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Abstract. Satellite observations show that ice cloud effec- Recent studies (e.g. Jiang et al., 2008, 2009; Su et al.,
tive radius (e) increases with ice water content (IWC) but 2011) using collocated Aura satellite’s Microwave Limb
decreases with aerosol optical thickness (AOT). Using leastSounder (MLS) and Aqua satellite’'s Moderate-resolution
squares fitting to the observed data, we obtain an analyticdimaging Spectroradiometer (MODIS) observations showed
formula to describe the variations af with IWC and AOT  reduction of upper tropospheric (UT) ice cloud effective ra-
for several regions with distinct characteristicsreflWC- dius (e) in polluted clouds, defined by collocated carbon
AOT relationships. As IWC directly relates to convective monoxide (CO) measurements higher than a certain thresh-
strength and AOT represents aerosol loading, our empiricabld value. The enhanced CO values are positively correlated
formula provides a means to quantify the relative roles of dy-with aerosol optical thickness (AOT) for a number of geo-
namics and aerosols in controllimg in different geograph-  graphical regions and seasons. Jiang et al. (2008, 2009) also
ical regions, and to establish a framework for parameterizashowed thate generally increases with convective intensity
tion of aerosol effects org in climate models. indicated by ice water content (IWC), as stronger convec-
tion produces more condensates and larger cloud particles.
For different regions and seasons, the variationg: afith

) IWC and CO (AOT) are different. Characterizing the re-
1 Introduction gional differences of dynamic and aerosol effects quantita-

] ] tively is needed for models to accurately simulate aerosol-
It is well known that aerosols can cause changes in clougdo,d interactions

number concentration and therefore alter cloud particle size, Traditionally, the ice cloud particle size distribution is pa-

which can result in changes of cloud lifetime, reflectance, g meterized as a function of IWC following a gamma dis-
and precipitation (e.g. Twom.ey, 1977; Albrecht, 1989; yinytion (e.g. Matrosov et al., 1994; Evans and Stephens,
Lohmann and Feichter, 2005; Penner et al., 2006). Tojggs) or a bimodal distribution (e.g. Mitchell et al., 1996;
date, quantification of the indirect effects of aerosols on cli- p|at 1997 McFarquhar and Heymsfield, 1997), neither of
mate remains a challenging problem. One difficulty is to \hjch takes into account the effect of aerosolrerfi.e. the
separate dynamic effects, for example, the convective Upsirst indirect effect of aerosols on clouds). In this paper, we
draft strength, from aerosol microphysical effects. Inade-yse jeast squares fitting to the observations and derive an an-
quate understanding of the relationship between microphysz\ytical formula to describe the variations with convection

ical and dynamical processes contributes to large uncertaing§ aerosol intensities in different geographical regions and
ties in model simulations of aerosol effects on clouds, pre-se55ons. It expands the previous— IWC relation to in-

cipitation and climate. clude the dependency o on AOT as well. This formula
intends to provide a framework to quantify the relative ef-
Correspondence tal. H. Jiang ;ec:s o;_dyrlar?flcstan(;l aerosollsfxynand 'Fo p;’_irar?eten(zje Ithe
= (jonathan.h.jiang@jpl.nasa.gov) irst indirect effects of aerosols for use in climate models.
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2 Data and approach Single measurements Annual gridded

50F I E 8r I
For this study, the MODIS, and AOT measurements are corelation =- 0.3 correation =- 0.9
4,0»

from Aqua MODIS MYDO08-D3 and MYDO04-L2 data sets, "g
respectively (Platnick et al., 2003; Remer et al., 2005). The % ok
MLS IWC is from MLS Version 2.2 Level 2 data (Wu etal.,
2008). The MODIS and MLS measurements are collocated =
by averaging the MODIS data onto the MLS footprints (Jiang s 1ok
et al.,, 2009). Although the MODIS AOT data are usually
missing in the cloudy regions, the MODIS measurements . . . L ol . . .
have much higher horizontal resolutior 10 kmx 10 km) R P 202 ey 20X
than the MLS measurements-300 km along track and
~7 km cross track), thus the AOT data are available in aboufFig. 1. Left column: The black curve is the MLS measured IWC at
half of the data in which MLS detects cloud (i.e when 215hPa binned as a function of collocated GEOS-5 OLR. All single
IWC > 0). MLS IWC measurements between August 2004 and July 2008 in
The MODIS re measurement pertains to the top of cir- the tropical region (30S-30 N) are used. The GEOS-5 data are
rus clouds. Platnick (2000) studied weighting or probability sampled .onFo the MLS footprints. The standa}rd deviations of the
distribution function (PDF) of the penetration distribution in dafa are indicated by the gray shaded area. Right column: Same as
optical depth units from water cloud-top. The same meth-fﬁ column e>;c;apt Lorgndded tdongitude by 4 degree latitude)
ods in the Platnick (2000) have been used for ice clouds by ata averaged for the 4 years.
Zhang et al. (2010), which estimated the MOD{Setrieval

is mostly sgnsitive te~0.1 to 0.2 optigal depth from cloud The level of convective detrainment is approximately
top (approximate<~ 1—2km, depending on how dense the __>00hpa (e.g. Kazuaki et al., 2004; Devasthale and
clouds are). Different from MODIS, MLS retrieves height- g eqjistaler, 2010), and the amount of ice water at this level
resolved ice clouds above 215 hPa. MLS IWC measurements; ,-onrtional to convective intensity. MLS IWC has been
are vertically distributed at the pressure levels between 213, n4 to be indicative of convective strength. Liu (2007)
and 68hPa, with a 3—4km vertical resolution. Given thatgpaed in detail that MLS detected ice clouds are geograph-
only the cloud topre is available from MODIS, we limit the  jc41y and seasonally correlated with deep convection as in-
analysis to those. measurements when IWC at 215hPa is tarred from the TRMM brightness temperatur@10 K. He
detectable by MLS, where clouds are likely associated with,ceq MLS IWC at 100 hPa and 147 hPa in particular. Our
deep convection. We examine the cloud tepelationship  5n4ysis (Jiang et al., 2007, 2010; Su et al., 2006) showed
as a function of the column aerosol loading (indicted by »15hpa |WC correlates with convective intensity. Figure 1
AQT) and convective strength (indicated by MLS IWC at ghoys the relationship between the MLS IWC measure-
215hPa) under the premise that the influence of lower level,ants at 215hPa and the GEOS-5 OLR for the tropical re-
aerosols on clouds is propagated to deep convective clougisn (3¢ S to 30 N). Consistent with previous studies, the
tops (e.g. Sherwood, 2002). For parameterizationeGn  515hpa IWC and the OLR have good correlations on instan-

climate models, it would be desirable to descrigas afunc-  5n60us measurements and grid means, and thus can be used
tion of aerosol concentration and cloud water content (CWC)4¢ an index for convective strength, approximately.

at each vertical height. However, due to the limitation of the The reason we use IWC, not OLR, in the empirical fit-

data, the current study aims to provide a heuristic framework;nq (jescribed later in Sect. 4) follows conventional param-

for future height-resolved analysis. The bulk relationshipsgiarization forre, which is directly related to the mass den-

obtained here are insightful for understanding of the dynam-sity of ice particles. Previous work such as McFarquhar and

ics and aerosol effects on convective cloud_ pgrticle sizes. Heymsfield (1997), explicitly employed the dependence of
We also use the outgoing longwave radiation (OLR) data, o jwc, which inspired us to expand that relationship to

from GEOS-5 (Goddard Earth Observation Systems, Version,q|,de aerosol dependence. Using IWC, rather than OLR,

5) analysis to validate that MLS IWC at 215 hPais a good in-4 fit ,, also helps to extend our empirical fitting framework

dex for convec'qon. The GEOS-5 analy_ses are _“snapshots” Ofrom cloud-topre to height-resolved in the future, when

the atmospheric state produced four times daily (at 00:00 Zy vertically resolvede and IWC are available.

06:00Z, 12:00Z, and 18:00 Z) using optimal combinations

of model forecasts and many observations (Rienecker et al.,

2008) via the Gridpoint Statistical Interpolation (GSI) tech-

nique of Wu et al. (2002). For this study, the GEOS-5 OLR

data, which have a (?5< 0.67 latitude-longitude resolution,

are sampled onto the MLS footprints (Jiang et al., 2010) to

match the observations.

20

MLS IWC,150, (Mg/m?)
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3 Observed relationships

We define the convective index (CONV) as

CONV; =IWC; /IWC (1)
where IWG represents each single MLS 215 hPa IWC mea-
surement andWC is the mean of all the 215 hPa IWC sam-
ples in the region.

Next, we examine the relationships among the MLS
CONYV index and MODIS measurements of ice cloxd
and AOT from August 2004 to July 2008 between® S0
and 50 N. Figure 2a shows the MODI& binned accord-
ing to the CONV index. The thick black curve is the average
re VS. CONV, and it includes all values of AQT. It can be
seen that when CONV is relatively smath increases ap-
proximately linearly with IWC. When CONV is greater than
~1, the increase ofe with CONV becomes slower or satu-
rated as the maximum: may be limited by the settling ve-
locities of the ice patrticles. The influence of aerosolgis
illustrated by grouping thee data for polluted clouds with
AOT > 0.4 (thin black curve) and for clean clouds having
AOT < 0.05 (blue curve). Thee for the polluted clouds is
about 2—4 um smaller than thgfor the clean clouds. Note
that the clean cloud. increases faster with CONV than the
polluted cloudre.

Figure 2b shows the relation ofe, to AOT. For
0<AOT <~ 0.1, re quickly increases with AOT. When
AOT > 0.1, rc decreases at a rate of about 0.5 um per 0.1 in
crease of AOT until AOT~0.5, then the decreasing rate
becomes slower and stays approximately constant.

The dependence ot on CONV and AOT is further il-
lustrated by the Bi-Variate Composite (BVC) plot of the
re-CONV-AQT relation (Fig. 2c), in which the MODI%,

data are binned according both to the MLS CONV and the

MODIS AOT values. About 150000 collocated MODIS

and MLS measurements from August 2004 to July 2008 be-

tween 50 S to 50 N are used for the plot. The dotted lines
show the occurrence frequency for each CONV-AOT pai.
The BVC figure shows that increases with CONV but de-
creases with AOT: the largestresides where the convection
(CONV) is largest and pollution (AOT) is lowest, i.e. strong
convection in a clean environment. At constant CONV, the

re decreases with increasing AOT, suggesting an influence of
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re = raot* Fconv, Wherercony denotes how cloud particle effec-
tive radius changes with CONV amgl,; represents the effect
of aerosols ome. This assumption is chosen for its simplicity
to capture the observed-CONV-AOT relations, although
we recognize that AOT and CONYV are in fact not indepen-
dent. We write

reonv=[1—exp(—CONV/a)]-exp(—B CONV), 2

wherea and 8 are the parameters that control how fast
changes with CONV. The reduction af by aerosol effect is
assumed to follow a power-law:

Faot=¢ - AOT" s (3)

where n is a parameter that determines how strong the
aerosol effect is, and is a scaling constant. A superposi-
tion of Egs. (2) and (3) yields

re=¢-AOT"-[1—exp(—CONV/a)]-exp(—B CONV). (4)

We then perform two dimensional (2-D) least-squares fitting
to the observed data with the empirical formula (4), i.e., to
determine the parameters 8, n, ande, through minimizing
the following cost function

cost= Z

wpme

[rgf —re(CONV, AOT/ ,a, B, nvs)] 2 ®)

whererg’ (in pm) is the meamre corresponding to the-

th CONV-bin andj-th AOT-bin. The CONY is the mean
CONV in thei-th CONV-bin and AOT is the mean AOT

in the j-th AOT-bin. Figure 2c shows an example of such
re, CONV, and AOT relationship to be fitted. For our least-
squares fitting computation, there are 24 bins of AOT be-
tween 0.0 and 1, and the CONV are computed using Eq. (1)
from 24 bins of IWC between 0.01 and 100 mg¥n

The least-square fittings are computed by using four years
of MLS IWC and MODISre and AOT measurements. The
results of the fitted parameters for global (LON=G60;

LAT: 50° S-50 N) and five different regions are given in Ta-
ble 1. The choice of the five regions is based on the previous
study of Jiang et al. (2009), where ice cloud particle sizes in
these regions were shown to correlate with aerosol loadings.
hese regions are: South America (LON: 2¥840; LAT:

aerosol loading on the cloud particle size. At constant AOT,400 S-10'N); Southern Africa (LON: 8-55'; LAT: 35° S~

re increases with CONV until CONV approached. At
the large CONV values (CON¥~ 1), re becomes approx-
imately constant when AOT is~ 0.3, but decreases with
IWC in high polluted cases (AO¥~ 0.3).

4 Empirical fitting

0°); Northern Africa (LON: -10-45; LAT: 0° S-25 N);
South Asia (LON: 76-12C; LAT: 10° S-1% N); and East
Asia (LON: 90—180; LAT: 20°-45 N).

Substituting the fitted parameters into Eq. (4), we obtain
re (UmM) as functions of CONV and AOT for all of the above
mentioned geographical regions. These empirical model re-
sults are plotted in Fig. 3 along with the observations. The
x2/IDOF (degrees of freedom) listed in Table 1 illustrates the

In order to obtain a simple mathematical expression for theconvergence of the fitting for different regions. The closer

above observed.-CONV-AOT relation, we assume that the
dependence ofe on CONV and AOT is decoupled, i.e.,

www.atmos-chem-phys.net/11/457/2011/

is the value of £¢2/DOF) to 1 (or less), the better is the fit-
ting. We found that although all fittings converge afte20
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Fig. 2. (a): MODIS measured ice cloug binned according to CONV, based on MLS IWC at 215 hPa. The thick black curve is the average
re as a function of CONV using all values of AOT. The blue curve is for data with AQI05 and the thin black curve is for data in heavily
polluted environment with AOF 0.4. (b): MODIS re binned according to the MODIS AOT measuremerfty: A Bi-Variate Composite

(BVC) plot of the re-CONV-AOT relation, in which the MODIS data are binned according to both MLS IWC and MODIS AOT. The
dotted-lines are the occurrence frequency for each CONV-AOT bin. All collocated MODIS and MLS measurements from August 2004 to
July 2008 between 3G to 50 N are used for the plot. The error bars(@) and(b) denote the standard errof¥ {/N) of the bin average.

Table 1. Values of the empirical fitting parameters in Eq. (4) for with CONV but degreases with _AOT’ so that the Iarge&‘tc-
various regions. The least-square fits are computed using IwceUrs when convection (CONV) is strong and pollution (AOT)
(mg m~3) measured by MLS, angs (um) and AOT measured by IS low.

MODIS from August 2004 to July 2008. The convergence of each At the global scale (Fig. 3a, b), increasing aerosol pol-
fitis indicated byx ?/DOF. lution tends to reduce cloud particle size, while increasing
convection tends to enlarge cloud particle size. Strong con-
vection, however, also increases the distributions of aerosols

Fitted Parameter into the UT. Thus, for the same columnar AOT, the UT
Region a B n ¢ x*/DOF ice clouds may be more affected by aerosols in regions of
Global 0.133 0.00543 —0.0661 24.039 1.7 stronger CONYV, indicated by a steeper gradientofvith
South America  0.183 0.00308 —0.0632 23.795 1.9 increasing AOT, than in regions of weaker CONV.
Nothorm Afica 0239 0.00676 o0kt 23703 17 For South America (Fig. 3c, d), the observedncreases
South Asia 0230 00258 —0.0838 25.919 4.6 with increasing convective strength, but varies less monoton-
East Asia 0.144  0.0172 —0.0426 24.709 7.2 ically with AOT than in the global case. Larggis broadly

distributed in low AOT regions, but the largestis not col-
located with the cleanest air. One reason may be that cloud
particle size can increase with AOT in regions where mois-

iterations, the best fittings are those for the Global, Southture is abundant and cloud particles continue growing with
America, Southern and Northern African regions. The em-increasing number concentration of cloud condensation nu-
pirical models for South and East Asia do not fit with the clei (e.g. Ackerman et al., 2004). However, such a non-

observations as well as the other four regions. The regionamonotonic behavior is not captured by the empirical fitting,
differences are discussed below. because the AOT dependence is chosen to be a monotonically

decreasing function. In regions where CONV is larger than
1, the observed increase fwith CONV is not as sharp as

in the global case, while the empirical model appears to pro-
duce largere than the observation. Southern Africa (Fig. 3e,

5.1 Qualitative differences: the BVC plots f) and Northern Africa (Fig. 3g, h) regions are very similar to
each other in that the maximura is much smaller than the

We displayre as a function of CONV and AOT in Fig. 3 for global case, resulting in weak gradients for all values of
a number of regions using both observations and the empirCONV and AOT. It appears tha¢ decreases with AOT more
ical fittings. Comparing with the observations (Fig. 3 left- rapidly in Southern Africa than in Northern Africa.
column), the empirical models (Fig. 3 right-column) approx-  South Asia (Fig. 3i, j) is very different from the rest of the
imately capture the broad features of observe@CONV- geographical regions. The reductionrgfwith AOT is more
AQT relationships. For exampleg, in general, increases pronounced both at the low¢~ 0.8) and high &~2) ends of

5 Analyses of regional characteristics

Atmos. Chem. Phys., 11, 45463 2011 www.atmos-chem-phys.net/11/457/2011/
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(&) Observation (Global) (b) Empirical Model (Global) AOT in the Southeast Asian regions have been previously
080 i reported (e.g. Chylek et al., 2006; Yuan et al., 2008). The

first feature is simulated by the empirical model (Fig. 3l),

I while the second feature is not captured, which is the main

1 reason for the largg ?/DOF value and poor fitting in this

10 region.

MODIS AOT
AOT

0.1. T 10
(c) Observation (S. America)

» 5.2 Quantitative differences: each term in the
2ag empirical model

AOT

MODIS AOT

0.20

u The empirical model has several different terms (see Eq. 4).
The firstterm[1— exp(—CONV/a)], represents the growth
» of re with respect to CONV (Fig. 4a): When there is no con-
2 vection (CONV— 0), this term approaches 0. As CONV
ag increases, it grows quickly. For CONY1, this term ap-
proaches the maximum of 1. This increasing effect of con-
vection onrg is the strongest in Northern Africa and South
&5 Observation (1;‘3 Atica) go(h)o‘lE mpirica Mod;"(N_Amca) Asia, indicated by the largest valuesafaround 0.23-0.26.

&zg The global case yields the smallest0.13.

0.1 1.0 0.1 10

(e) Observation (S. Africa) (f) Empirical Model (S. Africa)

0.80
0.65[
0.50

AOT

0.35F

MODIS AOT

0.20f
0.05

0.20

0.80
0.65[

0.50F
0.351

25 The second term, /iexp(8CONV), is formulated to
model the decrease of with CONV (Fig. 4b), especially

1 at large CONV values. This decreasing effect of CONV on
10 re IS the strongest in South and East Asia, corresponding
to the largesiB. Figure 4c shows the combination of these
two terms, rcony = [1—exp(—CONV/a)]/exp(8 CONV),

ng which captures the initial growth @, with CONV, reach-

MODIS AOT
AOT

0.20F
0.05

0.1 1.0 ' 0.1 10

(i) Observation (S. Asia) (j) Empirical Model (S. Asia)
e it

j U =

0.80
0.65[

0.50F

MODIS AOT
AOT

035} o3} 8% ing a maximum around CONV =1, and decreasirgn
020f \ 020 1 when CONYV further increases. For CONV1, the decrease
R T oo T 10 of reony IS Most noticeable in South and East Asia. Possible
ogo— ) Observation (. Asig) so e Empirica Modd E. Asd) - causes for the reduction iRgny with increasing CONV in-
i 08 065t 2 clude: (1) Increased convection distributes more aerosols to
& osop 5 050f ag the high altitudes in the UT thus affecting ice cloud forma-
g o%r < o3r 18 tion there. For the same columnar AOT, stronger convection
il W e I . may result in increased aerosol effects (reductionepfon
R R ice clouds; (2) The cloud top is higher in stronger convection

thus the MODIS is measured at higher altitude with lower
Fig. 3. Left column: Observede as a function of CONV and AOT ~ cloud top temperature. It is known that ice cloud formed in
in various regions. The dotted-lines are the occurrence frequencgolder temperature has smaller particle size (e.g. McFarquhar
for each CONV-AOT bin. Right column: Computeglas a function ~ and Heymsfield, 1997).
of CONV and AOT based on the empirical models for each region.  The third termyaot= AOT", represents the modulation of

AOT on re (Fig. 4d): increasing aerosol loading increases

cloud number density and reduegs The differences among
the CONV values. In the medium CONV values between 0.8the curves for South America, Southern African and North-
and 2, the reduction ot with AOT is slower than in the low  ern Africa are relatively small, suggesting similar aerosol ef-
and high CONV ranges, resulting in ice clouds having largefects in these three regions. The slope of this term is the
(>27 pm)re, extending into the high AOTX0.4) range. This  largest in South Asia and smallest in East Asia as character-
dependence of aerosol effects on convective regimes mayed by the largest and smallest values-ef), respectively.
indicate complicated coupling between aerosol forcing andThe steep slope for South Asia indicates a strong aerosol in-
meteorological conditions. fluence, while the flatness of the curve for East Asia suggests

East Asia (Figs. 3Kk, I) has very irregulay changes with  that increasing aerosols in this region have a relatively small

CONYV and AOT. First, it seems to share a similar feature toimpact on the cloud particle size. On the other hand, the
South Asia in the medium CONV range, where the reductionlarger value of {1), for the same AOTra0t= AOT" yields
of re with AOT is slow. Secondre is observed to rapidly largerre. In this casere is larger for South Asia than East
increase with AOT in regions where AOT is lesstha®.2to  Asia for the same AOT, which may be due to more mois-
0.3 (Fig. 3K). Increases of both ice and liquid clotgdvith ture in the South Asian monsoon region. South America

www.atmos-chem-phys.net/11/457/2011/ Atmos. Chem. Phys., 1146372011
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Fig. 4. (a—e) Plots showing how each term (or the combination of two terms) of the empirical models gayernsrious regions(f): The
modeledre as a function of AOT for each region.

and Africa (Northern and Southern) regions have characterAsia also approach the saturation effectrgfwith CONV
istics in-between those of East and South Asia regions, corquite quickly, possible due to the prevalence of aerosols
responding to a moderate aerosol effect. there. When convection increases, aerosols are lifted high
Figure 4e combines the two reduction terms together,n the atmosphere, causing a reductionofThe South Asia
raot/ exp(BCONV) = AOT" / exp(BCONV). South Asia region has the greatest reductiorrgby unit AOT, with the
stands out again in Fig. 4e, which shows the strongest redud-ate of reduction coefficient is about twice of that in East Asia
tion rate ofre with increasing AOT. The combined effects and 30% higher than the global average. Whether this strong
of CONV (reony) and AOT (aop ON 7e as computed by the  sensitivity ofre to aerosol amount in South Asia relates to the
empirical model (Eq. 4) are illustrated by Fig. 4f, which ap- aerosol composition, the background aerosol concentration,
proximately capture the observed relationships (e.g. Figs. 2br the dynamical system, warrants further study. It is also
3 left column). worth noting that the empirical fitting converges relatively
poorer in South and East Asia than other regions, suggesting
the complexity of aerosol-cloud interactions there.
6 Conclusions The empirical model represents our first attempt to de-
rive an analytical formula that captures aerosol effects on
Based on the analysis of 4 years (August 2004 to July zoogjce cloud particle size. The approach demonstrates a frame-
collocated Aura MLS and Aqua MODIS observations, we work to use satellite data to quantify the first indirect effect
find that MODIS ice cloud effective radiusgf generally in- of aerosol on ice clouds for use in climate models. With the
creases with convective intensity but decreases with aerosdietter height-resolved aerosol and cloud data from CALIPSO
loading. We use MLS IWC measurement at 215hPa toand CloudSat, we will continue this work to provide a height-
indicate convective strength (CONV) and AOT measure-resolvedr parameterization for simulating the aerosol effect
ment from MODIS to indicate aerosol loading. Using least- ©n cloud particle size.
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