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Abstract. One of the greatest sources of uncertainty in thedated activation schemes generally improve the low biases.
science of anthropogenic climate change is from aerosol-Globally, the incorporation of all updated schemes leads to
cloud interactions. The activation of aerosols into cloudan average increase in column CDNC of 150 % and an in-
droplets is a direct microphysical linkage between aerosolsrease (more negative) in shortwave cloud forcing of 12 %.

and clouds; parameterizations of this process link aerosoWith the improvement of model-predicted CDNCs and bet-

with cloud condensation nuclei (CCN) and the resulting in- ter agreement with most satellite-derived cloud properties in
direct effects. Small differences between parameterizationsnany regions, the inclusion of these aerosol activation pro-
can have a large impact on the spatiotemporal distribu-cesses should result in better predictions of radiative forcing
tions of activated aerosols and the resulting cloud properfrom aerosol-cloud interactions.

ties. In this work, we incorporate a series of aerosol activa-
tion schemes into the Community Atmosphere Model ver-
sion 5.1.1 within the Community Earth System Model ver- 1 |ntroduction

sion 1.0.5 (CESM/CAMS5) which include factors such as in-

soluble aerosol adsorption and giant cloud condensation nufhe interaction between cloud and aerosols is among the
clei (CCN) activation kinetics to understand their individ- most uncertain aspects of anthropogenic climate change
ual impacts on global-scale cloud droplet number concentra{Boucher et al., 2013). By serving as cloud condensation
tion (CDNC). Compared to the existing activation scheme innuclei (CCN), anthropogenic aerosols can increase droplet
CESM/CAMS, this series of activation schemes increase thenumber concentration and enhance the albedo of liquid-
computation time by~ 10 % but leads to predicted CDNC phase clouds (Twomey, 1974, 1977). In reducing droplet size,
in better agreement with satellite-derived/in situ values inanthropogenic CCN can inhibit drizzle production under cer-

many regions with high CDNC but in worse agreement for tain conditions and lead to increased liquid water content,

some regions with low CDNC. Large percentage changes irtloud lifetime, and cloud albedo (Albrecht, 1989). These

predicted CDNC occur over desert and oceanic regions, owtwo processes are referred to as the radiative forcing from
ing to the enhanced activation of dust from insoluble aerosolerosol-cloud interactions and adjustments and collectively
adsorption and reduced activation of sea spray aerosol aftezonstitute the effective radiative forcing from aerosol—cloud

accounting for giant CCN activation kinetics. Comparison interactions in the Fifth Assessment Report from the In-

of CESM/CAMS predictions against satellite-derived cloud tergovernmental Panel on Climate Change (Boucher et al.,
optical thickness and liquid water path shows that the up-2013). An important aspect of aerosol-cloud interactions
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involves the process of aerosol activation into droplets (alsanum supersaturation and 2) those with diameters that do not
referred to as droplet nucleation), which describes the growttactivate near the maximum supersaturation. FNO5 updated
of aerosols into cloud droplets. Although Koéhler theory this parameterization to account for a lognormal aerosol size
(Kohler, 1936) accurately predicts the activation of particlesdistribution and size-dependent mass transfer coefficient of
at a given maximum supersaturation, it is the determinationwater vapor to droplets; it also addresses some of the lim-
of the maximum supersaturation that is the greatest sourcéations of AR-G00, especially for conditions when kinetic
of uncertainty (Ghan et al., 2011). The earliest representalimitations on droplet nucleation are expected. When strong
tions of droplet nucleation in climate models used empiri- kinetic limitations occur, the maximum supersaturation is not
cal relationships between cloud droplet number concentrathe same as the critical supersaturation (defined as the satura-
tion (CDNC) and sulfate mass concentration (Boucher andion at which a particle radius will grow beyond the equilib-
Lohmann, 1995) or aerosol number concentration (Jones aium size at the maximum supersaturation). Under these con-
al., 1994). Despite relatively strong relationships betweenditions, the relationship between maximum and critical su-
CDNC and these aerosol parameters in several environmenggersaturation is determined empirically in FNO5 from numer-
(Leaitch et al., 1992; Martin et al., 1994; Ramanathan etical simulations for a range of conditions. Another unique
al., 2001), the empirical relationships do not explicitly ac- feature of FNO5 is its ability to account for the influence of
count for the dependence of the droplet nucleation on aerosajas kinetics on the water vapor diffusivity. This influence de-
size distribution, aerosol composition, or updraft velocity pends on particle size and on the value of the condensation
and therefore are limited in their ability to accurately predict coefficient. Fountoukis and Nenes (2005) found that an av-
CDNC on a global scale. erage value of the diffusivity over an appropriate size range
Physically based parameterizations of aerosol activation ocan account for the influence of gas kinetics on droplet nu-
droplet nucleation are designed to quickly provide the num-cleation. By expressing the solution in terms of the condensa-
ber of aerosols activated into cloud droplets as a functiorntion coefficient, FNO5 is applicable to a range of environmen-
of the aerosol number size distribution, chemical composi-tal conditions. Unlike AR-G00, FNO5 does not approximate
tion, and environmental conditions. One of the most widely functions of the maximum supersaturation and does not rely
used parameterizations describing aerosol activation, Abdulen empirical relationships (except in the case of strong ki-
Razzak and Ghan (2000) (hereto referred as AR-GO00), isietic limitations across the CCN population). A disadvantage
based on the work of Abdul-Razzak et al. (1998) and derivesof FNO5 is that it requires iterations to solve for maximum
a semi-empirical treatment of supersaturation by adjustingsupersaturation which makes it more computationally expen-
coefficients on physically based terms to achieve agreemergive than AR-G00 (Ghan et al. 2011). In our global simula-
with numerical simulations. By parameterizing aerosol acti-tions, the FNO5 scheme increased computational time by
vation in terms of a critical supersaturation (Twomey, 1959) 10 % with negligible additional increases for the FN05-based
and critical radius within a lognormal aerosol size distribu- updates. A comprehensive comparison of AR-G00, FNO5,
tion (Ghan et al., 1993), Abdul-Razzak et al. (1998) obtainedand several other activation parameterizations was performed
an activation parameterization in terms of all of the parame-by Ghan et al. (2011), which showed that FNO5 predicted the
ters of the aerosol size distribution whose activated fractionnumber fraction of activated aerosol in better agreement with
is within 10 % difference from that of a numerical model for a high-confidence numerical solution. Despite their many
most conditions. AR-GO00 updated Abdul-Razzak and Ghardifferences, the implementation of both AR-G00 and FNO5
(1998) (which applied to a single lognormal aerosol modein CAM5.0 resulted in a small difference (0.2 W 10 %)
with uniform chemical composition) by enabling its applica- in the predicted effect of anthropogenic aerosol on shortwave
tion to an aerosol population represented by multiple lognor-cloud forcing (Ghan et al., 2011).
mal modes, each with a uniform bulk hygroscopicity deter- This study expands upon the work of Ghan et al. (2011) by
mined by an internal mixture of chemical components within evaluating the individual processes affecting aerosol activa-
each mode. As air quality and climate models often charaction within an Earth Systems Model with advanced chemistry
terize aerosols by multiple lognormal modes, AR-G0O0 hasand aerosol treatments using global scale satellite/ground-
been widely included in many models (see Table 3 in Gharbased observations. Our objective is to improve the model's
et al. (2011) for summary). representation of aerosol-cloud interactions by incorporat-
Another widely used activation parameterization, Foun-ing advanced aerosol activation treatments into the Commu-
toukis and Nenes (2005) (hereto referred as FNO5), is basedity Atmosphere Model version 5.1.1 within the Commu-
on Nenes and Seinfeld (2003) and includes explicit calcula-ity Earth System Model version 1.0.5 (hereto referred as
tions of mass transfer, condensation coefficient, integratiolCESM/CAM5) and demonstrating the benefits of such ad-
over the aerosol size distribution, and kinetic limitations. In vanced treatments through an initial application of the im-
order to maintain computational efficiency, the parameteri-proved model.
zation of Nenes and Seinfeld (2003) split the aerosol popula-
tion (defined in terms of a sectional size distribution) into two
groups: 1) those with diameters that activate near the maxi-

Atmos. Chem. Phys., 14, 7485497, 2014 www.atmos-chem-phys.net/14/7485/2014/



B. Gantt et al.: Incorporation of advanced aerosol activation treatments into CESM/CAM5 7487

2 Model setup version of CESM/CAM5-MAM?Y is further developed by
providing an alternative to the AR-GOO scheme with FNO5
2.1 CESM/CAMS with an advanced aerosol activation  and the updates of Kumar et al. (2009) (K09) and Barahona
module et al. (2010) (B10) to FNO5, which account for adsorption
activation from insoluble CCN, and giant CCN equilibrium
In this work, we use CESM/CAMS5 to explore the impact of timescale on aerosol activation. In the KO9 parameterization,
several different aerosol activation schemes on global scalevater vapor is adsorbed onto insoluble particles such as dust
cloud properties and meteorology through aerosol—cloud in-and black carbon (BC) whose activity is described by a multi-
teractions. The CESM/CAMS5 used in this work is a version layer Frenkel-Halsey—Hill (FHH) adsorption isotherm. Cal-
recently released by the National Center for Atmosphericculations of the FHH adsorption isotherm in KO9 account for
Research (NCAR) and further developed and improved aparticle curvature with atmospherically relevant adsorption
North Carolina State University (NCSU) (He and Zhang, parameters. Values of 2.25 and 1.20 are used for thgsA
2013). Itincludes advanced gas-phase chemistry, aerosol n@nd B-yy empirical constants, respectively (wherefy
cleation, and inorganic aerosol thermodynamics that are coucharacterizes the interactions of adsorbed molecules with the
pled with the seven-mode modal aerosol module (MAM7) aerosol surface and adjacent adsorbate molecules gng B
in CAM5 (Liu et al., 2012). The gas-phase chemistry is characterizes the attraction between the aerosol surface and
based on the 2005 Carbon Bond chemical mechanism witlthe adsorbate in subsequent layers; Kumar et al., 2009). As
global extension (CB0O5_GE) (Karamchandani et al., 2012).insoluble adsorption leads to the activation of some particles
The aerosol nucleation is based on a combination of the dewhich would not easily activate under Koéhler theory, a re-
fault nucleation parameterizations of Vehkamaki et al. (2002)gional increase in the CDNC is expected in clouds affected
and (Merikanto et al., 2007) and a newly added ion-mediatedy high dust or BC concentrations. FHH adsorption activa-
aerosol nucleation (Yu, 2010) above the planetary boundaryion occurs in addition to Kéhler activation in our version of
layer (PBL) and the maximum nucleation rate from among CESM/CAMS5, and decreases in CDNC are expected to be
Vehkamaki et al. (2002), Merikanto et al. (2007), Yu (2010), rare. The B10 parameterization accounts for the slow con-
and Wang et al. (2009) parameterizations in the PBL (see Helensation upon inertially limited (large) droplets in the cal-
and Zhang (2013) for details). The inorganic aerosol ther-culation of the droplet surface area and maximum supersatu-
modynamics is based on ISORROPIA Il (Fountoukis andration in a cloud updraft. As the slow condensation (relative
Nenes, 2007), and explicitly simulates thermodynamics ofto cloud formation timescales) limits the activation of giant
SO;~, NHZ, NO3, CI-, and N& as well as the impact of CCN, a regional decrease in the CDNC is expected in clouds
crustal species associated with the fine dust mode. Otheaffected by large sea-salt aerosol and aged-dust concentra-
updates in the CESM/CAMS5 version used in this work in- tions. The simulations with the FNO5 scheme and updates use
clude the splitting sea-salt aerosol in MAM7 into sodium the same interface as that of AR-G00, with an accommoda-
and chloride to enable chlorine chemistry in ISORROPIA 11 tion coefficient value of 0.06 (Fountoukis and Nenes, 2005)
and addition of aqueous-phase dissolution and dissociatioand an insoluble fraction of each mode calculated from its
of HNO3 and HCI. In addition, while the released version of hygroscopicity parameter (Petters and Kreidenweis, 2007).
MAM7 uses a constant mass accommodation coefficient of
0.65 for all condensable species, the NCSU’s version use2.2 Model simulation design and setup
species-dependent accommodation coefficients #8384,
NH3, HNOgz, and HCI, with the value of 0.02, 0.097, 0.0024, The CESM/CAM5 baseline simulations are performed using
and 0.005, respectively. AR-GO00 and FNO5 for aerosol activation. In addition, three
In the released version of CESM/CAMS5, aerosol acti- sensitivity simulations are designed to test individually and
vation occurs if the liquid cloud fraction either increases then collectively the impact of the aforementioned FNO5-
with time or elevation (Ghan et al., 1997; Ovtchinnikov and based updated parameterizations on global cloud properties
Ghan, 2005), with the number activated in the increasingand radiation. During the first two simulations, FNO5 is up-
cloud fraction diagnosed by the AR-G00 scheme as a funcdated individually by K09 and B10 (referred to as FN05/K09
tion of aerosol chemical and physical parameters (as giverand FN05/B10), respectively. The last simulation contains
by MAMY7 in this case), temperature, and vertical velocity FNO5 with both updates (referred to as FN05/K09/B10).
(Abdul-Razzak and Ghan, 2000). Stratiform cloud micro- Table 1 summarizes all the simulations completed in this
physics are described by Morrison and Gettelman (2008)work along with their purposes. The initial conditions for
which treats both the cloud droplet number concentration andCAM5 are derived from a 10year (1990-2000) CAMS5
mixing ratio in order to simulate indirect aerosol effects and stand-alone simulation with the MOZART chemistry pro-
cloud-aerosol interactions. A bug in the maximum supersatvided by NCAR. A 1-year (1 January—31 December 2000)
uration calculation in the AR-G00 scheme was recently re-CESM/CAM5 simulation using NCAR’'s CESM B_1850-
ported, which has been corrected in our CESM/CAMS simu-2000_CAM5_CN component set is performed as spin-up to
lation with the AR-G00 scheme. In this work, the NCSU’s provide the initial conditions for meteorological variables
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Table 1. The CESM/CAM5-MAM?7 simulations performed in this study.

Name Koéhler Population  Insoluble  Giant CCN  Major differences
activation spitting adsorption  equilibrium  and purpose
AR-GO00 v Baseline simulation
FNO5 v v Uses the Fountoukis and Nenes (2005) activation
scheme
FNO5/K09 v v v Uses the Fountoukis and Nenes (2005) activation

scheme updated by Kumar et al. (2009), accounting
for the impact of insoluble adsorption

FNO05/B10 v v v Uses the Fountoukis and Nenes (2005) activation
scheme updated by Barahona et al. (2010), account-
ing for the impact of giant CCN activation kinetics

FNO5/K09/B10 v v v v Uses the Fountoukis and Nenes (2005) activation
scheme updated by Kumar et al. (2009), and Bara-
hona et al. (2010), accounting for all above aerosol
activation processes

and chemical species that are treated in both MOZARTal. (2003) for particles< 2.8 um in dry diameter and Mona-
and CB05_GE. All CESM/CAMS5 simulations are performed han et al. (1986) for particles 2.8 um in dry diameter.

for the year 2001 with a 3-month (1 October-31 Decem-

ber 2000) spin-up to provide initial conditions for chemical 2.3 Model evaluation data sets and protocol

species that are treated in CB05_GE but not in MOZART i o

at a horizontal grid resolution of % 1.25 using the Model p'erforman'ce. is evaluated fpr both radiative and me-
B_1850-2000_CAM5_CN component set, which includes teorological predictions from available surface and satel-
all active comﬁonents_of CESM, 1850 to 2000 transient C“_Iite observations for the year 2001, includi_ng aerosol opti-
mate, CAM5 physics, and carbon/nitrogen cycling in the €@ depth (AOD), CCN, CDNC, cloud fraction (CF), cloud
Community Land Model. We selected the coupled version ofoPtical thickness (COT), liquid water path (LWP), short-
CESM to realistically simulate the impact of aerosol activa- ave cloud forcing (SWCF), downward shortwave radiation
tion within an Earth Systems framework. While a one-year (SWDOWN), downward longwave radiation (LWDOWN),
simulation cannot determine the climate impact of aerosolPUt90ing longwave radiation (OLR), surface precipitation
activation (particularly with an Earth Systems model whose(from the Global Precipitation Climatology Project) and 10

components require significantly longer time periods to reacHMeter wind speed (from the National Climatic Data Cen-

equilibrium), our objective is to estimate the potential changet€! data set). Satellite data sets are derived from the Mod-

in magnitude of aerosol radiative forcing from different €rate Resolution Imaging Spectroradiometer (MODIS) col-
aerosol activation parameterizations. lection 5.1 and the Clouds and Earth’'s Radiant Energy Sys-

The initial chemical conditions are based on those avail-teMm (CERES) sensors aboard the Terra satellite. Global sur-
able in the default MOZART, with missing species popu- face radiation data is from the Baseline Surface Radiation

lated by a one-year spin-up. Anthropogenic emissions andetwork (BSRN). In addition to the MODIS-(_jenved CDNC
dimethyl sulfide (DMS) emissions are based on the inven-(B&€nnartz, 2007), a data set of CONC compiled mostly from
tory used for the global-through-urban weather and forecast!i€/d campaigns (Karydis et al., 2011) is included. CDNC is
ing model with chemistry (GU-WRF/Chem) simulations in calculated as an average value of Iayers_ between 960 to 850
Zhang et al. (2012) and with scaled emissions of sulfur diox-mb for comparison with the satellite-derived values of Ben-
ide (SG), ammonia (NH), BC, and organic carbon (OC) in nartz (2007) and is extracted for the 930 mb_ layer (near the
the continental U.S., Europe, and east Asia domains base{®P Of the boundary layer) for comparison with the data set
on several recent emission inventories, known uncertaintiedom Karydis etal. (2011) and references therein. The proto-
in those emissions, and initial model evaluation using avail-c0!S for performance evaluation follow those used in Zhang
able observations of surface chemical concentrations (H&! &l- (2012), focusing on the annual-averaged normalized
and Zhang, 2013). Online natural emissions include biogenid"€an bias (NMB) and correlation coefficient.

volatile organic compounds based on the Model of Emissions

of Gases and Aerosols from Nature (MEGAN) scheme ver-

sion 2 (Guenther et al., 2006; Heald et al., 2008), dust based

on the Dust Entrainment and Deposition scheme of Zender

et al. (2003), and sea-salt aerosol based on Martensson et
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Table 2. Annual mean normalized mean biases (NMBs, in %) of the CESM-CAM5-predicted meteorological/radiative variables.

Variable Data set AR-GOO FNO5 FNO5/K09 FNO05/B10 FNO5/K09/B10
AOD MODIS —-33.9 -323 —-31.7 -30.8 —31.6
CCN MODIS —66.7 —80.6 —80.9 —81.2 —-81.2
CDNC Bennartz (2007) —44.3 28.0 37.4 10.2 16.0
Karydis etal. (2011) —69.2 —23.5 —215 —40.6 —24.4
CF MODIS -05 0.5 0.9 0.7 0.0
CcoT MODIS —-55.6 -41.1 —40.3 —-43.0 —-41.9
LWP MODIS —75.6 —66.9 —66.8 —67.8 —67.2
SWCF CERES 2.1 13.0 13.1 11.3 11.2
SWDOWN BSRN 3.7 =53 —-6.1 —5.4 -5.3
LWDOWN BSRN -0.9 -3.0 -25 -24 -25
OLR NOAA-CDC 3.2 2.2 2.2 2.3 2.5
Precipitation GCPC 11.3 8.5 8.7 8.9 9.3
Wind Speed NCDC -16.1 -15.2 —-14.7 —-14.8 —-14.2

Table 3. Annual mean correlation coefficients of the CESM-CAMS5-predicted meteorological/radiative variables.

Variable Data set AR-GOO FNO5 FNO5/K09 FNO05/B10 FNO5/K09/B10
AOD MODIS 0.66 0.65 0.65 0.65 0.66
CCN MODIS 0.49 0.37 0.37 0.37 0.37
CDNC Bennartz (2007) 0.54 0.55 0.58 0.55 0.58
Karydis et al. (2011) —-0.10 0.16 0.24 0.10 0.26
CF MODIS 071 072 0.71 0.71 0.71
CoT MODIS -0.17 -0.16 -0.15 -0.14 -0.14
LWP MODIS -0.38 -0.37 —-0.37 —0.36 —0.36
SWCF CERES 0.88 0.90 0.89 0.90 0.90
SWDOWN BSRN 0.90 0.91 0.91 0.90 0.90
LWDOWN BSRN 0.98 0.97 0.98 0.98 0.98
OLR NOAA-CDC 0.97 0.97 0.97 0.97 0.97
Precipitation GCPC 0.80 0.76 0.77 0.78 0.79
Wind Speed NCDC 0.40 0.41 0.41 0.41 0.41
3 Results the difficulty in using remote sensing measurements for the
estimation of CCN abundances (Andreae, 2009) makes inter-
3.1 Global performance statistics pretation uncertain.

CDNC, unlike AOD, is strongly influenced by the se-
rlection of aerosol activation scheme. The AR-G00 simula-
tion gives an NMB 0f—44.3 and—69.2 % for the satellite-
derived and in-situ observations, respectively. For compari-
son, the CDNC from the FNO5 simulation and all sensitiv-
ity simulations with updated activation treatments is either
less underpredicted or becomes overpredicted with a NMB
of 10.2 to 37.4% and-40.6 to —21.5% for the satellite-

Table 2 and 3 summarize model performance statistics fo
aerosol, cloud, and radiative predictions of CESM/CAM5
with various aerosol activation schemes over the global do
main. AOD is underpredicted by all simulations, with lit-
tle change in the NMB (ranging from-34.0 to —30.8 %)
and correlations~ 0.64) among the simulations. The un-

derprediction of AOD is likely due to both underpredic- Ggerived and in situ observations, respectively. The higher
tions of terrestrial/anthropogenic aerosol concentrations (H . N . ,
Pog ( CDNC predicted by the FNO5 simulation relative to AR-

and Zhang, 2013) and overestimates of oceanic AOD in the ) . .
MODIS collection 5.1 (Levy et al., 2013). The small change ;? 0is ctonls|s;%rit2W|thhreSl::t_sbfr:)rr:hGr;lgfrrl et al. (tzoihl) tand
in AOD among the simulations is likely due to changes in ang et al. ( ). who attribute the difference to the ten-

meteorological parameters such as surface winds and preci ency ofthe FNO5 scheme to diagnose higher activation frac-

itation which can affect the emission, transport, and Iifetimeg?[_nS tha_PhthehAIE-GOOt§cr}[§m(affortl_”nos.t eE‘,’\;BOSanntt.al c:)n—
of aerosols (Zhang, 2008). Although CESM-CAMS5 under- AIFLOE%O' € g e.lr a; "’at'ot”h r%‘?f;on 'rt‘ | refaﬂ']"e f°
predicts (NMB < —66.7 %) column CCN concentrations at ) IS primarily due to the difierent vaiues of the et-

0.5% supersaturation compared to MODIS-derived valuesfecnve uptake coefficient used in FNO5 (0.06) and AR-G0O
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(1.0 or higher) (Zhang et al., 2012). Improvement in CDNC  °®ja) =30
predictions (relative to observations) from the FNO5 schemeg °” 4 W\\ gz:g
in many regions is consistent with the Ghan et al. (2011) re-g o5 § 150
sults, showing that the FNO5 activated fraction is more sim- g o /4 3w
ilar than that of AR-GOO to a numerical solution for marine, ~ °o 2o

o
=)
3
o

clean continental, and background aerosol distributions for
a range of updraft velocities. It should be noted, however, 5 '
that regions with low CDNC tend to be overestimated by the 5
FNO5 scheme. Compared to the satellite-based CDNC datag
set, FNO5/K09 has the highest overprediction and FN05/B10 3
has the lowest overprediction among the all FN05-based sim-°
ulations. These trends are expected, as insoluble adsorption

in FNO5/K09 leads to additional activation in regions with

©
S

o

=

ction

COT (unitless)
3 @ 8
.
(
~
-
{
\
'S

high dust/BC concentrations while giant CCN activation ki- & gjg

netics leads to less activation in regions with high dust/seag " , o N
spray concentrations. Among the two processes (insolublei % /j\’\f”/\‘ 5 0 \,,
adsorption and giant CCN activation kinetics) updated in the o o

FNO5 scheme, giant CCN activation kinetics in FNO5/810 ™ *_ = * &

seems to be the most globally significant, leading to larger TR e

changes from the FNO5 simulation and determining the sign
of CDNC predictions in the FNO5/K09/B10 simulation rel- Figure 1. Annual-average zonal-med@a) aerosol optical depth,
ative to FNOS5. Correlations between the satellite-derived/in-(?) oW level cloud droplet number concentration (MODIS values
situ observed CDNC and CESM/CAMS predictions improve derived from Bennartz (2007) and CESM/CAMS values a\_/eraged
from AR-GOO to the FNO5 series of simulations (with cor- be.tween 960 ar.]d 850 mbic) cloud fraction, (d) cloud O.ptlcal
. thickness(e) liquid water path, angf) shortwave cloud forcing de-

relations of 0.54 to 0.55-0.60 an0.10 t0 0.10-0.26 for  jveq from satellites and predicted by CESM/CAMS.
the satellite-derived and in-situ observations, respectively).
Based on correlations, the FN0O5/K09/B10 simulation com-
bining all of the activation mechanism updates has the best
agreement with the two CDNC data sets. cloud albedo and cloud lifetime effects. Similar to cloud frac-

Changes in CDNC produced by different aerosol activa-tion, comparison of satellite-derived and predicted SWCF re-
tion schemes have an impact on the predicted cloud propveals that the FNO5 scheme and updates change the slight
erties such as cloud fraction, optical thickness, liquid wa-underprediction (with an NMB of-2.1 %) for the AR-GO00
ter path, and shortwave cloud forcing. Although all model simulation to moderate overpredictions (with NMBs from
simulations predict cloud fraction very well (with NMBs 11.2 to 13.1%), increasing (more negative) the global av-
from —0.5 to 0.9 %), there is a consistent underpredictionerage SWCF by-5.0 to —5.7 W n2. Despite worsening
in the mid-latitudes and tropics (see Fig. 1). The correla-the bias, the inclusion of the FNO5 updates does not signif-
tion between satellite-derived and predicted cloud fractionicantly change the correlations (0.88 to 0.90). Although it
is essentially the same for all simulations~a0.71. Signifi-  has large underpredictions in LWP and COT, the AR-G00
cant underpredictions occur in COT (with NMB e65.6 to  simulation has relatively accurate predictions of SWDOWN,
—40.3 %) and LWP (with NMB of-75.6 to—66.8 %) for all LWDOWN, and OLR because CAMS5 has been highly tuned
simulations (see Fig. 1). The COT and LWP underpredic-with AR-G0O to produce a small NMB for SW flux. The
tions are consistent with those of Gettelman et al. (2010) andlight overprediction of SWDOWN and underprediction and
Liu et al. (2011) who found that the predictions are most sen{1 WDOWN (with NMBs of 3.7 and—0.9 %, respectively)
sitive to dust loading and attributed the CAM5 underpredic-in AR-G00 become all underpredictions in the FNO5 series
tions to a severe underestimation of aerosol concentrationsf simulations (with NMBs of—6.1 to —5.3% and—3.0
in CAMS in the Arctic (and likely Antarctic) regions. Un- to —2.4%). The larger underprediction of SWDOWN in
derpredictions in COT and LWP may also be caused by lim-the FNO5 series of simulations is likely associated in part
itations and uncertainties associated with the microphysicsvith the overprediction in CF and in part with increases in
modules for convective clouds. For both COT and LWP, theCDNC, LWP, and COT. The overprediction of OLR for the
inclusion of the FNO5 scheme and updates reduces the urAR-G0O simulation, however, is reduced by the FNO5 se-
derpredictions moderately but does not improve the poories of simulations. Although the climate impact of aerosol
correlation &-0.14). The additional CDNC predicted by activation cannot be determined from our one-year coupled
the FNO5 scheme acts similarly to the impact from anthro-atmosphere-ocean simulations, the overprediction of precipi-
pogenic aerosols; increasing the aerosol activation fractiortation and underprediction of 10 m wind speed from AR-G00
is equivalent to adding more aerosols in the calculation ofwere slightly reduced (by- 2 %) in FNO5/K09/B10 due to
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Figure 2. Annual average low-level CDNC from MODIS (Bennartz, 2007) and CESM/CAMS (averaged between 960 to 850 mb) simulations.

small modifications of meteorology from the different acti- and the FNO5 series of simulations overpredict CDNC by

vation schemes. 25-50 cnm3 compared to the MODIS-derived data set. The
CDNC underprediction from the AR-G00 simulation may
3.2 Regional impacts of aerosol activation treatments be related in part to aerosol abundance, which is underpre-

dicted by all of the simulations compared to MODIS-derived

3.2.1 Aerosol optical depth and cloud droplet number ~ AOD (see Fig. 1) in the mid-latitudes. Like model predic-
concentration tions of global-average CDNC, the higher zonal CDNC in

the FNO5 series of simulations (relative to AR-G00) can be

Like the global averages, the zonal average AOD differ-attributed to the different values of the effective uptake co-
ences between the simulations are relatively insensitive (dif€fficient used in FNOS and AR-GOO (Zhang et al., 2012).

ferences< 0.01) to the choice of aerosol activation schemes.Among the FNOS series of simulations, the zonal-average
Much of the underprediction by all model simulations in the CDNC s the highest for the FNO5 and FNO5/K09 simula-

Southern Hemisphere from60 to —40° is due to a bias in tions and the lowest (closer to the MODIS-derived values) for
satellite products (i.e., MODIS Collection 5.1), which does the FNO5/B10 and FN05/K09/B10 simulations. The slightly
not account for the wind speed-dependent whitecap and foarfigher global correlation between the satellite and model pre-
fraction on the ocean surface (Levy, 2013). Zonal-averagdlicted CDNC for the FNO5/K09 and FNOS/K09/B10 sim-
CDNC, on the other hand, is very sensitive to the differentulations can be attributed to the higher CDNC from insol-
activation schemes. The largest differences in CDNC preUble adsorption in regions with large dust emissions (cen-

dicted by the AR-G00 and FNO5 series of simulations aretéred around—30" for deserts in southern Africa, Aus-
in the mid-latitudes (from-50° to —20° and 20 to 5¢° ),  tralia, and Patagonia and 3@or the Sahara, Arabian, and

where the AR-G00 underpredicts CDNC by 10 to 50ém  Sonoran deserts). Figure 2 shows that CDNC predicted by
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b) , for GU-WRF/Chem. Such differences can be attributed to
/ . differences in mass accommodation coefficients of water va-

/ por used (1.0 in AR-GOO vs. 0.06 in FNO5), methods in
solving max supersaturatiors,{,,) (AR-GOO uses a semi-

] empirical relationship to approximat®,ax, whereas FNO5
o, :?j H uses numerical iterations to soh8aax), and the tempera-
. e ture dependence in the calculation of Kelvin effects (temper-
. ature dependence is neglected in AR-G0O but accounted for
10 100 1000 10 160 1000 in FNO5).

Opsenved CONG (em) Opserved GONG (o) While similar to FNO5 in the magnitude of CDNC change
Figure 3. Comparison of CESM/CAMS5-predicted (at930mb)  from AR-GOO, the FNO5/K09 simulation has higher percent-
and observed low-level CDNC from field campaigns in clean ma-age changes in CDNC over many desert regions such the Sa-
rine (blue), polluted marine (green), and continental (red) environ-haran and Arabian Deserts (see Fig. 5) leading to a global
ments as classified and summarized by Karydis et al. (2011). Theaverage increase of 183 %. This additional increase is the
filled circles are for th¢a) AR-GO0 and(b) FNOS simulations and  resylt of insoluble CCN activating into cloud droplets that
holloyv circles for the FN??/KOQ/BIO_SlmuIatlon. Data points where would not activate according to Kohler theory on which the
E;i‘i'(:;dtﬁfs'\gﬁz ;ﬂgrgott:’;ﬁancoktl'i?ggdgi'pzizvlét and1:2/2:1 AR.G05 and FNO5 are based. Accounting for giant CCN

' ' activation kinetics in FNO5/B10 leads to lower CDNC rel-
ative to FNO5, especially over the remote marine and desert
regions (Fig. 5) where sea-salt aerosol and dust are impor-

the AR-GOO0 simulation is most similar to MODIS-derived tant CCN sources. Because of the large fraction of the Earth
CDNC over oceanic regions, while the FNO5 series of sim-covered by oceans, the FNO5/B10 scheme has a globally-
ulations better predict CDNC over continental areas. Thissignificant impact on average column CDNC (the average
result is consistent with that of Fig. 3a, where a compari-increase from AR-G0O0 decreases from 167 % in FNO5 to
son of field campaign-observed CDNC and predictions from136 % in FNO5/B10). Both the FNO5/K09 and FN05/B10
the AR-G0O0O and FNO5/K09/B10 simulations reveal a sub-simulations also experience isolated regions in which the
stantial improvement in FNO5/K09/B10 for continental re- CDNC change is opposite to the expected (from box model
gions which are significantly underpredicted in AR-GO0O0. simulations) trend, likely located within transitional regimes
The large improvement (relative to AR-G00) in continental as described by Reutter et al. (2009) where cloud droplet
regions from the FNO5/K09/B10 simulation results mainly formation is sensitive to both aerosol activation and updraft
from the higher activation fraction in the FNO5 scheme andvelocity. Combined, the effects of insoluble adsorption and
larger fraction of insoluble aerosols that can be activated ingiant CCN activation kinetics lead to a predicted change in
the K09 scheme (see Fig. 3a for comparison). The overpreeolumn CDNC from the FNO5 scheme that is higher than
dictions in clean marine CDNC from the FNO5 simulation FNO5 over desert regions, slightly lower over much of the
are reduced in the FNO5/K09/B10 simulation (see Fig. 3b)ocean, and relatively unchanged areas like the continental
because of the inclusion of giant sea spray aerosol activatioldS, China, and Europe where either the concentration of
kinetics which accounts for the slow condensation of waterinsoluble aerosols and giant CCN are low or their impacts
on these particles. compensate for each other (see Fig. 5). Compared with the
Separating the aerosol activation processes involved in th&R-G00 simulation, the FN0O5/K09/B10 simulation combin-
FNO05/K09/B10 simulation shows that the processes have uning all of the activation updates has a global average percent
equal impacts on CDNC resulting in different spatial dis- change in column CDNC of 150 %. With the exception of
tributions of column CDNC changes. With the inclusion of polluted regions in China, eastern Europe, and eastern US,
the FNO5 activation scheme, most areas (with the excepthese changes in CDNC are greater than the internal model
tion of desert regions in northern Africa, Arabian Peninsula, variability as determined by the seasonal standard deviation
and Antarctica) experience an increase in column CDNCfrom the AR-GO0O0 simulation.
(Fig. 4). The largest increases in column CDNC occur in re-
gions near or downwind of population centers in China, US,3.2.2 Cloud properties
and Europe. As a percentage, however, the largest changes
occur over the Tibetan Plateau, the western US, GreenlandJnlike CDNC which is sensitive to both the implementation
and remote Pacific Ocean where CDNC is low. Globally, of the FNO5 scheme and the subsequent updates, changes in
the average increase in CDNC from the AR-GO0 simula-zonal-average cloud fraction, COT, and LWP are relatively
tion to the FNO5 simulation is 167 %. This increase is sub-small and noticeable only by the transition from the AR-G00
stantially larger than the 20-50 % increase reported by Ghamo the FNO5 series of simulations (see Fig. 1). Incremental
et al. (2011) for CAM5 but closer in magnitude (although changes are predicted for the cloud fraction predictions from
larger) to the 100 % increase reported by Zhang et al. (2012¥lifferent aerosol activation schemes, with the largest changes

1000

100

Predicted CDNC (cm™®)
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Figure 4. Annual-average absolute and percentage changes from the FNO5 and AR-G00 CESM/CAMS simulations for column CDNC and
shortwave cloud forcing. Because the shortwave cloud forcing typically has negative values, the absolute change map (bottom left) uses
|SWCF|so that the warmer colors represent an increase in the forcing even though they are more negative values. The global mean percenta
change values are calculated from the averaged absolute change rather than the average of the gridded percentage changes.

occurring in the Arctic where clouds are sensitive to ice nu-clouds, the moderate underpredictions of CF, COT, and LWP
cleation (Xie et al., 2013; Engstrom et al., 2014). Figure 1in the AR-GOO0 are consistently reduced in the FNO5 series of
shows that the large underpredictions in COT and LWP bysimulations.

AR-GO00 for mid-latitude regions (30-60I/S) are signifi- Changes in cloud fraction, COT, and LWP affect the po-
cantly reduced by the implementation of the FNO5 series oftential climatic impact of aerosols, as shown by the changes
simulations. In tropical regions, all simulations have the low- in SWCF (see Figs. 1 and 4). The difference in SWCF be-
est bias in COT and LWP compared to satellite observationdween the AR-GO0 and FNO5 simulations is the highest in
and there exists little difference between the model simula-the mid-latitudes where the large CDNC differences occur. In
tions. The insensitivity of tropical cloud properties to the var- mid-latitude regions from+60 to —30°, the transition from
ious aerosol activation parameterizations is likely due to thethe AR-GO0O to the FNO5 activation schemes changes the sign
abundance of convective clouds not treated by the aerosol a@f the model bias from negative to positive (see Fig. 1). Glob-
tivation schemes and high frequency of strong updrafts in theally, the largest changes in SWCF between the AR-G00 and
region which have been shown to have a lower variance in th&NO5 simulations occur over the oceans, where widespread
activated fraction from different parameterizations than doareas experience a 25% increase (larger by 10W m
weak updrafts (Ghan et al., 2011). Predictions of CF, COT,magnitude) in SWCF (see Fig. 4). This sensitivity of radia-
and LWP in the AR-G0OO and FNO5 series of simulations tive forcing in oceanic regions to aerosol activation is due
are most different in polar regions because of the sensitivio two main reasons: (1) the low penetration of shortwave
ity of Arctic and Antarctic CDNC (and corresponding cloud radiation through stratocumulus decks covering large areas
properties) to slight changes in aerosol and ice nuclei numof the ocean and (2) the sensitivity of marine cloud albedo
ber concentration and lack of sensitivity to aerosol activa-to changes in CDNC (Twomey, 1991; Platnick and Twomey,
tion treatment (Liu et al., 2011; Moore et al., 2013). Mixed- 1994; Moore et al., 2013). The updates to the FNO5 scheme
phase clouds, which are found in polar regions, are particudo not substantially affect the spatial distribution of SWCF
larly difficult to simulate because they are affected by bothchanges relative to the change from AR-G00 to FNO5. Be-
aerosol activation and ice nucleation (Lance et al., 2011; Xiecause the various Earth System components of CESM in-
et al., 2013). Ignoring polar regions which have mixed-phaseeract in our simulations, these predicted changes in cloud

www.atmos-chem-phys.net/14/7485/2014/ Atmos. Chem. Phys., 14, 74887, 2014



7494 B. Gantt et al.: Incorporation of advanced aerosol activation treatments into CESM/CAM5

(2]
o
X
=
w0
o
P
(1
P R e >
2.88204e+07 Min: -99.9999 M
T T T T T
o
-—
a1]
~
10
o
Z
L
o
—
m
=
[e2)
(=]
X
~~
10)
o
Z :

L - o s D ~ E = 2 ==

= e == — == T et . e s il

[Max: 3.87799e+06 Min: -8.08792e+06 Mean: -184863] = o Max: 8.0397e+07 Min: -99.9999 Mean: -6.22796[

T+ T T T T T+ T T T T T T T T T T T 1

0 60E 120E 180 120W 60W 0 0 60E 120E 180 120W 60W 0

T [ [ [ 1
-1e6 -5e5 0 5e5 1e6 -100 -50 0 50 100
cm? %
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properties (which are statistically significant with a proba- tion kinetics (Barahona et al., 2010) are slowerlQ % in-
bility value from a student’s test« 0.05) cannot be entirely crease in computational time) but have improved predictions
attributable to aerosol activation. A significantly longer simu- of cloud droplet number concentration (CDNC), cloud op-
lation time period and/or prescribed ocean surface conditionsical thickness, and liquid water path in many regions. The
are needed to reduce the impact of ocean-atmosphere-cloudclusion of these updates leads to a widespread large in-
feedbacks existing in our simulations. crease in CDNC with localized enhancement of CDNC over
desert regions and depression of CDNC over oceanic re-
gions. The increase in CDNC predicted by the simulations
4 Conclusions with updated aerosol activation results in a decrease (more
negative) in the global-average shortwave cloud forcing and
In this study, several process-based aerosol activatiosurface shortwave radiation. In regions where these updates
schemes are implemented into the Community Atmospherdead to more accurate prediction of CDNC, cloud optical
Model version 5.1.1 within the Community Earth System thickness, and liquid water path, we have increased confi-
Model version 1.0.5 (CESM/CAMS5) to determine the global dence in the predicted magnitude of the radiative forcing
impacts of individual activation processes on cloud prop-from aerosol—-cloud interactions. While this study estimates
erties. Compared to simulations using the default Abdul-the impact of aerosol activation on cloud properties within
Razzak and Ghan (2000) aerosol activation parameterizatiorgn Earth Systems model, determining the climate impact
simulations with the Fountoukis and Nenes (2005) schemeequires a longer simulation period and more comprehen-
and updates for insoluble aerosol adsorption (Kumar et al.sive treatments of aerosol-cloud interactions. Future stud-
2009) and giant cloud condensation nuclei (CCN) activa-ies on the interaction between aerosol activation and cloud
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microphysics could be improved through the direct coupling Assessment Report of the Intergovernmental Panel on Climate
of convection and aerosol activation (Song et al., 2012), in- Change, edied by: Stocker, T. F,, Qin, D., Plattner, G.-K., Tignor,
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