                 (3.14) 

2
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iy xmI ′=′ ∑                                                   (3.15) 
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77

Substituting for and in (3.14), (3.15), and (3.16) and then expanding , x′ y′ xI ′ yI ′ , and 

 gives  xyI ′

)cos()sin(2)(sin)(cos 22 φφφφ xyyxx IIII ++=′                           (3.17) 

)cos()sin(2)(cos)(sin 22 φφφφ xyyxy IIII −+=′                     (3.18) 

))(sin21()cos()sin()( 2 φφφ −+−=′ xyxyxy IIII                       (3.19) 

where Ix, Iy, and Ixy are the moments of inertia in the original coordinate system with 

the origin at the center of mass.  By convention, the product moment of inertia, xyI ′ , is 

zero with respect to the principle axes ( x′ and y′ ).  Consequently, the angle between 

the two coordinate systems can be obtained by setting 0=′xyI , and is given by 
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II
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φ                                      (3.20) 

Finally, the slope is calculated, as before, from the tangent of the rotation angle. 

 3.4.3 Departures of Optical Depth and Temperature 

 Figure 3.32 shows populations of MODIS optical depth and temperature 

departures from the mean for pixels with no CALIPSO lidar surface return.  

Departures of optical depth, τΔ , were placed in bins with a width of 0.125 that ranged 

from −15 to 15.  Departures of temperature, cTΔ , were placed in bins of 0.25 K that 

ranged from −3 to 3 K.  Only bins with at least 5 data points are displayed.  Colors 

shifted toward red and white indicate high concentrations of measurements.  Trend 

lines displayed on Figures 3.32 through 3.51 are calculated from bins containing at 
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least 5 data points.  The slope of the trend line, cTΔΔτ , (black line) is –122.85 K-1 

and indicates that cloud optical depth increases as temperature decreases.  The trend 

agrees with simple adiabatic cloud parcel models and suggests that the increased 

vertical extent of thicker clouds results in a lower retrieved cloud top temperature.  

Although this apparent agreement with cloud parcel models is promising, it may be 

artificial, resulting from MOD06’s choice of gridded layer temperatures.  These 

discrete temperature values may produce a bias in the observed trend.   

 

 

MOD06 OVERCAST REGIONS 

 
Figure 3.32  MOD06 visible optical depth and cloud top temperature departures from 
the mean of pixels without a lidar surface return for overcast regions.  The mean and 
standard deviation of CALIPSO inferred cloud top temperatures (red bar) is 

K.  The slope of the principle axis 21.01076.1 5 ±×− −
cTΔΔτ  (black line) is  

–122.85 K-1. 
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5 ±×− −

6

5−

The value of the mean and standard deviation of the CALIPSO inferred temperature 

departures was found to be centered near zero at K (red bar) and 

indicates that CTDS detected cloud altitudes have very little variation.  The mean of 

the MODIS temperature departures for the overcast regions was also near zero but had 

a standard deviation about twice as great as CALIPSO at K.  Bins 

with a high density of data points fell within the range of the CALIPSO inferred 

temperature departures.  MOD06 optical depth departures were found to have a mean 

and standard deviation of . 

21.01076.1

1047.1 ×− − 50.0±

60.41016.4 ±×−

 Tables 3.5 through 3.18 present the rotation of the principle axes from the 

original x  and y  axes and the corresponding slopes of the principle axes.  Initially, 

only data from the 5th percentile of bins were to be considered in the calculation of the 

principle axes.  The large number of bins with only a single value in them, however, 

meant that the lowest percentile of bins that could be calculated for each relationship 

often ranged between the 7th and 20th percentile, making the use of the 5th percentile 

unreliable.  To address this issue, and to ensure some standardization for all 

relationships, predetermined bin counts were used to examine the influence of the 

minimum bin count on the calculated slope of the trend lines.  The first minimum was 

set at 1.5 counts.  This value was chosen as it was the closest value to the 5th percentile 

of number concentration for all of the cloud property relationships considered.  Three 

other values were considered, 5, 10, and 15 counts.  Finally, as an extreme, the 

average number of nonzero bin counts was also taken as a minimum bin count.  This 

value varied and was sometimes as high as 165 and as low as 7.4, depending on the 
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relationship and cloud conditions considered.  Using this value assisted in providing a 

better understanding of the dependence of the principle axis slope on the minimum bin 

count for each relationship.  For tables 3.5 through 3.18 the bin count value followed 

by an asterisk corresponds to the mean count of all the bins with at least one count. 

 Table 3.5 shows that as bin count increases for the MOD06 τΔ and  

relationship (Fig. 3.32) the magnitude of the slope, (

cTΔ

cTΔΔτ ), increases (trendline 

becomes more vertical), suggesting that optical depth becomes more dependent on 

temperature.  Only 19% of the bins contained values greater than the largest minimum 

bin count, which in this case was the average of the nonzero counts, 39.5. 

 
Table 3.5  Rotation of principle axes with increasing bin count requirements for 
MOD06 optical depth and temperature departures.  Bin percentages are based on 
2,292 bins with at least one data point. 
 

)(K 1−ΔΔ cTτ  
Minimum Count % Bins >Count Slope  

θ (degrees) 
Rotation

 

15  0.42201  –135.766  35.7% 

5  0.46638  –122.849  59.8% 
10  0.42316  –135.398  43.5% 

39.5*  0.31535  –181.687  18.9% 

1.5  0.55426  –103.369  94.0% 

 
 Figure 3.33 is identical to Fig 3.32, but constructed using the PCPR τΔ  and 

 values. The slope of the trend line,cTΔ cTΔΔτ , was found to be positive at  

211.236 K-1, indicating a slight increase of optical depth with temperature.  The trend 

contradicts expectations from cloud parcel models with fixed lifting condensation 

levels.  PCPR temperature departures were on average centered near zero at 
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17.01057.4 6 ±× −

21.4

K and like MODIS were mostly within the range of the CALIPSO 

inferred temperature departures, indicating that MOD06, PCPR and CALIPSO are in 

agreement for cloud temperature departures in overcast regions.  Of note is the 

observation that PCPR temperature departures appear to vary even less than the 

MOD06 departures, allowing for better agreement with CALIPSO.  PCPR optical 

depth departures for overcast regions were found to have a mean and standard 

deviation of − . 23.510 5 ±× −

 

 

PCPR   OVERCAST REGIONS 

 
Figure 3.33  PCPR departures of visible optical depth and cloud top temperature for 
profiles without a lidar surface return in overcast regions.  The slope of the principle 
axis (black line) is 211.236 K-1 ( cTΔΔτ ).  The mean and standard deviation of the 
CALIPSO inferred temperature departures (red bar) is K.   21.01076.1 5 ±×− −
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 Table 3.6 shows that the slope ( cTΔΔτ ) varied by 42.04 K-1 when the 

required bin counts were increased, however, there did not appear to be any trend in 

the magnitude of the slope.  Evidently, the slope lies somewhere between 210 and  

260 K-1 (235 25 K-1).  The average number of data points in a bin for all bins with at 

least one data point was 58.8.  Approximately 19.5% of all bins had greater than the 

average number of data points.  The maximum number of points in a bin was 1,083, 

indicating that most of the data points were concentrated in a small area with very 

small temperature departures. 

±

 
Table 3.6  Rotation of principle axes with increasing bin count requirements for PCPR 
optical depth and temperature departures in overcast regions.  Bin percentages are 
based on 1,540 bins with at least one data point. 
 

)(K 1−ΔΔ cTτ  
Minimum Count  % Bins >Count Slope  

θ (degrees) 
Rotation 

1.5  –0.22629  253.186  93.5% 
5  –0.27135  211.142  61.4% 

 

10  –0.26367  217.298  46.4% 
15  –0.26758  214.124  39.4% 
58.8*  –0.24264  236.127  19.5% 

 
 Temperature departures for MOD06, PCPR, and CALIPSO were shown above 

to be in agreement for overcast regions (clouds without a lidar surface return).  

MOD06 cloud temperature and optical depth measurements in regions of broken 

clouds (clouds with a lidar surface return) showed considerable disagreement with the 

CALIPSO and PCPR results.  Figure 3.34 indicates that MOD06 temperature 

departures of cloudy pixels with a CALIPSO lidar surface return were much more 
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variable than in overcast regions.  Departures for each region were calculated from the 

mean of overcast pixels collocated with at least 5 CALIPSO profiles in which no lidar 

surfaced return was detected.  The 5 pixel minimum was required to ensure that the 

means were representative of the region.  Only 1,411 broken cloud regions met the 

criteria of at least 5 overcast pixels aligned along the lidar track.  Analysis of all 1,411 

regions revealed that the average number of pixels without a lidar surface return 

(overcast pixels) in each 50-km region was 93.   

 

 

MOD06      BROKEN CLOUD REGIONS 

 
Figure 3.34  MOD06 departures of optical depth and temperature from overcast 
means in broken cloud regions.  The principle axis ( cTΔΔτ ) has a slope of –2.83 K-1 
(black line).  The mean and standard deviation of the CALIPSO inferred temperatures 
(red bar) is 0.068 0.62 K. ±
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The slope of the principle axis for optical depth with respect to temperature ( cTΔΔτ ) 

was found to be –2.84 K-1, indicating a much weaker dependence of optical depth on 

temperature than in the overcast regions.  The weak dependence of optical depth on 

temperature is likely the result of the surface emission in the cloud-free portions of 

partly cloudy imager pixels that MODIS considers overcast.  The mean and standard 

deviation of the CALIPSO inferred temperature departures for clouds with lidar 

surface returns was 0.068± 0.62 K, while the MOD06 temperature departures in 

broken cloud regions had a mean of 1.17± 1.46 K.  The range of these MOD06 

temperature departures did not coincide with those inferred from CALIPSO, further 

supporting the notion that MODIS retrievals are being affected by surface emission.  

MODIS optical depth departures were found to have a mean and standard deviation of  

–3.08 3.11. ±

 Table 3.7 shows that as the number of data points required to be in a bin was 

increased the calculated angle of rotation also increased resulting in a decrease in the 

cTΔΔτ slope.  The decrease of the slope suggests that optical depth becomes even 

less dependent on cloud top temperature when bins with higher densities of data points 

are examined, but the decrease is slight. 
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Table 3.7  Rotation of principle axes with increasing minimum bin counts for 
departures of MOD06 optical depth and temperature in broken cloud regions.  Bin 
percentages are based on 2,403 bins with at least one data point. 
 

)(K 1−ΔΔ cTτ

 

 

 Figure 3.35 is similar to Fig. 3.34, but for the PCPR optical depth and cloud 

top temperature departures for clouds in broken cloud regions.  The results are similar 

to those for overcast regions (Fig. 3.33).  The mean and standard deviation of PCPR 

temperature departures were found to be –0.02± 0.27 K and were mostly within the 

standard deviation of CALIPSO inferred temperatures.  The slope of the principle axis 

( cTΔΔτ ) was again positive and found to be slightly greater than for overcast regions 

at 126.401 K-1.  The positive slope of cTΔΔτ  for PCPR in both overcast and broken 

cloud regions may be due, in part, to the assumption of a constant layer altitude.  

Cloud base altitudes can be more variable than cloud tops (C. Bretherton, personal 

correspondence, 2007) and are often affected by updrafts and downdrafts.  These 

updrafts and downdrafts may be affecting the apparent thickness of the cloud, causing 

higher, cooler clouds to have lower optical depths and lower, warmer clouds to have 

higher optical depths.  The mean and standard deviation of the PCPR optical depth 

departures from overcast pixels in broken cloud regions was –2.74 3.38.   ±

 θ
Minimum Count  

(degrees) 
Rotation Slope  % Bins >Count 

5  19.3981  –2.82995  38.4% 
8.6*  20.9155  –2.61662  27.3% 

1.5  16.2540  –3.42994  78.0% 

10  22.2023  –2.45015  22.2% 
15  24.3435  –2.21023  15.7% 



 
 

86

 

 

PCPR            BROKEN CLOUD REGIONS 

 
Figure 3.35  Departures of optical depth and temperature derived from the partly 
cloudy pixel retrieval scheme for regions with broken clouds.  The slope ( cTΔΔτ ) of 
the principle axis (black line) is 138.21 K-1.  The mean and standard deviation of the 
CALIPSO inferred temperatures (red bar) is 0.068± 0.62 K 
 

 The results in Table 3.8 show the sensitivity of the slope to changes of the 

minimum count required for the data bins.  The slope of the trend line is between 115 

and 150 K-1 (132± 17.5 K-1) and is similar to that in overcast regions with no obvious 

dependence on the minimum bin count. 
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Table 3.8  Rotation of principle axes with increasing minimum bin count for optical 
depth and temperature departures of pixels associated with a lidar surface return from 
those without (overcast pixels).  Bin percentages are based on 1,050 bins with at least 
one data point. 
 

)K( 1−ΔΔ cTτ

 

For ease of comparison Table 3.9 presents the slopes for MOD06 and PCPR optical 

depth and temperature departures for both overcast and broken cloud regions.  For 

PCPR the slopes are indicative of large optical depth variations over a small range of 

temperatures.  MOD06 has large differences in the trends for overcast and broken 

cloud regions. 

 
Table 3.9  Rotation of principle axis and corresponding slopes calculated for MOD06 
and PCPR optical depth and temperature departures for overcast and broken cloud 
regions.  Slopes were calculated from bins containing at least 6 counts. 
 

 

 

)K( 1−ΔΔ cTτ  θ (degrees) 
Slope  Rotation

MOD06  
Overcast Regions    0.46638             –122.849 
Broken Cloud Regions 19.3981 –2.82990

PCPR 
Overcast Regions –0.27135 211.142
Broken Cloud Regions           –0.41454              138.213 

 θ
Minimum Count  

(degrees) 
Rotation Slope  % Bins >Count 

1.5  –0.49148 116.5751 77.7% 
5  –0.41454  138.2126  41.8% 
10  –0.49579  115.5618  28.9% 
15  –0.39404  145.4017  21.0% 
19.8*  –0.38104  150.3617  19.1% 
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 Examination of the correlation of the calculated trend lines to the observations 

revealed that the principle axes did not represent the best fit to the data. Therefore, the 

correlation of the observations was examined by using a least squares fit.  The 

correlation coefficient of the data with a least squares fit trend line is given by 

)(
))(()(

2

22
2

i

ciii bTa
r

τσ
τστσ
Δ

+Δ−Δ−Δ
=                               (3.21) 

Where is the variance of the optical depth departures,  is the 

equation of the least squares trend line with  being the slope and b  the 

)(2
iτσ Δ bTa c +Δ

a y  intercept, 

and  is the variance of the actual optical depth departures from 

those predicted by the least squares trend line.  In overcast regions little correlation 

was found for both MOD06 and PCPR observations of 

))bTci +Δσ ((2 ai −Δτ

τΔ and cTΔ .  For MOD06 

and for PCPR .  In broken cloud regions the 009.0= r2r 021.02 = 2r correlation of 

PCPR τΔ TΔand  observations was no better with r .  MOD06 observations 

in broken cloud regions, however, showed some correlation with .  MOD06 

and PCPR observations of 

c 0112 .0=

265.02 =r

τΔ and cTΔ  in overcast regions and PCPR observations in 

broken cloud regions likely represent independent distributions of values, giving rise 

to the lack of correlation between them.   

 3.4.4 Departures of Droplet Radius and Temperature 

 Figure 3.36 shows MOD06 2.1-μm derived droplet radius and temperature 

departures from their means for overcast regions.  Data were binned according to 

droplet radius and temperature departures.  Bin widths for temperature departures 
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2

were 0.125 K with a range of −3 to 3 K.  Bin widths for departures of droplet radius 

were 0.25 µm with a range of −6 to 6 μm.  Only bins containing at least 6 data points 

were considered for the slope calculation.  There was little variation of droplet radius 

with temperature.  The mean and standard deviation of MOD06 temperature 

departures were near zero at K.  The range of MOD06 temperature 

departures is larger, but still reasonably close to that suggested by CALIPSO 

( K).   

5.01051.1 5 ±×− −

1.01076.1 5 ±×− −

 

 

MOD06   OVERCAST REGIONS 

 
Figure 3.36  Departures of MOD06 2.1-µm derived droplet effective radius and cloud 
top temperature for 662 overcast regions.  The slope of the ce TR ΔΔ  principle axis 
(black line) is –38.27 μm K-1.  The mean and standard deviation of CALIPSO inferred 
temperatures (red bar) is − K. 21.01076.1 5 ±× −
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The slope of the principle axis, ce TR ΔΔ , was found to be –38.27 µm K-1, indicating 

that droplet radius increased as temperature decreased, agreeing with inferences from 

cloud parcel models that thicker, cooler clouds tend to have larger droplets.  The mean 

and standard deviation of the 2.1-μm derived droplet radius departures were found to 

be centered near zero at 18.85.9− 110 6 ±× − μm .   

 Table 3.10 shows the slope ( ce TR ΔΔ ) calculated for increasing minimum bin 

counts.  As the required minimum count increased the slope became steeper, 

indicating a greater dependence of droplet radius on cloud top temperature.   

 Figure 3.37 shows similar trends for the MOD06 1.6 and 3.7-µm droplet radius 

and temperature departures from the means in overcast regions.  The trends of the 1.6 

and 3.7-µm derived droplet radius are similar to that for the 2.1-µm derived droplet 

radius and provide additional support to the cloud parcel model assumption that 

droplet radius increases as temperature decreases. 

 
Table 3.10  Rotation and slope of principle axes for MOD06 2.1-µm derived droplet 
radius and temperature departures for overcast regions calculated for increasing 
minimum bin count. Percentages are based on 877 bins that contained at least one data 
point. 
 

ce TR ΔΔ  (μm K-1)  
% Bins >Count Minimum Count  Slope  

θ (degrees) 
Rotation

1.5  1.867682  –30.6667       94.2% 
5  1.496698  –38.2727       69.7% 
10  1.251085  –45.7896       53.5% 
15  0.824954  –69.4484       46.1% 

 
103*  0.603381  –94.9544       16.8% 
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Figure 3.37  Departures of MOD06 1.6 and 3.7-µm derived droplet radius and cloud 
top temperature for overcast regions. 

 

 Figure 3.38 shows the corresponding departures of PCPR droplet radius and 

cloud top temperature.  The slope of the principle axis ( ce TR ΔΔ ) was determined to 

be positive with a magnitude of 24.53 µm K-1.  The positive slope indicates an 

increase of droplet radius with temperature.  Similar to the relationship of τΔ  and 

 for the partly cloudy pixel retrieval method, the trend is contrary to that expected 

from cloud parcel models with constant lifting condensation level.   

cTΔ

 Both MOD06 and PCPR are in agreement with CALIPSO for cloud top 

temperature departures in overcast regions, suggesting that cloud altitudes in overcast 

regions vary little within the 50-km scale.   
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PCPR           OVERCAST REGIONS 

 
Figure 3.38  Departures of PCPR 2.1-µm derived droplet radius and cloud top 
temperature for 662 overcast regions.  The slope of the principle axis (black line) is 
24.53μm K-1.  The mean and standard deviation of CALIPSO inferred temperatures 
(red bar) are K. 21.01076.1 5 ±×− −

 

Table 3.11 shows that the slope decreases as the minimum bin count is increased.  The 

decrease is small, but suggests that the higher density bins show a slightly greater 

dependence of droplet radius with temperature for the partly cloudy pixel retrievals. 
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Table 3.11  Rotation and slope of principle axes for PCPR 2.1-µm derived droplet 
radius and temperature departures for overcast regions calculated for increasing 
minimum bin count.  Percentages are based on 546 bins that contained at least one 
data point. 
 

θ
Slope  

μm (ce TR ΔΔ
Minimum Count  

(degrees) 
Rotation % Bins >Count 

K-1)  

1.5  –2.23903  25.5765       94.0% 
5  –2.33469  24.5275       62.8% 
10  –2.42193  23.6430       50.7% 
15  –2.48648  23.0285       44.3% 

 
165*  –2.67847  21.3756       15.9% 

 

 Figure 3.39 shows departures for 1.6 and 3.7-µm derived droplet radius and 

temperature from the means for overcast regions.  The trends are similar to those 

observed for the 2.1-µm derived droplet radius.  Most of the data falls within the 

standard deviation of the CALIPSO inferred cloud top temperature departures.   

 

 
 
Figure 3.39  Departures of PCPR 1.6 and 3.7-µm derived droplet radius and cloud top 
temperature from the means for overcast regions.  The principle axis (black line) has a 
slope ( ce TR ΔΔ ) of 25.53μm K-1 for the 1.6-μm  derived droplet radius and 
32.46μm K-1 for the 3.7-μm  derived droplet radius. 
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The principle axis (black line) has a slope ( ce TR ΔΔ ) of 25.53 μm  K-1 for the        

1.6-μm derived radius departures and 32.46 μm  K-1 for the 3.7-μm  derived departures. 

 When MOD06 droplet radius departures are examined in regions of broken 

clouds for pixels associated with a CALIPSO lidar surface return the trends do not 

agree with those for overcast regions.  Figure 3.40 shows that the departures of 

MOD06 2.1-µm derived droplet effective radius and temperature from the means of 

overcast pixels are amplified in regions of broken clouds.  Departures for each region 

were calculated from the mean of overcast pixels collocated with at least 5 CALIPSO 

profiles in which no lidar surface return occurred.  Only 1,403 broken cloud regions 

had at least 5 clusters of “overcast pixels.”  The mean and standard deviation of the 

MOD06 temperature departures were 1.10± 1.41 K.  The standard deviation was m

larger than that of the CALIPSO inferred temperature departures.  The distribu

droplet radius and temperature departures for the MOD06 observations in broken 

cloud regions was markedly different from that for the optical depth and temperatur

departures.  There appeared to be an inflection point at 0

uch 

tion of 

e 

=Δ eR .  Co

different trend lines were calculated.  Principle axes were calculated separatel

both the upper half and lower half of the figure.  The slope, 

nsequently, two 

y for 

ce TR ΔΔ , for line S1 

 was 2.37 μ( >Δ eR )  K-1 wh eile that for  S2 ( 0lin <Δ eR ) was –1.68 μm  0 m K-1. 
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Figure 3.40  MOD06 departures of 2.1-µm derived droplet radius and temperature for 
pixels with a collocated lidar surface return n 1,403 broken cloud regions.  Trend line  i
S1 has a slope of 2.37 μm K-1 while line S2 has a slope of –1.68 μm K-1. 
 

Table 3.12 shows the sensitivity of the slope as the minimum bin count 

 as the 

MOD06        BROKEN CLOUD REGIONS 

S2 

S1 

 

increased.  The magnitude of the angles of rotation for lines S1 and S2 decreased

minimum bin count increased until 10 data points were required to be in each bin.  

Few bins had at least 15 counts.  As a result, the slope calculated for bins with a 15 

count minimum is not necessarily representative of most of the data. 
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Table 3.12  Rotation and slope of principle axes for MOD06 2.1-μm  derived droplet 
radius and temperature departures for broken cloud regions calculated for increasing 
minimum bin counts. Percentages are based on 2,385 bins that contained at least one 
data point. 
 

 

 

The spread of high temperatures for the MOD06 retrievals suggests that the 

at 

); 

6 1.6 and       

.7

 

droplet radii retrievals in broken cloud regions might also be biased.  It is possible th

the wide range of droplet radii may in part be explained by drizzle forming at the 

cloud base (C. Bretherton, personal correspondence 2007 and Nakajima et al. 1991

nonetheless, the strong dependence of droplet radius on temperature is still likely 

dominated by partly cloudy imager pixels being classified as overcast.   

 Characteristically similar trends exist for departures of the MOD0

3 -μm  derived droplet radii and temperature departures, as shown in Figure 3.41.  

Fig. 3.41 supports the assumption that MODIS retrievals of partly cloudy pixels are 

θ (degrees) 
Slope  Rotation 

1.5  –23.8780    2.25897       80.1% 
5  –22.8892    2.36858       39.1% 

S1   

1.5    31.2729  –1.64646       80.1% 
5    30.7407  –1.68147       39.1% 

S2   

eR cT  (μmΔ Δ K-1)  

* 

* 

Minimum Count  % Bins >Count 

7.9  –22.7782    2.38144       30.4% 
10  –22.1248    2.45963       22.1% 
15  –24.5181    2.19246       14.2% 

7.9    30.5266  –1.69586       30.4% 
10    27.9722  –1.88293       22.1% 
15    25.5902  –2.08809       14.2% 
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 unreliable as a definite relationship between temperature and droplet effective radius

cannot be determined. 

 

 
 
Figure 3.41  Departures of MOD06 1.6 and 3.7-μm  derived droplet effective radius 
nd cloud top temperature from average values for overcast pixels in broken cloud 

here appear to be fewer large droplets for the 3.7-µm derived droplet radii when 

due 

a
regions.   
 

T

compared to the 2.1-µm derived radii.  The fewer retrieved large droplets is likely 

to the relatively strong absorption by water at 3.7 µm.  This absorption limits photon 

“leakage” out the sides of the clouds, thereby limiting the reduction in reflected 

sunlight that leads to the larger radii determined with the 1.6 and 2.1-μm  reflecta

 Figure 3.42 shows the corresponding results for PCPR temperature and        

nces. 

.12 -μm  derived droplet effective radius departures from overcast means for broken 

cloud regions.  The temperature departures fall within the standard deviation of those

obtained with the CALIPSO lidar and have a trend similar to that of overcast regions.  
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Figure 3.42  PCPR 2.1-µm derived droplet radius and temperature departur
pixels in 1,403 broken cloud regions.  The slope of the principle axis 

es for 
( )ce TR ΔΔ  

(black line) is 120.643 µm K-1. The mean and standard deviation of th
inferred temperature departures is 0.068

e CALIPSO 
± 0.62 K. 

 

ce TR ΔΔThe slope of the principle axis ( ) was found to be 182.71 µm K-1.  The large 

slope indicates a huge dependence of the 2.1-μm  derived droplet radius on 

temperature.  

 The change of slope with increasing minimum bin count is presented in Table 

ons fell 

PCPR         BROKEN CLOUD REGIONS 

3.13.  The trend is similar to that for overcast regions and indicates that bins with 

higher densities of data points have slopes that decrease, suggesting a smaller 

influence of temperature on the retrieved droplet radius.  Most of the observati



 
 

99

in a very small domain of droplet radius and temperature departures, making estimates 

of the slope less reliable at higher minimum bin counts.   

 
Table 3.13  Rotation and slope of principle axes for PCPR 2.1-µm derived droplet 
radius and temperature departures from overcast means for broken cloud regions 
calculated for increasing minimum bin count. Percentages are based on 817 bins that 
contained at least one data point. 
 

θ
Minimum Count  Slope  

 (μce TR ΔΔ (degrees) 
Rotation % Bins >Count 

K-1)  m

1.5  –0.41752  137.226       81.3% 
5  –0.47491  120.643       43.8% 
10  –0.70325  81.4687       31.1% 

 

15  –0.71948  79.6308       23.8% 
23.4*  –0.73623  77.8189       18.5% 

 
 Figure 3.43 shows results for PCPR 1.6 and 3.7-µm derived droplet radii.  The 

results are similar to that for the 2.1-µm derived radius and temperature departures.   

 

 
 
Figure 3.43  Same as Fig. 3.42, but produced for the 1.6 and 3.7-µm derived droplet 
effective radius. 
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Like MOD06, the 3.7-µm derived droplet effective radius departures indicate smaller 

droplets than those derived at the 2.1-µm wavelength.  As mentioned earlier, the 

smaller droplets may be due to liquid water absorbing more radiation at 3.7-µm, 

thereby reducing photon leakage through the sides of small clouds. 

 The positive slopes obtained for overcast and broken cloud regions for PCPR 

droplet radius and temperature departures is similar to that seen for optical depth and 

temperature departures.  As mentioned earlier, the trends counter those expected for 

simple cloud parcel models.  Similar to the optical depth and temperature departures 

the 2r  correlation of the observations to a least squares fit was examined.  All of the 

observations of droplet radius and temperature in both overcast and broken regions 

appeared to be uncorrelated.  For overcast regions MOD06 observations had an 

 and PCPR observations had an .  For pixels with a surface 

return in broken cloud regions the 

0042r .0= 072.02 =r

2r  correlation of the MOD06 derived droplet radius 

and temperature departures for 0>Δ eR  was 0.0264 and for 0<Δ eR

007

 .  

PCPR observations in broken cloud regions had an .  The observations 

exhibit a distribution of optical depth and droplet radii within a 50-km scale region, 

where neither the droplet radius nor the optical depth variations, as shown previously, 

are predicted by the variations in the cloud layer temperature. 

067.02 =r

.0=2r

 3.4.5 Departures of Optical Depth and Droplet Radius 

 Droplet radius and optical depth departures from overcast means were 

analyzed.  Data were binned according to departures of droplet radius and optical 
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depth.  Bin widths were 0.25 for departures of optical depth with a range of–10 to 10.  

Bin widths for droplet radius departures were 0.25 µm with a range of –5 to 5 µm.  

Figure 3.44 shows MOD06 droplet radius and optical depth departures from the means 

in overcast regions.  Only bins with greater than 5 counts were considered for the 

calculation of the trend line (black line).  The slope, τΔΔ eR , was found to be        

0.15 μm.   

 

 

MOD06 OVERCAST REGIONS 

 
Figure 3.44  MOD06 2.1-µm derived droplet radius and visible optical depth 
departures for 662 overcast regions.  The slope of the principle axis ( )τΔΔ eR  (black 
line) is 0.15 μm. 
 

The trend shown here agrees qualitatively with cloud parcel models, showing that 

droplet radius increases with optical depth.  As clouds thicken, both optical depth and 

droplet radius increase.   
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 Table 3.14 shows that for bins with high densities of data points the angle of 

rotation increases, thus increasing the magnitude of , but only slightly. ceR τΔΔ

 
Table 3.14  Slope and rotation of principle axes for MOD06 2.1-µm derived droplet 
radius and optical depth departures from the mean in overcast regions as the minimum 
bin count is increased.  Percentages are based on 3,033 bins containing at least one 
data point. 
 

ceR τΔΔ  μm  
% Bins >Count Minimum Count  Slope 

θ  (degrees) 
Rotation

5  8.76635  0.15421  55.5% 
1.5  7.89985  0.13876  92.9% 

10  9.28968  0.16357  39.9% 
15  9.75568  0.17193  31.4% 
29.9*  10.5982  0.18711  20.2% 

 

 

Figure 3.45 shows results for the 1.6 and 3.7-µm derived droplet effective radii.  The 

trends are similar to that exhibited by the 2.1-µm derived droplet effective radius and 

temperature departures. 

 

 
 

Figure 3.45  Same as Fig. 3.44, but for 1.6 and 3.7-µm derived droplet radii. 
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 Figure 3.46 shows PCPR 2.1-µm derived droplet radius departures from the 

means for overcast regions.  The slope of the principle axis ( τΔΔ eR ) (black line) is 

0.12 μm  and is very close to that for MOD06.  The positive correlation between 

optical depth and droplet radius was also reported by Nakajima et al. (1991) for cases 

of optically thin clouds during two days of the First ISCCP Regional Experiment 

(FIRE).  In-situ observations agreed with satellite observations and also showed that 

these types of clouds tended to be non-precipitating.   

  

 

PCPR             OVERCAST REGIONS 

 

Figure 3.46  Same as Fig 3.44, except for the PCPR 2.1-µm derived droplet radius.  
The slope of the principle axis ( τΔΔ eR μ) is 0.12 m . 
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Table 3.15 shows that the slope of PCPR droplet radius and optical depth is consistent 

with that for MOD06 for overcast regions and that bins with greater minimum counts 

also tend to produce greater slopes. 

 
Table 3.15  Slope and rotation of principle axes for departures of PCPR 2.1-µm 
derived droplet radius and optical depth as the minimum bin count is increased.  
Percentages are based on 3,314 bins containing at least one data point. 
 

ceR τΔΔ  ( )μm  
Minimum Count  % Bins >Count Slope  

θ (degrees) 
Rotation

5  6.64182  0.11644       55.9% 
10  7.35208  0.12903       37.8% 

1.5  5.87360  0.10287       93.1% 

 

15  7.64645  0.13425       29.9% 
27.3*  8.49241  0.14932       20.0% 

 
Figure 3.47 is the same as Fig. 3.46, but produced for 1.6 and 3.7-µm derived droplet 

radii.  The trends shown in Fig. 3.47 are similar to those in Fig. 3.46 and confirm the 

positive correlation of droplet radius with optical depth. 

 

 
 
Figure 3.47  Same as Fig. 3.46, but for 1.6 and 3.7-µm derived droplet radii. 
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 MOD06 and PCPR departures of optical depth and droplet radius from their 

means were shown to agree for overcast regions.  In contrast, the MOD06 trend of 

droplet radius and optical depth departures from overcast means for broken cloud 

regions does not match that seen for overcast regions.  Figure 3.48 shows departures 

of optical depth and droplet radius from overcast means for pixels with surface returns 

in 1,403 broken cloud regions.  A minimum of 5 CALIPSO lidar profiles without a 

surface return (overcast pixels) was required in each region in order for it to be 

included in the analysis.   

 

 

MOD06       BROKEN CLOUD REGIONS 

S1 

S2 

Figure 3.48  MOD06 2.1-µm derived droplet radius and optical depth departures for 
clouds with a lidar surface return in 1,403 broken cloud regions.  The slope ( τΔΔ eR ) 
for S1 is –0.57 μm  and for S2 is 0.44 μm . 
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Fig 3.48 reveals an apparent inflection point centered on the 0=Δ eR  line.  As was 

done for the results shown in Fig. 3.40 the principle axes were calculated for data 

above and below the 0=Δ eR  line.  The slope ( τΔΔ eR ) of departures less than 

 (S2) is 0.44μ0=Δ eR m and follows the trend in overcast regions, increasing droplet 

radius with increasing optical depth.  The slope for (S1) in the upper half of 

the domain is –0.57μeRΔ m , indicating that as droplet radius increases optical depth 

decreases.  The trends are in agreement with those obtained by Nakajima et al. (1991).  

Nakajima et al. (1991) reported both positive and negative slopes of optical depth and 

droplet effective radius during different days of the FIRE intensive field observations.  

Nakajima et al. (1991) suggested that the negative slope (increasing and 

decreasing

eRΔ

τΔ ) may be related to the nature of some maritime clouds.  The trend was 

thought to be associated with high concentrations of drizzle droplets and a large 

dispersion of droplet sizes.  It is also possible that the relatively low optical depths and 

large derived droplet radii may be caused by a two layer cloud structure (Nakajima et 

al. 1991), however, a two layer structure was not observed in the CALIPSO data.  

Stephen and Tsay (1990) suggest that the larger retrieved droplet radii in some regions 

may be the result of additional photon absorption by an unaccounted for water vapor 

continuum present in the near-infrared.  The additional absorption would result in 

lower reflectances and thus larger retrieved droplet radii.  Here the larger droplets are 

thought to be the result of the partial cloud cover in the 1-km MODIS pixels. 
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 Table 3.16 includes information on the changes of slope with increasing 

minimum bin counts.  There were no significant changes in the slope of S1 or S2 as the 

minimum bin count was increased.   

 
Table 3.16  Slope and rotation of principle axes for MOD06 2.1-µm derived droplet 
radius and optical depth departures from overcast means for broken cloud regions 
calculated for increasing minimum bin count. Percentages are based on 2,630 bins that 
contained at least one data point. 
 

τΔΔ eR  ( )μm  
Minimum Count  % Bins >Count Slope  

θ (degrees) 
Rotation

S1   

S2   

1.5  –24.9820  –0.46592       75.2% 
5  –29.6896  –0.57015       33.4% 
7.3*  –29.6213  –0.56857       26.3% 
10  –27.5355  –0.52136       18.9% 
15  –26.2101  –0.49228       13.1% 

1.5    21.9820    0.39011       75.2% 
5    23.9337    0.44384       33.4% 
7.3*    24.0717    0.44673       26.3% 
10    24.1693    0.44877       18.9% 
15    23.8434    0.44196       13.1% 

 

 

 Figure 3.49 is the same as Fig. 3.48, but for the 1.6 and 3.7-μm  derived 

droplet radii.  The principle axes for the 1.6-µm derived radius have slopes of 

 –0.74μm  for  and 0.450>Δ eR μm for 0≤Δ eR .  Principle axes for the 3.7-μm  

derived radius have slopes of –1.43μm  and 0.54μm  for values greater than and less 

than .  There were far fewer pixels with successful 1.6-µm derived droplet 0=Δ eR
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effective radius retrievals compared with the 2.1 and 3.7-μm derived radii.  The        

3.7-μm derived droplet radii appear to be smaller than those retrieved at 1.6 and 

2.1μm , possibly as a result of less photon leakage out the sides of small clouds, as 

discussed in Section 3.4.3. 

 

 
 
Figure 3.49  Same as Fig. 3.48, but for MOD06 1.6 and 3.7-μm derived radius. 
 

 Finally, Figure 3.50 shows the PCPR 2.1-μm derived droplet radius and optical 

depth departures from the means of pixels associated with a lidar surface return in 

broken cloud regions.  Although the observations exhibited more scatter than those for 

overcast regions, the trend remained positive, and was similar to the trend for clouds 

in overcast regions.  Optical depths were smaller, as expected, for clouds that fail to 

cover the 1-km MODIS pixels.  The slope of the trend line ( ceR τΔΔ ) for bins with at 

least 6 counts was found to be approximately 0.45μm .  The slope was greater than 

that found in overcast regions, but still suggested that droplet radius increased with 

optical depth.  Although PCPR optical depths and droplet radii were positively 
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correlated for most broken clouds regions, Fig. 3.50 shows that some larger droplets 

were present in clouds with relatively small optical depths.  The larger radii may not 

necessarily be real and could be the result of photon leakage from the sides of small 

clouds.   

 

 

PCPR        BROKEN CLOUD REGIONS 

 
Figure 3.50  Same as Fig. 3.49, but for PCPR 2.1-µm derived droplet radius. 
 

 Current cloud remote sensing techniques involve the use of the plane-parallel 

approximation for cloud property retrievals (Loeb et al. 1998), which assumes that 

clouds are one-dimensional and therefore horizontally homogeneous.  When regions 

of broken, inhomogeneous clouds are examined, this approximation does not perform 

as well and can result in lower cloud reflectivities (Coakley 1991).  Marshak et al. 

(2006) report that if the 3-D “shadowing” effect is ignored in the 1-D plane parallel 
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approximation there will be an overestimation of derived droplet effective radius and 

an underestimation of optical depth.  Radiances from cloud-free portions of partly 

cloudy pixels can also contribute to larger observed droplet radii, however, by design 

the PCPR scheme should account for this effect.  As previously mentioned, the larger 

droplet radii retrieved for thin clouds may also have been due to drizzle forming at the 

cloud base.   

 Table 3.17 includes information on slope changes with increasing minimum 

bin count.  The slope is shown to increase for bins with increasing minimum bin count.  

PCPR retrieval errors caused by low cloud fraction may be, in part, responsible for the 

steeper trend line found for observations in broken cloud regions. 

 
Table 3.17  Slope and rotation of principle axes for PCPR 2.1-µm derived droplet 
radius and optical depth departures from overcast means for broken cloud regions as 
minimum bin count is increased.  Percentages are based on 2,569 bins containing at 
least one data point. 
 

θ
Minimum Count  

(degrees) 
Rotation Slope  

( )μm τΔΔ eR
% Bins >Count 

 

5  24.1043  0.44741       30.0% 
1.5  12.4833  0.22139       73.7% 

7.5*  27.3107  0.51637       22.76% 
10  30.0146  0.57769       16.5% 

 
15  32.2973  0.63311       11.6% 

 

 Figure 3.51 is the same as Fig. 3.50, but for the PCPR 1.6 and 3.7-μm  derived 

droplet effective radius.  Very few data points were available for 1.6-μm  derived 

droplet effective radius so the trend line is unlikely to be representative.  The 3.7-μm  
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derived droplet radius, however, had a greater number of data points and exhibits a 

slope similar to that for the 2.1-μm  derived droplet radius.  The PCPR 3.7-μm  

derived droplet radius and optical depth departures from the means of pixels 

associated with a lidar surface return show a more clearly defined trend and match that 

for overcast regions.  Also, Fig. 3.51 shows that the 3.7-μm  derived droplet effective 

radii for pixels associated with a lidar surface return were not as large as those 

retrieved using 2.1-μm  derived reflectances.  As previously discussed, smaller 

retrieved droplet sizes are likely due to the droplets being stronger absorbers at longer 

wavelengths, thereby reducing effects caused by photon leakage through the sides of 

clouds. 

 

 
 
Figure 3.51  Same as Fig. 3.50, except for PCPR 1.6 and 3.7-µm derived droplet 
radius. 
 

 Following Sections 3.4.3 and 3.4.4 the correlation of the observations to a least 

squares fit was examined.  In overcast regions the MODIS observations had an 

 and for PCPR .  In broken cloud regions the MODIS 337.02 =r 252.02 =r
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observations for  were not well correlated with , while for 0>Δ eR 027.02 =r 0<Δ eR  

the 2r  correlation was only slightly better at 0.115.  PCPR observations of optical 

depth and droplet effective radius in broken cloud regions had an 2r  correlation of 

only 0.117.  Clearly, only observations of optical depth and droplet effective radius in 

overcast regions show any significant correlation, although it is still quite low.   

 3.5  Cloud Fraction 

 The PCPR scheme was used to investigate the cloud fraction of CALIPSO 

profiles with clouds but no lidar surface return (overcast) and profiles with clouds and 

an associated surface return (broken clouds).  A previous study (Coakley et al. 2005) 

relied on cloud fraction to determine if an imager pixel was overcast or only partially 

cloud covered.  A cloud fraction of 1.0 means that a pixel is entirely covered by cloud.  

Cloud fractions between 0.2 and 0.8 clearly indicate pixels that are only partly cloud 

covered.  Figure 3.52 shows a distribution of the pixel-scale cloud fraction for clouds 

associated with no lidar surface return (dashed blue line) and clouds associated with a 

lidar surface return (red line).  Cloud fractions for pixels identified as overcast by the 

CTDS had an average fractional cloud cover (Ac) of 1.0± 0.02.  Imager pixels with a 

CALIPSO lidar surface return in broken cloud regions had an average fractional cloud 

cover of 0.76± 0.19.   
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Figure 3.52  Pixel-scale distribution of PCPR derived cloud fraction for clouds with 
no lidar surface return in 662 overcast regions (dashed blue line) and clouds with a 
surface return in 1,570 broken cloud regions (red line).  The frequency for overcast 
pixels is 95%. 
 

The frequency of overcast cloud fraction for pixels associated with no lidar surface 

return was at 95%, confirming that cloudy imager pixels associated with no lidar 

surface return are mostly classified as overcast by the PCPR scheme.  Clouds that 

allowed the lidar pulse to penetrate and reach the surface were not only thinner but 

were also likely to be considered “partly cloudy.”  These partly cloudy pixels were 

most likely to be found near the edges of clouds. 

 Figure 3.53 is similar to Fig. 3.52, but represents the distribution of cloud 

fraction for all profiles regardless of region classification.  Pixels considered as 

overcast were taken from both overcast and broken cloud regions.   
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Figure 3.53  Pixel-scale distribution of cloud fraction based on clouds without (dashed 
blue line) or with a lidar surface return (red line) for all 3,131 overcast and broken 
cloud 50-km regions.  
 

For all 3,131 regions identified as either broken or overcast the average cloud fraction 

for overcast pixels was 0.96± 0.08 and for clouds in pixels associated with a lidar 

surface return the cloud fraction was 0.79± 0.19.  The frequency of overcast cloud 

fraction for pixels with no lidar surface return was 78%.  Pixels that had a lidar surface 

return were identified as partly cloudy in more than 75% of the cases.  The findings 

here reinforce those discussed above that lidar profiles with a detected cloud and no 

surface return are most likely overcast and those profiles with both a cloud and a 

surface return can be considered “partly cloudy.”   

 Nearly 25% of pixels with a lidar surface return had a fractional cloud cover of 

almost 1.0.  The optical depth of these completely overcast pixels (Ac=1.0) was 
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examined, as shown in Figure 3.54.  Means and standard deviations are given.  As 

expected, the optical depth for these overcast thin clouds is lower than that reported 

for pixels without a lidar surface return in Fig. 3.18 (10.55 for MOD06 and 12.25 for 

PCPR).  Surprisingly, optical depths for some of these pixels classified as overcast by 

the PCPR scheme are as low as 1.0 for MOD06 and 2.0 for PCPR.  These low optical 

depths are often times associated with partly cloudy pixels, not overcast pixels.  By 

including pixels with 0.1A <c  it is possible that the 9-pixel average of MODIS 

observations may be producing a bias in the optical depths shown here. 

 

 

 

PIXELS WITH A LIDAR SURFACE 
RETURN AND Ac=1.0 

Figure 3.54  Distribution of MOD06 (dashed blue line) and PCPR (solid red line) 
optical depth for pixels associated with a lidar surface return and a fractional cloud 
cover of 1.0.  
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    CHAPTER 4  
 

CONCLUSIONS 
 
 

 This thesis was motivated by the need for an improved understanding of 

remotely sensed cloud property relationships, especially in regions of broken clouds 

where current retrieval techniques appear to break down.  As previously mentioned, 

clouds play a significant role in the earth’s energy budget by regulating the amount of 

radiation absorbed and emitted by the earth.  Accurate cloud property measurements 

are needed not only to gain a more robust understanding of cloud processes for climate 

and weather models, but also to understand their potential effect on global warming.  

The study presented in this thesis is not only the first extensive lidar assessment of 

marine stratus cloud retrievals but also the first assessment of cloud retrievals done 

using the new CALIPSO lidar launched last year.   

 This thesis provides sufficient evidence that CALIPSO is capable of 

characterizing low-level, single-layered, marine stratus clouds.  In addition, it is clear 

that CALIPSO can be used to assess MODIS and partly cloudy pixel retrievals of 

cloud properties.  Cloud top temperature variations in overcast regions were shown to 

be consistent for MOD06, PCPR, and CALIPSO.  Temperature variations were small 

in overcast regions, suggesting cloud altitudes were relatively stable.  In broken cloud 

regions, however, there were biases in the MOD06 observations of temperature, 

optical depth, and droplet radius for the partly cloudy 1-km pixels.  MOD06 

temperature departures from overcast means suggested large variations of cloud 
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altitudes, while observations of optical depth and droplet radius proved to be 

unreliable for the partly cloudy pixels.  The constant layer altitude assumption that 

underlies the PCPR scheme proved to be consistent with the CALIPSO results, 

indicating that cloud altitudes even in broken cloud regions show little variation at the 

50-km scale.  However, some issues remain.  The relationship of PCPR temperature 

and optical depth departures from overcast means does not show the trends expected 

on the basis of cloud parcel models.  The same is true for departures of temperature 

and droplet effective radius.  The relationship of PCPR optical depth and droplet 

radius in broken cloud regions, however, does suggest a trend similar to that seen in 

overcast regions and is consistent with cloud parcel models. 

 Data were analyzed from MODIS Aqua and CALIPSO satellite observations 

made from June to October of 2006 for areas located over ocean off western 

continental margins.  Most regions were off the west coasts of Africa, Europe, and 

North and South America. 

 The partly cloudy pixel retrieval scheme described by Coakley et al. (2005) 

was applied to the MODIS level 1B calibrated radiance data.  Following the 

application of the partly cloud pixel retrieval scheme a cloud layer identification 

scheme, described in Matheson et al. (2005) and Coakley et al. (2005), was applied to 

MODIS Level 1b data to isolate 50-km regions of low-level, single-layered clouds. 

 An automated scene collocation and cloud detection routine for CALIPSO 

532-nm total attenuated backscatter profiles was used to identify 50-km ocean regions 

that contained a single layer of low-level stratus.  50-km regions were chosen in order 
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to ensure large numbers of low-level overcast and broken cloud systems while 

avoiding multi-layered cloud systems.  Approximately 12% of regions initially 

identified from MODIS data as containing single-layered and low-level clouds were 

identified as multilayered by the CALIPSO cloud detection routine.  Cirrus accounted 

for most of the multilayered cases.   

 Comparisons of first and second release CALIPSO data showed that the new 

calibration coefficient used for the second release resulted in lower attenuated 

backscatter coefficients.  Comparisons of clouds detected in the first and second 

release showed 100% agreement for overcast regions and 97% agreement for clouds 

with a lidar surface return in broken cloud regions.  Average cloud heights in overcast 

regions were identical for release 1 and 2.  Cloud heights were found to be 10 meters 

lower on average using the second release data for profiles with a lidar surface return 

in broken cloud regions.  Most altitude differences between clouds detected in the first 

release and second release were 30 meters and corresponded to just one vertical level 

in the lidar profile. 

 Comparisons of clouds detected using the CTDS and the CALIPSO Level 2 

cloud altitudes showed good agreement.  All clouds detected in overcast regions by 

CTDS were also detected by the Level 2 feature finding routine.  In broken cloud 

regions clouds detected in profiles with a lidar surface return were in agreement 

81.18% of the time.  Most disagreements were due to the Level 2 routine identifying 

clouds when the CTDS did not.  A second cloud layer, not detected by the CTDS, was 

occasionally reported by the CALIPSO Level 2 routine.  The second layer was 
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reported in only 1% of all profiles investigated and was not considered to affect the 

results. 

 Analysis of MOD06 and PCPR observations revealed that the dependence of 

optical depth retrievals on cloud top temperature was extreme for overcast regions.  

Although the calculated trend line for the MOD06 optical depth and temperature 

departures indicated the trend expected from cloud parcel models, the data showed 

very little correlation.  Little correlation was also found for PCPR optical depth and 

temperature departures in overcast regions.  MOD06 and PCPR temperature 

departures in overcast regions were within the range of the mean and standard 

deviation of those inferred from CALIPSO.  In broken cloud regions, departures of the 

MOD06 and PCPR optical depths and temperatures were not in agreement.  MOD06 

suggested a strong negative correlation between optical depth and temperature while 

PCPR indicated a trend almost identical to that for overcast regions.  The 

2r correlation of a least squares fit with the MODIS observations in broken cloud 

regions was 0.265.  As was the case for overcast regions, PCPR observations showed 

essentially no correlation between temperature and optical depth departures.  In 

broken cloud regions only PCPR temperature departures were within the range of the 

mean and standard deviation of those inferred from CALIPSO lidar returns.  MOD06 

temperature departures spanned a range of nearly 3 K compared with 1 K for 

CALIPSO in the broken cloud regions.   

 PCPR departures of droplet radius and temperature from overcast means for 

pixels with a lidar surface return agreed with observations in overcast regions. 
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MOD06 departures, on the other hand, indicated both positive and negative 

correlations between droplet effective radius and temperature in broken cloud regions.  

MOD06 also indicated the presence of large droplets in clouds associated with lidar 

surface returns.  PCPR temperature departures were again within the range of 

CALIPSO for both overcast and broken cloud regions.  MOD06 temperature 

departures, however, agreed with the CALIPSO departures only for overcast regions.  

Very little correlation was found between the MOD06 and PCPR observations and a 

least squares fit for both overcast and broken cloud regions.   

 Departures of droplet radius and optical depth from their means agreed for 

both MOD06 and PCPR in overcast regions and indicated a positive correlation 

between droplet radius and optical depth.  PCPR observations in broken cloud regions 

also indicated a positive correlation but with a steeper slope ( )τΔΔ eR .  The MOD06 

observations suggested that larger droplets were present in pixels associated with a 

lidar surface return and showed both positive and negative correlations for departures 

of optical depth and droplet radius from overcast means.  The correlation of the data to 

a least squares fit in overcast regions ( 2r ) was found to be 0.336 and 0.252 for 

MOD06 and PCPR.  Not surprisingly, in broken cloud regions there was much less 

correlation between MOD06 observations and a least squares fit.  PCPR observations 

in broken cloud regions had an 2r  correlation of 0.117.   

 Investigation of PCPR cloud fraction for imager pixels without a CALIPSO 

lidar surface return revealed that almost 80% of the pixels had a cloud fraction of 1.0 

and could be considered overcast.  The average cloud fraction of pixels without a lidar 
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surface return was found to be 96%.  The cloud fraction was only 79% for imager 

pixels associated with a CALIPSO lidar surface return.   

 The research presented in this thesis relied on using averages from a 9-pixel 

array to make comparisons of cloud properties.  This average meant that a true 

CALIPSO and MODIS pixel scale comparison was not used for this study.  To 

address this possible bias, additional future work will focus on making comparisons 

for the single MODIS pixel collocated with the CALIPSO lidar observations.   
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