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Abstract. Satellite-based cloud top effective radius retrieved from simple empirical relationships between cloud droplet
by the CERES Science Team were combined with simu-and aerosol concentrations to more rigorous parameteriza-
lated aerosol concentrations from CCCma CanAM4 to ex-tions for activation of aerosol particles to cloud droplets.
amine relationships between aerosol and cloud that underlidwomey (1974 first found that cloud reflectance increases
the first aerosol indirect (cloud albedo) effect. Evidence ofwith aerosol particle concentration for constant cloud water
a strong negative relationship between sulphate, and organicontent since aerosols can act as cloud condensation nuclei
aerosols, with cloud top effective radius was found for low (CCN). This is called the cloud albedo effect, i.e. first indi-
clouds, indicating both aerosol types are contributing to therect effect.

first indirect effect on a global scale. Furthermore, effects of 14 ayaluate the ability of the ECHAM GCM to simulate

aerosol on the cloud drople'g effective radius are more prohe first aerosol indirect effect 6hmann and Lesj€003,
nounced for larger cloud liquid water paths. While CanAM4 po| pER satellite retrievals were used to examine the rela-
broadly reproduces the observed relationship between susnship between cloud droplet effective radius and aerosol

phate aerosols and cloud droplets, it does not reproduce th@gey (al). It was found that cloud droplet radius decreased
dependency of cloud top droplet size on organic aerosol congith increasing Al, according to satellite data and model

centrations nor the dependency on cloud liquid water pathoutput, and that the relationship was more pronounced in

Simulatior_ls_with a modified version of the model yie_ld @ the ECHAM GCM. Again using data from POLDERuaas
more realistic dependency of cloud droplets on organic car; 4. (2004 characterized aerosol impacts on clouds by ac-

bon. The robustness of the methods used in the study are INounting for variations in cloud liquid water path (LWP). In

vestigated by repeating the analysis using aerosol simulateqd |5¢er studyQuaas et al(2008 used data from the Cloud
by the GOCART model and cloud top effective radii derived ;4 the Earth’s Radiant Energy System (CERBfelicki

from the MODIS Science Team. et al, 1996 and the MODerate Resolution Imaging Spectro-
radiometer (MODISRemer et a].2005 to derive a statisti-

cal relationship between cloud properties and column aerosol
concentration. This latter study found a much weaker mag-
nitude of the indirect effect compared to other estimates.

1 Introduction

The representations of aerosol indirect effects, i.e. aerosol- An effect of organic carbon on cloud droplet number con-
cloud interactions, remains a source of large uncertainties irtentrations and therefore indirect effects is expected from ba-
GCM simulations of climate changd¢PCC, 2007). Rep-  sic Kohler theory. However, the global magnitude of this ef-
resentation of aerosol effects on clouds in GCMs rangefect has not yet been determined from global observations.
As pointed out byStevens and Feingol@009 and others,
competition between aerosol particles with different chemi-
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concentrations in the atmosphere. In general, there is a mukurface sulphate concentrations usually vary by several or-
titude of microphysical and dynamical processes that tendders of magnitude between polluted regions in the Northern
to buffer the response of clouds to aerosol changes, includHemisphere and more remote regions in the Southern Hemi-
ing variable precipitation susceptibility of shallow clouds and sphere, similar to observations (eGhin et al, 1996.
interactions between mixing of moisture, convection, precip-  Arguably, large differences in hydrophylic (i.e. cloud-
itation, and radiation&tevens and Feingal@009. active) accumulation mode aerosol concentrations between

While it is not straightforward to determine the magni- different regions should be associated with detectable differ-
tudes, or even the signs, of different mechanisms througtences in cloud droplet sizes following the first aerosol indi-
which organic carbon influences clouds and indirect effectsyect effect. For example, relationships between cloud droplet
a more pragmatic approach would be to investigate whethegffective radius in low clouds and associated aerosol concen-
any relationships can be observed between organic carbomations can be obtained from GCMs. They may also be ob-
and cloud properties on scales that are relevant to global clitained by combining long-term simulated aerosol concentra-
mate. For instance, an anti-correlation between global ortions and long-term satellite-based retrievals of cloud droplet
ganic carbon concentrations and cloud droplet sizes wouldffective radius. For sufficiently long averaging time periods,
indicate a likely contribution of organic carbon to global weather-related variations of accumulation mode aerosol and
mean indirect aerosol forcings of climate. Furthermore, escloud properties can be expected to be small compared to cli-
timates of global relationships between organic carbon andnatological features.

cloud droplet sizes can be expected to be very useful for val-  For this study, global distributions of dry aerosol concen-
idation of global climate models. trations below 700 hPa were obtained from simulations with
This study focuses on the effect of sulphate and organica developmental version of the CCCma 4th generation at-
carbon aerosols on low clouds, i.e., clouds with tops be-mospheric general circulation model (CanAM#n Salzen
low 700hPa. In the earlier studies described above, th%t a|’ 2005 These were Subsequenﬂy used to diagnose re-
indirect effect was determined using passive measurementgtionships between aerosols and global satellite retrievals
that were generally representative of the entire vertical colfor the cloud droplet effective radius. In addition, cloud
umn. Aerosol and clouds may occur at different heightsdroplet effective radius simulated by CanAM4 were used to
in the atmosphere which can obscure local interactions betest whether the model is able to reproduce observed relation-
tween them. To reduce this possibility, aerosol concentraships between aerosols and cloud droplet effective radius.
tions within the same height range as low clouds were used, The focus in the study is on low cloud properties re-
reducing some of the ambiguities caused by using quantitieg;eyeq by the CERES Science Team from MODIS ob-
vertically integrated over the depth of the atmosphere like theservations, called MODIS-CE hereafter (Minnis et. al.,
aerosol index. 2010, submitted). Only regions equatorward of° 60
In contrast to several other studies, model results forgre ysed to reduce the possibility of retrievals in the
dry aerosols rather than satellite-based estimates of Al alBresence of persistent and extensive regions of mixed
used in this study for the diagnosis of relationships betweergg ice phase clouds. According to independent satel-
cloud microphysical properties and amounts of aerosoljjte retrievals for liquid and ice water path from the
With this approach, diagnosed relationships between cloudgsccp-like CERES productttp://eosweb.larc.nasa.gov/
and aerosols are not affected by processes that potentiallgropocCs/ceres/leveidcep-d2liketable.htm) the mean
limit the usefulness of purely satellite-based relationships raction of monthly-mean liquid water clouds to total con-
Satellite-based results for Al or aerosol optical depth do notyensate (liquid + ice) for low clouds was very close to one
provide unbiased estimates of dry aerosol amounts given & most of the region between 68 and 60 N in July 2004.
typical lack of information about hygroscopic particle growth 1o 4ime period of MODIS-CE used here is from 2001
or omission of 3-D radiative transfer effects in the vicinity of |/ 5605 geasonal mean results for the time period June,

clouds Marshak et a].200§. July and August (JJA), and December, January and February
(DJF) are used for the study. Since results for both seasons
lead to similar conclusions, only results for JJA are shown

2 Analysis technique here

Observations of aerosol composition are only available for a

relatively small number of land-based sites around the globe.

However, 3-D concentrations for different types of aerosols3 Model description

are available from a number of global models (e.g. AeroCom

project;Textor et al, 2006. While different models can have The spectral resolution of CanAM4 corresponds to a spher-
substantial differences in simulated aerosol life cycles, basiécal harmonic expansion triangularly truncated at total wave
features of simulated aerosol concentration fields are similanumber 63. There are 35 layers in the vertical with a mono-
for most global aerosol models. For instance, simulated neartonically increasing grid spacing with height, starting at a
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grid spacing of approximately 100 m near the surface and ughe CanAM4 used for this study, i.e. no cloud lifetime
to the model top at approximately 1 hPa. effect. A constant cloud droplet number concentration of
A climatological-mean annual cycle of sea surface tem-N¢ =50 cnt 2 is used in the parameterization Bhairout-
perature (SST) and sea ice boundary conditions were usedinov and Kogar{2000.
in the simulations and were computed from fields used in There are several possibilities to compare cloud top effec-
the second phase of the Atmospheric Model Intercomparitive radii simulated by GCMs with satellite-based retrievals.
son Project Taylor et al, 2000 by averaging over the pe- For this study, we use a modified version of the ISCCP sim-
riod January 1956 through December 2000. These boundarylator Klein and Jacop1999 which emulates cloud-related
conditions were used to perform CanAM4 simulations with variables that are comparable with data provided by MODIS-
a 5-month spinup period, which was discarded, and then taCE. These include cloud amount, cloud top pressure, cloud
generate 5-year climatologies for analysis. optical thickness, cloud water path and cloud top effective ra-
CanAM4 uses a bulk aerosol scheme, i.e. aerosol size disdius for clouds in four pressure ranges used by MODIS-CE.
tribution is not prognosed. The prognostic aerosol species innput for the simulator are subcolumns created by a stochas-
CanAM4 include sulphate, hydrophylic and hydrophobic or- tic cloud generatorRaisanen et al.2004), which are also
ganic carbon (OC), hydrophylic and hydrophobic black car-provided to McICA for radiative transfer calculations.
bon (BC), sea salt, and mineral dusbfimann et a].1999 The cloud top effective radius was approximated for each
Croft et al, 2005. Emissions in this study are from the Ae- subcolumn by averaging from liquid cloud top, determined
roCom project for the year 2000éxtor et al, 2006 Kinne by the ISCCP simulator, downward to an optical depth of
et al, 2006, which provides the aerosol emission data from 3, by usingres =Y LW P; /(D _LWP; /ref,;), where LWR
both natural and anthropogenic sources. andrefr; are the model layer liquid water path and effective
Transport, dry and wet deposition, and chemical reactiongadius. This was done instead of using the effective radius
of the species are calculated in the GCM. The dry deposifrom the uppermost cloud layer (Quaas et. al., 2004). The
tion flux is proportional to the aerosol concentration in the study of Platnick (2000 suggests that cloud effective radii
lowest model level and a dry deposition velocitobmann  retrieved at visible and near-infrared wavelengths contain in-
et al, 1999. In-cloud scavenging by precipitation is calcu- formation from the first few optical thicknesses below cloud
lated explicitly using the model-generated precipitation ratetop. In this version of CanAM4, it was found that the upper
(Giorgi and Chameide4986, while below-cloud scaveng- liquid cloud layer often had a cloud optical depth greater than
ing is parameterized according Berge(1993 assuming a 3 (hot shown) and therefore the diagnosed cloud effective ra-
mean collection efficiency. dius was often taken from the uppermost cloudy layer. How-
Similar to earlier work byBoucher and Lohman(i1995 ever, by using the mean over a prescribed optical thickness
and others, the cloud droplet numberc]Nn CanAM4 is  our definition is independent of changes to model configu-
empirically related to the concentration of sulphate aerosoration, e.g., vertical resolution decreasing the layer optical
(SQy). Dufresne et al(2009 adjusted the empirical con- thickness.
stants in the parameterization fog Ry fitting GCM results
to globally observed results for the cloud droplet effective
radius from satellite. A slightly modified version of their pa-
rameterization is used in CanAM4, based on a comparisoré
between model results and MODIS-CE retrievals for cloud
droplet effective radius giving

4 Aerosol concentrations and cloud effective radius

imulated sulphate (S and hydrophilic organic carbon
(OC) concentrations at low level (surface to 700 hPa) from
CanAM4 are shown in Figl. For sulphate, concentra-
Ne = 60(S0}?) (1)  tion maxima over North America, Europe, and Asia are
mainly due to emissions from industrial fossil fuel burning.
Secondary maxima are found downwind of major emission
sources and South America because of biomass burning. Re-
sults for OC are dominated by biomass burning emissions
from South America and South Africa.

Aerosol burdens and deposition fluxes from CanAM4 and
other GCMs are listed in Table. Average results for ten
climate models from the AeoroCom project are also shown
for comparison. Overall, CanAM4 simulated aerosol bur-
dens and deposition rates agree well with mean results from
the other GCMs. However, for both sulphate and particulate
organic matter (POM), CanAM4 produces higher dry depo-
sition and slightly lower wet deposition rates than the mean
AeroCom model.

where N is in droplets cm and SQ in pug n23 and a lower
bound of 1 dropletcm3 is used for N.

A fully prognostic single-moment cloud microphysics
scheme is used in the model, based on the wotlobimann
and Roeckne(1996, Rotstayn(1997 and Khairoutdinov
and Kogan(2000. A statistical approach is used for micro-
physical properties of layer cloud€lfaboureau and Bech-
told, 2005. Radiative transfer is handled using a correlated-
k distribution model (i, 2002 Li and Barker 2002 2005 to
describe the optical properties of gases and the Monte Carl
Independent Column Approximation (McICA) to treat ra-
diative transfer in cloudy atmospherd2irfcus et al.2003
Barker et al. 2008. The effect of aerosols on the forma-
tion of precipitation are not considered in the version of
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Table 1. Global annaul averaged aerosol burden (unit: Tg), dry and wet deposition fluxes (unit: Tg/yr) from CanAM4 and various global
models from the AeroCom project. AeroCom mean model results are also listed.

Sulphate POM

Burden Drydepos. Wetdepos. Burden Dry Depos. Wet Depos.
CanAM4 1.81 22.9 139.8 1.20 20.3 49.1
ARQM 3.47 25.6 105.9 4.06 94.8 77.3
DLR 2.62 6.5 184.9 1.33 7.1 59.2
GISS 1.46 19.2 78.1 1.22 19.3 45.5
KYU 0.95 20.6 117.2 1.61 N/A N/A
LOA 2.91 0.0 209.9 1.35 0.0 65.5
MATCH 1.69 204 132.1 1.35 18.8 65.6
MOZGN 2.58 N/A N/A 1.03 N/A N/A
UIO-CTM 1.50 214 148.8 1.05 5.7 61.2
UIO-GCM 151 13.2 136.0 0.86 13.8 52.2
LSCE 2.61 17.1 159.1 1.59 15.8 49.6
AeroCom mean 2.10 204 142.0 1.30 13.0 53.0

MODIS-CE

.. —7

0.005 0.01 0.05 0.4 0.25 0.5 1 2.5 5 10 20 2.5 5 7.5 10 12.5 15 17.5 20

Fig. 1. Vertically-integrated sulphate (SPand hydrophylic or-  Fig. 2. Cloud top effective radius from MODIS-CE and CanAM4
ganic carbon (OC) concentrations for low level (surface to 700 hPa)for low level (surface to 700 hPa) in JJA. Unit: um
in JJA from CanAM4 simulations. Unit: mgﬁn

is also found for the MODIS-CE data. However, the mod-

The cloud top effective radiusd) from MODIS-CE for elledresi is generally smaller than the MODIS-CE retrievals
low clouds is shown in Fig2 (top panel). Large cloud over the_ Southern ocean, bu_t larger than f[he MODIS-CE re-
droplets are mainly found over the ocean, where aerosol paifi€vals in the Northern Hemisphere. While differences are
ticle concentrations are low, while cloud droplets are smallerSubstantial for some regions, zonal mean results are in rea-
over land. Very large values over Africa are likely caused bysonable agreement at most latitudes (F)g.
less accurate retrieval over bright and dust-laden deserts, and
are excluded from this study. The simulated cloud effective
radius from CanAM4 in Fig2 (bottom panel) is character-
ized by large values over the ocean and smaller values over
land. A qualitatively similar contrast between land and ocean
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MODIS—CE CanAM4 cloud droplet concentrations, and therefore smaller droplets.
The hypothesis underlying the first indirect effect applies to
clouds of equal liquid water content (LWC). Although impor-
201 tant, this was largely omitted in previous studies of indirect
effects using satellite-based data, mainly due to observational
constraints.
: Figure 4 shows relationships betweeg; and SQ, for
0.1 1.0 100  100.0 0.1 1.0 100  100.0 which the data foresf and SQ were stratified according to

SO, (mg/m?) SO, (mg/m?%) R . .

‘ ] . three LWP categories, using simulated results for the LWP
from the model. Furthermore, in order to distinguish the
contributions from S@and OC, the data were also stratified
according to three categories of OC in each LWP category.
The linear regression results by least squares for each cate-

ok gory are also shown. For all LWP and OC categoriggde-

0.1 Oé-?mg/;‘go 100.0 0.1 Oéczmg/ n:g-o 100.0 creases with increasing concentration of_4$@<c_ept for the
case with low LWP and large OC, there is a slight increase).

Fig. 3. Cloud effective radiusrgg) versus aerosol concentrations The mean slope from CanAM4 fdﬂOg(”Eﬁ)/dmg(SQ“) '$
in JJA for low level (surface to 700hPa). The concentrations ofCIOSe to—0.05, with a range frors-0.03 to—0.06, which is
sulphate (S@) and hydrophylic organic carbon (OC) are taken from in reasonably good agreement with the theoretical value of
the CanAM4 simulations whilegf is from MODIS-CE retrievals ~ —0.067 according to Ed.. On the other hand, the diagnosed
(left column) and CanAM4 (right column). slope for the MODIS-CE results is in the range fres.01
to —0.17, indicating that the observed relationship between
aerosol and cloud is fundamentally more complex than as-
5 Dependency of cloud droplet size on dry aerosol sumed in the model. Model results and observations agree
concentration well at intermediate values of the LWP and OC concentra-
tions. The model tends to overestimate the dependency of
Figure3 shows relationships between cloud top effective ra-the cloud droplet size on S@t low LWP and underestimate
dius and dry aerosol concentrations in JJA for low cloudsit at high LWP.
with tops below 700 hPa using data from all grid pointsinthe  Figure 5 is similar to Fig.4, except results are shown
MODIS-CE and model data sets betweert 80and 60 N. for OC instead of S@ Results forres from CanAM4
The same resolution (1284 grid points) is used for both  do not show any significant increase or decrease with OC
data sets. Data from high latitudes is excluded due to poconcentrations, with a diagnosed slope around zero, as theo-
tential difficulties retrieving cloud microphysical properties retically expected from Ed.. However, the slope is negative
over bright surface conditions, such as snow and sea ice, &sr MODIS-CE results, with values ranging from 0 to -0.09.
well as more frequent mixed-phase cloud conditions. According to these results, effects of OC on cloud droplet
According to Fig 3, reff decreases with increasing concen- size are potentially of the same order of magnitude as effects
trations of SQ for both MODIS-CE and the GCM (upper of SOy, an effect that is apparently missing from CanAM4.
panel). This behaviour is broadly consistent with relation- In order to summarize the findings described above, the
ships between cloud droplet size and aerosol index from preelata were stratified into more categories, i.e. ten categories
vious studiesl{ohmann and Lesj2002 Quaas et a]2008. for sulphate ranging from 0.1 to 100.0 mg/rand OC con-
Cloud top droplet size from MODIS-CE also decreases withcentrations ranging from 0.01 to 10.0 m@/mThe depen-
increasing concentrations of hydrophylic OC, indicating a dency ofre on SQ, and OC is shown in Figs. As shown
potential contribution of OC to the first indirect effect. Inter- before, simulated values oty generally decrease with in-
estingly, simulated results fogs also yield a slight decrease creasing sulphate concentration with no obviously system-
in size with OC although there is no contribution of OC to atic dependency on OC concentration. In contragtfrom
cloud droplet number according to Eg.Apparently the rel-  MODIS-CE clearly decreases with increasing aerosol con-
atively simple analysis above is not sufficient for detecting centrations. In particular, there is a dependencyegfon
potential effects of OC on cloud droplets because correla<OC according to MODIS-CE results, giving evidence for a
tions between OC and S@re not accounted for. substantial contribution of OC to the first indirect effect. The
In order to determine relative contributions of $@nd omission of this effectin CanAM4 is evident for all LWP cat-
OC to the first indirect effect more accurately, resultsifgr ~ egories, indicating a shortcoming of the parameterized effect
were further stratified using cloud liquid water content (Big. of aerosols on clouds.
and Fig.5). According toTwomey (1974, increased con- As mentioned in Sect3, the model does not include
centrations of atmospheric aerosol will result in higher con-a parameterization for cloud lifetime effects, which one
centrations of cloud condensation nuclei (CCN), increasedmay, in principle, expect to affect the cloud droplet radius.

www.atmos-chem-phys.net/10/9851/2010/ Atmos. Chem. Phys., 10, 98612010



9856

X. Ma: Constraints on first indirect effect of aerosols

oc <05 0.5,2.0 >2.0
301 MODIS-CE -0.05, 187 301 -0.03, 326 307 0.02, 135
< 20! CanAM4 -0.05, 187 20! -0.05, 328 20l -003, 135  LWP
3 —m <100
s R e
10} 10t 10t
0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0
301 -0.08, 850 301 ~0.08, 606 301 -0.04, 228
< 20/ -0.04, 847 20+ -0.06, 597 20! -0.04, 217
3 100, 15¢
5
10+ 10+ 10+
0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0
30 -0.17, 1443 30 -0.11, 843 30 -0.04, 239
,g 20 -0.06, 1443 20 -0.06, 839 20 -0.05, 233 <150
3
5
10 10 10
01 10 10.0 100.0 0.1 1.0 10.0 100.0 01 10 100 100.0

S0, (mg/m)

50, (mg/rm?)

S0, (mg/m’)

Fig. 4. Low (surface to 700 hPa) cloud effective radius (in pm) from MODIS-CE (in blue) and CanAM4 (in red) versus sulphgte (SO
concentrations in JJA. The data were stratified for 3 categories of liquid water path (LWPZ2j g 3 categories of hydrophylic organic
carbon (OC, in mg//). The slopes and numbers from linear regression are also marked in the plots.

SO, <05 05,20 >2.0
30 MODIS-CE 0.00, O 30 -0.09, 207 30 —0.09, 441
,g 20 CanAM4 0.00, 0 , 207 , 443 LWP
3 <100
R
10
0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0
0.00, 259 301 -0.09, 803 3071 -0.09, 622
0.05, 259 20! -0.01, 802 20! 0.00, 600
100, 15¢C
10.0 100.0 0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0
—0.06, 604 307 -0.07, 966 307 —-0.06, 955
-0.04, 604 20l -0.01, 965 20l -0.02, 946 150
0.1 1.0 10.0 100.0 0.1 1.0 100 100.0 0.1 1.0 10.0 100.0
0C (mg/m?) 0C (mg/m?) 0C (mg/m?)

Fig. 5. Low (surface to 700 hPa) cloud effective radius (in um) from MODIS-CE (in blue) and CanAM4 simulation (in red) versus hy-
drophylic organic carbon (OC) in JJA. The data were stratified for 3 categories of liquid water path (LWP,Z)n a@yfich 3 categories of
sulphate (S@, in mg/mz). The slopes and numbers from linear regression are also marked in the plots.
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' Assimilated meteorological fields from the NASA Goddard

Fig. 6. Cloud effective radius (in pm) as a function of sulphate and E@rth Observing System Data Assimilation System (GEOS
organic carbon concentrations (units: mgjmResults for effec- ~ DAS) is provided to GOCART.
tive radius from MODIS-CE (top panel), CanAM4 (second panel) ~ The relationship between valuesf; from MODIS-CE
using aerosol concentrations from CanAM4. Results for effectiveand aerosol concentrations from GOCART are shown in
radius from MODIS-CE and simulated aerosol concentrations fromFig. 6 (third panel). Overall, there is good agreement with
GOCART, and the results for effective radius from MODIS-ST and the results using aerosol concentrations from CanAM4 and

simulated aerosol concentrations from CanAM4 are shown in the'\/lODls-CEVeff, i.e. a strong anti-correlation is also found
third and bottom panel, respectively. The data were stratified bybetween OC angks.

using cloud liquid water path from CanAM4 simulations (columns,

2 In order to investigate uncertainties associated with satel-
units: g/nf).

lite retrievals of cloud properties, climatological results re-
trieved from MODIS Science Team (MODIS-ST hereafter)
Jor low clouds in JJA, averaged over 2001-2005, were also
used. Like the MODIS-CE data, level 3 MODIS data from
Terra was usedHubanks et a).2008. Figure7 compares

the climatological zonal mean cloud top effective radius from
panAM4, MODIS-CE and MODIS-ST for clouds with cloud

p pressure greater than 700 hPa. The differences between

Consequently, one would not expect the model to succes
fully reproduce features of the satellite retrievals that are
related to cloud lifetime effects. However, it seems possi-
ble that this effect is subtle for global mean relationships
between aerosol and cloud droplet sizes. This may no
be easy to detect based on the diagnostic approach in thi ) .
study, which was designed to address very broad features ge MODIS-CE and MODIS-ST retrieved values can in part

aerosol/cloud interactions. It seems likely that larger discrep- N a_ttrlbuted to differing retnevqanms etal, 2910 and i
ancies between model results and satellite retrievals may b rovide a sense of the observational range relative to what is

found if relationships are analyzed at smaller spatial and temgliagnosed from CanAMA4. There is broad agreement between
esults from CanAM4, MODIS-CE and MODIS-ST. For all

poral scales than in this study. Generally, a realistic represenr- he cloud effecti dius | ¢ h
tation of relationships between aerosols and cloud droplefjata sets, the cloud effective radius increases from north to

sizes appears to be a necessary, but not sufficient, criterioﬁ‘?l#hc' aItX&lilgh there IS a cl:llear d|f|ferpnce| po(ljeward f?ﬂ\BO
for an accurate representation of aerosol indirect effects iVt 1ean systematical y simu ating cloud top etiective
models. radii that are too large relative to MODIS-ST and MODIS-

CE. CanAM4 also simulates a somewhat weaker change be-

tween the Northern and Southern Hemisphere.
6 Robustness of results The impact of uncertainties in satellite retrievals of cloud

top effective radius on the analysis described above was
In order to test the robustness of our analysis, simulatedested by replacings MODIS-CE with those from MODIS-
aerosol concentrations from GOCARTKin et al, 200)) ST (bottom row, Fig.6) . Mean values of liquid low
for the period 2001-2005 were used instead of those frontloud rer for MODIS-ST were computed from joint his-
CanAM4. The GOCART model is a global model with a togram of liquid cloud top pressure and effective radius. Al-
horizontal resolution of 14491 grid points and 31 vertical though there are some large regional differences betwgen
levels. It uses a bulk scheme to model sulphate as well as hyrom MODIS-ST and MODIS-CE, the dependencyrgf on
drophylic and hydrophobic BC and OC and a bin scheme isaerosol concentrations is similar for both data sets.
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OC <05 05,20 >2.0
307 MODIS-CE -0.05, 162 307 -0.02, 453 307 0.00, 162
E 201 CanAM4 -0.16, 162 20k -0.17, 453 20k -0.12, 162 LWP
35‘ <100
"ot 10} 10}
01 1.0 10.0 100.0 01 1.0 10.0 100.0 0.1 1.0 10.0 100.0
, 784 307 -0.06, 654 307 -0.03, 235
. 784 20+ -0.14, 654 20+ -0.11, 235
; 100, 15C
101 101
100.0 0.1 100.0 0.1 1.0 10.0 100.0
, 1578 30 -0.09, 780 30 -0.05, 253
, 1578 20 -0.15, 780 20 -0.11, 253 5150
10 ; 10 o7
01 1.0 10.0 100.0 01 1.0 10.0 100.0 01 1.0 100 100.0

SO, (mg/m?) SO, (mg/m?) S0, (mg/m?)

Fig. 8. Same as Fig4, but the simulation uses Menon’s parameterization for CDNC.

Additional uncertainties in the analysis may arise from proposed byMenon et al.(2001). The relationships below
the omission of subgrid-scale distributions of clouds andwere used to perform an additional simulation with CanAM4
aerosols. The objective for this study was to obtain broad refor predictions of cloud droplet number for landjzh} and
lationships between aerosol and clouds using mean, all-skpcean, Ncean
aerosol amounts from the GCM. Given the limited resolution

of the GCM and satellite data sets, it does not appear to bliang= 1074110501090 +0.13logOM) (2)
practical, nor appropriate, to use below-cloud aerosol con- (R-41+0.50l0g(S0)+0.1310gfOM)-+0.05 log(Seasal
centrations, as is common practice in more detailed studieSlocear=1 ®3)
on interactions of aerosols and clouds that are based on ob- . .

where OM refers to the concentration of organic matter

servations from aircraft. This may bias the results becaus?OM_1 40C)

concentrations below CI.OUd may be systematically different The r.esultir;g relationships this simulation are shown in
fr_om all-sky con_cent_ratl(_)ns. However, _the magn_ltude andFigs. 8 and9. In contrast to the results from the original
sign O.f a pote_nt|al bias is unknown owing to various non- parameterization, Eql]), resf decreases too strongly with in-
linear interactions between aerosols and clo&leyens and creasing S@. However, there is now good agreement be-
Feingold 2009 tween model results and observations for the dependency of

While potential biases from omission of subgrid-scale d|:s-reff on OC. The first indirect effect from Sas higher with

tributions of clouds and aerosols cannot be ruled out, thisthe parameterization in Eq2)(and @) than in the original

g/f/)eeznngltor:;%lcgrsosgrelzltyslil;ne:t;::g :Zf;i?le;ig;;flsaft:grr:]szgseltl)itee'simulation. Overall, contributions of OC to the first indirect
and GCMs. In each case, the relationships are based on me%r];feCt are apparently well reproduced by this parameteriza-

on. However, it should be noted thaizNy and Nyceanin
results for clouds and aerosols, so one may expect the reIaE- s. @) and @) tend to become independent of the sulphate
tionships all to be affected by similar biases. gs- P P

concentration as OC tends to zero. It is unclear how this
somewhat counterintuitive behaviour may have affected the

7 Model modifications results in Figs8 and9.

Results in the previous section provide evidence for the need
to include effects of OC on cloud droplets in climate models.
A bulk parameterization for cloud droplet number concentra-
tion, which includes effects of OC and sea salt aerosol, was
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SO, <05 0.5, 2.0 >2.0
30 MODIS-CE 0.00, 7 301 -0.10, 221 3ar1 -0.09, 549
T 20 CanAM4 0.00, 7 20l -0.10, 221 20l -0.09, 549 LWP
3 Ll <100
"ot :
0.1 1.0 100 100.0 0.1 1.0 10.0 100.0 0.1 1.0 100 100.0
30 -0.02, 239 301 -0.09, 629 3ar1 -0.08, 805
,E\ 207‘ -0.02, 239 , 805
3 B 100, 15(
"ot
0.1 1.0 100 100.0 0.1 1.0 100 1000 0.1 1.0 100 100.0
-0.05, 583 , 898 30 , 1130
-0.05, 583 , 898 , 1130
20 >150
10
0.1 1.0 100 1000 0.1 1.0 100 1000 0.1 1.0 100 100.0
0C (mg/m?) 0C (mg/m’) 0C (mg/m?)
Fig. 9. Same as Figb, but the simulation uses Menon’s parameterization for CDNC.
8 Conclusions ferences in the magnitude of the first aerosol indirect effect

(Feingold 2003. For example, larger updraft velocities in

Robust decreases in cloud top droplet effect radius withconvective clouds likely lead to a stronger first indirect effect
increasing concentrations of simulated Su|phate and o(gzompared to lower Updraft velocities in Stably stratified strat-
aerosol were found for low clouds based on a combinationform clouds. The parameterization of cloud droplet number
of satellite data and output from CanAM4. This is consis- concentration currently used in CanAM4 does not account
tent with the hypothesis underlying the first indirect effect. for differences in cloud dynamics.

Results presented in this study suggest that OC may have It should be noted that while globally representative rela-
similar efficiency in affecting cloud droplet sizes as sulphatetionships between aerosol amounts and cloud droplet sizes

on a global scale, indicating a potentially large contribution Will likely be very useful for studies of global climate, it
of OC to the first indirect effect. is unlikely that similar relationships exist at regional and

smaller scales. No direct information is available from the

CanAM4 produces relationships between cloud droplet . . Lo . .
size and sulphate concentrations that are similar, giving evir€lationships about contributions from different mechanisms

dence for an overall realistic representation of the first indi-thﬁ‘.t ﬁontrlgytﬁl to oyegf\ll'aerosol 'ndollr?Ct eﬁ: cts, some of
rect effect due to sulphate aerosol on a global scale. How?/hich are highly variable in space and time. owevery

ever, the model does not reproduce a decrease in clouf! al. (200 and Brioude et al{2009 successfully demon-

droplet sizes with increasing OC concentrations, a relationStrated that a combination of data from satellite and tracer

ship that was found when using satellite-based retrievals o rartlsport lsm:julatmns .canlbe lIJSEdBtO d(_etermme aer(f)sct))l ef-
cloud droplet sizes. The relationships between cloud drople e(;.s or: Zotu S odn regcljorlla stcateih y using atragge ot obser-
sizes and aerosol amounts indicate a weaker increase of thé - 0na! data and model output, there seem 1o be promising
indirect effect with increasing LWP for CanAM4 than that opportunities for research on aerosol indirect effects.

diagnosed for MODIS-CE. A version of CanAM4 which ac- q Relationlships between Clo.h"; droplgt efffective radius and
counts for a contribution of OC to cloud droplet number ry aerosol concentrations will be used in future comparisons

concentration Nlenon et al, 2007 produced good agree- of GCM simulations using more detailed representation of

ment with MODIS-CE retrievals about the dependency of theaerOSOI and cloud microphysical processes. For example, a
droplet size on OC concentrations future version of CanAM4 will include a parameterization

. . . __for the activation of aerosol that accounts for contributions
The causes for the increase in the magnitude of the flrshom sulphate, OC and other aerosol types

indirect effect with increasing cloud water path are not clear.
However, it is possible that cloud dynamics can lead to dif-
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