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A-train satellite observationsof very little cloud invigoration by aerosols

Steven T. Massjd_eigh Munchak

National Center for Atmosphie Research, Boulder, ColoraddSA.

JonatharH. Jiang Hui Sui
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Changes in occurrenaeeightedand massveightedcloud heightsre calculateds a
functionof aerosol optical depth (AO@Vver theocean and land in the tropics #008.The
cloud height derivativeare calculated from an analysis of RIEOPROFcloud vertical
structuredata from the CALIPSO an@loudSatexperiments.The structures are binned
according tahermodynamic andynamical influences (e.g. relative humiditgm the AIRS
experment) and aerosahfluences e. MODIS AODsand MLS CO at 215 hpa, an aerosol
proxy). Since not all cirrus in éhupper tropospheretislateddirectlyto deep convection, the
cloud structureare alsdinned according to the vertical dbp of the observed cirrus, for cloud
widths less than 1 km to those greater than10 €loudSatdata is used to specify the cloud
mass densities associated with the cirrus of differentcaddepths. Changes in RREOPROF
occurrenceveightedand massveightedcentroidsarelessthan 100 nper 0.1 incrementhange
in AOD over the land and oceafws theannual average and seasorse MLS derivatives do
not indicate an increase in cloud heights as 215 hPa CO incréhsss.derivatives are
substantially saller (by factors between and 10)han those calculated previously based upon

MODIS cloud top pressure data.
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1. Introduction

Aerosotindirect effectsare thought to have many diverse effects upon atmospheric
physics[Lohmann and Eichter, 2005] For a gien amount of water vapor, an increase in
aerosol number density will produce a larger number of smaller and more reflective cloud
droplets Twomeyl977), thus haing a cooling effect on the atmosphesenaller cloud
droplets collide less efficiently, pralging droplet lifetimesAlbrecht1989]. Aerosol
may inhibit or enhance cloud dynamics. Absorptive aerosol can alter temperature profile
stability, and inhibit cloud growttAn increase in aerosol concentrations is thought to
suppress warm rain processgstmitting more liquid water to reach the homogeneous
freezing level, and thereby enhance latent heat release in the upper portions of clouds
[Khain et al, 2005;Rosenfeld et al2008].T hi s process i s known as
In general, ncertanties in the magnitude of aerosotirect effects are large, with
uncertainties in radiative forcing (17@@esenthear 1.5 W / fy a valueas large as the
positive forcing due to greenhouse gase€C, 2008].

The potential for cloud invigoration to irapt the radiative budget of thémosphere
modulated by decadal trends in aerosol loading, is illustrated by considering the changes in
the blackbody emission of optically thick clouds whose cloud tops increase in leight
e.g.0.1 and 1 kmThe occurrece-weighted cloud heights discussed below are near 13
km. With a temperature lapse rate 8K / kmnear 13 kmthe blackbodyiT* emissions
(with G the StefarBoltzmann constant) associated with cloud tops near 13.1 and 14 km
are 1.4 and 13.8 W / Tiower thanthat at 13 k. There are compensatingnsiderations,
however, Bice if increases in aerogmoducesmallerice particles, then clouds are more

reflective at visible wavangths, and cloud coveralijeely alsochanges.
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Cloud invigoration has recdntbeenquantifiedby Koren et al [20103). MODIS
cloud top pressure and aerosol optical depth (AOD) data over thérogeal
convergence zone in the tropical Atlan@d 10 N, 20-30 W)for July and August 2007
were binned for three AOD bins: 0<AGID.15, 0.15< AOD<0.35, and 0.35<A0D<1.
Data weresulsdtedinto several categories, i@l datafor all cloud top pressuredata
with cloud fractions less than 20¥igh clouddata(with cloud top pressurdess than 600
hPa) andhigh clouds for cloudractions less than 20%. Most of the MORI&ahad
cloud tops in the 600 to 1000 hPa range. Figures 5e anidkeéeen et al [2010a] display
variations of cloud top pressures as a function of AOD fatath and the high cloud
casesThe increase in oudtop pressure itheir Figure 5e corresponds to an increase in
cloud top height of 26fh and 120m per 0.1 increment AOD, for the all data and 20%
cloud screened data cases, respectivdlg.increase in cloup pressure itheir Figure
6e correspds to an increase in cloud top height of &i¥Per 0.lincrementchangdn
AOD for the high cloud data.

In a related papeKoren et al [2010b] calcuhtechanges in cloud anvil heights as a
function of MODIS AODs over the Atlantic (O N to 14 N, 18 WAt W) and Pacific (O N
to 14 N, 180 W to 150 W) during Judaly-August 2007From Figure 3 oKoren et al
[2010b], anvil heightincrease by approximately 430 and 88@er 0.1 incremerdhange
in AOD over the Atlantic and PacificespectivelyThe anvi heights are between 11.1 and
11.7 over the Atlantic, and 11.9 and 13.2 km over the PaéiMODIS AOD data from
adjacent grid boxes are used, the derivatives (see Figunéd@eai et al [2010b]) are 666
and 987m per 0.1 incremerghangan AOD overthe Atlantic and Pacific. Finally, if the
analysis is restricted to cases for which the-trogposphere vertical velocity omega field

is negative (i.e. cases pbsitivevertical véocity), based upon the NOAACEP Global
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Data Assimilation System field#)en the derivative over the Atlantic is 300 m per 0.1
incrementchangan AOD. In combination, th&oren et al [2010a, 2010b$tudiesreport
a range of cloud invigoration between 170 and 987 m per 0.1 increheergan AOD.

It is well recognized thahe quantification of aerosahdirect effects is not an easy
task.Koren et al[20108] andStevens and Feingo[@009] discuss the difficulties
inherent in using satellite data to quantify aerasolid indirect effects. Measurements of
aerosol opticatlepths in the vicinity of clouds are very difficult. Aerosgkical depths
may change as a function of distance from clouds, due to changes in relative humidity
(RH). A mgor challenge is to isolatehanges in cloud propertietue to changes in
aerosolin a sea of meteorological variability.

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

variablesParcel buoyancincreases as the difference between the parcel and ambient air

temperaturencreasesand decreases if watasralensate is present in the paféagers

and Yay1989].Bloyancd e cr eases when ambient siacer 1 s fAent

the ambient air is usually drier and cooler than that of the parcel. Latent heat is released if
changes in phase from vapoditpuid, and liquid to iceoccur duringascentthereby
increas ng the parcel temperature and buoyancy.
when changes in aerodohdingalter the vertical profile of latent heat release.

Clouds are of course thrdenensionatime-dependenstructures with complicated
internal structure and velocitiefds. Current cloucsimulations havélentified a variety of
considerations which influence the time development of clodasations in relative
humidity near the stace are known to produce differences in cloud struckaa pt al
2007]. As relative humidly increases, cloud ice water content #rmehorizortal extent of

cloud anvilsincreaseFan et al.[2007 note thatmcreases inelative humidity are

¢



96 correlaed with increases itemperature profile instabilitys represented lopnvective
97 available potential energy (CARE/ kg. Moisturevalues in low and middle troposphere
98 altitudes are identified b$herwood1999] asa dominant factgrand CAPE values a
99 minor factor, inthe outbreak of convection in the tropical western Pacific area. This
100 finding is supported by parcel model calculation8aiwn and Zhan@l1997] who note
101 that parcel buoyancy is depleted by entrainment when parcels encounter dry athabove
102 boundary layer. Cloudesolving simulations byakemiet al.[2004] alsosupport this
103 viewpoint. Koren et al[20108] note that the analyses fields of relative humidity and
104 vertical pressure velocity are the two fieldst olinumerous analyses fieldbat are the
105 most highly correlated with observed cloud top pressure values
106 Fan et al [2009] note that horizontal wind shear has an important effect upon cloud
107 developmentWith strong wind shear, the increase in evaporative cooling in an isolated
108 deepconvective cloud is larger than the increase in condensational heating with increasing
109 aerosols, leading to the suppression of convecliba.presence of wind shear may also
110 enhance the developmestrength, and longevitf squall lines Weisman and Ronng
111 2004], when the wind shear is aligned perpeunidir to the squall line. Thuspedfic
112 spatial and temporaletails ofmetorological variations mayther havea positive or
113 negative effect on cloud development.
114 The emporaland scalelependent ature of cloud development is illustrdtey the
115 high resolution (100 m by 100 m in the horizontal and vertical) three dimensional
116 simulation of shallowto-deep convection over the Amazonihairoutdinov and Randall
117 [2006]. Though sufficient CAPE is pregaluring the start of the simulation, only shallow
118 convections present for sever&burs,with eddies not growing larger thaim in size.

119 The eddies then start to coagulate into larger structures aligned along the moving edges of
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cold pools, created Imowndraftsvhich are negatively buoyamwhen rain evaporates
above the convective boundary layBne larger structures then evolve into deep
convection.

In this paper we analyZeloudSatCALIPSOdata to quantify changes in cloud
vertical structure abloderate ResolutiolmagingSpectrometer\|ODIS) aerosol optical
deptls and CQOmixing ratios at 215 hPa increas&ur analysis fogses uporloud
structure at altitudes above 10 km altitude in the tropics. Sectiorgsdes thdata in
our analysesCloudSatCALIPSO doud structure data, MODIS AODand MLS CO at
215 hPa (an aerosol proxygection 3 discusses oorethodologyEqual consideration is
given to neteorological and dynamichéldsandaerosolcloud interations The fields of
relative humidiy nea the surface, and at 500 arf@dbzhPa, wind shear, CAPE, pressure
tendencyandliquid water pathsfrom analyses and/or satellite observations are insed
our calculationgo represent several of the meteorological and dynamical influences
discussedbove.Section 4 presents thesults of our calculatiorsf the changes in
occurrenceveighted and masseighted cloud heights due to aerosol and meteorological

influences. Section 5 presents our conclusions.

2. Data

Mergedradarlidar geospatial profilRL-GEOPROJ data Mace et al 2009]specifies the
upper and lower altitudes of cloud layers as jointly observed b@lthelSaiandCloud-Aerosol
Lidar and Infrared Pathfired Satellite Observation€ALIPSO) experiments. We analyZ._-
GEOPROFHdatg avaibblefrom http://www cloudst cira.colostate.edufor 2008 for tropical
latitudes between 20iS20 N. The CloudSatand CALIPSO experiments fly within X5of each

otherin the NASA Atrain satellite constellatiowith observatioriimes at 1330rad 0130 dcal
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time[L 6 Ec uy e r ,28l0]dcCloudSatcarrgs the first Wband (94 GHz) cloud profiling
radar Btephens et aP008].CloudSats unique in its ability to observe both cloud and
precipitation.The CALIPSOexperiment includes the CALIOpblarization lidar that observes at
532 and 1064 nm\inker, Huntand McGill2007].Vertical resolution volumes fo€loudSat
and CALIPSO are 480 m and 60 m, respectividigst of the cloud structure in the RL
GEOPROF data above 10 km is contributed by the CALIPS@rerentWe bin RL-
GEOPROFdatain 0.1km altitude increments

The satellite observatidimes howeverare not coincidntwith thediurnal convection
maxima at 0500 over the tropical oceans and 1700 oveotiiments [Liu et al.2008,Mace et
al. 20()]. Ideally, it would be best to be able to observe the cloud tops when the storm activity is
at itstemporal and spatigleak.Figure 1 ofLiu et al.[2008] presents frequendyy-altitude
diagrams offropical Rainfall Measuring Mission Precipitation Ra(BRMM PR) reflectivity
greater than 20 dBz over 20 20 N over land and oceaRReflectivity frequencies are
contoured for frequency ranges from 0.9 to 14 % over the land and 2.3 to 7% over the ocean,
with the 5% threshold indicating the presencsigtfificant reflectivity. The reflectivity
frequenciest altitudes greater than 10 lare greater than 5% over land betweeii 23 hours
and over the ocean betweeni224 and O' 8 hours local timeTheafternoonA-train
observation time of 1330 is at thdge of the 5% frequendyreshold over land, while thpgost
midnight0130time occurs when the frequencies over the ocean are greater than or equal to the
5% threshold.

Since massveighted cloud heightare discussd inthis paperCloudSatce andiquid water
content datdavailable fromhttp://www.cloudsat.cira.colostate.edu/data_dist/OrderDatagniep
processeto determine thannualaveragedloud mass fieldor 2008 for 20 S to 20 Nr'he 2B-

CWGC-RO data files(with RO standing for radar onlgpngin liquid and ice contents (mg Am
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in an altitude grid with verticapacingof 0.24 km. Ice water conteniWC) bias errors are
estimated to be less than 408wktin et al. 2009].Differences in théWC probability
distribution functions (PDFs) @loudSatandthe Microwave Limb SoundefMLS) are
generally less than 50%\u et al, 2008].

The MODISexperiment uses 36 visible and infrared spectral bdfidg et al.,1992,King
et al.,1999].MODIS measures many parameters (e.g. cloud top tempesaigpeessure, cloud
water and ice paths, cloud coverage fractiae®sol AOD9. We note that MODIS cloud top
altitudes for optically thick clouds are approximately 1.5 km lower than CALIPSO cloud top
altitudes Minnis et al, 2008] due to differences insible-lidar and MODIS infrared radiative
transfer consideration$he MODIS experiments began operation in February 2000 and July
2002 on the Terra and Aqua satellite platforms. Aerosol optical depths at 0.55 um are retrieved
over land Kaufman et al 1997] and ocearHemer et al., 200Martins et al, 2002] using
different algorithms. Validation of MODIS AODs is discusseRayneret al.[2005] for
observations over the ocean, &l et al[2002, 2003] over landAqua AODs,(available at
http://ladsveb.nascom.nasa.gov/datare analyzed in this papgince the Aqua satellite is in the
A-train. We subset our analyses ovand and oceadueto the differences in the aerosol
retrieval algorithmsnddue to the inherent differences between cliamdpoal variations and
clouddynamics over land and ocean

We use MODISiquid water paths in our analyses as a proxy foewktading influences
that arepresent in paeds. As discussed above in tirdduction, water loading will decrease
parcel buoyancylhe validation of the MODIS8vater paths is discussedHiorvath et al[2007].
MODIS and Tropical Rainfall Measurement Mission (TRMM) Microwave Imager (TMI) liquid
water path means agree to 5 to 10% with an overall correlation coefficient of 0.85 fomwarm,

precipitating clouds.



192 Atmospheric Infrared Souer (AIRS) relative humiditprofile data are used in our

193 calculationgo account for dynamical variations, following the discussiojirah et al 2007].

194 Thequality of theAIRS relativehumidity and wadr vapor data is discussed Ggttelman et al.

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

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

197 measurements agree with air¢n@ieasurements to within 25% and 9% at pressures less than 150
198 and 250 hPa, respectively. AIRS relative humidity values have an estimated dry biasTdfel%.
199 AIRSlevel 3 (AIRS3STDYata is available dhe NASA Goddard DAC at

200 http://mirador.gsfc.nasa.ggi-bin/mirador/presentNavigation.pl?tree=projdelative

201 humidity near the stace at 925 hPa, 500 hPa (near 5 km altitude), and at 200 hPa (near 11 km)
202 areincluded in our analysis.

203 We also use the AIRS rel ati viet Reatlemspeyéretyal dat a
204 [2002] note that CAPRvasnot well correlated taloud heightsobserved during the Tropical

205 Ocean Global Atmosphere Coupled Océamosphere Response Experiment (TOGA COARE)
206 inNovemberof1992 | nst ead, t h diffdiencagbeaturatédespecific humidity t h e
207 andmoist specific humidity, averaged over the altitude range from 3 to 4.5 km altitude, is

208 inverselycorrelated with cloud top heightSmaller vapor deficits are associated with higher

209 cloud tops heightdVe usehe AIRS data to calculate vapor deficits ARS pressues between

210 500 and 700 hRa

211 Since aerosol is difficutio measurén thepresence of clouds, we also analiyfleS

212 COat 215 hPa. MLS CO itrieved from the 230 GHZO emission lineMLS

213 meauremets of CO arenfluencedmuch lesdy the presence of cloudsthe

214  microwave compared taneasurements of MODIS AODs the visible, since theatios of

215 cloud particle sizéo the microwave observation wavelength are much smaller than the



216 corresponding rais of the MODIS measuremeni&hough he V2.2 datdavailablefrom

217 http://mirador.gsfc.nasa.gov/cgibin/mirador/presentNavigation.pl?tree=pngj&ctown

218 to belarge by a factor of twdLjivesey et al2009, and is retrieved with a vertical

219 resolution of5 km,we are interested in relative changes in cloud altitude structure as CO
220 changes. W bin the CO data fa three bins (e.g. 18050, 1501 200, 200250 ppbv at

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

222 measuremds at 215 hPa are correlated above the Amazon, especially during the dry
223 season, and less so during the veatsensince raifall processes washout aerosdiang

224 et al.[2009] present®ODIS AOD versus MLS CQelationshps for other regions of the
225 world on a month by month basis

226 We use various fieldsom the National Centers for Environntal (NCEP)Final

227 Global Data Assimilation System (FNLhich is the final run of the Global Forecast

228 System model with assimilated observatiolisalyses are providieon a 1 by 1 global

229 grid every 6 hourst 21pressure levels from 1000 to 1BPa.Values of maximunCAPE

230 during the daythe maximum wind she&m / s)between ground and 7 km (i.e. 253 hpa)
231 and the vertical pressure velocfgmegaPa / syat 500 hR are incorporateithto our

232 analyses.

233

234 3. Methodology

235 RL-GEOPROF data files f&#008 are processed in the following manifer. each day, the
236 cloud structure in each X 1 latitudelongitude grid cell is determined in an altitude profile
237 between ground levand 20 km, with a 0.1 km vertical resolution, based upon the layer
238 structurs specifiedn the RLGEOPROF data file A single observation profile may have more

239 than one cloud layer. Counts of unity are registered for all altitude levels between thplou

1C
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and cloud bottonof each cloud layeiThe counting is binned according to the depth of the cloud
layer, with binning for depth rangesl€l, 1-2, 23, 34, 410, and 120 km.

MODIS AODsand water paths, and AIRS relative humidity fields are firstagednto a uniform
1 x 1 latitudelongitude grid so that daily AODs can be easily related todigRL-
GEOPROFcloudstructureand NCEP FNL data files. Using the NCEP FNL data and the
MODIS AODs, processing bins cloud counts as a function ofidétiz, cloud depth D, AIRS
relative humidity RH, and AOD. Binning is performed in increments of 10% relative humidity,
from O to 100%, and increments of 0.1 AOD from 0.1 to unity.

Since MODIS observations of aerosol are difficult inphesence of cloud8)ODIS AODs
arealsoaveraged over X 3, andarematched with th€loudSatl x 1 latitudelongitudegrid
cells. This reduces the noise of the MODIS AODs, and increases the number of data points that
can be used in our calculations. Over the land (@c¢¢ae fraction of positive MODIS AODs
increases from 64 % (53%) to 90 8¥%6). For AODs less than 0.4 (the upper limit of AODs
used in our study), the correlation coefficients okl and 3 x 3 AODs are 0.84 and 0.91. A
least squares linear fit theése individual data poinisdicates that the Ix 1 AODs are higher
than the 3x 3 AODs by 0.051 and 0.027 over land and ocean, respectively. The use 8f 3
AODs therefore increases sanmgjistatistics and does not introduce prohibitive AOD biases

The binning by cloud depth is necessary since subvisual cirrus is formedihy pmocesses
and by blowoff by deep convectiorHfisteret al, 200]. The insitu processes, by which humid
air layers slowly rise near the tropopause and form layessali vertical depth, are not
necessarily directlyelated to deep convectidrfisteret al.[2001]used back trajectory analysis
to relate thin and thickemirrus (depths of several km) to deep convection. The thickerd

structures wereelated to oudtow from convection 0.5 to 3 days downwind of convection.
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Massie et al[2002] used back trajectory calculations in an analysis of Halogen Occultation
Experiment (HALOE) cirrus extinction data and concluded that half of the HALOE cirrus
observations ovahe maritime continenvereconsistent witlthe convective blowoff formation
process, while the other half warensistent with in situ formation processélse dept binning
therefore allows uw calculate vertical displacements of cloud structure ettt wittout small
depth cirrus (i.e. cirrusot related to convective activjty

Since the number of AOD observatiorecteases as AOD increases, iiseful to use
normalized cloud structure curves. For a given numbeloofl counts N(z D) betweenraltitude
zand z +0.1 knfor cloud depth D,the normalized cloudtructure curve A(ZD, RH, AOD) is

A(z, D, RH, AOD) = N(z, D, RH, AOD) / SN(z, D, RH, AOD) (1)
with the summation in the denominator over all altitude bins.

The question then arises astaw to measure the appropriate changes in cloud heights due to
invigoration processe3here is a range abservectloud top heights ancloud depthsThe
calculation of an altitude weighted centrthét integrates over a range of altitusléherefore
appropriate. Since the cloud invigoration process implies an increase in imparted energy release
in the cloud development process, the calculation of a mass andeaWeighted centroid also is
appropriate.

TheZc centoid of cloud occurrence is calcutat from the expression

Zc =fA zdz /hAdz (2)
with limits of integration between 10 and 17 km altitude. We focus on that portion of the
troposphere for which cirrus is prevalent. igmass weighted centroid ¢slculated from the
expression

Zy=NAr zdz /AA T dz 3

12
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again with limits of integration between 10 and 17 km altitude, and wkzrP) is the
CloudSatcecontent The mass density is a function of the cloud depth D since cirrus of small
vertical dgth has a mass density substalhtiless than cirrusf extensive vertical deptfthe
normalized curves A are useful for graphical purpaséisat A curves of different D, IR, and
AOD values have similar rangestbE A values Note that use dfl or A in equation (2yields

the same gvalues since the denominator of equation (1) is altitude independent. This also
applies to the ¢ value of equation (3).

If cloud invigoration is present, therr 2nd 4, values will increasas AODs(and CO
mixing ratios 8215 hPa)ncrease. Calculations otand 4, values are presented below in
Section 4 for cases in which all cloud depths are used, and for @itrich of small vertical
depth D are excluded (i.enly cloud dgths greater thah or2 km are used The subsetting for
depths greater than 1 and 2 km follows from previous studies of the vertical distributions of
cirrus near the tropopaudégure 12 oMassie eal. [2010] presents CALIPSO vertical cloud
depth probability distribution functions (pdfs) at 16, and 18 km altitude. The pdfs peak
between 0.8 and 1.0 km vertical depth, while 2 km vertical depths are located in tbtkesls
pdfs.

Thoughthe data is gdded at an altitude incremewit100m, and the Calipso data has a
vetrtical resolution 060 m, equation (3) centroids can be calculatéth accuracy better than 100
m. We calculated centroids of Az) curves two ways. We first fit a representatraualA(z)
curve with a higkorder polynomial. We determined that the rms differences ofak(@)the
polynomial fit was on the order of 2% (i.e. that the )Ad@rve had a 2% nse struture). Our
first case calculation calculated thgcéntroid at a vertical resolution of 10 m, integrating over
the 10 to 17 km range, using the polynomialdif\(z) with no perturbationsf A(z). Our second

case calculation calculated several hundrgcetroids at a vertical resolution of 100 m, using

13
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the polynomial fit, modified by random perturbationsAgt) of 2%. The average centroid from

these perturbedalculations differed from the precise calculation by 30 m.

4. Results

Figure 1 presentsvo panels ohormalized cloud counts over the Tropics (208)N) over
land in 2008 for all months of the year and three bins of MODIS AOO${ 0.20, 0.260.30,
0.30-0.40), fortwo AIRS relative humiditybinsof 60-70%and 80i 90%at 925 hPaWe subset
our calculations othe altitude centroids and their derivatives using three relative humidity bins
(i.e. 60-70%, 7080%, and 880% at925 hPa) in order to isolaerosol effects from dynamics
and to look for consistency amongst the derivatives calculated for each relative humidityebin.
data pointsn Figure larecalculated angresented in 0.1 km altitude steps. All cloud depths are
utilized in the curves pisented in Figure All curves have largest cloud occurrenoésleep
convectionat altitudes above 10 km, aladge occurrences of shallow clouasar the surface at
altitudes below 3 km. Figure 1 curvesm calculated for AODs using MODIS x 1 latitude
longitudegrid cellsthat are spatially matched wi@loudSatl x 1 latitudelongitudegrid cells.
The number of observations that are associated withpeashof eaclnormalized curve is on
the order ofL0*. Curves forwhich MODIS satellite averges ove8 x 3~ longitudegrid cdls are
very similar (not shown), arfshve less noisthan the I1x 1 curvesdue to the increased number
of cloud counts at each altitude.

The variations in the normaéd counts near 13 km altitudeFigure laredueto variations
in relative humidity at 200 hPa. Figure 2 presents normalized curves with specifics similar to
Figure 1, except tha&IRS relative humidity data is selected to vastween 60 and 90% at 200

hPa.The separation in the peak A values néakiis less than those in Figure 1, especifily

14



333 the 0.1 and 0.2 AOBurves. Figure dicates that as one limits the rangethef meteorological
334 and dynamicavariableshatcaninfluence the shape of the A cunme both the lower and upper
335 troposphergthat he differences in the A curves become smétlecurves of diferent AOD.

336 Equations (2) and (3) aepplied with and without consideration of the relative humidity at 200
337 hPa.

338 Figure 3 displays variations in the cloud occurrence centovieislard for 20 S to 20 Nor

339 cases in whicla) all cloud depths are incorporated into equation (2) and Whtre centroid

340 integrals only include cloud depths greater th&m. Centroids increase by 20 andsger 0.1
341 increase in AODor the two casegespetively, for thel x 1 AODs. Theseaverage

342 derivatives arecalculated byirst determining thre@. derivativesfor each of the three relative
343 humidity ranges at 925 hPasing Z valuesat AODs 0f0.1 and0.3, followed by an averaging of
344  the three deriatives.lt is expected that the derivatives will be smaller for case a) since this case
345 includes cirrus which is not directly related to convection, and is more attributable to {sital in
346 (height insensitivephysics in the upper troposphere.

347 Figure 4 dsplays variations in the mass centrad®r land for 20 S to 20 Mr cases in

348 which all cloud depths are incorporated into equation (3) and when the integrals only include
349 cloud depths greater th&km. Centroids increase by 36 andni2er 0.1 increasin AODfor

350 thel x 1 AODsfor the all cloud depths and cloud depths greater than 2 km cases, respectively
351 Theaverage derivative®r each casare calculated by determining ttieeederivatives oz, at
352 0.1 and 0.AOD for each of the threeelative humidity rangeat 925 hPafollowed by an

353 averagingf the three derivatives.

354 These derivatives, arathers, are presented in TalileThe 1 and 3 derivativesare fairly

355 similar for the land observations, while tBeZ. derivatives aresmaller tharthe I ocean
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356 derivatives. Since half of the subvisual cirrus is likely directly related to deep convection, the
357 derivativedor cirrus depths greater tharkeh are an appropriate measure of cloud invigoration.
358 The Table 1 values indicate that cloudigoration enhances cloud centroids, and mass weighted
359 centroidspy less thar60 m per 0.1 AOD incremerchangeover land, and less than @0per 0.1
360 AOD over the ocean. These derivatives are substantially less than thetd B8nper 0.1 AOD
361 incrementcharges calculatedoy Koren et al [201(a] andKoren et al[2010b]

362 Table 2 presents derivatives using&Ds, and in which relative humidity is restricted to
363 the 60 to 90% range at 200 hPa. The derivatives UsiADs are not presented because the A
364 cuwves (not shown) are nogably noisy especially over the oceatiue to a smaller number of
365 observation pointsThe Tablel values ndicate derivatives less than 80per 0.1 AOD

366 increrment for the Zand Z, centroids.

367 One can argyéhowever, that the use# the Table Zerivatives may benwise.First of all,

368 there is a smaller total number of data points that are used to calculate the Table 2 derivatives.
369 Smaller sampling introduces the likelihood ttiegsamplingof the complete rangef all

370 variablesincluding dynamical influencebgcomes less likelA second point is that cloud

371 invigoration is expected to be initiatetbstlynear cloud bas&his is the cruciahltitude range
372  for which the dynamical influences (such as reatiumidity) need todaccounted forThe

373 Table 1 derivatives arthereforesufficiently appropriateOur discussion of results will however
374 look at calculations in whicltetative humidity at 200 hPa @®nstrained t@ specific range of

375 relative humidity.

376 By subséing the @lculations to the fouseasons, we note that altitudec&ntoids differ

377 from season to seas@ee Tabl). T h ériginald olemns correspond to derivatideta

378 similar to that in Figures 3 and #h that only the AOD and RH dependencies of thandZ,

379 centroids are used toCcocratecl adeée ¢ bleddubeal i vaoi p
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401

402

meteorologicalariables, ard isdiscussed belowlhe largesfiOriginald derivatives arefor June
July-August (JJA), with values near 169 and ti@er 0.1 LD increment over land and ocean,
regectively. These values are similatthat of the increase in cloud top height of h7@er 0.1
incrementchangan AOD for the MODIS high cloud dataver the oceaas analyzed bi{oren
et al [2010a]for JJA.
While binning by relative humiditat 925 hPaemoves some of the variability due to
dynamics, it does not capture all of the variabilitie to changes in the dynamig#is is
apparent from examination of Figure 5, in which correlations of MODIS AODs ovenitiaiel
tropics (20 § 20 N) for RH between 70 and 80 % at 925 (#Pa correlated with theean
values of AIRS RHat 500 hPa, MODIS water paths (gjmvapor deficits (g/kg)NCEP FNL
CAPE(J / kg), vertical wind shedUses) Of the horiontal wind (m/sec), and mega (pressure
tendencyat 500 hPr(hPa / secyalues inJJAof 2008 for cloud depths greater than 2 Rine
calculation ofwind shear follows the work dfan et al.[2009], in thatUspearlS specifiedoy
subtacting the maximum and minimubhvalues between ground level and 7 km altitude.
Relative humidityat 500 hPa increasesFigure5 as AOD increases. This implies that dryer
air islikely encountered by parcels at the lower AOD values, which will dectkabeoyancy
of rising air parced Water paths decrease as AODs increase. Again the parcels at lowsr AOD
will have more water loading and a decrease in buoyancy relative to higher AOD parcels. Vapor
deficitsdecrease with increases in AQBwerage CAPEwhich is of moderate magnitude,
increasess the AODs increasaver land and ocealVind shear decreases over the land, and
omega decreaseise( the vertichvelocity becomes less negatjwa/er land and ocean, as AODs
increase. The paneis Figure 5generally indicate that dynamicparameters change suthat

dynamical influences consistendphancearcel buoyancy ancloud heightsas AODs increase
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in JJA.The upward trends in the centroids presentdélgnres 3 and 4 undoubtedly are
influenced bymeteorological and cloud dynamidattors

We note that the dependencies present in Figure Bfoarenotas strongn other graphs
for the other season®ot shown) CAPE over land for the other seasonssitot increase by
more than 150 J / kg as AODs increase, while CAPE chand&30by / kg during JJA as AODs
increase. Water paths over land decrease by 20?iv A as AODs increase, and by half that
amount in Septembé&rNovember and DecembgérFebruary. RH at 500 hPa over land increases
by 20% in JJAas AODs increas@nd halfthat amount for the other seasofi$e varidions of
the means in Figure &ereflecive of sampling differencesThere is not a good reason to
suspect that e.g. larger water paths are always associated with larger&@Derticabars
associated wit each symbah Figure 5are the 95% confidence limits of the determination of
the mean values. Since the vertical lines along an individual land or ocean curve do not overlap,
the differences in the mean values are meaningful. The sthdegiationshovever,are large
and are on the order of the mean valesnselvesThe differences inhie means in Figure 5
indicatesmall differenceshat arepresent in wide distributions.

The ramifications ofthe dynamical dependenciésr JJA in Figure @reapparehby
examining how correlations of AOD with the dynamical variabhéght possiblympact the
calculations of the centroid derivativé¥e gart with thefollowing equation for the altitude
centroid Z

Zc= const + S{ (V(i) T Viel(i)) HZc/pV(i) } 4
where the summation is over the variabget {AOD, RHat 925 hPapmega, CAPERH at 500
hPa, water paths, wind shgaandwhereV s are reference (representativ@luesof the
variables This variable set is selected in order to represenirifluence of AODs upon cloud

heights, the positive meteorological influences of RH near the spdamgaand CAPE and
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thenegative influences of REt 500 hPacondensate Isdens, and wind sheawhich were

discussed in thentroduction. Equation {4equation is adopted from equation 8.&¢tévens and
Brenguier[2009], who point out that it is theccuracy of theum of the products { (V(i)

Viei(i)) HZc/uV(i) } of the dynamical variables, and not the differences (W{ij(i)), which
limtone6s ability to disentangle meteorol ogical

Severapapers provide songuidance as to the size of the derivatifegure 2 ofJensen

andDelGenid 2006] presents fAa hint of-level CARE|]a@t i onsh

increasing convectiveclomdop hei ght 6. Using the means of
congestus clouds from their Figure 2, cloud top heights isenedhe 5 to 8 km altitude range

by approximately 1 m{J/ kg). In contrast, Figure 12 decktlsperger et al[2002] indicates

that clouds less than 6 km in height do not increase in height as CAPE increases. Their Figure 16
indicates that cloud heightk increase sharply as vapor deficits @&se to values less than 2.5

g kg, and less so forapor deficits beveen 2.5 and 4 kg. Using thér data at 5 and 2.5 km,
thecloud heights change dy8 km/ (g/ kg). Sherwood et a[2004] indicate that a 20%

decrease in humidity above the boundary layer, for pressures between 500 and 750 hPa, over
Florida and Key Wesduring the CRYSTALFACE field studylead to a 1 km decrease in cloud
heights. Thidranslates to a derivative €80 m / % RH.Figure 6 ofKhain et al.[2005] presents
calculations of maximum cloud top heights versus accumulatedmants for cases with and
without wind shear. The cloud heights for the representative accumulated raint afin@4d mm
changeby - 108 m/ (m/ seq. Fan et al [2009] consider wind shears greater than 1€em

within 7 km of the grond level to be sing We note from our Figure 5 in JJA that strong wind
shear is present at an AOD of 1JJA Tables 2 and 3 dfan et al [2009] indicates that

maximum updraft velocities and averaged latent heat release rates decrease as the cloud
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condensation nuclémncrease for the strong wind shear ca3égy also note that the decreasing
rate of updrafts is greaterrfaumid air than for drier air.

We calcubtedp Z/uV(i) derivativesboy app !l yi ng tlihear rdgiedsionfuthe gr e s s 0
Inputs to the calcutan included Z centroids and the means of the set {AOD, RH at 925 hPa,
omega, CAPE, RH at 500 hPa, water paths, wind shear} calculated for each Shaf®egress
routine was applied with each daint given aGaussian weight equal to the imse ofthe
variance of the Zvalues or these valuescaled by a constant. All calculations produaed
reducect? of unity, which is important for the comparisons of the derivative toits 2
uncertainty. ie mossignificant(20) derivative is that of the cloud water pattith a value of
-3.6 m/ (g/ m?). By subsamplingthe data for low and high shear cases, and restricting the
calculation to water paths between 110 and 130 g / kqR(tlierivativeof CAPEis0.5 m/ (J/
kg) andthe (1) derivative due to wind shear-s m / (m / sec)The CAPE derivative is half as
large of that estimataasingFigure 2 ofJensen and Del Gen[@006], and the shear derivative is
over ten times smalt thanthat estimated from Figui& of the Khain et al.[2005] cloud
simulation

We note that the graph of the cloud centroids versus the wind(sloéahown) is suggestive
of nontlinearity. The centroids decrease in value for wind shears greatetGhari sec, with a
gradient near80 m / (m / sec), in line with the simulationskan et al [2009]. The centroids
increase in value for shears less than 5 m / sec, with a derivative near 20 m / (m / sdopsSituat
with very low wind shear adenown toinhibit cloud development since falling rain will decrease
buoyancy.

To illustrate the influence of the meteorological variableswidwer path derivativef -3.6 m
/ (g / nf), aCAPEderivative of 0.5m/ (J/ kg), and a wind shear derivative-af m/ (m /sec)

was used to calculafg V(i) 7 Viei)) d Z./dV(i) } correctiondor each seasofhese

20



474  correctiors weresubtractedrom theOriginal Z; values, folbwed by new determinations of

475 PZJ/PAOD derivativesusing the corrected.Zalues at 0.1 and.® AOD. These derivatives are

476 | abel ed fACorrectedo i n Odgimdioe d3e.r iifviadofilédarsr ect i o
477 110over | and and ocean, wuessfp@antilmype0.lyAODt o A Cor r e
478 incrementMost of the correction is due the water paths, indicating the importance of water

479 loading.The corrections for the other seasons use the same derivatives and are substantially less
480 in magnitudeThough the stimation of the derivatives admittedlydifficult due to the scatter in

481 the datathis calculation points out that dynamieald meteorologicalorrections are likely very

482 important,and that exclusion of theserms, in the presence odrrelations of the dynamical

483 variables wih AOD (see Figure 5), producpa./ pPAOD derivaivesthat are too large.

484 Finally, gnce aerosol is difficult to measure in the viggmif clouds MLS COat 215 hPa

485 wasalsoused toquantifycloud invigoration. Figure 6 displays normalized cloud structure curves
486 over the tropics and land in 2068 all months for three C@anges (100 150, 150- 200, and

487 2007 250 ppbv) for cloud depths greater than 2 Kime cloud ice water contents (IWC), i.e. the

488 r(z,D) values, are greater than 3.5 mg*fon cloud depths greater than 2 km at altitudes near

489 13.5 kn, corresponding to presres near 147 hPdiang et al[2007] indicates in their Figure 4

490 that MLS IWGs greater than 3 mg /fat 147 hPa, accompanied by lasygface CO emissions,

491 correspond to eegime of strong convection and surface emissiOmsapplication of equations

492 (2) and (3 for cloud depths greater thark@ therefore applies dVC screeningimilar to that

493 discussed byiang et al[2007]. ThethreeCO rangespecified abovalsoapproximately

494  correspond to the three aerosol rangesgiiféis 1 5. Similar to Figures 1 and 2loud

495 occurrence maxima are presenfigure 6 betweenl3 and 14 km altitude, and at altitudes3near
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km. Cloud occurrence and mass centroids are presented in Figure 7. Cloud invigogation (

increases in Zand 4, valuesas CQOincreass at 215 hPas not apparent in Figure 7.

5. Conclusions

The CloudSaCALIPSO RL-GEOPROF data for cirrus at altitudes greater ttakmhas
derivatives of occurreneseighted and masseighted cloud height®r theannual averagand
seasons (excluding JJAj less than 100 m per 0.1 increment change in AOD over land and
ocean, respectively, for 200Bhese derivatives are substantially smaller (by factors between 2
and 10) than those calculated previously based upon the MODIS ojppdessure datar
JJA Koren et al[2010g] calculatel that MODIS cloud top pressurdscreased with an
increase in MODIAOD. In terms of altitudegloud top heights increased by 1m(er 0.1
incrementchangan AOD for clouds with pressures lessiiiB00 hPaKoren et al [201(0]
calculated that MODIS$loud topanvil heightancreased by between 300 and 987 m per 0.1
increment in AOD over the Atlartiand Pacific during JJ2007.

Our calculations were based upon a subsetting of theadatading tdoth dynamical and
microphysical variables, and also according to the vertical depth of the cirrus, since
approximately half of the subvisual cirrus of small vertical depth is formsidun Following
the work ofKoren et al [2010a] and~an etal. [2007], relative humidity is a key dynamical
variable, and subsetting according to relative humidity is mandatory. The key microphysical
variables in our study are AODs and CO (an aerosol proxy). Derivatives using MODIS AODs
are smallsee Figures 3 and 4,&iiables 13) even if one only considers two variables (i.e.
AODs and AIRS RH at 925 hRPda)he derivativeslecrease when additional meteorological
variables are considerethis isevidentwhen one looks at thresults of ouregression analysis

whereby amsol, meteorological, and cloud dyn&al variables are placed upon an equal
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520 considerationThe small influence of cloud invigoration is apparent if one uses either MODIS
521  AODs or MLS CO values at 215 hPa.

522 Though the derivativegZ./ pV(i) for thedynamial variables are difficulto estimateour

523 analyses indicates that dynamical influences are very likely to be impditamt.a qualitative
524 perspectiveRH at 500 hPand CAPENcreasesandwater pathsyapor deficitswind shearand
525 omega decreasese land and ocean, as AODs increase in JJA (seed-uiThe derivatives
526 in JJA are | arger thanOrigitao seoli mmotteri s@abisvas
527 3).0Our regression analyseaggests that variationswvater pgh areinfluentialin modulating

528 cloud top heightswith CAPE and wind shear influential to a smaller degféés is consistent
529 with thebasic ideas discussed hetintroductionn regard to the variables and factors that

530 influence parcel buoyanceg.g. the negative effect upbooyancy by water loadinghis has the
531 important ramification that dynamicahd meteorologicalorrectimsare likely very important in
532 determning theaccuracy of thaerosol microphysicalZ./ pAOD derivatives, and #t exclusion
533 of thesaerms, in he presence of correlations of the dynamaéral meteorologicalariables with
534 AOD, producegiZ./ pAOD derivativesthat are too large.

535 Future work will expand upon the calculations presented in this pagéitional processing
536 of theGFSanalyses fieldand AIRS relative humidity data is required to expand our anaiyses
537 other yearsThis will allow usto better determine the dynamical and meteorological variables
538 andpossiblyfocus upon smaller regions of the world (e.g. India, China, etc).

539 Determinaton of the centroid derivatived the dynamical variabldés an obviousmportant
540 goal. Our literatee search found little quantitative information on dlyeamicdand

541 meteorological derivativeg-uture calculations also will examine other aspects okakro

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

using the framework discussed in this paper.
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Table 1. CALIPSCentroid derivativesalculated sing Equations (2) and (3palculations bin

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

1 x1 AODs
Cloud occurrenceantroids Land Ocean
All cloud depths 20 143
Cloud depths > 1 km 28 173
Cloud depths > 2 km 58 174
Mass weighted centrosd Land Ocean
All cloud depths 36 167
Cloud depths > 1 km 26 59
Cloud depths > 2 km 26 54

3 x 3 AODs
Land Ocean
15 30
26 48
53 85
Land Ocean
34 43
26 58
26 55
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718 Table 2 CALIPSOcentroid derivatives caltated using Equations (2) and (3). Calculations bin
719 data according to the relative higity at 925 hPa and at 200 hiPeerivatives are in m per 0.1

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

721

722  Cloud occurrenceantroids Land Ocean
723  All cloud depths 33 50
724  Cloud depths > 1 km 44 51
725 Cloud depths > 2 km 65 75
726

727 Mass weighted centrasd Land Ocean
728  All cloud depths 49 66
729 Cloud depths > 1 km 54 60
730 Cloud depths > 2 km 59 62
731

732
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733 Table 3. Zcentroid derivative$or the four seasons over land and oc&&alues are for3 x 3

734  AOD calculationsDerivatives are in m per 0.1 AOD increment units.

735

736 Original Corrected
737 Cloud occurrencesentroids Land Ocean Land Ocean
738 DecembetJanuaryFebruary 64 76 69 46
739  March-April-May 81 66 47 37
740  JuneJuly-August 169 110 58 51
741  SeptembeOctoberNovember -35 69 -40 45
742

743

744

745

746

47
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Figurel. Left panel Normalized cloud counts over the Tropics (Z08N) and land in
2008 for all months of the year and three bins of MODIS AODs (0.0, 0.260.30,
0.300.40), and AIRS relative humidity of 600% at 925 hPa. Right panel) Same as the
left panel,except that AIRS relative humidity is 8D%at 925 hPa. AODand RL:

GEOPROF data are frofin x 1 degredatitudelongitude data bins
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Figure 2 Normalized cloud counts over the Tropics (2G8N) and land in 2008 for all
months of the yeaand three bins of MODIS AODs (0.100.20, 0.260.30, 0.360.40),
and AIRS relative humidity of 780% at 925 hPa and @D% at 200 hPa near 11 km

altitude.
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761

762 Figure3. Left pane) Altitude centroids of cloud occurren{gee Equation)ver the

763  Tropics(20ST 20N) and land in 2008 for all monthstbk year for all cloud depths. Right
764 panel) Same as the left paeegkept that only clouds witherticaldepths greater than 2
765 km are included.

766
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