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 Changes in occurrence-weighted and mass-weighted cloud heights are calculated as a 9 

function of aerosol optical depth (AOD) over the ocean and land in the tropics for 2008. The 10 

cloud height derivatives are calculated from an analysis of RL-GEOPROF cloud vertical 11 

structure data from the CALIPSO and CloudSat experiments.  The structures are binned 12 

according to thermodynamic and dynamical influences (e.g. relative humidity from the AIRS 13 

experiment) and aerosol influences (i.e. MODIS AODs and MLS CO at 215 hpa, an aerosol 14 

proxy). Since not all cirrus in the upper troposphere is related directly to deep convection, the 15 

cloud structures are also binned according to the vertical depths of the observed cirrus, for cloud 16 

widths less than 1 km to those greater than10 km.  CloudSat data is used to specify the cloud 17 

mass densities associated with the cirrus of different vertical depths. Changes in RL-GEOPROF 18 

occurrence-weighted and mass-weighted centroids are less than 100 m per 0.1 increment change 19 

in AOD over the land and oceans for the annual average and seasons. The MLS derivatives do 20 

not indicate an increase in cloud heights as 215 hPa CO increases. These derivatives are 21 

substantially smaller (by factors between 2 and 10) than those calculated previously based upon 22 

MODIS cloud top pressure data. 23 

 24 
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1. Introduction  25 

Aerosol-indirect effects are thought to have many diverse effects upon atmospheric 26 

physics [Lohmann and Feichter, 2005]. For a given amount of water vapor, an increase in 27 

aerosol number density will produce a larger number of smaller and more reflective cloud 28 

droplets [Twomey 1977], thus having a cooling effect on the atmosphere. Smaller cloud 29 

droplets collide less efficiently, prolonging droplet lifetimes [Albrecht 1989].  Aerosol 30 

may inhibit or enhance cloud dynamics. Absorptive aerosol can alter temperature profile 31 

stability, and inhibit cloud growth. An increase in aerosol concentrations is thought to 32 

suppress warm rain processes, permitting more liquid water to reach the homogeneous 33 

freezing level, and thereby enhance latent heat release in the upper portions of clouds 34 

[Khain et al., 2005; Rosenfeld et al., 2008]. This process is known as ñcloud invigorationò. 35 

In general, uncertainties in the magnitude of aerosol-indirect effects are large, with 36 

uncertainties in radiative forcing (1760-present) near 1.5 W / m
2
, a value as large as the 37 

positive forcing due to greenhouse gases [IPCC, 2008]. 38 

The potential for cloud invigoration to impact the radiative budget of the atmosphere, 39 

modulated by decadal trends in aerosol loading, is illustrated by considering the changes in 40 

the blackbody emission of optically thick clouds whose cloud tops increase in height by 41 

e.g. 0.1 and 1 km. The occurrence-weighted cloud heights discussed below are near 13 42 

km. With a temperature lapse rate of -7 K / km near 13 km, the blackbody ůT
4
 emissions 43 

(with ů  the Stefan-Boltzmann constant) associated with cloud tops near 13.1 and 14 km 44 

are 1.4 and 13.8 W / m
2
 lower than that at 13 km. There are compensating considerations, 45 

however, since if increases in aerosol produce smaller ice particles, then clouds are more 46 

reflective at visible wavelengths, and cloud coverage likely also changes. 47 
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Cloud invigoration has recently been quantified by Koren et al. [2010a].  MODIS 48 

cloud top pressure and aerosol optical depth (AOD) data over the inter-tropical 49 

convergence zone in the tropical Atlantic (0 ï 10 N, 20 -30 W) for July and August 2007 50 

were binned for three AOD bins: 0<AOD< 0.15, 0.15< AOD<0.35, and 0.35<AOD<1. 51 

Data were subsetted into several categories, i.e. all data for all cloud top pressures, data 52 

with cloud fractions less than 20%, high cloud data (with cloud top pressures less than 600 53 

hPa), and high clouds for cloud fractions less than 20%. Most of the MODIS data had 54 

cloud tops in the 600 to 1000 hPa range. Figures 5e and 6e of Koren et al. [2010a] display 55 

variations of cloud top pressures as a function of AOD for all data and the high cloud 56 

cases. The increase in cloud top pressure in their Figure 5e corresponds to an increase in 57 

cloud top height of 260 m and 120 m per 0.1 increment in AOD, for the all data and 20% 58 

cloud screened data cases, respectively. The increase in cloud top pressure in their Figure 59 

6e corresponds to an increase in cloud top height of 170 m per 0.1 increment change in 60 

AOD for the high cloud data.  61 

In a related paper, Koren et al. [2010b] calculate changes in cloud anvil heights as a 62 

function of MODIS AODs over the Atlantic (0 N to 14 N, 18 W to 45 W) and Pacific (0 N 63 

to 14 N, 180 W to 150 W) during June-July-August 2007. From Figure 3 of Koren et al. 64 

[2010b], anvil heights increase by approximately 430 and 880 m per 0.1 increment change 65 

in AOD over the Atlantic and Pacific, respectively. The anvil heights are between 11.1 and 66 

11.7 over the Atlantic, and 11.9 and 13.2 km over the Pacific. If MODIS AOD data from 67 

adjacent grid boxes are used, the derivatives (see Figure 6 of Koren et al. [2010b]) are 666 68 

and 987 m per 0.1 increment change in AOD over the Atlantic and Pacific. Finally, if the 69 

analysis is restricted to cases for which the mid-troposphere vertical velocity omega field 70 

is negative (i.e. cases of positive vertical velocity), based upon the NOAA-NCEP Global 71 
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Data Assimilation System fields, then the derivative over the Atlantic is 300 m per 0.1 72 

increment change in AOD. In combination, the Koren et al. [2010a, 2010b] studies report 73 

a range of cloud invigoration between 170 and 987 m per 0.1 increment change in AOD.  74 

 It is well recognized that the quantification of aerosol-indirect effects is not an easy 75 

task. Koren et al. [2010a] and Stevens and Feingold [2009] discuss the difficulties 76 

inherent in using satellite data to quantify aerosol-cloud indirect effects. Measurements of 77 

aerosol optical depths in the vicinity of clouds are very difficult. Aerosol optical depths 78 

may change as a function of distance from clouds, due to changes in relative humidity 79 

(RH). A major challenge is to isolate changes in cloud properties, due to changes in 80 

aerosol, in a sea of meteorological variability.  81 

Meteorological and cloud dynamic variability, however, is dependent upon many 82 

variables. Parcel buoyancy increases as the difference between the parcel and ambient air 83 

temperature increases, and decreases if water condensate is present in the parcel [Rogers 84 

and Yau, 1989]. Buoyancy decreases when ambient air is ñentrainedò into a parcel since 85 

the ambient air is usually drier and cooler than that of the parcel. Latent heat is released if 86 

changes in phase from vapor to liquid, and liquid to ice, occur during ascent, thereby 87 

increasing the parcel temperature and buoyancy. ñCloud invigorationò is thought to occur 88 

when changes in aerosol loading alter the vertical profile of latent heat release. 89 

Clouds are of course three dimensional time-dependent structures with complicated 90 

internal structure and velocity fields. Current cloud simulations have identified a variety of 91 

considerations which influence the time development of clouds. Variations in relative 92 

humidity near the surface are known to produce differences in cloud structure [Fan et al. 93 

2007]. As relative humidity increases, cloud ice water content and the horizontal extent of 94 

cloud anvils increase. Fan et al. [2007] note that increases in relative humidity are 95 
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correlated with increases in temperature profile instability as represented by convective 96 

available potential energy (CAPE, J / kg). Moisture values in low and middle troposphere 97 

altitudes are identified by Sherwood [1999] as a dominant factor, and CAPE values a 98 

minor factor, in the outbreak of convection in the tropical western Pacific area. This 99 

finding is supported by parcel model calculations of Brown and Zhang [1997] who note 100 

that parcel buoyancy is depleted by entrainment when parcels encounter dry air above the 101 

boundary layer. Cloud-resolving simulations by Takemi et al. [2004] also support this 102 

viewpoint.  Koren et al. [2010a] note that the analyses fields of relative humidity and 103 

vertical pressure velocity are the two fields, out of numerous analyses fields, that are the 104 

most highly correlated with observed cloud top pressure values. 105 

Fan et al. [2009] note that horizontal wind shear has an important effect upon cloud 106 

development. With strong wind shear, the increase in evaporative cooling in an isolated 107 

deep convective cloud is larger than the increase in condensational heating with increasing 108 

aerosols, leading to the suppression of convection. The presence of wind shear may also 109 

enhance the development, strength, and longevity of squall lines [Weisman and Rotunno, 110 

2004], when the wind shear is aligned perpendicular to the squall line. Thus, specific 111 

spatial and temporal details of meteorological variations may either have a positive or 112 

negative effect on cloud development.  113 

 The temporal and scale dependent nature of cloud development is illustrated by the 114 

high resolution (100 m by 100 m in the horizontal and vertical) three dimensional 115 

simulation of shallow-to-deep convection over the Amazon of Khairoutdinov and Randall 116 

[2006]. Though sufficient CAPE is present during the start of the simulation, only shallow 117 

convection is present for several hours, with eddies not growing larger than1 km in size. 118 

The eddies then start to coagulate into larger structures aligned along the moving edges of 119 
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cold pools, created by downdrafts which are negatively buoyant, when rain evaporates 120 

above the convective boundary layer. The larger structures then evolve into deep 121 

convection. 122 

 In this paper we analyze CloudSat-CALIPSO data to quantify changes in cloud 123 

vertical structure as Moderate Resolution Imaging Spectrometer (MODIS) aerosol optical 124 

depths and CO mixing ratios at 215 hPa increase. Our analysis focuses upon cloud 125 

structure at altitudes above 10 km altitude in the tropics. Section 2 discusses the data in 126 

our analyses: CloudSat-CALIPSO cloud structure data, MODIS AODs, and MLS CO at 127 

215 hPa (an aerosol proxy).  Section 3 discusses our methodology. Equal consideration is 128 

given to meteorological and dynamical fields and aerosol-cloud interactions. The fields of 129 

relative humidity near the surface, and at 500 and 200 hPa, wind shear, CAPE, pressure 130 

tendency, and liquid water paths, from analyses and/or satellite observations are used in 131 

our calculations to represent several of the meteorological and dynamical influences 132 

discussed above. Section 4 presents the results of our calculations of the changes in 133 

occurrence-weighted and mass-weighted cloud heights due to aerosol and meteorological 134 

influences.  Section 5 presents our conclusions.  135 

 136 

2. Data 137 

Merged radar-lidar geospatial profile (RL-GEOPROF) data [Mace et al. 2009] specifies the 138 

upper and lower altitudes of cloud layers as jointly observed by the CloudSat and Cloud-Aerosol 139 

Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) experiments. We analyze RL-140 

GEOPROF data, available from http://www.cloudsat.cira.colostate.edu/, for 2008 for tropical 141 

latitudes between 20 S ï 20 N. The CloudSat and CALIPSO experiments fly within 15 s of each 142 

other in the NASA A-train satellite constellation with observation times at 1330 and 0130 local 143 
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time [LôEcuyer and Jiang, 2010]. CloudSat carries the first W-band (94 GHz) cloud profiling 144 

radar [Stephens et al. 2008]. CloudSat is unique in its ability to observe both cloud and 145 

precipitation. The CALIPSO experiment includes the CALIOP polarization lidar that observes at 146 

532 and 1064 nm [Winker, Hunt, and McGill 2007]. Vertical resolution volumes for CloudSat 147 

and CALIPSO are 480 m and 60 m, respectively. Most of the cloud structure in the RL-148 

GEOPROF data above 10 km is contributed by the CALIPSO experiment. We bin RL-149 

GEOPROF data in 0.1 km altitude increments.  150 

The satellite observation times, however, are not coincident with the diurnal convection 151 

maxima at 0500 over the tropical oceans and 1700 over the continents [Liu et al. 2008, Mace et 152 

al. 2009]. Ideally, it would be best to be able to observe the cloud tops when the storm activity is 153 

at its temporal and spatial peak. Figure 1 of Liu et al. [2008] presents frequency-by-altitude 154 

diagrams of Tropical Rainfall Measuring Mission Precipitation Radar (TRMM PR) reflectivity 155 

greater than 20 dBz over 20 S ï 20 N over land and ocean.  Reflectivity frequencies are 156 

contoured for frequency ranges from 0.9 to 14 % over the land and 2.3 to 7% over the ocean, 157 

with the 5% threshold indicating the presence of significant reflectivity. The reflectivity 158 

frequencies at altitudes greater than 10 km are greater than 5% over land between 13 ï 21 hours, 159 

and over the ocean between 22 ï 24 and 0 ï 8 hours local time. The afternoon A-train 160 

observation time of 1330 is at the edge of the 5% frequency threshold over land, while the post-161 

midnight 0130 time occurs when the frequencies over the ocean are greater than or equal to the 162 

5% threshold.  163 

Since mass-weighted cloud heights are discussed in this paper, CloudSat ice and liquid water 164 

content data (available from http://www.cloudsat.cira.colostate.edu/data_dist/OrderData.php) are 165 

processed to determine the annual-averaged cloud mass field for 2008 for 20 S to 20 N. The 2B-166 

CWC-RO data files (with RO standing for radar only) contain liquid and ice contents (mg / m
3
) 167 
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in an altitude grid with vertical spacing of 0.24 km.   Ice water content (IWC) bias errors are 168 

estimated to be less than 40% [Austin et al., 2009]. Differences in the IWC probability 169 

distribution functions (PDFs) of CloudSat and the Microwave Limb Sounder (MLS) are 170 

generally less than 50% [Wu et al., 2008]. 171 

The MODIS experiment uses 36 visible and infrared spectral bands [King et al., 1992, King 172 

et al., 1999]. MODIS measures many parameters (e.g. cloud top temperature and pressure, cloud 173 

water and ice paths, cloud coverage fractions, aerosol AODs). We note that MODIS cloud top 174 

altitudes for optically thick clouds are approximately 1.5 km lower than CALIPSO cloud top 175 

altitudes [Minnis et al., 2008] due to differences in visible-lidar and MODIS infrared radiative 176 

transfer considerations. The MODIS experiments began operation in February 2000 and July 177 

2002 on the Terra and Aqua satellite platforms. Aerosol optical depths at 0.55 µm are retrieved 178 

over land [Kaufman et al., 1997] and ocean [Remer et al., 2002, Martins et al., 2002] using 179 

different algorithms.  Validation of MODIS AODs is discussed by Remer et al. [2005] for 180 

observations over the ocean, and Chu et al. [2002, 2003] over land. Aqua AODs, (available at 181 

http://ladsweb.nascom.nasa.gov/data/) are analyzed in this paper since the Aqua satellite is in the 182 

A-train. We subset our analyses over land and ocean due to the differences in the aerosol 183 

retrieval algorithms and due to the inherent differences between cloud temporal variations and 184 

cloud dynamics over land and ocean. 185 

We use MODIS liquid water paths in our analyses as a proxy for water loading influences 186 

that are present in parcels. As discussed above in the Introduction, water loading will decrease 187 

parcel buoyancy. The validation of the MODIS water paths is discussed in Horvath et al. [2007]. 188 

MODIS and Tropical Rainfall Measurement Mission (TRMM) Microwave Imager (TMI) liquid 189 

water path means agree to 5 to 10% with an overall correlation coefficient of 0.85 for warm, non-190 

precipitating clouds. 191 
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Atmospheric Infrared Sounder (AIRS) relative humidity profile data are used in our 192 

calculations to account for dynamical variations, following the discussion of [Fan et al. 2007]. 193 

The quality of the AIRS relative humidity and water vapor data is discussed by Gettelman et al. 194 

[2004] and Gettelman et al. [2006].  AIRS relative humidity (with respect to ice) values are 195 

reported when the cloud fraction is less than 70%. Water vapor and relative humidity 196 

measurements agree with aircraft measurements to within 25% and 9% at pressures less than 150 197 

and 250 hPa, respectively. AIRS relative humidity values have an estimated dry bias of 4%.  The 198 

AIRS level 3 (AIRS3STD) data is available at the NASA Goddard DAC at 199 

http://mirador.gsfc.nasa.gov/cgi-bin/mirador/presentNavigation.pl?tree=project. Relative 200 

humidity near the surface at 925 hPa, 500 hPa (near 5 km altitude), and at 200 hPa (near 11 km) 201 

are included in our analysis. 202 

We also use the AIRS relative humidity data to calculate ñvapor deficitsò. Redelsperger et al. 203 

[2002] note that CAPE was not well correlated to cloud heights, observed during the Tropical 204 

Ocean Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) 205 

in November of 1992. Instead, the ñvapor deficitò, the differences of saturated specific humidity 206 

and moist specific humidity, averaged over the altitude range from 3 to 4.5 km altitude, is 207 

inversely correlated with cloud top heights. Smaller vapor deficits are associated with higher 208 

cloud tops heights. We use the AIRS data to calculate vapor deficits for AIRS pressures between 209 

500 and 700 hPa. 210 

Since aerosol is difficult to measure in the presence of clouds, we also analyze MLS 211 

CO at 215 hPa. MLS CO is retrieved from the 230 GHz CO emission line. MLS 212 

measurements of CO are influenced much less by the presence of clouds in the 213 

microwave, compared to measurements of MODIS AODs in the visible, since the ratios of 214 

cloud particle size to the microwave observation wavelength are much smaller than the 215 
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corresponding ratios of the MODIS measurements. Though the V2.2 data (available from 216 

http://mirador.gsfc.nasa.gov/cgibin/mirador/presentNavigation.pl?tree=project) is known 217 

to be large by a factor of two [Livesey et al. 2008], and is retrieved with a vertical 218 

resolution of 5 km, we are interested in relative changes in cloud altitude structure as CO 219 

changes. We bin the CO data into three bins (e.g. 100-150, 150 ï 200, 200-250 ppbv at 220 

215 hPa). As presented in Figure 1 of Jiang et al. [2008], MODIS AODs and MLS CO 221 

measurements at 215 hPa are correlated above the Amazon, especially during the dry 222 

season, and less so during the wet season, since rainfall processes washout aerosols. Jiang 223 

et al. [2009] presents MODIS AOD versus MLS CO relationships for other regions of the 224 

world on a month by month basis. 225 

We use various fields from the National Centers for Environmental (NCEP) Final 226 

Global Data Assimilation System (FNL), which is the final run of the Global Forecast 227 

System model with assimilated observations. Analyses are provided on a 1̄ by 1̄  global 228 

grid every 6 hours at 21 pressure levels from 1000 to 100 hPa. Values of maximum CAPE 229 

during the day, the maximum wind shear (m / s) between ground and 7 km (i.e. 253 hpa), 230 

and the vertical pressure velocity (omega, Pa / s) at 500 hPa are incorporated into our 231 

analyses. 232 

 233 

3. Methodology 234 

RL-GEOPROF data files for 2008 are processed in the following manner. For each day, the 235 

cloud structure in each 1̄ x 1  ̄latitude-longitude grid cell is determined in an altitude profile 236 

between ground level and 20 km, with a 0.1 km vertical resolution, based upon the layer 237 

structures specified in the RL-GEOPROF data files. A single observation profile may have more 238 

than one cloud layer. Counts of unity are registered for all altitude levels between the cloud top 239 
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and cloud bottom of each cloud layer. The counting is binned according to the depth of the cloud 240 

layer, with binning for depth ranges 0.1-1, 1-2, 2-3, 3-4, 4-10, and 10-20 km.  241 

MODIS AODs and water paths, and AIRS relative humidity fields are first averaged into a uniform 242 

1  ̄x 1  ̄latitude-longitude grid so that daily AODs can be easily related to the daily RL-243 

GEOPROF cloud structure and NCEP FNL data files. Using the NCEP FNL data and the 244 

MODIS AODs, processing bins cloud counts as a function of altitude z, cloud depth D, AIRS 245 

relative humidity RH, and AOD. Binning is performed in increments of 10% relative humidity, 246 

from 0 to 100%, and increments of 0.1 AOD from 0.1 to unity. 247 

Since MODIS observations of aerosol are difficult in the presence of clouds, MODIS AODs 248 

are also averaged over 3̄ x 3 ,̄ and are matched with the CloudSat 1  ̄x 1  ̄latitude-longitude grid 249 

cells. This reduces the noise of the MODIS AODs, and increases the number of data points that 250 

can be used in our calculations. Over the land (ocean), the fraction of positive MODIS AODs 251 

increases from 64 % (53%) to 90 % (87%). For AODs less than 0.4 (the upper limit of AODs 252 

used in our study), the correlation coefficients of 1 ̄x 1  ̄and 3̄ x 3  ̄AODs are 0.84 and 0.91. A 253 

least squares linear fit to these individual data points indicates that the 1̄ x 1  ̄AODs are higher 254 

than the 3̄ x 3  ̄AODs by 0.051 and 0.027 over land and ocean, respectively. The use of 3 ̄x 3  ̄255 

AODs therefore increases sampling statistics and does not introduce prohibitive AOD biases.  256 

The binning by cloud depth is necessary since subvisual cirrus is formed by in-situ processes 257 

and by blow-off by deep convection [Pfister et al., 2001]. The in-situ processes, by which humid 258 

air layers slowly rise near the tropopause and form layers of small vertical depth, are not 259 

necessarily directly related to deep convection. Pfister et al. [2001] used back trajectory analysis 260 

to relate thin and thicker cirrus (depths of several km) to deep convection. The thicker cloud 261 

structures were related to outflow from convection 0.5 to 3 days downwind of convection. 262 
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Massie et al. [2002] used back trajectory calculations in an analysis of Halogen Occultation 263 

Experiment (HALOE) cirrus extinction data and concluded that half of the HALOE cirrus 264 

observations over the maritime continent were consistent with the convective blow-off formation 265 

process, while the other half were consistent with in situ formation processes. The depth binning 266 

therefore allows us to calculate vertical displacements of cloud structure with and without small 267 

depth cirrus (i.e. cirrus not related to convective activity). 268 

Since the number of AOD observations decreases as AOD increases, it is useful to use 269 

normalized cloud structure curves. For a given number of cloud counts N(z, D) between altitude 270 

z and z +0.1 km for cloud depth D,  the normalized cloud structure curve A(z, D, RH, AOD) is 271 

A(z, D, RH, AOD) = N(z, D, RH, AOD) / S N(z, D, RH, AOD)    (1) 272 

with the summation in the denominator over all altitude bins.  273 

 The question then arises as to how to measure the appropriate changes in cloud heights due to 274 

invigoration processes. There is a range of observed cloud top heights and cloud depths. The 275 

calculation of an altitude weighted centroid that integrates over a range of altitude is therefore 276 

appropriate. Since the cloud invigoration process implies an increase in imparted energy release 277 

in the cloud development process, the calculation of a mass and altitude weighted centroid also is 278 

appropriate. 279 

The ZC centroid of cloud occurrence is calculated from the expression 280 

        ZC = ñ A z dz / ñ Adz            (2) 281 

with limits of integration between 10 and 17 km altitude. We focus on that portion of the 282 

troposphere for which cirrus is prevalent. The ZM mass weighted centroid is calculated from the 283 

expression 284 

        ZM= ñ A r z dz / ñ A r dz           (3) 285 
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again with limits of integration between 10 and 17 km altitude,  and where r(z, D)  is the  286 

CloudSat ice content. The mass density is a function of the cloud depth D since cirrus of small 287 

vertical depth has a mass density substantially less than cirrus of extensive vertical depth. The 288 

normalized curves A are useful for graphical purposes in that A curves of different D, RH, and 289 

AOD values have similar ranges of the A values. Note that use of N or A in equation (2) yields 290 

the same ZC values since the denominator of equation (1) is altitude independent. This also 291 

applies to the ZM value of equation (3). 292 

 If cloud invigoration is present, then ZC and ZM values will increase as AODs (and CO 293 

mixing ratios at 215 hPa) increase. Calculations of ZC and ZM values are presented below in 294 

Section 4 for cases in which all cloud depths are used, and for which cirrus of small vertical 295 

depth D are excluded (i.e. only cloud depths greater than 1 or 2 km are used). The subsetting for 296 

depths greater than 1 and 2 km follows from previous studies of the vertical distributions of 297 

cirrus near the tropopause. Figure 12 of Massie et al. [2010] presents CALIPSO vertical cloud 298 

depth probability distribution functions (pdfs) at 16, 17, and 18 km altitude. The pdfs peak 299 

between 0.8 and 1.0 km vertical depth, while 2 km vertical depths are located in the tails of the 300 

pdfs. 301 

 Though the data is gridded at an altitude increment of 100 m, and the Calipso data has a 302 

vertical resolution of 60 m, equation (3) centroids can be calculated with accuracy better than 100 303 

m. We calculated Zc centroids of A(z) curves two ways. We first fit a representative annual A(z) 304 

curve with a high-order polynomial. We determined that the rms differences of A(z) and the 305 

polynomial fit was on the order of 2% (i.e. that the A(z) curve had a 2% noise structure).  Our 306 

first case calculation calculated the Zc centroid at a vertical resolution of 10 m, integrating over 307 

the 10 to 17 km range, using the polynomial fit to A(z) with no perturbations of A(z). Our second 308 

case calculation calculated several hundred Zc centroids at a vertical resolution of 100 m, using 309 
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the polynomial fit, modified by random perturbations of A(z) of 2%.  The average centroid from 310 

these perturbed calculations differed from the precise calculation by 30 m.  311 

 312 

4. Results 313 

Figure 1 presents two panels of normalized cloud counts over the Tropics (20S ï 20N) over 314 

land in 2008 for all months of the year and three bins of MODIS AODs (0.10 ï 0.20, 0.20-0.30, 315 

0.30-0.40), for two AIRS relative humidity bins of 60-70% and 80 ï 90% at 925 hPa. We subset 316 

our calculations of the altitude centroids and their derivatives using three relative humidity bins 317 

(i.e. 60-70%, 70-80%, and 80-90% at 925 hPa)  in order to isolate aerosol effects from dynamics 318 

and to look for consistency amongst the derivatives calculated for each relative humidity bin. The 319 

data points in Figure 1 are calculated and presented in 0.1 km altitude steps. All cloud depths are 320 

utilized in the curves presented in Figure 1. All curves have largest cloud occurrences of deep 321 

convection at altitudes above 10 km, and large occurrences of shallow clouds near the surface at 322 

altitudes below 3 km. Figure 1 curves were calculated for AODs using MODIS 1  ̄x 1  ̄latitude- 323 

longitude grid cells that are spatially matched with CloudSat 1  ̄x 1  ̄latitude-longitude grid cells. 324 

The number of observations that are associated with each point of each normalized curve is on 325 

the order of 10
4
. Curves for which MODIS satellite averages over 3  ̄x 3  ̄ longitude grid cells are 326 

very similar (not shown), and have less noise than the 1̄ x 1  ̄curves due to the increased number 327 

of cloud counts at each altitude.  328 

The variations in the normalized counts near 13 km altitude in Figure 1 are due to variations 329 

in relative humidity at 200 hPa. Figure 2 presents normalized curves with specifics similar to 330 

Figure 1, except that AIRS relative humidity data is selected to vary between 60 and 90% at 200 331 

hPa. The separation in the peak A values near 13 km is less than those in Figure 1, especially for 332 
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the 0.1 and 0.2 AOD curves. Figure 2 indicates that as one limits the ranges of the meteorological 333 

and dynamical variables that can influence the shape of the A curve, in both the lower and upper 334 

troposphere, that the differences in the A curves become smaller for curves of different AOD. 335 

Equations (2) and (3) are applied with and without consideration of the relative humidity at 200 336 

hPa.  337 

Figure 3 displays variations in the cloud occurrence centroids over land for 20 S to 20 N for 338 

cases in which a) all cloud depths are incorporated into equation (2) and when b) the centroid 339 

integrals only include cloud depths greater than 2 km. Centroids increase by 20 and 58 m per 0.1 340 

increase in AOD for the two cases, respectively, for the 1  ̄x 1  ̄AODs.  These average 341 

derivatives are calculated by first determining three Zc derivatives for each of the three relative 342 

humidity ranges at 925 hPa, using Zc values at AODs of 0.1 and 0.3, followed by an averaging of 343 

the three derivatives. It is expected that the derivatives will be smaller for case a) since this case 344 

includes cirrus which is not directly related to convection, and is more attributable to local in-situ 345 

(height insensitive) physics in the upper troposphere. 346 

Figure 4 displays variations in the mass centroids over land for 20 S to 20 N for cases in 347 

which all cloud depths are incorporated into equation (3) and when the integrals only include 348 

cloud depths greater than 2 km. Centroids increase by 36 and 26 m per 0.1 increase in AOD for 349 

the 1  ̄x 1  ̄AODs for the all cloud depths and cloud depths greater than 2 km cases, respectively.  350 

The average derivatives for each case are calculated by determining the three derivatives of Zm at 351 

0.1 and 0.3 AOD for each of the three relative humidity ranges at 925 hPa, followed by an 352 

averaging of the three derivatives.  353 

These derivatives, and others, are presented in Table 1. The 1̄ and 3̄ derivatives are fairly 354 

similar for the land observations, while the 3  ̄Zc derivatives are smaller than the 1̄   ocean 355 
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derivatives. Since half of the subvisual cirrus is likely directly related to deep convection, the 356 

derivatives for cirrus depths greater than 2 km are an appropriate measure of cloud invigoration. 357 

The Table 1 values indicate that cloud invigoration enhances cloud centroids, and mass weighted 358 

centroids, by less than 60 m per 0.1 AOD increment change over land, and less than 90 m per 0.1 359 

AOD over the ocean. These derivatives are substantially less than the 170 m to 987 per 0.1 AOD 360 

increment changes calculated by Koren et al. [2010a] and Koren et al. [2010b].   361 

Table 2 presents derivatives using 3 ̄AODs, and in which relative humidity is restricted to 362 

the 60 to 90% range at 200 hPa. The derivatives using 1  ̄AODs are not presented because the A 363 

curves (not shown) are noticeably noisy, especially over the ocean, due to a smaller number of 364 

observation points. The Table 1 values indicate derivatives less than 80 m per 0.1 AOD 365 

increrment for the Zc and Zm centroids.  366 

One can argue, however, that the use of the Table 2 derivatives may be unwise. First of all, 367 

there is a smaller total number of data points that are used to calculate the Table 2 derivatives. 368 

Smaller sampling introduces the likelihood that the sampling of the complete ranges of all 369 

variables, including dynamical influences, becomes less likely. A second point is that cloud 370 

invigoration is expected to be initiated mostly near cloud base. This is the crucial altitude range 371 

for which the dynamical influences (such as relative humidity) need to be accounted for.  The 372 

Table 1 derivatives are therefore sufficiently appropriate. Our discussion of results will however 373 

look at calculations in which relative humidity at 200 hPa is constrained to a specific range of 374 

relative humidity. 375 

By subsetting the calculations to the four seasons, we note that altitude Zc centroids differ 376 

from season to season (see Table 3). The ñOriginalò columns correspond to derivative data 377 

similar to that in Figures 3 and 4, in that only the AOD and RH dependencies of the Zc and Zm 378 

centroids are used to calculate the derivatives. The ñCorrectedò column incorporates additional 379 
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meteorological variables, and is discussed below. The largest ñOriginalò derivatives are for June-380 

July-August (JJA), with values near 169 and 110 m per 0.1 AOD increment over land and ocean, 381 

respectively. These values are similar to that of the increase in cloud top height of 170 m per 0.1 382 

increment change in AOD for the MODIS high cloud data over the ocean as analyzed by Koren 383 

et al. [2010a] for JJA. 384 

While binning by relative humidity at 925 hPa removes some of the variability due to 385 

dynamics, it does not capture all of the variability due to changes in the dynamics. This is 386 

apparent from examination of Figure 5, in which correlations of MODIS AODs over the land and 387 

tropics (20 S ï 20 N)  for RH between 70 and 80 % at 925 hPa are correlated with the mean 388 

values of AIRS RH at 500 hPa, MODIS water paths (g/m
2
), vapor deficits (g/kg),  NCEP FNL 389 

CAPE (J / kg), vertical wind shear (Ushear) of the horizontal wind (m /sec), and omega (pressure 390 

tendency at 500 hPa) (hPa / sec) values in JJA of 2008 for cloud depths greater than 2 km. The 391 

calculation of wind shear follows the work of Fan et al. [2009], in that Ushear is specified by 392 

subtracting the maximum and minimum U values between ground level and 7 km altitude.  393 

Relative humidity at 500 hPa increases in Figure 5 as AOD increases. This implies that dryer 394 

air is likely encountered by parcels at the lower AOD values, which will decrease the buoyancy 395 

of rising air parcels. Water paths decrease as AODs increase. Again the parcels at lower AODs 396 

will have more water loading and a decrease in buoyancy relative to higher AOD parcels. Vapor 397 

deficits decrease with increases in AODs. Average CAPE, which is of moderate magnitude, 398 

increases as the AODs increase over land and ocean. Wind shear decreases over the land, and 399 

omega decreases (i.e. the vertical velocity becomes less negative) over land and ocean, as AODs 400 

increase. The panels in Figure 5 generally indicate that dynamical parameters change such that 401 

dynamical influences consistently enhance parcel buoyancy and cloud heights as AODs increase 402 
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in JJA. The upward trends in the centroids presented in Figures 3 and 4 undoubtedly are 403 

influenced by meteorological and cloud dynamical factors. 404 

We note that the dependencies present in Figure 5 for JJA are not as strong in other graphs 405 

for the other seasons (not shown). CAPE over land for the other seasons does not increase by 406 

more than 150 J / kg as AODs increase, while CAPE changes by 500 J / kg during JJA as AODs 407 

increase. Water paths over land decrease by 20 g / m
2
 in JJA as AODs increase, and by half that 408 

amount in September ï November and December ï February. RH at 500 hPa over land increases 409 

by 20% in JJA as AODs increase, and half that amount for the other seasons.  The variations of 410 

the means in Figure 5 are reflective of sampling differences. There is not a good reason to 411 

suspect that e.g. larger water paths are always associated with larger AODs. The vertical bars 412 

associated with each symbol in Figure 5 are the 95% confidence limits of the determination of 413 

the mean values. Since the vertical lines along an individual land or ocean curve do not overlap, 414 

the differences in the mean values are meaningful. The standard deviations, however, are large 415 

and are on the order of the mean values themselves. The differences in the means in Figure 5 416 

indicate small differences that are present in wide distributions. 417 

The ramifications of the dynamical dependencies for JJA in Figure 5 are apparent by 418 

examining how correlations of AOD with the dynamical variables might possibly impact the 419 

calculations of the centroid derivatives. We start with the following equation for the altitude 420 

centroid Zc 421 

Zc  =  const  +   S {  (V(i)  ï Vref(i))  µZc / µV(i) }        (4) 422 

where the i summation is over the variable set {AOD, RH at 925 hPa, omega, CAPE, RH at 500 423 

hPa, water paths, wind shear} , and where Vref are reference (representative) values of the 424 

variables. This variable set is selected in order to represent the influence of AODs upon cloud 425 

heights, the positive meteorological influences of RH near the surface, omega, and CAPE, and 426 
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the negative influences of RH at 500 hPa, condensate burdens, and wind shear, which were 427 

discussed in the Introduction. Equation (4) equation is adopted from equation 8.8 of Stevens and 428 

Brenguier [2009], who point out that it is the accuracy of the sum of the products { (V(i) ï 429 

Vref(i))  µZc /µV(i) } of the dynamical variables, and not the differences (V(i) ï Vref(i)),  which 430 

limit oneôs ability to disentangle meteorological effects from aerosol effects. 431 

 Several papers provide some guidance as to the size of the derivatives. Figure 2 of Jensen 432 

and Del Genio [2006] presents ña hint of a relationship between increasing low-level CAPE, and 433 

increasing convective cloud-top heightò. Using the means of the cloud top heights of cumulus 434 

congestus clouds from their Figure 2, cloud top heights increase in the 5 to 8 km altitude range 435 

by approximately 1 m / (J / kg).  In contrast, Figure 12 of Redelsperger et al. [2002] indicates 436 

that clouds less than 6 km in height do not increase in height as CAPE increases. Their Figure 16 437 

indicates that cloud heights do increase sharply as vapor deficits decrease to values less than 2.5 438 

g kg
-1

, and less so for vapor deficits between 2.5 and 4 g kg
-1

. Using their data at 5 and 2.5 km, 439 

the cloud heights change by 1.8 km / (g / kg).  Sherwood et al. [2004] indicate that a 20% 440 

decrease in humidity above the boundary layer, for pressures between 500 and 750 hPa, over 441 

Florida and Key West during the CRYSTAL-FACE field study lead to a 1 km decrease in cloud 442 

heights. This translates to a derivative of -50 m / % RH.  Figure 6 of Khain et al. [2005] presents 443 

calculations of maximum cloud top heights versus accumulated rain amounts for cases with and 444 

without wind shear. The cloud heights for the representative accumulated rain amount of 0.4 mm 445 

change by - 108 m / (m / sec). Fan et al. [2009] consider wind shears greater than 10 m/sec 446 

within 7 km of the ground level to be strong. We note from our Figure 5 in JJA that strong wind 447 

shear is present at an AOD of 0.1 in JJA. Tables 2 and 3 of Fan et al. [2009] indicates that 448 

maximum updraft velocities and averaged latent heat release rates decrease as the cloud 449 
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condensation nuclei increase for the strong wind shear cases. They also note that the decreasing 450 

rate of updrafts is greater for humid air than for drier air.   451 

We calculated µ Zc/µV(i) derivatives by applying the IDL ñRegressò linear regression routine. 452 

Inputs to the calculation included Zc centroids and the means of the set {AOD, RH at 925 hPa, 453 

omega, CAPE, RH at 500 hPa, water paths, wind shear} calculated for each season. The Regress 454 

routine was applied with each data point given a Gaussian weight equal to the inverse of the 455 

variance of the Zc values, or these values scaled by a constant. All calculations produced a 456 

reduced c
2
 of unity, which is important for the comparisons of the derivative to its 2ů 457 

uncertainty. The most significant (2ů) derivative is that of the cloud water path, with a value of   458 

-3.6 m / (g
 
/ m

2
). By sub-sampling the data for low and high shear cases, and restricting the 459 

calculation to water paths between 110 and 130 g / kg,  the 2ů derivative of CAPE is 0.5 m / (J / 460 

kg) and the (1ů) derivative due to wind shear is -7 m / (m / sec). The CAPE derivative is half as 461 

large of that estimated using Figure 2 of Jensen and Del Genio [2006], and the shear derivative is 462 

over ten times smaller than that estimated from Figure 6 of the Khain et al. [2005] cloud 463 

simulation.  464 

We note that the graph of the cloud centroids versus the wind shear (not shown) is suggestive 465 

of non-linearity. The centroids decrease in value for wind shears greater than 10 m / sec, with a 466 

gradient near -80 m / (m / sec), in line with the simulations of Fan et al. [2009]. The centroids 467 

increase in value for shears less than 5 m / sec, with a derivative near 20 m / (m / sec). Situations 468 

with very low wind shear are known to inhibit cloud development since falling rain will decrease 469 

buoyancy. 470 

To illustrate the influence of the meteorological variables, the water path derivative of  -3.6 m 471 

/ (g / m
2
), a CAPE derivative of  0.5 m / (J

 
/ kg), and a wind shear derivative of -7 m / (m /sec) 472 

was used to calculate { (V(i) ï Vref(i))  d Zc /dV(i) }  corrections for each season. These 473 
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corrections were subtracted from the Original Zc values, followed by new determinations of 474 

µZc/µAOD derivatives using the corrected Zc values at 0.1 and 0.3 AOD. These derivatives are 475 

labeled ñCorrectedò in Table 3. The corrections take the ñOriginalò derivatives in JJA of 169 and 476 

110 over land and ocean, respectively, to ñCorrectedò values of 58 and 51 m per 0.1 AOD 477 

increment. Most of the correction is due to the water paths, indicating the importance of water 478 

loading. The corrections for the other seasons use the same derivatives and are substantially less 479 

in magnitude. Though the estimation of the derivatives is admittedly difficult  due to the scatter in 480 

the data, this calculation points out that dynamical and meteorological corrections are likely very 481 

important, and that exclusion of these terms, in the presence of correlations of the dynamical 482 

variables with AOD (see Figure 5), produces µZc / µAOD derivatives that are too large. 483 

Finally, since aerosol is difficult to measure in the vicinity of clouds, MLS CO at 215 hPa 484 

was also used to quantify cloud invigoration. Figure 6 displays normalized cloud structure curves 485 

over the tropics and land in 2008 for all months for three CO ranges (100 ï 150, 150 - 200, and 486 

200 ï 250 ppbv) for cloud depths greater than 2 km. The cloud ice water contents (IWC), i.e. the 487 

r(z,D) values, are greater than 3.5 mg / m
3
 for cloud depths greater than 2 km at altitudes near 488 

13.5 km, corresponding to pressures near 147 hPa.  Jiang et al. [2007] indicates in their Figure 4 489 

that MLS IWCs greater than 3 mg /m
3
 at 147 hPa, accompanied by large surface CO emissions, 490 

correspond to a regime of strong convection and surface emissions. Our application of equations 491 

(2) and (3) for cloud depths greater than 2 km therefore applies an IWC screening similar to that 492 

discussed by Jiang et al. [2007].  The three CO ranges specified above also approximately 493 

correspond to the three aerosol ranges of Figures 1 ï 5. Similar to Figures 1 and 2, cloud 494 

occurrence maxima are present in Figure 6 between13 and 14 km altitude, and at altitudes near 3 495 
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km. Cloud occurrence and mass centroids are presented in Figure 7. Cloud invigoration (i.e. 496 

increases in ZC and ZM values as CO increases at 215 hPa) is not apparent in Figure 7. 497 

 498 

5. Conclusions 499 

The CloudSat-CALIPSO RL-GEOPROF data for cirrus at altitudes greater than 10 km has 500 

derivatives of occurrence-weighted and mass-weighted cloud heights for the annual average and 501 

seasons (excluding JJA) of less than 100 m per 0.1 increment change in AOD over land and 502 

ocean, respectively, for 2008. These derivatives are substantially smaller (by factors between 2 503 

and 10) than those calculated previously based upon the MODIS cloud top pressure data for 504 

JJA.  Koren et al. [2010a] calculated that MODIS cloud top pressures decreased with an 505 

increase in MODIS AOD. In terms of altitude, cloud top heights increased by 170 m per 0.1 506 

increment change in AOD for clouds with pressures less than 600 hPa. Koren et al. [2010b] 507 

calculated that MODIS cloud top anvil heights increased by between 300 and 987 m per 0.1 508 

increment in AOD over the Atlantic and Pacific during JJA 2007.  509 

Our calculations were based upon a subsetting of the data according to both dynamical and 510 

microphysical variables, and also according to the vertical depth of the cirrus, since 511 

approximately half of the subvisual cirrus of small vertical depth is formed in-situ.  Following 512 

the work of Koren et al. [2010a] and Fan et al. [2007], relative humidity is a key dynamical 513 

variable, and subsetting according to relative humidity is mandatory.  The key microphysical 514 

variables in our study are AODs and CO (an aerosol proxy). Derivatives using MODIS AODs 515 

are small (see Figures 3 and 4, and Tables 1-3) even if one only considers two variables (i.e. 516 

AODs and AIRS RH at 925 hPa). The derivatives decrease when additional meteorological 517 

variables are considered. This is evident when one looks at the results of our regression analysis 518 

whereby aerosol, meteorological, and cloud dynamical variables are placed upon an equal 519 
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consideration. The small influence of cloud invigoration is apparent if one uses either MODIS 520 

AODs or MLS CO values at 215 hPa. 521 

Though the derivatives µZc / µV(i) for the dynamical variables are difficult to estimate, our 522 

analyses indicates that dynamical influences are very likely to be important. From a qualitative 523 

perspective, RH at 500 hPa and CAPE increases, and water paths, vapor deficits, wind shear, and 524 

omega decreases over land and ocean, as AODs increase in JJA (see Figure 5).  The derivatives 525 

in JJA are larger than those in other seasons (see the ñOriginalò column derivatives in Table 526 

3).Our regression analyses suggests that variations in water path are influential in modulating 527 

cloud top heights, with CAPE and wind shear influential to a smaller degree. This is consistent 528 

with the basic ideas discussed in the Introduction in regard to the variables and factors that 529 

influence parcel buoyancy, e.g. the negative effect upon buoyancy by water loading. This has the 530 

important ramification that dynamical and meteorological corrections are likely very important in 531 

determining the accuracy of the aerosol microphysical µZc / µAOD derivatives, and that exclusion 532 

of these terms, in the presence of correlations of the dynamical and meteorological variables with 533 

AOD, produces µZc / µAOD derivatives that are too large. 534 

Future work will expand upon the calculations presented in this paper. Additional processing 535 

of the GFS analyses fields and AIRS relative humidity data is required to expand our analyses to 536 

other years. This will allow us to better determine the dynamical and meteorological variables 537 

and possibly focus upon smaller regions of the world (e.g. India, China, etc).  538 

Determination of the centroid derivatives of the dynamical variables is an obvious important 539 

goal. Our literature search found little quantitative information on the dynamical and 540 

meteorological derivatives. Future calculations also will examine other aspects of aerosol-541 

indirect physics. Changes in albedos (using CERES data), and cloud fractions (using OMI and  542 
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MODIS data), due to changes in MODIS AODs and MLS CO mixing ratios, will be studied 543 

using the framework discussed in this paper. 544 
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Table 1. CALIPSO centroid derivatives calculated using Equations (2) and (3). Calculations bin 703 

data according to the relative humidity at 925 hPa. Derivatives are in m per 0.1 AOD units. 704 

_____________________________________________________________________________ 705 

           1  ̄x 1  ̄AODs      3  ̄x 3  ̄AODs 706 

Cloud occurrence centroids  Land    Ocean    Land   Ocean  707 

All  cloud depths     20     143    15    30 708 

Cloud depths > 1 km    28     173    26    48 709 

Cloud depths > 2 km    58     174    53    85 710 

 711 

Mass weighted centroids   Land    Ocean    Land   Ocean 712 

All  cloud depths     36     167    34    43 713 

Cloud depths > 1 km    26     59     26    58 714 

Cloud depths > 2 km    26     54     26    55 715 

______________________________________________________________________________ 716 

717 
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Table 2. CALIPSO centroid derivatives calculated using Equations (2) and (3). Calculations bin 718 

data according to the relative humidity at 925 hPa and at 200 hPa. Derivatives are in m per 0.1 719 

AOD units. AODs are derived from 3̄ x 3  ̄averages. 720 

_____________________________________________________________________________ 721 

Cloud occurrence centroids  Land      Ocean     722 

All cloud depths     33       50 723 

Cloud depths > 1 km    44       51 724 

Cloud depths > 2 km    65       75 725 

 726 

Mass weighted centroids   Land      Ocean 727 

All cloud depths     49       66 728 

Cloud depths > 1 km    54       60 729 

Cloud depths > 2 km    59       62 730 

_____________________________________________________________________________ 731 

732 
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Table 3. Zc centroid derivatives for the four seasons over land and ocean. Values are for  3  ̄x 3  ̄733 

AOD calculations. Derivatives are in m per 0.1 AOD increment units. 734 

_____________________________________________________________________________ 735 

             Original      Corrected 736 

Cloud occurrence centroids    Land    Ocean   Land  Ocean   737 

December-January-February    64     76    69   46   738 

March-April -May        81     66    47   37 739 

June-July-August       169    110   58   51 740 

September-October-November   -35     69    -40   45 741 

_____________________________________________________________________________ 742 

 743 

 744 

  745 

 746 

747 
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 748 

Figure 1.  Left panel) Normalized cloud counts over the Tropics (20S ï 20N) and land in 749 

2008 for all months of the year and three bins of MODIS AODs (0.10 ï 0.20, 0.20-0.30, 750 

0.30-0.40), and AIRS relative humidity of 60-70% at 925 hPa. Right panel) Same as the 751 

left panel, except that AIRS relative humidity is 80-90% at 925 hPa. AODs and RL-752 

GEOPROF data are from 1  ̄x 1  ̄degree latitude-longitude data bins. 753 

754 
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 755 

Figure 2.  Normalized cloud counts over the Tropics (20S ï 20N) and land in 2008 for all 756 

months of the year and three bins of MODIS AODs (0.10 ï 0.20, 0.20-0.30, 0.30-0.40), 757 

and AIRS relative humidity of 70-80% at 925 hPa and 60-90% at 200 hPa near 11 km 758 

altitude.  759 

760 
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 761 

Figure 3. Left panel) Altitude centroids of cloud occurrence (see Equation 2) over the 762 

Tropics (20S ï 20N) and land in 2008 for all months of the year for all cloud depths. Right 763 

panel) Same as the left panel except that only clouds with vertical depths greater than 2 764 

km are included. 765 

766 


