
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


I

이학박사학위논문

에어로솔의 직접 간접 효과가 기후

모의에 미치는 영향

Direct and indirect effects of aerosol on climate

simulation

2014년 2월

서울대학교 대학원

지구환경과학부

이 동 민



II

에어로솔의 직접 간접 효과가 기후

모의에 미치는 영향

Direct and indirect effects of aerosol on climate

simulation

지도교수 강 인 식

이 논문을 이학박사 학위논문으로 제출함

2014년 2월

서울대학교 대학원

지구환경과학부

이 동 민

이동민의 이학박사 학위논문을 인준함

2013년 12월

위 원 장 _______________________________(인)

부위원장 _______________________________(인)

위 원 _______________________________(인)

위 원 _______________________________(인)

위 원 _______________________________(인)



- 1 -

Abstract

Direct and indirect effects of aerosol on

climate simulation

Dongmin Lee

School of Earth and Environmental Sciences

Seoul National University

The aerosol direct and indirect effect studies are complemented with

simulations using the GEOS-5 GCM recently upgraded with double moment

cloud microphysics (i.e., the ability to predict both cloud water content and

particle numbers), interactive GOCART aerosol model, advance radiative transfer

package RRTMG with Monte Carlo Independent Column Approximation modes,

and CFMIP Observation Simulator Package (COSP). Comparisons of GEOS-5

integrations using the schemes allow us to identify and separate consistent (and

therefore more robust) responses of monsoonal circulations, clouds and

precipitation to aerosol rather than dynamics, and meteorological seasonality.

Especially biomass burning (BB) intensity is strongly correlated with large-scale

circulation change, so GCM experimental designs that will isolate the aerosol

effects are necessary. A baseline comparison is first performed between near

decade-long GEOS-5 runs using the two different single (GEOS-5 Standard)

and double moment (McRAS-AC) cloud microphysical schemes and prescribed

observed SSTs for the period 2002-2011 which has extensive multi-satellite
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coverage. Two 10-year long simulations bring to light discernible improvements

in the TOA zonal radiation budget when the latter scheme is implemented.

These and other encouraging results from the simulation suggest that

McRAS-AC exhibits significant skills and has the potential to be further

improved with targeted enhancements. And we conducted a similar segregation

between anomalously high and climatological emission days for GEOS-5 in order

to determine, with the aid of the COSP satellite simulator package, which cloud

scheme can better reproduce observed cloud response to enhanced BB aerosol

emissions. Equipped with this knowledge, we could proceed to a new series of

experiments for a more in-depth analysis of cloud and precipitation response to

extreme BB emission scenarios Taking appropriate differences between AGCM

experiment sets we find that BB aerosols affect liquid clouds in statistically

significantly ways, increasing cloud droplet number concentrations, decreasing

droplet effective radii (i.e., a classic aerosol indirect effect), and locally

suppressing precipitation due to a decelerate of the autoconversion process, with

the latter effect apparently also leading to cloud condensate increases.

Geographical re-arrangements of precipitation patterns, with precipitation

increases downwind of aerosol sources are also seen, most likely because of

advection of weakly precipitating cloud fields. Somewhat unexpectedly, the

change in cloud radiative effects (cloud forcing) is in the direction of less

cooling because of decreases in cloud fraction. Overall, however, because of

direct radiative effect contributions, aerosols exert a negative forcing at both the

top of the atmosphere and, perhaps most importantly, the surface, where

decreased evaporation triggers feedbacks that further reduce precipitation.

Invoking the approximation that direct and indirect aerosol effects are additive,

we estimate that the overall precipitation reduction is about 40% due to the

direct effects of absorbing aerosols which stabilize the atmosphere and reduce
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surface latent heat fluxes via cooler land surface temperatures. Further

refinements of our two-moment cloud microphysics scheme are needed for a

more complete examination of the role of aerosol-convection interactions in the

seasonal development of the SE Asia monsoon.

Keywords

Climate model, aerosol direct/indirect effects, biomass burning

in Southeast Asia, aerosol – radiation - cloud interaction,

double moment cloud microphysics parameterization

Student number: 2005-30144
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1. Introductions

Atmospheric aerosols and clouds interact in many complex ways (e.g.,

Twomey, 1977; Albrecht, 1989; Graf, 2004; Seinfeld and Pandis, 2006); key

aspects of the interaction must be parameterized realistically since predictions of

both are vital for the vertical distribution of shortwave and longwave

heating/cooling of the atmosphere. In order to understand climate and climate

change, it is essential to have an accurate understanding of the Earth’s radiation

budget and how this budget has changed over time. Atmospheric aerosols have

a direct effect on the radiation budget through scattering and absorption of

primarily solar radiation, and this radiative forcing can be quantified as the net

difference in flux at a given level with and without aerosol. Primarily scattering

aerosols such as sulfate generally have a negative or cooling radiative effect at

the top of the atmosphere (TOA). More absorbing aerosols such as black carbon

can have a radiative cooling or warming effect on the climate system depending

on the brightness of the surface or clouds beneath them.

Aerosols may also have indirect and semi-direct effects on climate, which are

due to microphysical and thermodynamic interactions with clouds, respectively,

that impact cloud radiative forcing. There has been considerable progress in the

global modeling of aerosols (e.g. Textor et al., 2006; Koch et al., 2009), however

the uncertainty in estimates of direct aerosol radiative forcing, often measured

by the diversity in global model estimates, remains high (Forster et al., 2007;

Myhre et al., 2012). In cloud-free conditions, quantification of the direct aerosol

radiative effect in atmospheric models depends on knowledge of aerosol optical

properties (aerosol optical depth, single scattering albedo, asymmetry parameter,

and their wavelength dependence) and wavelength dependent surface albedo.

While uncertainties in estimates of aerosol radiative forcing are primarily due to
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uncertainties in the knowledge of these properties and how they are

parameterized (e.g. Boucher et al., 1998), the treatment of radiative transfer in

global models, including the accuracy of the method, its spectral resolution, and

the treatment of molecular and 20 multiple-scattering, also contribute to the

multi-model diversity in estimates of direct aerosol radiative forcing (e.g.

Oreopoulos et al., 2012). But traditionally, meteorologists primarily focused on

forecasting severe weather and precipitation. Not much attention was paid to the

cloud water for two reasons. First, in-cloud water is generally less than 5% of

the precipitation in most mild to severe typical severe weather episode, therefore

its neglect makes very little error to the predicted precipitation; second, if

weather forecast is only useful only for a week or less, the influence of

cloudiness on the radiative forcing of the synoptic scale weather systems is

small also. Therefore, ad hoc and approximate ways to assess clouds and cloud

radiative forcing were devised, e.g., making cloud fraction in a layer simple

diagnostic function of RH and use of empirical functions to infer cloud water as

a function of precipitation. These assumptions were reasonable enough for

numerical weather prediction. However, once the emphasis turned to climate and

the need was to predict associated changes in the seasonal circulation and

precipitation, the radiation and everything that affects cloud radiative effects

(CRE), like cloud fractions, cloud water and activated aerosols determining the

inception of cloud condensation (ice deposition) nuclei, and greenhouse gases all

of which influence the radiative forcing of planet Earth, suddenly returned to

center stage. Among them, cloud-aerosol interaction is in early stages of

development and evaluation. Our research is about modeling the influence of

aerosols on clouds via their indirect effects on cloud microphysics, cloud optical

properties, and CRE.

The recent anthropogenic activities have led to large changes in the
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atmospheric composition (e.g., Karl and Trenberth, 2003). Specifically,

anthropogenic carbon dioxide has increased steadily, while the anthropogenic

aerosols, largely a by-product of burning biomass and fossil fuels, have also

increased though much more heterogeneously (Salina and Davis, 2011; Charlson

et al., 1992). The direct effect of aerosols is to scatter and enhance absorption

of shortwave radiation as well as absorption and emittance of longwave

radiation; both of them cause warming of aerosol-layers with cooling at the

surface of the Earth; thereby aerosols stabilize the atmosphere and affect the

onset of moist convection (Twomey, 1959, 1979, Ramanathan et al. 2001a) and

life time of clouds and precipitation (Albrecht, 1989); interactions of these with

dynamics have the potential to produce complex aerosol-cloud-radiation

interaction scenarios. Recent studies probed into the influence of aerosols on

monsoons under different atmospheric circulation scenarios (e.g., Kim et al.,

2007; Lau and Kim, 2007a,b; Lau et al.,2009) and its multifarious consequences

on precipitation and climate change (e.g., Lohmann, 2006; Penner, et al., 2006).

The pioneering works of Gibbs (1876, 1878), and Köhler (1936) laid the

foundation of the physics of aerosol-activation from first principles of nucleation

of aerosols. Present day modelers use them to determine aerosol-activation in

numerical models to produce cloud condensation nuclei (CCN) or ice nuclei (IN).

Increased aerosol activation increases the number density of cloud particles

(Twomey, 1979; Seinfeld and Pandis, 1996) and thereby slows the precipitation

production (Albercht, 1989; Seifert and Beheng, 2001, 2005 and several others).

Discernible consequences of both direct and indirect effects of aerosols have

been reported in scores of modeling and data analysis studies that show the

significant impact of aerosols on i) weather and climate prediction (Krishnamurti

et al., 2006; Sud et al., 2009; Wilcox et al., 2009) ; ii) the diurnal and seasonal

cycles of precipitation (Kim et al., 2010); iii) the weekly cycle of precipitation
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over the central North America (Bell et al., 2009b); iv) increase in the incidence

of tornados (e.g., Rosenfeld and Bell, 2011) and lightening (Bell et al, 2009a). An

assessment of mechanisms extends to circulation and precipitation changes on

seasonal scales, such as improvised in the elevated heat pump hypothesis for

the Indian monsoon (Lau and Kim, 2007), as well as cloud microphysical scales

such as influences on microphysics of convective towers via in-cloud latent heat

of freezing of smaller cloud drops that do not glaciate (Rosenfeld et al., 2000,

2006). Nevertheless, the debate on how and how much do aerosols influence

different clouds to foster or suppress precipitation yield from different cloud

types continues (e.g.,Koren et al., 2012 and Li et al., 2011). An outcome of

increasing the cloud particle number concentrations (CPNC) is reduction in cloud

particle size distribution (CPSD) which slows the autoconversion and accretion

of cloud drops to form precipitation size hydrometeors, and that gives liquid

cloud particles and some small size raindrops an opportunity to ascend in the

convective updrafts and glaciate to release latent heat of freezing thereby

boosting the thermal buoyancy of the convective towers. How this plays out in

the real world with a variety of clouds and convective scenarios, is a complex

issue! Most important being, how much latent heat of freezing is released and

how much buoyancy boost is caused by augmented cloud work function

(Arakawa Schubert, 1974) or convective available potential energy (CAPE)? It is

a complex issue. It determines how much further does it make the convective

tower to ascend and generate more condensate and precipitation? There are

some compelling diagnostics in the available satellite data that suggest that

aerosols increase the convective precipitation (e.g., Koren et al., 2012; Bell et al.,

2009a). However, analysis by Li et al. (2011) while corroborating the increase in

cloud height by aerosols, limited its evidence to mixed phase clouds only and

not for cool base convective clouds or clouds that ascend beyond the



- 14 -

homogeneous freezing level. On the other hand, mass of lofted raindrops within

a convective tower has the potential to decelerate the cloud (Xu and Emanuel,

1988); however, deceleration beyond a limit, extricates the raindrops, whereby

rain water load disappears precipitously and that enables the cloud to begin to

accelerate again. In fact the switch from loading of rain drops by collection and

unloading them on deceleration gives a wavy look to the convective towers.

Clearly, the influence of such complexities in the cloud microphysics needs to be

simulated realistically before expecting to learn about their influence on the

convective systems of the real world. The numerical models can simulate such

features only if the aerosol cloud interactions are parameterized with the key

aspects of in-cloud microphysics in convective towers. Nevertheless, because of

the complex feedback interactions and uncertainties in the parameterization of

coupled dynamics of a cloud and its interactions with aerosols (Andreae and

Rosenfeld, 2008; Gunturu, 2010), even understanding of the climatic impact of

anthropogenic aerosols remains uncertain (IPCC 2007), while cloud modelers

endeavor to parameterize the aerosol-cloud interaction processes more

realistically. Nevertheless, the aforementioned theoretical projections, statistical

analyses of observations data, and more recent model simulations have

reaffirmed the importance of aerosols as a key part of the cloud microphysics

processes, precipitation yields, and cloud radiation interactions. At present,

however, many leading state-of-the-art/science GCMs still parameterize clouds

invoking a number of simplifying and/or ad hoc assumptions (Bougeault and

Geleyn, 1996; Randall 2010). Indeed, use of physically based aerosol activation

owes its successes to the pioneering efforts of aerosol-cloud interaction works

of Abdul-Razzak and Ghan, (2000, 2002); Nenes et al. (2001); Nenes and

Seinfeld (2003); Liu and Penner, (2005); and Barahona and Nenes (2009). They

developed fundamental equations for computing aerosol activation to create cloud
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condensation nuclei (CCN) or activated ice nuclei (IN). These works have put

the cloud particles number concentration calculations on a firm theoretical

footing. These help to simulate both the cloud microphysics processes and cloud

optical properties provided the aerosols numbers, sizes, and species available to

the cloud are realistic. As it stands, aerosol-cloud microphysical and radiation

interaction processes have not been included in many models and that was also

the case for the baseline GEOS-5 GCM (Rienecker et al., 2008, Molod et al.,

2012). However, on the positive side, a good reason for circumventing full blown

aerosols-cloud interaction scheme, is lack of reasonable quality aerosol data that

is being authenticated in a series of systematic validation exercises including

data assimilation (Chin et al., 2002; Colarco et al., 2010; Easter et al., 2004).

Without realistic aerosol input to cloud microphysics models, cloud particles

number concentrations (CPNC, includes cloud water and ice particle, hereafter

LPNC, IPNC) become unrealistic or fuzzy with uncertain benefits in a GCM. A

notable inference of cloud seeding experiments as summarized by Cotton and

Pielke (1995) is as follows. With a limited window of opportunity, cloud seeding

became a hit or miss venture and therefore its full potential has not been

realized. This suggests that the atmospheric aerosols too must be known

reasonably well at the scales at which CCN and IN are activated to make a

worthwhile difference.

As stated before, aside from some CPNC enhancement via shattering of the

already existing cloud particles and even raindrops as a function of winds and

wind-gust, aerosol activation is the primary source of emerging CPNC. Both

CPNC and CPSD impact cloud optical properties and cloud microphysical

processes including precipitation efficiency (Pruppacher and Klett, 1997). A well

designed aerosol-cloud-radiation interaction model can therefore provide a

physical basis for determining the benefits of interactive aerosols in a selected
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cloud scheme, such as McRAS (Sud and Walker 1999a). By comparing its

characteristics in the GEOS-5 GCM with that of its baseline cloud scheme, a

highly developed and extensively evaluated Relaxed Arakawa Schubert (RAS,

Moorthi and Suarez, 1991) based cloud microphysics scheme, one can ascertains

the readiness of Microphysics of clouds with Relaxed Arakawa-Schubert scheme

(McRAS) with aerosol cloud interaction (McRAS-AC) as an option in the

GEOS-5 GCM. This research also sets the stage for further optimizing the

performance of McRAS-AC schemes in the GEOS-5 GCM as well as provide a

platform to select the best algorithms from the leading schemes and their

aerosol-cloud interaction algorithms available at NCAR and GSFC.

Using large eddy simulation (LES) to understand the behavior of turbulent

processes, Deardorff’s (1970) work showed an LES based strategy of

parameterizing complex physical processes. This has been used to develop

algorithms for aerosol-cloud interaction physics. The LES research has further

helped to develop the algorithms needed to parameterize aerosol activation in

GCMs (Khairoutdinov and Kogan, 2000; Abdul-Razzak and Ghan, 2001, 2002).

Below a few degrees C, subfreezing temperature, the vapor pressure differences

over cloud water and ice particles are large enough to produce a substantial

vapor pressure gradient between IPNC and LPNC particles; cloud water-to-cloud

ice mass exchange process through the intervening atmosphere occurs due to

the Bergeron-Findeisen process. In short, aerosols activated as CCN/IN to form

cloud particles (including CDNC and CPNC, CPs) together with the existing

CCN/IN, all CPs are equally qualified to receive the water vapor as condensate

or deposition from the local environment. Simultaneously, nucleated CPs

auto-convert and accrete to form precipitating hydrometeors that further collect

cloud water/ice particles in fall if and when the precipitation traverses through a

cloud and/or even clear that is supersaturated with respect to ice. In this way,
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precipitation removes cloud particle mass and number concentration as well as

can dehumidify the intervening air. In a locally warming scenario, CPs must

evaporate or sublimate (as the case may be) whereby CP mass, numbers, and

size must reduce. CPs also get reduced through self collection. Altogether, these

processes add up to make the sink term of CPs and must be parameterized. The

sum of source and sink terms yield the time rate of change of CP mass and

number concentration. To close the system, there is a need for a suitable

precipitation microphysics scheme known for its past successes and on-going

research applications. In short, an end-to-end aerosol-cloud interaction

parameterization requires prognostic aerosols prognostically activating as CCN

and/or IN to receive condensation and/or deposition; a reasonable treatment of

mass transfers among liquid, ice and vapor phases of cloud water. Most of

present-day GCM modelers have realized this need of aerosol cloud interaction

and have started to include them in the cloud parameterization schemes, but

several complexities and uncertainties still confound them. For example, aerosol

input, implying their size distribution and speciation and their hygroscopic

properties, and activation potential, all of which are inferred from the aerosol

chemistry modules, are themselves uncertain and are going through extensive

validation and upgrade. In fact GOCART dataset that are based on the aerosol

data assimilation simulations (Colarco et al., 2010). We developed a methodology

of extending the calculations to fully prognostic convective and boundary-layer

clouds whose couplings extend across several vertical layers. The ultimate

challenge is to make the aerosol-cloud-radiation model realistic enough to affect

the key aspects of cloud-radiative interactions to better simulate climate, and

respond to aerosol related forcing such as encountered in simulating the

influence of aerosols on monsoons (Lau et al., 2006) and a number of other

aerosol related issues highlighted above, summarized in Figure 1. 1. Section 2
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gives a description of GEOS-5 GCM which is the host GCM with McRAS-AC,

RRTMG, interactive GOCART, and COSP. Section 3 gives validation of global

climate and Section 4 will give experiments with Southeast Asia biomass

burning simulation results. Section 5 will discuss the effects of aerosol on

climate in summary.
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Figure 1. 1. A schematic diagram of Aerosol – cloud – radiation interaction

effects on climate.
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2. Aerosol – Climate modeling with GEOS-5 GCM

2. 1. Double moment microphysics: McRAS-AC

The latest version of Microphysics of clouds with Relaxed Arakawa-Schubert

scheme (McRAS) was chosen to be the baseline cloud scheme for including

aerosol-cloud-radiation interactions to create an upgraded McRAS with Aerosol

Cloud interaction physics (McRAS-AC). Its genealogy dates back to

development and evaluation of McRAS starting with RAS convection. McRAS

added several cloud microphysics ideas based on the work of Sundqvist (1987)

and Tiedtke (1993) along with other upgrades such as rain-evaporation (Sud

and Molod, 1988) and downdrafts (Sud and Walker, 1993). It was extensively

evaluated in a Single Column Models (Sud and Walker, 1999a) followed by a

worthwhile climate simulation in GEOS2 GCM (Sud and Walker, 1999b) that

produced superior 30-60 day intra-seasonal oscillation that could be well

reproduced even in the NCRA implementation too (Maloney and Hartmann,

2000). Nevertheless, these studies also highlighted some biases in McRAS

largely eliminated by (Sud and Walker (2003a,b) upgrades. Without the ability to

invoke aerosol-cloud interaction to provide LPNC or ICNC to perform cloud

microphysics and cloud-radiation interaction functions physically, McRAS used

empirical equations of Sundqvist (1978, 1988) for estimating precipitation

production rate as a function of cloud water, ambient temperature, and cloud

type. For cloud-radiation interaction, in-cloud CPNC were assumed for land and

ocean following Del genio et al. (1996), while the volume and effective radii of

CPs were calculated from another set of empirical relation.

McRAS-AC provides fully prognostic aerosol-cloud interaction with CPNC and

in-cloud water substance. Current version of McRAS-AC contains McRAS
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cloud-scheme plus Fountukis and Nenes (2005) aerosol activation

parameterization to yield CCN and Barahona and Nenes (2009) aerosol activation

to yield IN as a sub-modules of aerosol cloud (or AC) interaction. Together,

they improvise source of LPCN and IPCN for both water and ice clouds,

respectively. Cloud evaporation and/or precipitation through accretion and

collection as well as self collection of cloud water decrease the cloud water and

ice mass corresponding to LPNC and IPNC respectively. The liquid precipitation

module of McRAS-AC was formulated by Sud and Lee (2007) as a recast of

Seifert and Beheng (2006) to represent bulk relations for thicker clouds of a

coarse resolution GCM. Seifert and Beheng (2006) is reformulated for the coarse

resolution GCMs. It simulates in-cloud water and CDNC based on cloud–

aerosol-condensation–precipitation microphysics Sud and Lee (2007) shows i)

modification of Seifert and Beheng (2006) for the thick layers often used in a

GCM helps to better simulate the cloud liquid water; ii) the unknown vertical

velocity of auto-converted precipitation assumed to be a function of cloud water

(an intuitive assumption giving reasonable results); iii) there is a fairly large

sensitivity of cloud water amount to the choice of terminal velocity of the

autoconverted precipitation, which indicates the need for future research to

improve this relation for even better model performance; iv) there is also

discernible sensitivity to cloud stretching by condensation heating, and v) model

simulates a reasonable response to increase in aerosol mass concentration

without the feedback effects on the net surface radiation. SCM studies show

that McRAS-AC has the wherewithal to perform realistic simulations of AIE for

water clouds. The accretion equations of the precipitation microphysics, which

were developed for cloud resolving models (e.g., Seifert and Beheng, 2006;

Khairoutdinov and Kogan, 2000), may also benefit from reformulation of the

vertical resolution of a GCM. (Figure 2. 1.) Any change in cloud mass as a
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Figure 2. 1. Three years averaged monthly column cloud liquid water (CCLW)

over ARM-SGP site. Solid (dot–dash) lines represent ARM data (MODIS

retrievals) with standard deviations as error bars. Other 3-lines are for

Khairoutdinov and Kogan (2000) scheme (short and long dashes), Seifert and

Beheng (2001, uniformly spaced dashes), and Zhang et al. (2005, chain line dash

with two dots), respectively. Standard deviations of simulations are inlaid as

vertical bars. (Sud and Lee, 2007)
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consequence of addition of condensation/deposition and removal by precipitation

created by auto-conversion, accretion, and collection, work in concert and

interactively to affect the cloud water (liquid and/or ice) through an implicit

backward numerical algorithm redesigned by Sud and Lee (2007) making some

simplifying assumption. Lacking a fully prognostic snow precipitation scheme,

McRAS-AC continues to use Sundqvist (1988) parameterization for producing

mixed phase and ice phase precipitation.

However, inclusion of IN activation (Barahona and Nenes, 2009a,b) and

Bergeron-Findeisen cloud water-to-ice mass transfer (Rotstayn, 1997) cloud

liquid and ice mass and CPNC (LPNC plus IPNC) are calculated consistently.

The features of Liu and Penner (LP) and Barahona and Nenes (BN) are

examined. The performance of both parameterizations was assessed in the

GEOS-5 AGCM using the McRAS-AC cloud microphysics framework in single

column mode. Four dimensional assimilated data from the intensive observation

period of ARM TWP-ICE campaign was used to drive the fluxes and lateral

forcing. Simulation experiments were established to test the impact of each

parameterization in the resulting cloud fields. Three commonly used IN spectra

were utilized in the BN parameterization to describe the availability of IN for

heterogeneous ice nucleation. The results showed large similarities in the cirrus

cloud regime between all the schemes tested, in which ice crystal concentrations

were within a factor of 10 regardless of the parameterization used. (Figure 2. 2.)

In mixed-phase clouds there were some persistent differences in cloud particle

number concentration and size, as well as in cloud fraction, ice water mixing

ratio, and ice water path. Contact freezing in the simulated mixed-phase clouds

contributed to the effective transfer of liquid to ice, so that on average, the

clouds were fully glaciated at 260 K, irrespective of the ice nucleation

parameterization used. Comparison of simulated ice water path to available
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Figure 2. 2. (a) Average number of nucleated ice crystals, Nc,nuc as a function of

temperature for the simulations considered in this study. The inset is the

fraction of crystals nucleated heterogeneously, Nhet/Nc,nuc. (b) Average number

concentration of ice crystals Nc as a function of temperature. The vertical

dashed line marks the homogeneous freezing temperature threshold. (Morales et

al., 2013)
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satellite derived observations were also performed, finding that all the schemes

tested with the BN parameterization predicted average values of IWP within

±15% of the observations. CPNC reduction is non-linear and is based on a

curve-fitted relationship between cloud mass and number concentration assuming

Gamma distribution of cloud particle size. Homogeneous freezing of in-cloud

water drops surviving subcooling to 235K is accomplished by instantaneous

freezing of liquid cloud particles and that creates cirrus cloud IPNC in a

convective plumes. The above description provides an end-to-end treatment of

prognostic cloud water mass (with apportionment of mass between water and

ice) and CPNC, and precipitation simulated in McRAS-AC. Its present form and

plans for future upgrades are shown in Figure 2. 3. For more details, reader

may like to refer to the original papers referenced above.
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Figure 2. 3. Macrophysics and microphysics in McRAS-AC. Macrophysics

includes convective and stratiform cloud. In microphysics (+) sign means

sources, while (-) sign sinks. Processes in blue are fully implemented, in orange

are only implicitly implemented, while those in red are not yet implemented.

Processes in italic involve calculating number densities, while those in roman

mixing ratio (mass).
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2. 2. Advanced radiative transfer scheme: RRTMG

The effects of cloud overlap (fraction and condensate) on the radiative fluxes

can be best captured with radiation codes equipped with as much flexibility as

possible in the representation of such overlap. This (along with improved

representation of gaseous absorption) was one of the primary motivations for

the implementation into the GEOS-5 Atmospheric General Circulation Model

(AGCM, Rienecker at al. 2010; Molod et al. 2012) of the RRTMG radiation

package (Clough et al 2005), a faster version of RRTM (Mlawer et al 1997;

Iacono et al. 2008) designed for large scale models. RRTMG consists of a solar

and thermal infrared component which we will call here RRTMG-SW and

RRTMG-LW. Both components can be run in so-call Monte Carlo Independent

Column Approximation (McICA) mode (Pincus et al. 2003). RRTMG with

McICA has been implemented successfully into ECMWF’s Integrated Forecasting

System (Morcrette et al. 2008) and other large scale models. Within the McICA

framework, when the radiation code is employed on a number of atmospheric

(sub)columns, full spectral integration over each column is replaced by stochastic

(Monte Carlo) integration. A simplified mathematical expression of this process

can be written as follows:

(1)

The uppercase symbols of eq. (1) represent broadband fluxes, while the

lowercase letters represent pseudo-monochromatic fluxes per the correlated-k

paradigm.  represents a broadband flux (solar or thermal infrared; upward or

downward) at any vertical level within the AGCM grid cell, Fn is a similar

broadband flux, but for one of the N grid subcolumns generated by a cloud
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generator (Räisänen et al. 2004, see below) housed within RRTMG, and fn,k is

the pseudo-monochromatic flux for subcolumn n and spectral point k. What the

above equation essentially conveys is that a broadband flux which is normally

obtained by taking the average over N subcolumns of the sum of K spectral

calculations for each subcolumn, is approximated by the sum of K spectral

calculations where each spectral point k is paired randomly with one of the N

subcolumns, nk. Note that when using eq. (1) the computational cost of the

calculation over all subcolumns is the same as that of a full spectral integration

of a single (sub)column. The performance of this approximation within large

scale models has been widely tested (e.g., Barker et al. 2008). The main issue of

concern is whether the conditional random noise, decreasing as the inverse

square root of the number of times eq. (1) is applied, has any detrimental

impact on the simulations. The prior studies and our test with GEOS-5 have

shown that the McICA noise for sufficiently long runs (at least a month) is

about the same as the natural internal variability of the model.

The cloud generator produces subcolumns that have either clear or completely

overcast cloud layers. Whether the cloud condensate of a particular layer is

different from subcolumn to subcolumn depends on the assumptions about

horizontal cloud heterogeneity: either homogeneous or heterogeneous condensate

distributions can be specified within the cloud generator. The horizontal location

of cloud (i.e., which subcolumn it belongs to) or specific value of condensate

(for heterogeneous condensate distributions) in a particular layer depends on

cloud presence at other layers according to the overlap rules implemented. The

cloud generator is designed in such a way that in the limit of an infinite

number of subcolumns layer horizontal averages reproduce the vertical profile of

cloud fraction and condensate provided as input to the generator by the AGCM.

All this is described exhaustively in Räisänen et al. (2004). The section below
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describes the overlap rules and assumptions about cloud fraction and condensate

distributions as implemented in the GEOS-5 cloud generator.

2. 2. 1. Cloud overlap and variability representation

The cloud fraction overlap options for the cloud generator that comes with the

RRTMG package include the standard assumptions that have been used

extensively in the past, i.e., maximum, random, and (the most popular)

maximum-random overlap where contiguous cloud layers overlap maximally

while layers with intervening clear layers overlap randomly. Räisänen et al.

(2004) provides a mathematical description of how these overlap assumptions are

implemented in practice in a cloud generator algorithm. In this work, from these

simplified overlap descriptions, we only use the maximum-random overlap

option.

Starting with the work of Hogan and Illingworth (2000), numerous studies

(e.g., Mace and Benson-Troth 2002; Oreopoulos and Khairoutdinov 2003; Naud

et al. 2008) have shown that the above simple overlap assumptions are

inadequate, and the concept of “generalized” cloud fraction overlap represents

observed overlap more realistically. In generalized overlap the combined cloud

fraction of two cloudy layers at heights z1 and z2 with separation distance z =

z2-z1 can be approximated as a weighted average of combined cloud fractions

from maximum and random overlap, Cmax(z) and Cran(z), respectively according

to:

(2)

with

(3a)
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(3b)

The weighting parameter  is a measure of the proximity of overlap to

maximum (exact when   ) or random (exact when   )); Negative

values suggest some degree of minimum overlap (a combined cloud fraction

greater than that of random overlap). A commonly used simplification also

adopted here is that  depends only on the separation distance z and not

on the specific values of z1 and z2, i.e., cloud fraction overlaps the exact same

way at different heights of the atmosphere as long as z is the same. Under this

assumption, the studies referred to above have shown that  can be fit by

an inverse exponential function:

  exp
  (4)

where  is the “decorrelation length” for cloud fraction overlap. Such a fit

obviously does not allow for negative  which has also been observed (e.g.,

Oreopoulos and Norris 2011). Because the fit provided by eq. (4) is usually used

in conjunction with eq. (2), generalized overlap has also been termed

“exponential-random” overlap (Hogan and Illingworth 2000).

As explained earlier, for the AGCM experiments for which cloud fraction

overlap is generalized and the condensate distributions are heterogeneous, the

decorrelation lengths Lc and Lr need to be specified. One option is to keep

things simple and select values that are universal (constant) in space in time.

Values that have been used in prior work (Räisänen et al. 2004; Morcrette et al.

2008) are Lc = 2 km and Lr = 1 km. This is obviously a simplification not

justifiable in principle on physical grounds given the wide range of cloud

regimes. Still, whether a more sophisticated specification of these decorrelation

lengths is needed requires further investigation. The availability of cloud

particle/hydrometeor reflectivity and backscatter data from the Cloud Profiling
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Radar (CPR) of the CloudSat mission (Stephens et al. 2002) and the CALIOP

lidar of the CALIPSO mission (Winker et al. 2010), potentially allows a more

detailed examination of spatiotemporal variation of cloud overlap decorrelation

lengths.

We performed a cloud overlap analysis using CloudSat products for two

months, January and July 2009. For cloud fraction overlap we used the

2B-GEOPROF-LIDAR product which provides a cloud mask from combining the

different hydrometeor detection capabilities of CPR and CALIOP (CPR is more

capable at detecting layers with large concentrations of hydrometeors while

CALIOP can better detect thin clouds). For condensate distribution overlap we

use CloudSat’s 2B-GEOPROF product which provides reflectivity for footprints

(~ 1.7 km) that have been identified to contain hydrometeors at various vertical

locations (separated by ~500 m). We therefore calculate rank correlations

according to eq. (5) actually for reflectivity and not cloud condensates which are

also available from CloudSat (e.g. product 2B-CWC-RO or 2B-CWC-RVOD),

but are considered less reliable for the liquid phase due drizzle and

mixed/supercooled clouds often erroneously assigned to the ice phase (Lee et al.

2010). Since reflectivity are proportional to the size of the hydrometeor particles,

under the assumption of constant particle number the amount of condensate is

monotonically related to particle size can be applied to reflexivities as well. On

the flipside, a caveat of the 2B-GEOPROF reflectivities is that they do not

result only from interactions of the radar beam with suspended particles, but

also precipitation particles. While the above make any attempts to extract

decorrelation lengths from CloudSat imperfect, it should be kept in mind that the

goal is not to map their geographical variation as accurately as possible, but to

provide an approximate, yet plausible, spatial and seasonal variability that can be

contrasted with globally constant decorrelation lengths for cloud radiative effects



- 32 -

studies. (Figure 2. 4.) And global effects within climate models have been less

systematically quantified. Recent progress due to new capabilities in describing

in within GCMs arbitrary cloud fraction and condensate overlaps that resemble

more faithfully the vertical cloud structures observed in nature, along with

progress on how radiation schemes can handle these more complex cloud fields,

will help ameliorate the current state of affairs. Our study contributes to this

need by attempting to address the following question: Do the details of cloud

overlap matter radiatively to a similar extent when applied the exact same way

on the (different) mean cloud fraction and condensate fields produced by two

distinct cloud schemes? The answer is negative; we find one cloud scheme

producing cloud distributions which after overlap manipulation can change the

radiative fluxes much more than another cloud scheme. This means that there is

no definitive answer on whether the details of cloud vertical structure matter

much for radiation: it will depend on the host model and/or its cloud scheme. In

contrast, introducing cloud condensate heterogeneity is found to matter more

consistently across cloud schemes while the details of how the inhomogeneous

distributions overlap in the vertical has only a small impact. Our study

resembles that of Shonk and Hogan (2010) who examined the radiative impact

of different assumptions about condensate horizontal variability and cloud overlap

by operating on cloud fields from re-analysis data. In that study the global

effects of cloud fraction overlap (their “vertical shift”) on SW and LW CRE

were (absolute values) ~ 4 Wm-2 and ~2 Wm-2. The experiment transition from

which these numbers were obtained are roughly equivalent to our transitions

(see Figure 2. 5.). In our case the change in CRE is ~3.6 Wm-2 for both the

SW and LW in the cloud scheme.
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Figure 2. 4. (top): Cloud fraction overlap decorrelation lengths from 3° degree

zonal averages of  for January and July 2009 (solid curves); the dashed

curves are gaussian fits. (bottom): As top panel, but for rank correlation

decorrelation lengths. (Oreopoulos et al., 2012)



- 34 -

Figure 2. 5. Box chart providing diagnostic CRE changes (in Wm
-2
) when

clouds condensate distributions are changed from homogeneous to heterogeneous

and overlap changes from maximum-random to generalized for the cloud fields

generated by the control (CTL) cloud scheme of GEOS-5. The changes are with

respect to the reference values of diagnostic CRE (in Wm
-2
) in the center box

(blue for CRELW, red for CRESW) produced assuming homogeneous clouds and

maximum-random overlap within the RRTMG radiation package. Due to our

sign convention, negative CRELW changes and positive CRESW changes from our

reference values indicate stronger CRE. The numbers in italics in the center box

are observed values from the CERES EBAF data set and the values in

parentheses are differences from the model reference CREs of these observed

CREs. (Oreopoulos et al., 2012)
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2. 3. GEOS-5 Standard AGCM

The baseline version of GEOS-5 GCM is Fortuna 2.5; it is documented by

Molod et al. (2012) and describes the most recent updates to the GCM physics.

The model has evolved from its earlier versions described by Rienecker et al.,

(2008). Briefly, it employs Relaxed Arakawa-Schubert scheme (RAS) due to

Moorthi and Suarez (1992) for moist convection. RAS produces prognostic

cloud-cover, and diagnostic ice mixing ratios, and cloud water. Other upgrades

to its moist physics contain large-scale condensation and evaporation,

auto-conversion and accretion of cloud water and ice, sedimentation of cloud-ice,

and re-evaporation of falling precipitation following Bacmeister et al.(2006). Its

long-wave radiative transfer calculations are due to Chou and Suarez (1994)

while its shortwave radiative transfers are due to Chou (1990, 1992). These

invoke interactions with GCM simulated clouds, cloud water, water vapor, and

externally prescribed trace gases. In addition shortwave calculation includes

absorption, scattering and transmission by aerosols. This description of the

GEOS-5 GCM cloud-radiation interaction was taken from Molod et al. (2012).

For full details, refer to the original document by Molod et al. (2012).
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3. Simulation Experiments for global climate

We performed two 10-year long simulations, one with the baseline Fortuna 2.5

version of the GEOS-5 AGCM (referred to as baseline) with its own cloud

scheme and one with the same GEOS-5 AGCM, but for the newly implemented

McRAS-AC cloud physics module as an option for handling the moist processes

in the AGCM. In the GEOS-5 implementation, the explicit dry convection-based

treatment of McRAS-AC (Sud et al., 2009) eddy transport draws the near

surface water vapor to the level of neutral buoyancy somewhere near the PBL

top; thereby, it raises the height of the cloud base and dries the boundary layer.

However, in the present implementation, McRAS-AC relies on the PBL scheme

of the baseline model. The monthly climatology of aerosols is taken from

GOCART (Chin et al, 2002) and is based on extensive aerosol model

development and calibration/validation exercises (Colarco et al., 2010). Currently

we use five externally mixed aerosols namely sulfates, sea-salt, mineral dust,

black carbon and organic carbon. GOCART provides the time dependent mass

distributions of each aerosol species, from which the aerosol number is

calculated by making separate sectionals of aerosol sizes, called modes. The

present goal is to determine if McRAS-AC can perform reasonably well in the

GEOS-5 AGCM and can be validated for studies of the influence of aerosols on

cloud microphysics and cloud radiative effects (CRE).

A comparison of two 10 year integrations, one with McRAS-AC in the

GEOS-5 AGCM (hereafter referred to as “MAC”) and one with the baseline

GEOS-5 AGCM (hereafter, referred to as “CTL”) are used to examine

precipitation, clouds, their water paths, effective radii, and CREs. There are two

aspects of this intercomparison; one is the differences due to cloud

parameterization schemes, in CTL and MAC, the other is the influence of
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aerosol activation and associated cloud particle numbers and sizes; however, the

effective radii of cloud liquid and ice particles are empirically prescribed in CTL

runs as functions of temperature and cloud water path. The two most

intractable components of the simulated climate change are the CREs and how

these would change with any climate change scenario. GCMs need to simulate

realistic (implying as much bias free as possible) CREs. The goal here is to

determine how MAC and CTL climatologies compare with each other and how

well they hold up against observations. Can they simulate the annual cycle

reasonably well, and, how much can these be trusted to simulate realistic

climate change scenarios? Specifically the aim is to determine MAC seasonal

climatology and its biases and thereafter design upgrades to ameliorate them.

Second, are there reasonable sensitivities to aerosol mass and number

concentration of the real environment, and can they be used to improve model’s

CREs and understand the influence of aerosols on clouds, and cloud-radiation

interactions and its consequences on the regional climate change? We produced

MAC and CTL seasonal average fields for DJF, MAM, JJA, SON and an annual

mean for several key fields. However, to keep the number of figures reasonable

for the reader, we show only the climatology of the two extreme seasons, DJF

and JJA, and the annual means. The key highlights of our findings are as

follows.
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3. 1. Precipitation Fields

The left two panels of Figure 3. 1. depict the broad feature of rainfall

climatology of MAC and CTL. Both model-simulations have reasonable ITCZ

and SPCZ, with intense convective rainfall, as expected. In DJF large rainfall is

simulated over the South American landmass, Australia, the tropical islands of

Southeast Asia, over the North Atlantic along the eastern boundary of Asia, and

over the Gulf Stream along the eastern boundary of North America. Large

rainfall also occurs over the rising branch of Ferrell cell between 40S-60S. In

JJA, we see tropical rain including the ITCZ at its northward location. The

simulated tropical Pacific ITCZ is somewhat weaker with less than observed

rainfall intensities in the mid-span of the Pacific ITCZ band and somewhat more

than the observed near and over the land masses at both ends of the ITCZ

band, presumably due to orographic intensification of precipitation; thus more

water vapor converges on to land away from its natural location(s) over the

tropical Pacific Ocean where the model simulated climatology has a rainfall

deficit. Indian and Asian regions have realistic monsoons and associated rainfall.

Northwards of Sahel, the Sahara desert is dry in JJA as it should be. Generally,

MAC and CTL biases in precipitation are quite similar to each other, although

MAC does better on the RMSE scores in DJF and JJA but not on ANN. The

majority of the biases are associated with orographic intensification of

precipitation and its related moisture convergences; it is a proverbial problem

with a number of numerical models. According to Chao (2012), the problem is

largely solved in his GEOS-5 AGCM runs, but the Chao-code has not been

implemented in the Fortuna 2.5 version of GEOS-5 AGCM. Excessive rainfall

biases along southern Andes, hilly regions of South Africa, and tropical islands

of south East Asia is seen in DJF. Precipitation biases around eastern regions
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Figure 3. 1. Simulated ten year mean precipitation (mm day
-1
) for DJF(top) ,

JJA (middle), and Annual mean (bottom) in MAC and CTL runs (left 2 panels)

and MAC minus OBS and CTL minus OBS (right two panels) ; GPCP data

represents OBS. (Sud et al., 2013)
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of Himalayas, and Andes through South and Central America (redder regions in

the difference maps, Figure 3. 1.) are also seen. In MAC or CTL simulation

minus observations, the rainfall biases are more positive over the tropical Pacific

ITCZ in CTL versus MAC whereas the biases are quite similar in the JJA over

the tropical Pacific ITCZ except that lighter colors in MAC minus OBS means

that the corresponding biases are lesser in MAC. Overall, both simulations,

MAC and CTL, do reasonably well in comparison to GPCP precipitation data

(Adler et al., 2003). In the boreal winter (DJF) season, MAC (CTL) simulate

global mean precipitation of 2.89 (2.84) mm/day versus the somewhat smaller

value of 2.68 mm/day in the GPCP data. The corresponding boreal summer

(JJA) values are 3.01 (3.04) mm/day versus 2.71 mm/day in the GPCP data.

Indeed, the simulated precipitation values are consistent with global mean

surface evaporation. Accordingly, global condensation heating of McRAS-AC are

6.0 (8.7) Wm-2 too large in DJF (JJA). Since SSTs are prescribed, excessive

evaporation over the oceans can occur without any negative feedback that could

reduce the SSTs and evaporation.

DJF averages in the tropics show that the MAC (CTL) rainfall distribution

over the sharp ITCZ is less (more) intense than the corresponding GPCP data.

However, MAC simulations make up for the reduction with small increases over

the neighboring grid cells north and south of the ITCZ. The orographic rainfall

intensification biases are consistently positive and quite similar in both MAC

and CTL simulations. Clearly, the AGCM has a problem reproducing observed

precipitation with flow across the steep hills; this is a persistent bias in the

GEOS-5 GCM. Bangert et al. (2011) suggest use of orographic uplift as a

“pseudo-updraft velocity” superposed on the vertical velocity normally resolved

by the model as a solution but we have not experimented with it. For JJA, both

MAC and CTL simulate the Equatorial Pacific ITCZ in the middle of its
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east-west span is weak similarly, even though CTL simulation has a slightly

better organized ITCZ. On the whole, both cloud schemes show persistent biases

that need some attention.

Indeed, statistically significant differences are important. When this is done

with each model simulation minus observations, the orographically enhanced

precipitation biases overwhelmed the outcome, but when the analysis is done on

rainfall differences between the two models runs, some areas are isolated that

show the influence of moist physics only. Large differences are notable over the

tropical ITCZ that includes East Pacific in DJF and mid Pacific in JJA; some

differences are significant over the tropical Atlantic and Indian Ocean in both

seasons. In these convergence zones MAC precipitation is less than that of

CTL. Naturally, areas of statistical significance on annual mean fields are even

smaller in conformity with our understanding that biases often reduce by

averaging not only over the annual cycle but also across space and multi-model

ensembles even over shorter time periods. Overall, the rainfall differences

between MAC and CTL in a 2-tailed student t-test at 95% significance are

small and without much structure except for ice-covered Polar Regions. Thus

both schemes produce similar rainfall fields with very similar biases (vis-à-vis

the GPCP data) barring the biases introduced by orographic intensification which

are truly large.

3. 2. TOA radiative fluxes

In this subsection we assess briefly the verisimilitude of the radiation budget

produced by the 10-yr simulations of GEOS-5 with the two cloud schemes. We

compare model simulated TOA LW and SW zonal fluxes to their counterparts

from CERES (Loeb et al. 2009, CERES data set EBAF 2.6) in Figure 3. 2. for
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Figure 3. 2. Zonal average TOA OLR and TOA ASW in Wm
-2
for DJF (top),

JJA (middle), and ANN (bottom). The line colors used for MAC, CTL, OBS are

shown in the middle panel. (Sud et al., 2013)
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DJF, JJA, and ANN fields; corresponding global mean biases and RMS errors

are provided. Assessments of deficiencies in the simulated cloud fields that lead

to discrepancies between the modeled and observed radiative fields are mostly

left for the next subsection which frames the discussion in terms of cloud

radiative effects (CRE).

The zonal-average radiation plots, shown in Figure 3. 2., indicate that for the

most part, MAC matches OBS better than CTL. As will be discussed further

later, despite MAC’s tropical convective clouds having too little cloud water/ice

and somewhat lower height, the resulting outgoing longwave radiation (OLR)

and absorbed shortwave radiation (ASW) are closer to observations than CTL

whose overactive convection yields too much reflected SW and too little OLR.

MAC’s TOA radiation fields diverge, however, more from observations at

midlatitudes with too much ASW in the SH summer (discussed extensively

below) and too much OLR in the NH summer.

MAC and CTL simulations agree with global mean OLR observations to

within 2 Wm
-2
, but MAC’s RMSE values are better by 1-2 Wm

-2
for both

seasonal and annual averages, indicating larger spatial error cancellations for

CTL. The annual averages of global ASW are about the same for both cloud

schemes, and about 2.5 Wm-2 larger than the observations. However, summer

and winter global values differ substantially between the two schemes. The

ASW of MAC differs by ~17 Wm
-2
between DJF and JJA while the

corresponding differences in both observations and CTL are about half. Again,

this is a result of biases in the MAC SH midlatitude marine clouds (possible

reasons and solutions are discussed later) making the RMSE slightly worse than

CTL in DJF. The same issue impacts the global net TOA flux which is ~ 9

Wm-2 too high for MAC in DJF compared to CERES. The global net TOA flux

for JJA is within ~1 Wm-2 of observations for both MAC and CTL, but the DJF
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error of MAC is too large, yielding a substantial excess of 8.5 Wm
-2
in annual

global net TOA radiation. Our simulations are not much affected by this large

energy imbalance because of externally prescribed SSTs. The RMSEs of net

TOA radiation are worse for MAC than CTL for DJF, but are better for JJA,

and about the same for ANN. Nevertheless, taking all radiation quantities into

account, and focusing on their RMSEs (which are not affected by spatial

cancellations), MAC generally produces radiation fields that are closer to

observations than CTL. This is reaffirmed in the next subsection which

examines cloud radiative effects.

A well-established way for assessing the influence of clouds on the radiation

budget is via the cloud radiative effect (CRE), a quantity also popularly known

as cloud radiative forcing (Harrison et al. 1990). CRE for either solar/shortwave

(SW) or thermal infrared/longwave (LW) radiation is defined the assumption

that the cloudy sky flux can be written as the linear combination of clear and

overcast fluxes. In the above, F is the net downward (i.e., downward minus

upward) flux (LW or SW), the superscripts clr designates clear (cloud-free)

skies, cld designates all-sky conditions (containing a mixture of cloudy and clear

skies), and ovc designates overcast skies (100% cloud fraction); Ctot is the total

vertically projected cloud fraction which in the AGCM depends on individual

layer cloud fractions and assumptions about their overlap. While both definitions

can be used for analyzing observational data, the model CRE always comes is

preferable for interpreting AGCM CRE. For two different cloud schemes

producing the same Ctot, the CRE differences mainly arise from their water

path/effective radius differences (their combined effect is captured by the cloud

optical depth) in the SW, and cloud top height differences in the LW (although

optical depth differences also play some role at low values of optical depth)

through their effect.
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The CRE as defined above can be calculated at either TOA or at the surface.

Here we only show TOA results for which the observed values are more

reliable. In the SW, the CRE TOA is usually negative because the net

(absorbed) flux for cloudy skies is smaller than for clear skies. In the LW, the

TOA CRE is usually positive because the upward TOA flux is greater under

clear skies than cloudy skies (the downward flux is zero in both cases). The

CRE of net radiation is and can be positive or negative depending on cloud

type. Measurements of TOA CRE are readily available from CERES, among

other sources, and can be used for model evaluation. We use the EBAF v. 2.6

of the CERES data set (Loeb et al. 2009).

In an earlier paper, Oreopoulos et al. (2012) showed that for diagnostic

radiation calculations with a different radiation scheme, the TOA CRE and its

sensitivity to cloud vertical distribution of clouds was very different for CTL

and MAC clouds. Based on the results of Oreopoulos et al. (2012) we naturally

expected substantial CRE differences between MAC and CTL. The TOA

CRELW differences between observations and the two model runs are shown in

Figure 3. 3. In this plot as well as similar ones that follow for CRESW and

CREnet, red and blue colors represent positive and negative biases with color

intensity proportional to the magnitude of the bias. The lighter shade of colors

for MAC minus OBS compared to CTL minus OBS is indicative of the overall

smaller biases for MAC, and this is especially true over the Pacific. The

CRELW biases in both simulations are consistent with those of cloud fraction

bias discussed earlier in subsection 3. 1. In the ITCZ region, MAC exhibits

smaller CRELW than observations, probably because its convective clouds are

too low or too thin (or both), while CTL exhibits the opposite behavior, i.e.,

larger than observed CRELW, suggesting that convective clouds in CTL may be

too high and/or too thick and too spatially extensive. In general, the MAC
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Figure 3. 3. Distribution of simulated minus OBS LW CRE TOA in Wm
-2
. The

rows have DJF (top), JJA(middle) and ANN (bottom). Right (left) columns are

for CTL (MAC) simulated data. (Sud et al., 2013)
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underestimates are lower than the CTL overestimates. Lower cloud tops in

MAC may be due to the influence of quadratic entrainment in McRAS-AC

versus linear in the standard RAS of the GEOS-5 GCM (Sud and Walker,

2003a). Larger entrainment aloft will reduce the in-cloud moist static energy and

will keep them shallow. In fact, when we examine all the places with abundance

of convective clouds, the simulated CRELW in CTL is consistently too large

suggesting that either cloud tops are too high or the cloud free areas are too

few or too small. Clearly, RAS (McRAS) convective scheme used in CTL

(MAC) runs assumes that the convective mass flux increases linearly

(quadratically). By entraining less air compared to McRAS, RAS generates more

condensate per unit detrained mass-flux in the convective anvil; naturally, that

would require lesser mass flux detrainment to annul the cloud work function (or

CAPE) generated in the physics time-step. In other words, both cloud fraction

and CRELW would become even more if the entrainment assumption in CTL

were made quadratic, with the positive convective CRELW biases would become

worse. Another reason for cloud height underestimate by MAC is neglect of

convective height increase by freezing of cloud ice and precipitating

hydrometeors (Rosenfeld et al., 2006; Koren et al., 2012).

Despite the previously mentioned weaknesses in the simulation of southern

midlatitude ocean clouds by MAC, CRELW biases are not as high because most

of the clouds at these latitudes reside in the lower troposphere and do not have

much influence on the CRELW. On the other hand, biases in the snow and ice

covered polar regions (where, however, observed CREs may be less reliable),

both the positive and negative biases are generally larger in MAC than in CTL

for reasons that remain currently unidentified. Overall, the CTL scheme

underestimates global CRELW by ~4 Wm-2 despite the systematic overestimates

in convective areas. The MAC simulation approaches the global observed value
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within ~1.0-1.5 Wm
-2
and achieves better RMSE scores than CTL in both the

seasonal and annual means by ~1.5-3 Wm
-2
.

Figure 3. 4. shows TOA CRESW radiation difference maps. CRESW fields of

CTL minus OBS have deeper colors with more structure compared to those of

MAC minus OBS. Large differences in the biases are evident in MAC and CTL

over northern midlatitudes in JJA. But the most prominent MAC biases

(underestimates) appear in DJF within the 40S-60S latitude zone where MAC

produces too few IPNC (the annual mean total water path is reasonable whereas

the simulated liquid and ice particle size are 20-25% too large, presumably a

consequence of too few IN) that have consequently too large sizes (see Section

3. 3). Since the region is dominated by sea salt aerosols, we hypothesize that

either these aerosols are not activated adequately, or the inferred particle

numbers from the GOCART mass concentrations are too low. To examine the

impact of the latter possibility, we conducted one year run where we reduced

the sea-salt aerosol diameter by 50% across the board resulting in an 8-fold

increase in aerosol particle number density (APND). This is a reasonable

sensitivity test because GOCART simulates mass balances employing only the

mass tendency as sum of sources, sinks, aerosol chemistry and advection;

APND for different bins is estimated from volume radius and density that match

the aerosol optical thickness. The 8-fold increase in the sea salt APND resulted

in a TOA CRESW field very similar to that of CTL. While this experiment

isolated a likely cause of the bias, it cannot be considered the sole source of the

CPNC underestimates. Greater ice particle numbers can also be created by a

physically based ice-cloud particle multiplication algorithm. The region is

predominantly in the rising branch of the Ferrell cell where winds are strong

and gusty, consequently CPNC increases due to cloud particle colliding and

shattering, ignored in the current version of McRAS-AC, can be significant.
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Figure 3. 4. Same as Figure 3. 3. but for SWA CRE TOA in Wm
-2
. (Sud et al.,

2013)
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Another mechanism that would increase IPNC is liquid cloud particles glaciating

sooner as opposed to being depleted by Bergeron-Findeisen mass exchange

between water drops and ice particles through evaporation-deposition process.

Eliminating the biases with better algorithms, would not only mitigate the CPNC

biases over 40S-60S, but would have the potential benefit of eliminating

CRESW biases elsewhere as well. We are actively working on a

physically-based solution to this problem.

The similarity of some biases appearing in both simulations suggest either the

influence of their common RAS (Moorthi and Suarez, 1992) heritance or other

shared model deficiencies such as absence of boundary-layer stratus clouds, and

excessive orographic precipitation. Wherever the diagnostics show significantly

similar biases in MAC minus OBS and CTL minus OBS, a common cause, not

related to aerosol-cloud interaction, is possibly the culprit. Regarding the positive

biases (underestimates of CRESW) over the PBL stratus regions off the west

coast of California and Peru, an ad hoc tuning of the PBL moisture transport in

the vertical ameliorated this problem in a test version of GEOS-5 GCM, but a

more physically sound alternative is needed. Such is the scheme of Bretherton

and Park (2009) which has successfully simulated realistic stratus clouds off

west coast of north and South America as shown in Kay et al. (2012). The

current baseline GEOS-5 GCM lacks PBL stratus, and in this exercise, both

MAC and CTL simulations exhibit similar CRESW biases due to this inherent

flaw(s) in the model’s PBL convection.

The positive CRESW biases in southern midlatitude oceans beneath the Ferrell

cell between 40S-60S are big enough to cause a global mean underestimate of 5

Wm-2 in DJF when the SH insolation peaks. For the same reason, for SH

summer, MAC’s RMSE is slightly larger than CTL even though for JJA and

ANN the RMSE is notably smaller for MAC. The global ANN CRESW of MAC
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is 1 Wm
-2
too low since the SH summer underestimate is larger than the NH

summer overestimate. CTL simulates better the summer SH, but contains in

general more bias compensations as evidenced by the larger RMSEs in JJA and

ANN.

The bias fields of CREnet reflect previously discussed issues: In areas where

CRELW is small, the CRESW biases take over, see for example the SH

midlatitude oceans (MAC) and PBL stratus areas (both simulations). MAC fares

better in the intensely convective regions: apparently it’s CRESW and CRELW

underestimates largely cancel out because they have opposite signs. On the

other hand for the CTL the tropical overestimates of CRESW are significantly

larger than the overestimates of CRELW resulting in too strong (too negative)

CREnet, thus implying that the region loses radiative energy at a rate larger

than that of CERES observations. Based on the global values of CREnet alone,

one could erroneously conclude that CTL simulates better cloud fields than

MAC. But much of the agreement with CERES is fortuitous and results from

cancellations between the SW and LW CREs as well as spatial cancellations.

Indeed, the MAC RMSEs of CREnet are lower on both the seasonal and annual

basis.

3. 3. Cloud Particle Effective Radii with Satellite simulator

Validation satellite data of cloud particle effective radii are based on radiances

reflected by the cloud particles. Thus the contribution of a cloud particle to its

cloud-column effective radius reduces with increasing cloud depth from the top,

hence the effective radius data get weighted more by the near cloud-top cloud

particles. The effective radii of ice and liquid cloud particles produced in MAC

and CTL simulations are compared against MODIS satellite data (Platnick et al.,
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2003). Figure 3. 5. show that the column-averaged liquid effective radii (reff) of

the MAC simulation are in the range of 10-18µm with a global average value of

14.3 to 14.4µm in DJF and JJA seasons. On global average, the model reff is less

than the observed by 1-1.5µm, whereas the reff values provided by MODIS

simulator are larger by 1-2 µm and agree better with the MODIS data. Both are

well within the spread of the observations (not shown). For CTL, the

corresponding values of reff are in the 9-14µm range with global average values

of 10.1 to 10.5µm for DJF and JJA respectively. They are only about 0.5 mm

larger for the corresponding MODIS simulator. Thus the CTL effective radii are

about 30% smaller than the MODIS data. The liquid particle size in McRAS-AC

depends upon aerosols activation and we argue the input aerosols easily have

more than 5-10% biases because their numbers are estimates based on aerosol

optical depths validated at a few locations and not the entire oceans. The small

global mean MAC reff bias is quite satisfactory even though some persistent

biases are notable in zonal average reff fields (Figure 3. 5.).

The simulated column-averaged effective radii of ice cloud particles are in

24-42µm range with an average of 28.3 to 29.9µm for JJA and DJF respectively.

Clearly MAC simulates larger effective radii, but again it is about 10% or 3µm

too large, which is well within the observational uncertainty. In fact, 3µm in

30µm can be addressed by the uncertainties in the relationship between the

effective and volume radius of ice particles. In CTL, the prescribed ice particle

effective radius is ~3µm less than observed, however, its zonal biases tell us

that polar ice clouds suffer from low concentrations and large sizes of ice

particles. The RMSE errors for MAC are twice as large, which is not too

surprising because MAC (compared to CTL) has more degrees of freedom

which increases the uncertainty and variability, hence MAC simulated effective

radii, being actual predictions, have a large spread as compared to CTL (Figure
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Figure 3. 5. Zonal Average effective radii (µm) of a) ice and b) liquid cloud

particles. Color legends, displayed in the plots, distinguish Land, Ocean, and all

regions; MODIS curves are dotted, MAC curves are solid, and CTL curves are

gray (note: only one curve represents the prescribed values in CTL). Lower

panels c) and d) show the corresponding effective radii (µm) curves for the

1-year run using the MODIS simulator. (Sud et al., 2013)
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3. 5.). Based on these results, MAC simulated liquid and ice cloud-particle

effective radii are quite realistic for GCM applications as long as the CRE also

turn out to be satisfactory. The effective radii from the MODIS simulator

(which show greater sensitivity to near cloud-top particles) in MAC are larger

(smaller) for liquid (ice) clouds without reducing the bias (bottom panels c & d,

Figure 3. 5.). The global average changes in cloud ice and liquid effective radii

are also shown. MODIS simulator in MAC reduces the inferred cloud ice particle

radius by almost 8-9 μm, whereas the liquid effective radius increases by about

1-2μm. This difference may be due to liquid clouds under ice clouds being

misinterpreted as ice clouds. Thus the simulators reveal some consistently

inferred bias whereas the actual effective radii may be better represented

through direct fields that have not been transformed by the MODIS simulator;

these differences show how much the satellite fields may differ from the real.

The global average liquid (ice) particle numbers simulated by MAC are about

40 (3.8) cm
-3
with corresponding in-cloud values of ~90 (10) cm

-3
. There are no

direct measurements to serve as observations of global distribution of cloud

particle number climatology, but these are very much dependent on in-cloud

aerosol-particle number. Together with the radiation biases at the top of the

atmosphere, one can presume that some large regional biases in MAC simulated

CRE (discussed in the next section) may well be aerosol-input related.
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4. Biomass burning (BB) effects on climate simulation

Use of fossil fuels for ever-growing energy demands, particularly in

developing countries, has led to increased atmospheric concentrations of

aerosol-laden combustion by-products. Some estimates indicate that aerosols

over India have been increasing at the rate of 2-4% per year over the last three

decades, and similar changes are expected over other regions such as

South-East Asia (SEA). Contributions to pollution come also from Biomass

burning (BB), an age-old method of disposing off the agricultural trash which in

SEA occurs primarily during the spring season (i.e., February to April). Biomass

burning aerosols (BBA) absorb and reflect solar radiation, thereby reducing the

solar radiation reaching the surface and warming the atmosphere, causing a

stabilizing effect that may reduce the vigor of ascending motions that produce

cloudiness and rainfall. Furthermore, some BBAs can act as host surfaces for

cloud droplet formation, and the more there are, the more numerous, but smaller,

the cloud droplets, which is less favorable for efficient raindrop production.

Global Climate Models have in recent years become sophisticated enough to be

able to simulate aerosol effects on their environment and on clouds in particular.

One such sophisticated GCM is GSFC's own GEOS-5 which we use here in a

series of carefully designed simulations in an effort to understand whether the

increased spring SEA BBA production has noticeable effects on pre-monsoon

meteorology. The controlled GCM environment gives us an opportunity to try to

untangle the various interplays that involve BBAs, and to understand the

physics of the interactions, something that is harder to do solely from

observations.

4. 1. Biomass Burning in Southeast Asia
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Biomass burning (BB) is an age-old method of disposing off the agricultural trash 
(Taylor, 2010). Over South-East Asia (SEA), BB is primarily a spring season (i.e., 
February-March-April (FMA); Gautam et al., 2012), process. However, some smoke 
is also released by burning urban trash throughout the year; it can have 
significant contribution, but SEA does not have as strong an urban sprawl as 
Mexico City (Li et al., 2012), hence in SEA, this source is much smaller than the 
agricultural BB of the spring season. Over SEA, the combustion by-products 
released into the atmosphere contain large quantities of biogenic aerosol/carbon 
particles whose quantitative estimates are being tabulated with extensive 
measurements (Wiedinmyer et al., 2011).
The BBA-laden smoke absorbs, scatter, and reflects solar radiation thereby

reducing the solar radiation reaching the surface, which reduces surface fluxes

of sensible and latent heat and inhibits both dry and moist convection in turn

(Twomey, 1977; IPCC, 2007; Section 7.5.3). According to Liu et al. (2002) despite

several measurements of the in-cloud BC concentration, no clear picture of the

influence BC on cloud drop optical properties could be seen. On the other hand,

absorption of solar radiation by aerosols at the aerosol levels warms the local

atmosphere, whereby aerosols induce the elevated heating that could invigorate

airmass convergence near the surface and with addition of surface fluxes of

sensible and latent heat, the PBL becomes convectively unstable and that

promotes moist convection (Lau and Kim, 2013). The net outcome involves

complex feedback interactions that may either increases or decreases the local

rainfall. In addition, many black carbon particles, after becoming impregnated

with dilute acid in the humid environment, transform from hydrophobic to

hydrophilic aerosols that can get activated as CCNs. Hence more BBA lead to

more CCN and thereby more cloud particles. For the cloud generation process, if

we assume that the net condensate production in a mesoscale episode remains
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the same, because it is governed by cloud-scale dynamics, more CCN activation

would imply smaller cloud particles and larger cloud optical thickness. Smaller

cloud particles would hamper the autoconversion of cloud water into

precipitation; thereby most aerosols including those of BB sources reduce

precipitation production rate and increase cloud lifetime.

Satellite data reveal that in FMA period, SEA region exhibits the highest

aerosol concentrations. It’s an order of magnitude larger than in the summer

monsoon season, i.e., May-June-July-August (MJJA) because there are more

BBA sources in dry FMA and less wet scavenging of aerosols as compared to

rainy MJJA. Accordingly, aerosol optical depth and aerosol-activated cloud

particle numbers are expected to be much larger in FMA than MJJA. This is

the main reason for directing this investigation on FMA plus the transition

month of May. Our working hypothesis is that, high aerosol number

concentration in FMA would have strong influence on the radiative forcing,

circulation, and precipitation of the local and surrounding region.

4. 2. Datasets for aerosol effect analysis

BB is a major source of primary emissions of gases and aerosols especially

carbonaceous. Constrained emissions from fires are needed to model the direct

and indirect effect of aerosols for the current study. The Quick Fire Emissions

Dataset (QFED, Darmenov and da Silva, 2013) was developed to meet the needs

of the NASA Goddard Earth Observing System Model (GEOS) for atmospheric

constituents modeling and data assimilation with focus on biomass burning.

QFED is based on global gridded fire radiative power, derived from the MODIS

Level 2 fire product. QFED is used to not only BB inventory for the global

Goddard Chemistry Aerosol Radiation and Transport (GOCART, Chin et al.,
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2002, Colarco et al., 2010) model in GEOS-5 system, but also provides an index

indicating high biomass burning days for our composite analysis. Its version 2.2,

which if used for this study covers the period from January 2003 to December

2010. The QFED Level3 products are available at 0.3125×0.25 degree horizontal

resolution. It is area-weighted averaged for 2.5×2.0 degree for use in the present

model simulation. MODIS Aqua level 3 daily product (MYD03_D3) is used for

aerosol optical depth (Chu et al., 2002) and liquid cloud effective radius (Platnick

et al., 2003). Data covers the period from July 2002 to present. Level 3 data

provide 1 degree resolution. For precipitation, 1-degree daily Global Precipitation

Climatology Project (GPCP-1DD; Huffman et al. 2001) data is used. It covers

for the period October 1996 – present.

4. 3. Experimental design for BB effect study

In order to investigate BBA effects on SEA climate, four sets of experiments

with and without BB emission over SEA are designed. Figure 4. 2a shows the

climatological amount of carbonaceous aerosol emission from BB averaged over

8 years from 2003 to 2010 of FMA period, and figure 4. 2b is the time series of

the boxed area. The QFED (Darmenov and da Silva 2013), a BB emission

inventory for the GEOS-5 system (Rienecker et al., 2008) is used for this figure.

Massive BB occurs during FMA in the east end of Cambodia, Myanmar, Laos,

and northern Thailand with peaks in March. Emissions from BB exhibit large

interannual variations that could be correlated with ENSO cycles (Tosca et al.,

2010).

To isolate the aerosol effect, the AGCM experiments were performed with

climatological SST, so that large interannual SST variability (e.g. impact of El

Nino/La Nina) is absent. Moreover, to separate the signal from model internal
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Figure 4. 1. Low and bright cloud image (MODIS Aqua) over Southeast Asia

and southern China on spring. Red spots show biomass burning (hereafter BB).

Green arrows are low level wind vector (MERRA).
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Figure 4. 2. QFED BB emission data (OC data is used for this figure, unit of

µg/m
2
/s). a) February-March-April mean and b) averaged time series for dashed

box area. Time series are smoothed by a seven-day moving average. Orange

(green) line represents data for year 2007 (2009) for high (low) BB simulation

experiments. Other years are plotted in gray.
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variability, multi-member ensembles simulations were performed. Each

simulation-set consists of a ten member ensemble covering the early January to

late August period with different initial conditions. The initial sets used year

2007 data as representative of high emissions and 2009 for low emissions.

Comparison of the ‘High’ and ‘Low’ emission simulation experiments showed

that while some sensitivity to enhanced emissions could be discerned, such as

increased aerosol amount and brightened liquid clouds, but the meteorological

impact was not statistically significant in the student’s t-tests (aerosol amount

and liquid cloud mass and particle number density changes were significant, but

precipitation was not). To amplify the signal of aerosol effect on climate

variability, we conducted ‘Zero’ BB emission over the green dash box region

(Figure 4. 2a). Since the lowest points of the grey lines in figure 4. 2b are not

very far from the zero line ‘Zero’ design is not an unrealistic assumption. BB

emissions outside of the boxed area and all other source of aerosol were set to

climatological means for both ‘High’ and ‘Zero’ emission experiments. Clearly, the

differences between ‘High’ and ‘Zero’ emission experiments yield the effect of

BB aerosol, black carbon, organic carbon, and sulfate originating from the boxed

area.

The differences between ‘HighBoth’ and ‘ZeroBoth’ simulation in Table 1 are

therefore the total BB effect signals. Here, ‘Both’ means that the model’s

experimental setup includes both aerosol direct and indirect effects. The indirect

only simulations are identified as ‘Ind’, ‘HighInd’ and ‘ZeroInd’ experiments. In

these simulations, we neglect the aerosol direct effect by eliminating all aerosols

globally in radiative transfer calculations, allowing only the indirect effects of

aerosols to occur. ‘HighInd’ minus ‘ZeroInd’ differences thus indicate the strength

of the BB aerosol indirect effect. Finally, while not additive due to nonlinearities,

comparing ‘Both’ and ‘Ind’ signals. It gives a good insight into the relative
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BB ADE AIE

HighBoth High O O

ZeroBoth Zero O O

HighInd High X O

ZeroInd Zero X O

Table 1. Experimental designs for our GEOS-5 AGCM simulations
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contributions of direct and indirect effect to the total aerosol effect.

4. 4. Correspondence between model simulation and analyzed

satellite data

Some insight on the effects of BB in SEA can be obtained by comparing high

and low BB cases from actual observations data. We have constructed

composites of MODIS Aqua Level 3 daily products (MYD03_D8) for 36 days of

high QFED BB within the 2003 to 2010 period. Figure 4. 3. shows comparisons

between the high emission days and the 8-year climatology of MODIS-Aqua

aerosol loading (expressed as aerosol optical depth, AOD, figure 4. 3a and liquid

cloud effective radius (LCER, figure 4. 3b). When BB is high in FMA over

inland areas of SEA compared to normal days, anomalously high AOD appears

over the northern part of SEA up to the coast of southern China. According to

Lau and Kim (2013), low-level wind in the area blows from the source region

to southern China, resulting in high BB AOD anomaly figure 4. 3a. According to

the rightmost panel of figure 4. 3b, the corresponding negative anomaly of liquid

cloud effective radius occurs in the region of positive AOD anomaly. This is a

classic example of aerosol indirect effects whereby increasing BB aerosol

reduces the size of cloud droplets by increasing CCN number concentration. If

the negative anomaly of effective radius is indeed related to aerosol, then the

imprints of other aerosol indirect effects must reflect in other meteorological

fields, such as the precipitation. Figure 4. 3c shows composited daily GPCP

precipitation for the 36 higher than normal BB days and the climatology. In the

difference plot a negative precipitation anomaly occurs over the aerosol source

and adjacent area while in the vicinity of the east coast of China increased

rainfall is observed. This can be explained in GPCP precipitation (mm/day).
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Figure 4. 3. Composite analysis and differences (Diff) in a) aerosol optical depth

and b) liquid cloud effective radius (µm) from MODIS-Aqua retrievals, and c)

GPCP precipitation (mm/day). High emission (left), climatology (middle) and

differences: high minus climatology (right) panels respectively. Here 36 high

emission days and 8-years climatology data are used. (Lee et al., 2014)
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High emission (left), climatology (middle) and differences: high minus

climatology (right) panels respectively. Here 36 high emission days and 8-years

climatology data are used following way. In the Lagrangian framework, the

cloud would hold more cloud water to downwind by reduced autoconversion

efficiency and capable of being released as precipitation thereby increasing

precipitation downwind. However, since large scale atmospheric forcing like El

Nino can trigger both a reduction in precipitation and an increase in aerosols at

the same time (Tosca et al 2010) it is necessary to assess the shifts in

precipitation patterns using AGCM simulations with constrained SST (i.e., using

same SSTs in all simulations).

In order to evaluate the sensitivity of the AGCM to BB aerosol variations, its

output is compared to the satellite data analysis. Figure 4. 4. shows the overall

BB aerosol sensitivity of the model as the difference between “HighBoth” and

“ZeroBoth” experiments. Anomalies in the LCER obtained using COSP’s

(http://cfmip.metoffice.com/COSP.html) MODIS simulator in GEOS-5 for some

similarity with observations. For the ten-member ensemble, mean simulated

AOD has increased on the downwind of the BB source, and correspondingly

LCER has decreased. Not only McRAS-AC AGCM simulations are found

capable of simulating the response of CPNC to AOD but that models overall

responses have reasonable correspondence with the observations, particularly on

the downwind side of BB source. For precipitation, the observations show a

dipole-like anomaly pattern downwind of the source, namely overall decrease

near source area, at eastern locations and increase further east near the coast

(figure 4. 3c, Diff). In the model simulation, on the other hand, the average BB

signal on FMA precipitation appears as reduction in the precipitation over large

areas south and east of the source region. Since SSTs were climatological, we

did not expect an observationally consistent response over the ocean. We will
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Figure 4. 4. Same variables as in Figure 4. 3. but for HighBoth minus ZeroBoth

differences of AGCM simulations. Panels show a) aerosol optical depth, b) liquid

cloud effective radius (µm) and precipitation rate (mm/day) during the FMA

time period. (Lee et al. 2014)
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probe deeper potential BB aerosol effects on MAM circulation and rainfall over

SEA simulated in the GEOS-5 simulation experiments described Section 4.5.

4. 5. BB effects on cloud microphysics and precipitation

simulation

One of the mechanisms that affects the nature and amount of precipitation is

the cloud microphysical processes strongly influenced by aerosols, widely known

as the aerosol second indirect effect (Albrecht, 1989). This process acts through

the autoconversion rate of cloud drops into precipitation size hydrometeors.

Aerosols affects the cloud particle numbers and size and those modulate the rate

of autoconversion and hence the intensity of precipitation. Our focused area

where precipitation has been decreased in MODIS analysis and model

simulations are likely affected by aerosols from BB emission are also

transported to Southern China where a persistent cloud band exists in nature. In

the model simulation the horizontal and vertical location of aerosol and the cloud

band are in close proximity as seen in figure 4 5. that shows the vertical cross

section of BB aerosol mixing ratio (shading) and cloud liquid water content

(contour) obtained from the ‘HighBoth’ experiment for the month of March in

the area of decreased precipitation shown in figure 4. 4c (105E to 120E). BB

aerosols are lifted aloft by topography oriented north to south direction. Cloud

water generated at this particular time and location is mostly liquid due to its

low altitude (warm temperature). When BB aerosols reach pre-existing liquid

clouds, they act as CCNs.

The GEOS-5 system allows for five types of aerosols, dust, sulfate, organic

and black carbon, and sea salt. In the model, BB emits sulfate and carbonaceous
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Figure 4. 5. Vertical cross section of simulated mixing ratio of BB aerosol

(shading, µg/kg) and cloud liquid water (contour, mg/kg) in March in HighBoth

simulations; zonal averaging is performed for 105 to 120E. (Lee et al. 2014)
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aerosols can be activated as CCNs. Sulfate aerosols are highly soluble, while

simulated carbonaceous aerosols have both hydrophobic and hydrophilic modes.

Hydrophilic organic and black carbon aerosols in model have prescribed fractions

of soluble mass (0.25 and 0.1) so they also act as CCNs. Thus BB aerosols

present at the level of developing liquid clouds also activate along with the

background aerosols. Under conditions of massive BB, CCN number

concentration increases greatly, and that yields increased cloud drop number

concentration (CDNC) and reduced cloud droplet sizes for constant cloud water.

The underlying physics that leads to the reduction in LCER seems to be

captured by the model (figure 4. 4b). Smaller droplets in turn reduce the

efficiency of autoconversion from cloud liquid water to rain, resulting in less

precipitation. The double moment microphysics in McRAS-AC enables the

reduced autoconversion rate process via the parameterization below (Seifert and

Beheng, 2006).

(5)

where Lc is the cloud liquid water content (kg/m
3), K is a constant for

autoconversion (m3/kg/s), and Nc is the CDNC in m
-3. From (5) as Nc increases

under assumption of constant Lc, the autoconversion rate decreases. This second

aerosol indirect effect (Albrecht) is confirmed by the model experiments.

Monthly mean difference fields between ‘HighBoth’ and ‘ZeroBoth’ experiments

from March to May are shown in figure 4. 6. for aerosol, cloud liquid water

path (LWP) and CDNC, and precipitation. Red (blue) color indicates positive

(negative) anomaly with increasing BB aerosol. Green contours indicate where

the change by BB aerosol is significant at the 95% significance level, based on

student’s t-test. Aerosols clearly increase due to BB emission with an annual

peak in March, and so does the AOD anomaly. Since February is dry season for
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Figure 4. 6. HighBoth minus ZeroBoth for FMA simulations representing BBA

effects on a) aerosol optical depth, b) grid mean cloud drop number

concentration, c) liquid water path (LWP), and d) precipitation. Green contour

mark regions of >95% significant in a student’s t-test. (Lee et al., 2014)
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the area, the analysis focuses on March, April, and May; in fact, the month of

May represents the onset of the East Asian monsoon. With BB occurring

mainly in early spring, May aerosol concentrations should not be affected much,

so any signal in the meteorological fields in May might be due to circulation

changes induced by BB emission in the preceding months.

As mentioned earlier, as aerosol loadings increase, grid mean Nc, the product

of in-cloud Nc and cloud fraction also increases. Overall, both CDNC and LWP

increase for the high BB experiments, due to delayed precipitation in March and

April. Still, some regions exhibit negative grid mean CDNC and LWP anomalies,

which could be caused by reduced cloud fraction (figure 4. 7.) determined by

grid-scale relative humidity for stratiform cloud; in response to larger stability

of the lower atmosphere suppressing rising motion. While enhanced BB emission

increases aerosol loading, CCN, Nc, and even Lc, the relationship is not linear.

Increased Lc eventually creates a tendency for higher autoconversion and

precipitation rates which opposes the tendency of the increased Nc (eq. 5). If we

do not account for complex feedbacks, precipitation near the BB emission source

can be expected to decrease if the increased Nc effect is stronger than the

enhanced Lc effect, as shown in figure 4. 6d for March and April. While the

satellite analysis suggests alternating negative-positive precipitation anomaly

along the wind flow, a weak positive anomaly surrounds strong negative

anomaly over southern China in April (figure 4. 6d) in the simulations. This

may be explained by two possible mechanisms: Liquid cloud water being

transported far instead of precipitating because of suppressed autoconversion,

and locally reduced precipitation creating favorable circulation conditions for

precipitation downwind. Meanwhile, a statistically significant anomaly of

precipitation is found in May, suggesting the possibility of large BB emission in

March and April can affect even regions that are far away from the source.
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Figure 4. 7. Same layout as in Figure 4. 6., but for total cloud fraction (%)

from COSP. (Lee et al., 2014)



- 73 -

Microphysical processes are therefore likely not the only mechanism to reduce

precipitation. The impact on May precipitation could be a combination of direct,

semi-direct, and indirect processes. Further analysis of circulation changes is

needed to distinguish whether this anomaly can be indeed attributed to cloud

microphysics, and we will tackle this in section 4. 6.

4. 6. BB effects on radiation balance

BBA can change the radiation balance by both their direct and indirect effects.

The direct effect of BB aerosols consists of scattering (sulfate aerosols) and

absorption (black carbon aerosols) of incoming solar radiation which cause

surface cooling and atmospheric heating. As discussed in section 4. 5., the

indirect effect of BBA comes from altering cloud optical properties like LCER

and cloud amount which modify the net (=shortwave + longwave) radiation

balance at the top of the atmosphere (TOA), atmosphere (ATM), and surface

(SFC). Figure 4. 8. illustrates the magnitude of the net radiation change at

TOA, ATM, and SFC due to both direct and indirect aerosol effects, primarily

due to changes in shortwave (SW) radiation. Each map shows the monthly

mean difference between ‘HighBoth’ and ‘ZeroBoth’ from March to May with red

(blue) indicating heating (cooling) anomalies by aerosol, and green contours

delineating the areas of statistically significant change. The overall net radiative

effect of aerosol is TOA/SFC cooling, and ATM heating near the source region,

but its interpretation may require further scrutiny because contributions to net

radiation change also come from circulation changes and its feedbacks. The

ATM heating provides a clearer signal of direct effects since the radiative

heating comes almost exclusively from aerosol absorption, while TOA and SFC

cooling comes from both direct and indirect aerosol effects. In May there is little
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Figure 4. 8. Same layout as in Figure 4. 6, but for net radiative fluxes at a) top

of the atmosphere, b) column atmosphere, and c) surface. (Lee et al., 2014)
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aerosol direct effect, but a significant anomaly signal exists at the TOA and

SFC due to changes in circulation and its feedbacks. Seeing TOA and SFC on

May, the dipolar pattern near the east coast of China and Korea is due to cloud

fraction change consistent with the precipitation change as shown in figure 4. 6d

and will be discussed further in the following section.

Table 2 shows the differences between ‘HighBoth’ and ‘ZeroBoth’ experiments

of the net downward (down minus up) fluxes in March when BBA peaks,

regionally averaged for emission control region. Aerosol radiative effects are

much larger in the SW than the LW, so most of the net radiation change

comes from SW effects. The clear sky numbers demonstrate that BB aerosol

increases SW reflectance, but also the absorptance, because a large fraction of

BB aerosol is composed by carbonaceous aerosol which are efficient absorbers

of SW. Differences between cloudless and all-sky radiative flux represent the

CRE change by BB aerosols which is, somewhat surprisingly positive (weaker

SW and net CRE for the “HighBoth” experiment). Despite LWP increases

(figure 4. 6c) and LCER decreases (figure 4. 4b), yielding an averaged optical

thickness increases of 46% thicker for the cloudy part of the Table 2 region in

conditions of high BB, decreased total cloud fraction due to feedbacks overrides

increases cloud brightness. So, the total indirect effect including cloud feedback

seems to counteract the direct aerosol effect in these GEOS-5 experiments.

4. 7. Temperature, moisture, and circulation change

In this section we discuss the consequences of the BB aerosol radiative

effects’ which we have shown to lead to surface cooling and atmospheric

heating. The negative surface temperature anomaly due to BB aerosol is plotted

in figure 4. 9. and can be seen to be very significant near the source region in
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TOA ATM SFC

SW, all sky -9.5 15.1 -24.6

SW, clear sky -9.0 17.1 -26.1

LW, all sky 0.3 -2.5 2.8

LW, clear sky 1.2 -1.0 2.2

Table 2. Radiative flux change (W/m2) by BB aerosol: Numbers indicate the

difference between HighBoth and ZeroBoth experiments on March and April,

regional averaged from 90E to 110E and from 12N to 30N only including land

grid (emission control region). All fluxes are net downward, which means

upward fluxes are subtracted from downward fluxes.
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Figure 4. 9. Same layout as in Figure 4. 6., but for surface temperature. Red

dashed domain is for area average fields in Figure 4. 10. and Table 4. (Lee et

al., 2014)
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Figure 4. 10. Vertical profile of temperature (K) and heating rate (K/day)

differences between HighBoth and ZeroBoth simulations for March and April

when decrease of precipitation is significant, averaging region 100E to120E and

18N to 30N is marked in figure 4. 9. (Lee et al., 2014)
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March and April. Weak negative anomalies also appear in May, but are mostly

insignificant statistically. The vertical profile of temperature change (black line)

by BB regionally averaged from 100E to120E and from 18N to 30N (cf. red box

in figure 4. 9.) is plotted in figure 4. 10. This profile is obtained as the

difference between the ‘HighBoth’ and ‘ZeroBoth’ experiments in March and

April when the decrease of precipitation is significant, and reveals the existence

of a cooling signal from the surface all the way up to 250 hPa. In order to

better understand what causes the temperature change, the major heating/cooling

rate contributions were extracted from the model for inclusion in figure 4. 10.

The orange line shows the SW heating rate (K/day) anomaly, the red line the

LW heating rate anomaly, and the blue line the anomaly of the heating rate due

to the model’s moist physics, namely large-scale condensation and convective

processes. As expected, SW radiation heats the atmosphere near the vertical

location of aerosol layer (figure 4. 5.), with its peak slightly above the aerosol

layer. The reason why the actual temperature profile does not cross over to the

positive side is due to the other contributors to temperature change, i.e., LW

and moist physics both of which cool the low and middle troposphere. The

increase in LW cooling is a consequence of increased cloud liquid water. Due to

the aerosol-induced changes in microphysical processes, cloud liquid water in the

region increases notably between 800 hPa to 600 hPa in March and April.

Although the magnitude of cooling is only about a quarter of the SW heating, it

is impactful because LW cooling happens at the exact time and place as SW

heating because of liquid water and BBA collocation.

The major factor contributing to the negative temperature anomaly is the

reduced moist heating, the most significant change of all the heating rate

components of the model’s physics. A negative moist physics heating rate

anomaly translates to subdued cloud forming activity from large-scale
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condensation and even moist convection. In the area of interest March

precipitation mostly comes from large scale condensation, while in April there is

some contribution from moist convection. The reduced convective precipitation in

April, accounting for about half of the total precipitation reduction, can be

explained by changes in the vertical temperature gradient. BBA direct radiative

effects make the surface cooler and the 700 hPa level warmer, decreasing thus

low level atmospheric instability as seen in the vertical temperature profile

anomaly: even though the overall temperature change is negative (cooling), a

bump of positive anomaly forms near 700 hPa that could suppress convective

activity.

However, another important reason behind moist physics suppression which

explains both its large-scale condensation and convective aspects is changes in

atmospheric moisture. Zonally- averaged moisture and meridional circulation

anomalies due to BBA within 100–120E for March, April, and 110–140E for

May are plotted in figure 4. 11. The blue shading indicating dry anomaly,

spreads over the 20-30N latitude zone where the aerosol source is located. A

few factors could be making this region drier. One could be reduced surface

evaporation in the region of negative surface temperature anomaly; the other

could be circulation changes, specifically the substantial downward and

southward flow anomalies induced by BBA. While the downward anomaly could

be the result of reduced moist activity, the accompanying southward anomaly

may actually be the cause of reduced moisture transport from low latitudes. The

column integrated moisture convergence anomaly (not shown) in the region

where precipitation decreases is negative with some degree of statistical

significance, albeit less than surface evaporation. Another possible cause for

overall drying is decreased precipitation itself implying positive feedback.

Because of BBA indirect effect, reduced autoconversion leaves behind more
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Figure 4. 11. Zonally-averaged profiles of moisture and meridional circulation

anomalies from HighBoth minus ZeroBoth experiments over the longitude sector

100–120E for March, April and sector 110–140E for May. Units of pressure

velocity, meridional wind, and water vapor mixing ratio are 10
-2
Pa/s, m/s, and

g/kg respectively. (Lee et al., 2014)
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cloud water that will advect downwind instead of getting converted into local

precipitation, which cuts off the supply of moisture to the levels beneath lacking

rain and rain-evaporation moisture flux at the surface.

Several mechanisms can potentially reduce precipitation in the downwind side

of an active BB region. Cloud microphysics can delay the precipitation process

by slowing down autoconversion, and then radiation can make the area stable

and dry, all conditions unfavorable for vigorous moist processes. As a matter of

fact, dry anomalies can be involved in cloud microphysics as well. Likewise, a

number of other variables may be changing in the same direction due to the

direct BBA effects on radiation and the indirect effects on cloud microphysics.

For example, both effects cause SW diming at surface, low level drying, and

decreased precipitation. Separating thus microphysical from radiative effects is a

worthwhile objective which we pursue in the following section.

4. 8. Quantitative breakdowns of direct and indirect effects

In the previous sections, all the results explaining aerosol effects were based

on ‘HighBoth’ and ‘ZeroBoth’ experiments, the first including BBA from a high

emission year and the latter neglecting entirely BBA emissions from the area of

strongest burning activity. The GEOS-5 AGCM accounted for direct effects in

its radiative transfer routines and indirect effects in its cloud microphysics

routines. Differences between the two experiments capture both aerosol direct

and indirect effects (as well as feedbacks), or in other words the combined

effects (CE). In our other experimental sets, the ‘HighInd’ and ‘ZeroInd’

experiments, direct effects of aerosol on radiation are ignored, leaving only the

indirect effect (IE) of BBA to be diagnosed as the difference between the two

‘Ind’ experiments. Our approach is to separate the direct and indirect aerosol
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effects of a rather complex regional climatic response by comparing key

variables from ‘CE’ and ‘IE’ differences which both include feedback from

circulation changes.

Table 3 shows the radiative fluxes in same way of Table 1 but ‘IE’ and ‘CE

minus IE’. Evidently, CE of TOA and SFC SW fluxes and atmospheric column

SW absorption are much larger than the corresponding IE of aerosols on SW. It

implies much stronger contribution of DE of BBA in CE. This is reasonable

because BBA have high optical thickness over the high emission regions.

Moreover, BBA effects on radiation in the CE runs are quite similar for clear

sky and all sky conditions as pointed out earlier in section 4. 5. This provides

further evidence that BBA caused IE on clouds is an order of magnitude smaller

on the SW and net radiation vis a vis the corresponding DE of aerosols within

CE. Net radiation change by IE turns out small because it depends on cloud

fraction (depending on the cloud production, cloud dissipation, and cloud

advective tendencies) and cloud optical thickness (depending upon CCN and

cloud water removal tendencies by precipitation). In ZeroInd, relative to HighInd

simulations, the cloud fraction increased while the cloud optical thickness

reduced.

One of interesting feature of BBA signal is decreased precipitation over the

downwind side of the source. The separation of ‘CE’ and ‘IE’ to the precipitation

will be interesting for this area. To minimize feedback contributions, we can

focus on variables that are primarily directly forced during the March and April

timeframe and near the source region, in particular 100E to 120E and 18N to

30N. Table 4 provides the spatiotemporal averages of these CE and IE

breakdowns. While the CE precipitation reduction in High minus Zero BBA is

1.08 mm/day, the corresponding IE precipitation reduction is 0.77 mm/day. For a

linear system, one would attribute CE minus IE difference, 0.31 mm/day
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TOA ATM SFC

IE CE-IE IE CE-IE IE CE-IE

SW, all sky 0.5 -10 0.0 15.1 0.5 -25.1

SW, clear sky -0.3 -8.7 -0.3 17.4 0.0 -26.1

LW, all sky -2.1 2.4 0.8 -3.3 -1.3 4.1

LW, clear sky -0.4 1.6 0.7 -1.7 -1.1 3.3

Table 3. Radiative flux change (W/m2) by indirect effect of BB aerosol, and the

differences from Table 2. ‘IE’ indicates the difference between HighInd and

ZeroInd experiments, while others are the same as Table 2.
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Aerosol Effect Combined effect Indirect effect

Precipitation* (mm/day) -1.08 -0.77

Surface temperature* (K) -0.59 0.09

Surface evaporation*

(mm/day)
-0.25 0.07

Moisture** (g/kg) -0.38 -0.23

Moist heating rate** (K/day) -0.29 -0.16

Temperature** (K) -0.24 -0.07

Table 4. Analysis of combined effects (CE, Direct+Indirect) and only indirect

effect (IE).
*
Regional average from 100E to 120E and 18N to 30N, on March and

April, and **975 hPa to 500 hPa vertical.
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reduction, to the direct aerosol effect, but we are well aware that linearity is not

a good assumption here, so we will view the differences to represent the add-on

direct effects that also contain effects of interactive circulation changes. Even

though the IE averages do not show much change in the simulated surface

temperature and evaporation of the boxed region, IE does have a prominent role

in decreasing surface precipitation, which is caused not only by autoconversion

reduction, but also by low level drying. In other words, suppressed

autoconversion following additional CCN and hence CDNC increases due to BBA

activation in the IE simulations would decrease precipitation, which further dries

the atmosphere beneath the precipitating cloud due to reduced rain-evaporation.

In comparison, the direct effect (DE) part of CE has a more straightforward

effect on the moisture supply that can be traced to atmospheric stabilization and

reduced surface temperature due to surface cooling. So while both CE and IE

tend to reduce precipitation, the mechanisms are not always common. The major

common piece is the reduction in autoconversion and low level drying.
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5. Summary and discussion

The aerosol direct and indirect effect studies are complemented with

simulations using the GEOS-5 GCM recently upgraded with double moment

cloud microphysics (i.e., the ability to predict both cloud water content and

particle numbers), interactive GOCART aerosol model, advance radiative transfer

package RRTMG with Monte Carlo Independent Column Approximation modes,

and CFMIP Observation Simulator Package (COSP). Comparisons of GEOS-5

integrations using the schemes allow us to identify and separate consistent (and

therefore more robust) responses of monsoonal circulations, clouds and

precipitation to aerosol rather than dynamics, and meteorological seasonality.

The McRAS-AC (MAC) simulation produced comparable circulation and

precipitation fields as the baseline GEOS-5 AGCM (CTL) simulation. There are

small regions scattered throughout with significant differences in the circulation

and precipitation fields, but most of the major circulation features are similar

(not shown). Accordingly, it is not trivial to unequivocally characterize one of

them as superior. In the global mean and RMSE biases of precipitation, the

MAC simulation has a clear edge over the CTL. Nevertheless, large 40S-60S

biases in radiative CRE and cloud water path over the storm track regions and

largely absent low level stratus (where both schemes are similarly deficient)

precludes us from declaring MAC superior at this stage. Specifically, low cloud

particle numbers over the 40S-60S regions are certainly related to

underestimates of sea-salt aerosol-particle numbers as well as absence of cloud

particle multiplication by collision and splintering. Ice nucleation also lacks the

full range of IN-producing aerosols. These are important issues making ice

nucleating processes and aerosols to be an active area of research (e.g., DeMott

et al., 2011; Sesartic et al., 2011). Similar problems have been pointed out in
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other models and the general consensus is that merely tuning the current

algorithms does not solve the problems. The high cloud water path in the storm

track region may be related to inefficient/insufficient wet-scavenging of aerosols

as demonstrated by the sensitivity test.

Overall MAC simulated cloud optical properties have smaller biases as

compared to CTL and that leads to better CRE of both long and short wave

radiation as well as net CRE. However, MAC simulates larger (4.7 Wm-2)

absorbed net radiation as compared to CTL (2.0 Wm-2) against less than 1

Wm-2 in the CERES data. At the outset, it suggests a cloud model with better

CRE can produce poor TOA net radiation balance; its explanation may be the

following. Bias in the net radiation absorbed by the Earth-atmosphere system

has contributions from biases in atmospheric humidity, and externally prescribed

fields such as surface albedo of the Earth. We need to look at biases in those

fields as well.

The globally-averaged MAC simulated liquid cloud particle effective radius

matches the observed remarkably well. On this measure, liquid cloud

parameterization of MAC is as good as expected in a GCM, however, there is a

limited potential for upgrades to improve the Bergeron-Findeisen liquid to ice

transfer. The simulated zonal averages effective radii are also in good agreement

with observations, whereas the prescribed effective radii in CTL runs reveal

some large systematic biases and very little zonal variability. McRAS-AC

simulated cloud particle effective radii for liquid (ice) clouds are somewhat

larger (smaller) compared to the MODIS observations, but both are better than

the empirical function estimates of the baseline model even though GEOS-5

GCM with prescribed effective radii give lesser RMSEs. Cloud ice particle

splintering together with better aerosol datasets have the potential to ameliorate

the cloud ice particle number biases simulated by McRAS-AC.
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McRAS-AC cloud model with aerosol-cloud-radiation interaction is much more

sophisticated as compared to the baseline cloud model of GEOS-5 GCM, and

yields better CRE. However, it is unable to produce relatively bias-free cloud

liquid and ice paths. Using single column model intercomparison, Morrison et al.

(2009) inferred that models generally overestimate both liquid and ice water

path, even though there was a large spread among models. The corresponding

single-layer, low-level mixed-phase stratocumulus simulation as well as

previous studies of shallow mixed-phase Arctic clouds, showed an

underprediction of liquid water path (Klein, et al., 2009). Clearly, the outcomes

vary depending upon the region or the scale of the domain being examined.

Thus cloud water and ice predictions still have significant bias problems and

more work is needed to reduce them. In the end, no matter how sophisticated

the parameterization, and how accurate the input data are, biases will still

surface in a AGCM; the aim is to reduce the most major biases so that the

model is capable of simulating climate that can provide useful guidance about

climate issues of interest.

An aerosol impact study including both the direct and indirect effects focusing

on Southeast Asia pre-monsoon season is conducted based on simulations using

the GEOS-5 AGCM with double moment cloud microphysics called McRAS-AC,

interactive GOCART aerosol model, advanced radiative transfer package RRTMG

applying the Monte Carlo Independent Column Approximation, and CFMIP

Observation Simulator Package (COSP). Analysis of GEOS-5 integrations with

and without biomass burning emission allows us to separate the responses of

clouds and precipitation to aerosol from those due to dynamics and

meteorological fields. The increased cloud droplet number concentration in

conditions of increased CCN supply from biomass burning (BB) leads to reduced

precipitation. Our analysis indicates that plausible additional reasons for the
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reduced precipitation are (a) vertical stabilization by atmospheric heating aloft

accompanied by surface cooling due to the absorptive nature of the BB aerosols;

(b) less efficient autoconversion despite liquid water increases due to increased

cloud droplet number concentration; and (c) suppressed moist processes due to

lower atmospheric drying. With properly designed experiments we managed to

separate the impacts of direct and indirect effects. While vertical stabilization is

traced to direct aerosol-radiation interaction which causes rapid cloud

adjustments (commonly referred to as the “semi-direct effect”) because of

depressed convective activity, and the reduced autoconversion rate is primarily a

consequence of aerosol-cloud interaction (the indirect effect), the drying of the

lower and middle troposphere is caused by both.

An interesting, and somewhat unexpected, phenomenon induced by BB

aerosols is the May precipitation anomaly near the Korean peninsula shown in

figure 4. 6d. Since BB is not a major factor in May aerosol loadings, the

precipitation anomaly could be due to circulation changes triggered by BB in the

preceding month. In March and April, the surface temperature over Southeast

Asia drops significantly due to the combined direct and indirect solar dimming

effect of BB aerosols and this reduces the meridional temperature gradient.

Figure 4. 11. shows that the overall circulation anomaly heads south in March

and April. The May circulation anomaly exhibits downward motion at 30N and

a little upward motion south of 30N. According to Kim et al. (2007) an upper

level jet stream change can induce secondary circulation changes near the

entrance of the jet core in East Asia. In their analysis, an initial surface cooling

by sulfate aerosol direct effect resulted in a reduced north-south thermal

gradient. Figure 5. 1a shows a similar weakened meridional temperature gradient

change by surface cooling during March and April. This reduced gradient

weakens the zonal wind shear through the thermal wind relationship, and slows



- 91 -

Figure 5. 1. Zonal mean temperature (K) and wind (m/s) differences between

HighBoth and Zero Both BBA for 110–140E in May. Green contour identifies

regions with >95% significant differences according to student’s t-test. (Lee et

al., 2014)
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down the westerly jet stream (figure 5. 1b). The deceleration causes

ageostrophic meridional winds and, in this case, anomalous sinking motion at

30N (see figure 4. 11, May), conditions that are less favorable for precipitation.

Although Kim et al. (2007) account only for direct forcing of aerosol, the

circulation anomalies induced by the BB aerosol emissions of this study are

similar, because indirect effects do not induce much surface forcing in this

experiments.

While this study provided some confirmation that our BB sensitivity in the

model looks similar to that from MODIS analysis, the ‘Zero’ biomass burning

assumption is admittedly extreme. So the real meteorological signal by biomass

burning aerosol could be weaker than suggested by the results shown here. But

given the plausibility of how the model’s mechanisms operate, there is good

possibility that real conditions would be consistent with the overall tendencies of

the model. Still, there is much room for further development of the GEOS-5

model towards more realism. For example, in the current convective

parameterization aerosols always suppress convection. Phenomena such as

aerosol-induced convective invigoration (Rosenfeld et al., 2008) can therefore not

be reproduced because heat release due to freezing at high altitude does not

affect the convective mass flux. This process could probably be better

represented in a bulk mass flux convection scheme (e.g., Kim and Kang 2012),

but it remains to be seen whether its inclusion in such a scheme would

ultimately affect overall convective activity in a substantial way. Our method of

separating direct and indirect aerosol effects may be imperfect, but no better

alternative currently exists given present modeling limitations. Nevertheless, we

believe that this study provides a foundation on which to develop better

methodologies to properly distinguish direct and indirect effect sensitivity to

aerosols in large-scale models.



- 93 -

References

Adler, R.F., G.J. Huffman, A. Chang, R. Ferraro, P. Xie, J. Janowiak, B.

Rudolf, U. Schneider, S. Curtis, D. Bolvin, A. Gruber, J. Susskind, and P. Arkin,

2003: The Version 2 Global Precipitation Climatology Project (GPCP) Monthly

Precipitation Analysis (1979-Present). J. Hydrometeor., 4,1147-1167, 2003.

Albrecht, B. A.: Aerosols, Cloud Microphysics, and Fractional Cloudiness,

Science, 245, 1227-1230, 1989.

Abdul-Razzak , H., and Ghan, S. J.: A Parameterization of Aerosol

Activation. Part 2: Multiple Aerosol Types." Journal of Geophysical Research. D.

(Atmospheres) 105:6,837-6,844, 2000.

Abdul-Razzak H., and Ghan, S. J. : A Parameterization of Aerosol Activation.

Part 3: Sectional Representation." Journal of Geophysical Research. D.

(Atmospheres) 107(D3):AAC 1-1 - 1-6., 2002.

Andreae, M.O., Rosenfeld, D.: Aerosol–cloud–precipitation interactions. Part

1. The nature and sources of cloud-active aerosols. Earth-Science Reviews,

Volume 89, Issues 1–2, Pages 13-41, July 2008.

Albrecht, B. A.: Aerosols, Cloud Microphysics, and Fractional Cloudiness,

Science 245, 1227-1230, 1989.

Barker, H. W.: Overlap of fractional cloud for radiation calculations in GCMs:

A global analysis using CloudSat and CALIPSO data, J. Geophys. Res., 113,

D00A01, doi:10.1029/2007JD009677, 2008

Barahona, D.: On the ice nucleation spectrum, Atmos. Chem. Phys., 11, 29,601

–29,646, 2012 doi:10.5194/acpd-11-29601-2011.

Barahona, D., and Nenes, A.: Parameterization of cirrus cloud formation in

large-scale models: Homoge neous nucleation, J. Geophys. Res., 113, D11211,

2008. doi:10.1029/2007JD009355.

Barahona, D., and Nenes, A.: Parameterizing the competition between



- 94 -

homogeneous and heterogeneous freezing in cirrus cloud formation: polydisperse

ice nuclei, Atmos. Chem. Phys., 9, 5933–5948, 2009a.

Barahona, D., and Nenes, A.: Parameterizing the competition between

homogeneous and heterogeneous freezing in cirrus cloud formation: monodisperse

ice nuclei, Atmos. Chem. Phys., 9, 1–13, 2009b.

Bergeron, T.: On the physics of cloud and precipitation. Proc. 5th Assembly

U.G.G.I. Lisbon, Vol. 2, p. 156, 1935.

Bougeault, P. and Geleyn, J. F.: Some problems of closure assumption and

scale dependency in the parameterization of moist deep convection for numerical

weather prediction. METEOROLOGY AND ATMOSPHERIC PHYSICS, 40,

Numbers 1-3, 123-135, 1996. DOI: 10.1007/BF01027471

Bell T.L., J. -M. Yoo, and M. -I. Lee.: Note on the weekly cycle of storm

heights over the southeast United States J. Geophys. Res., 114(D15201), 2009.

doi:10.1029/2009JD012041

Bell T.L., D. Rosenfeld, and K.-M. Kim.: The Weekly Cycle of Lightning:

Evidence of Storm Invigoration by Pollution Geophys. Res. Lett., 36( L23805),

2009. doi:10.1029/2009GL040915

Bellouin, N., Rae, J., Jones, A., Johnson, C. , Haywood, J. and Boucher, O.:

Aerosol forcing in the Climate Model Intercomparison Project (CMIP5)

simulations by HadGEM2-ES and the role of ammonium nitrate, J. Geophys.

Res. (2011), 116, D20206, doi:10.1029/2011JD016074.

Bodas-Salcedo, A. and Coauthors: COSP: satellite simulation software for

model assessment. Bull. Amer. Meteor. Soc., , 2011. doi: 10.1175/2011BAMS2856.1

Boucher, O., Schwartz, S. E., T. P. Ackerman et al.: Intercomparison of models

representing irect shortwave radiative forcing by sulfate aerosols, J. Geophys.

Res., 103, 16979–16998, 5 1998. 32634, 32636, 32637

Bretherton, C. S., and Park, S.: A new moist turbulence parameterization in



- 95 -

the Community Atmosphere Model. J. Climate, 22, 3422-3448, 2009.

Chao, W., 2012. Correction of Excessive Precipitation over Steep and High

Mountains in a GCM. J. Atmos. Sci.. Document (3475 kb). Accepted Nov., 2011.

Charlson R.J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley, J. A.,

Hansen, J. E. and Hofmann, D. J. : Climate Forcing by Anthropogenic

Aerosols Science 24 January 1992: Vol. 255 no. 5043 423-430, 1992. DOI:

10.1126/science.255.5043.423.

Chin, M., Ginoux, P. , Kinne, S. , Holben, B. N. Duncan, B. N. , Martin, R. V.

, Logan, J. A. Higurashi, A. and Nakajima, T.: Tropospheric aerosol optical

thickness fromt he GOCART model and comparisons with satellite and

sunphotometer measurements, J. Atmos. Sci. 59, 461-483, 2002.

Chou, M.-D., and Suarez, M.J.: An efficient thermal infrared radiation

parameterization for use in general circulation models. NASA Technical

Memorandum 104606, 3, 85 pp., 1994. NTIS# N95-15745.

Chou, M.D., Suarez, M.J., Ho, C.H., Yan, M.M.H. and Lee, K.T.:

Parameterizations for cloud overlapping and shortwave single-scattering

properties for use in general circulation and cloud ensemble models, J Climate

11, pp. 202-214, 1998.

Chu, D. A., Y. J. Kaufman, C. Ichoku, L. A. Remer, D. Tanré, and B. N.

Holben, Validation of MODIS aerosol optical depth retrieval over land, Geophys.

Res. Lett., 29(12), doi:10.1029/2001GL013205, 2002.

Clough, S. A., Shephard M. W., Mlawer E. J., Delamere J. S., Iacono M. J.,

Cady-Pereira K., Boukabara S., and Brown P. D.: Atmospheric radiative transfer

modeling: a summary of the AER codes, J. Quant. Spectrosc. Radiat. Transfer,

91, 233-244, 2005.

Colarco, P., A. daSilva, M. Chin, and T. Diehl .: Online simulations of global

aerosol distributions in the NASA GEOS-4 model and comparisons to satellite



- 96 -

and ground-based aerosol optical depth J. Geophys. Res.,115(D14207), 2010.

doi:10.1029/2009JD012820

Cotton, W.R., and Pielke, R.A.: Human impact on weather and Climate,

Cambridge University Press, pp. 288, 1995.

Curry, J. A., and Webster, P. J.: Thermodynamics of Atmospheres and Oceans,

Int. Geophysics Series, Volume 65, Academic Press Title, ISBN:

978-0-12-199570-6 471 pages, 1999.

Darmenov, A., and A. da Silva, 2013. The Quick Fire Emissions Dataset

(QFED) - Documentation of versions 2.1, 2.2 and 2.4. NASA Technical Report

Series on Global Modeling and Data Assimilation. NASA TM-2013-104606, Vol.

32, 183 pp.

Deardorff, J.: "A numerical study of three-dimensional turbulent channel flow

at large Reynolds numbers". Journal of Fluid Mechanics 41 (2): 453–480, 1970.

doi:10.1017/S0022112070000691

DelGenio, A.D.,Yao, M.S., Kovari, W. K., and Lo, K.W.: A prognostic cloud

water parameterization for global climate models, J Climate 9, 270-304, 1996.

Donner, L. J., and Coauthors, 2011: The Dynamical Core, Physical

Parameterizations, and Basic Simulation Characteristics of the Atmospheric

Component AM3 of the GFDL Global Coupled Model CM3. J. Clim., 24, 3484–

3519. doi: 10.1175/2011JCLI3955.1

Gettelman, A., X. Liu, S. J. Ghan, H. Morrison, S. Park, A. J. Conley, S. A.

Klein, J. Boyle, D. L. Mitchell, and J.-L. F. Li (2010), Global simulations of ice

nucleation and ice supersaturation with an improved cloud scheme in the

Community Atmosphere Model, J. Geophys. Res., 115, D18216,

doi:10.1029/2009JD013797.

Emanuel, K., and Raymond, D.J.: The Representation of Cumulus Convection

in Numerical Models. Meteorological Monograph Series, Volume 24, number 46,



- 97 -

246 pages,1993. hardbound; ISBN 1-878220-13-6, AMS Code MM46.

Easter, R. C. et al., MIRAGE: Model description and evaluation of aerosols

and trace gases, J Geophys Res-Atmos 109, D20210, 2004.

doi:10.1029/2004JD004571.

Findeisen, W.: Die kolloidmeteorologischen Vorgänge bei der

Niederschlagsbildung (Colloidal meteorological processes in the formation of

precipitation). Met. Z., 55, p. 121, 1993.

Fountoukis C., and Nenes, A.: Continued development of a cloud droplet

formation parameterization for global climate models, J Geophys Res-Atmos

110(2005),,D11212, doi:10.1029/2004JD005591

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W.,

Haywood, J., Lowe, J., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M.,

and Dorland, R. V.: Climate Change 2007: The Physical Science Basis:

Contribution of Working Group I to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change, Chap. Changes in Atmospheric

Constituents and in Radiative Forcing, Cambridge University Press, Cambridge,

UK and New York, NY, USA, 2007. 32634

Gautam, R. N. Christina Hsu, Thomas F. Eck, Brent N. Holben, Serm Janjai,

Treenuch Jantarach, Si-Chee Tsay, William K. Lau (2012) Characterization of

aerosols over the Indochina peninsula from satellite-surface observations during

biomass pre-monsoon season. Atmospheric Environment.

Ghan S J, Abdul-Razzak, H., Nenes, A., Ming, Y., Liu, X., Ovchinnikov, M,

Shipway, B., Meskhidze, N., Xu, J., and Shi, X.: "Droplet Nucleation:

Physically-Based Parameterization and Comparative Evaluation." Journal of

Advances in Modeling Earth Systems 3: Article No. M10001, 2011.

doi:10.1029/2011MS000074

Ghan S., Randall, D., Xu, K. M., Cederwall, R., Cripe, D., Hack, J., Iacobellis,



- 98 -

S., Klein, S., Krueger, S., Lohmann, U. , Pedretti, J. Robock, A. Rotstayn, L.

Somerville, R. Stenchikov, G. Sud, Y.C. Walker, G.K. Zie, J. Yio, S. and Zhang,

M.: A comparison of single column model simulations of summertime midlatitude

continental convection J. Geophys. Res. - Atmos., (D2), 105, 2091-2124, 2000.

Gupta, S. K., Ritchey, N. A., Wilber, A. C., Whitlock, C. H., Gibson, G. G. and

Stackhouse, P. W.: A climatology of surface radiation budget derived from

satellite data. J. Climate, 12, 2691–2710, 1999.

Gibbs, J. W.: “On the Equilibrium of Heterogeneous Substances, Part -1”

Transactions of the Connecticut Academy of Arts and Sciences III, 108-248,

1876.

Gibbs, J. W.: “On the Equilibrium of Heterogeneous Substances, Part -2”

Transactions of the Connecticut Academy of Arts and Sciences III, 343-524,

1878.

Graf, H.-F. : The Complex Interaction of Aerosols and Clouds. Science 27

February 2004: Vol. 303 no. 5662 pp. 1309-1311; DOI: 10.1126/science.1094411

Greed, G., J. M. Haywood, S. Milton, A. Keil, S. Christopher, P. Gupta, and E.

J. Highwood (2008), Aerosol optical depths over North Africa: 2. Modeling and

model validation, J. Geophys. Res., 113, D00C05, doi:10.1029/2007JD009457.

Han, Q., Rossow, W. B., and Lacis, A. A.: Near-global survey of effective

droplet radii in liquid water clouds using ISCCP data. J. Clim., 7, 465–497, 1994.

Holtslag, A. A. M., and Boville, B. A.: Local versus nonlocal boundary layer

diffusion in a global climate model. J. Climate, 6, 1825–1842, 1993.

Houghton J.T. et al. (Eds.) : The Scientific Basis. Contribution of Working

Group I to the Third Assessment Report of the Intergovernmental Panel on

Climate Change. Cambridge University Press, Cambridge, United Kingdom and

New York, NY, USA. Retrieved 2010-07-03, 2011-10-05(url) ISBN

9780521807678.



- 99 -

Huffman, G. J., R. F. Adler, M. Morrissey, D. T. Bolvin, S. Curtis, R. Joyce, B

McGavock, J. Susskind, 2001: Global Precipitation at One-Degree Daily

Resolution from Multi-Satellite Observations. J. Hydrometeor., 2, 36-50.

Iacono M. J., Delamere J. S., Mlawer E. J., Shephard M. W., Clough S. A.,

and Collins W. D: Radiative forcing by long-lived greenhouse gases:

Calculations with the AER radiative transfer models, J. Geophys. Res., 113,

D13103, doi:10.1029/2008JD009944, 2008

IPCC, Climate Change: The Physical Science Basis. Contribution of Working

Group I to the Fourth Assessment Report of the Intergovernmental Panel on

Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B.

Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University Press,

Cambridge, United Kingdom and New York, NY, USA.Karl, Thomas R. and K.

E. Trenberth (2003) : Modern Global Climate Change, Science : Vol. 302 no.

5651 pp. 1719-1723, 2007. DOI: 10.1126/science.1090228.

Johnson, R. H., Rickenbach, T. M., Rutledge, S. A., Ciesielski, P. E., and

Schubert, W. H.: Trimodal Characteristics of Tropical Convection. J. Clim., 12,

2397–2418, 1999. doi: 10.1175/1520-0442(1999)012<2397:TCOTC>2.0.CO;2.

Khairoutdinov, M. F., and Y. L. Kogan.: A new cloud physics parameterization

in a large-eddy simulation model of marine stratocumulus. Mon. Wea. Rev., 128,

229-243, 2000.

Kim M. -K., K. -M. Lau, M. Chin, K.-M. Kim, Y. C. Sud, and G.K. Walker.:

Atmospheric teleconnection over Eurasia induced by aerosol radiative forcing

during boreal spring: J. Climate, 19, 4700-4718, 2006.

Kim M. -K., W. K.M. Lau, K.-M. Kim, and W. -S. Lee (2007). A GCM study

of effects of radiative forcing of sulfate aerosol on large scale circulation and

rainfall in East Asia during boreal spring. Geophys. Res. Lett., L24701,

34.10.1029/2007GL031683



- 100 -

Kim K.M., Lau, K. M., Sud, Y.C, and Walker, G. K.: Influence of aerosol

radiative forcings on the diurnal and seasonal cycles of rainfall over West Africa

and Eastern Atlantic Ocean using GCM simulations Clim. Dynam, 35, 115-126,

2010. doi:10.1007/s00382-010-0750-1

King, M. D. et al., Cloud and aerosol properties, precipitable water, and

profiles of temperature and water vapor from MODIS, Ieee T Geosc. Remote 41,

pp. 442-458, 2003.

Koch, D., Schulz, M., Kinne, S., McNaughton, C., Spackman, J. R., Balkanski,

Y., Bauer, S., Berntsen, T., Bond, T. C., Boucher, O., Chin, M., Clarke, A., De

Luca, N., Dentener, F., Diehl, T., Dubovik, O., Easter, R., Fahey, D. W., Feichter,

J., Fillmore, D., Freitag, S., Ghan, S., Ginoux, P., Gong, S., Horowitz, L., Iversen,

T., Kirkeva°g, A., Klimont, Z., Kondo, Y., Krol, M., Liu, X., Miller, R.,

Montanaro, V., Moteki, N., Myhre, G., Penner, J. E., Perlwitz, J., Pitari, G.,

Reddy, S., Sahu, L., Sakamoto, H., Schuster, G., Schwarz, J. P., Seland, Ø., Stier,

P., Takegawa, N., Takemura, T., Textor, C., van Aardenne, J. A., and Zhao, Y.:

Evaluation of black carbon estimations in global aerosol models, Atmos. Chem.

Phys., 9, 9001–9026, doi:10.5194/acp-9-9001-2009, 2009. 32634

Köhler, Hilding: The nucleus in and the growth of hygroscopic droplets.

Trans. Faraday Soc., 1936, 32, 1152-1161, 1936. DOI: 10.1039/TF936320115.

Koop, T., Luo, B.P., Tsias, A., and Peter, T.: Water activity as the

determinant for homogeneous ice nucleation in aqueous solutions, Nature 406, pp.

611-614, 2000.

Koren, I., Altaratz, O., Remer, L., Feingold, G., and Heiblum, R.:

Aerosol-induced intensification of rain from the tropics to the mid-latitudes

Nature Geosciences, Online 15 Jan 2012.doi:10.1038/ngeo1364

Krishnamurti T. N., Chakraborty, A., Martin, A., Lau, W.K., Kim, K.-M., Sud,

Y. C., and Walker, G. K.: Impact of Arabian Sea Pollution on the Bay of Bengal



- 101 -

Winter Monsoon Rains J. Geophys. Res., Atmos., 114, 2009. D06213,

doi:10.1029/2008JD010679.

Kunil, O., Kanagawa, S., Yajima, I., Hisamatsu, Y., Tamamura, S., Amagai, T.,

Ismail, T. S., 2002: The 1997 Haze Disaster in Indonesia: Its Air Quality and

Health Effects. 57, Archiv es of Evironmental Health. DOI:

10.1080/000398902099602912.

Lau, W. K. M., and Kim, K.-M.: Fingerprinting the impacts of aerosols on

long-term trends of the Indian summer monsoon regional rainfall, Geophys. Res.

Lett., 37, L16705, 2010. doi:10.1029/2010GL043255.

Lau, K. M., and Kim, K. M.: Does aerosol strengthen or weaken the Asian

Monsoon? In Mountains: Witnesses of Global Change, Ed. R. Baudo, G. Tartari,

and E. Vuillermoz, Elsevier, pp 340, 2007a.

Lau, K. M. and Kim, K. M.: Cooling of the Atlantic by Saharan dust.

Geophys. Res. Lett., 2007b. doi:10.1029/2007/GL031538.

Lau, K.-M., and Kim, K.-M.: Impact of aerosols on the Asian monsoon - an

interim assessment, In C.-P. Chang, M. Ghil, M. Latif, and M. Wallace (Eds.),

Climate Change: Multidecadal and Beyond, Praxis, 2013, in press

Lau, K. M., Kim, K.M., Sud, Y.C., and Walker, G.K.: A GCM study of the

response of the atmospheric water cycle of West Africa and the Atlantic to

Saharan dust radiative forcing Ann. Geophys., 27, 4023-4037, 2009.

Lee, D., Y.C. Sud, L. Oreopoulos, K.M. Kim, W. K. Lau, and I.-S. Kang

(2013). Modeling the influences of aerosols on pre-monsoon circulation and

rainfall over Southeast Asia Atmos. Chem. Phys. Disc, 13, 32885-32923

doi:10.5194/acpd-13-32885-2013

Li, Z.-Q., Niu, F., Fan, J., Liu, Y. G., Rosenfeld, D., Ding, Y.: Long-term

impacts of aerosols on the vertical development of clouds and precipitation.

Nature Geoscience 4, 888–894, 2011. doi:10.1038/ngeo1313.



- 102 -

Li, G., Lei, W., Bei, N., and Molina, L.: Contribution of garbage burning to

chloride and PM2.5 in Mexico City, Atmospheric Chemistry and Physics, 12,

8751-8761, doi:10.5194/acp-12-8751-2012, 2012.

Lin, W. Y. and Zhang, M. H.: Evaluation of Clouds and Their Radiative

Effects Simulated by the NCAR Community Atmospheric Model Against

Satellite Observations. J. Clim., 17, 3302–3318, 2004.doi: 10.1175/1520-0442

Lin, S.-J.: A ‘‘Vertically Lagrangian’’ Finite-Volume Dynamical Core for Global

Models. Mon. Wea. Rev., 132, 2293–2307, 2004.

Liu X, Xie, S., Boyle, J., Klein, S.A., Shi, X., Wang, Z ., Lin, W., Ghan, S. J.,

Earle, M., Liu, P., and Zelenyuk, A.: Testing Cloud Microphysics

Parameterizations in NCAR CAM5 with ISDAC and M-PACE Observations.

Journal of Geophysical Research. D. (Atmospheres) 116:Article No: D00T11, 2011.

doi:10.1029/2011JD015889.

Lock, A. P., Brown, A. R., Bush, M. R., Martin, G. M., and Smith, R. N. B.: A

new boundary layer mixing scheme. Part I: Scheme description and

single-column model tests. Mon. Wea. Rev., 128, 3187–3199, 2000..

Loeb, N.G., Wielicki, B. A., Doelling, D. R., Smith, G. L., Keyes, D. F., Kato,

S., Manalo-Smith, N. and Wong, T.: Toward Optimal Closure of the Earth’s

Top-of-Atmosphere Radiation Budget. J. Clim., 22, 748–766, 2009. doi:

10.1175/2008JCLI2637.1.

Lohmann, U. :"Aerosol Effects on Clouds and Climate". Space Sci Rev 125

(1-4): 129–137. Bibcode, SSRv..125..129L, 2006. doi:10.1007/s11214-006-9051-8.

Maloney, E. D., Hartmann, D. L.: The Sensitivity of Intraseasonal Variability

in the NCAR CCM3 to Changes in Convective Parameterization. J. Climate, 14,

2015–2034, 2000. doi.org/10.1175/1520 -0442, 2001. 014<2015:TSOIVI>2.0.CO;2

Martin, G.M., Johnson, D.W., and Spice, A.: The Measurement and

Parameterization of Effective Radius of Droplets in Warm Stratocumulus Clouds,



- 103 -

J Atmos Sci 51, pp. 1823-1842, 1994.

Meehl, G., Arblaster, J., and Collins, W.: Effects of black carbon aerosols on

the Indian monsoon, Journal of Climate, 21, 2869-2882,

doi:10.1175/2007JCLI1777.1, 2008.

Menon, S.: Current uncertainties in assessing aerosol effects on climate, Annu

Rev Env Resour 29, pp. 1-30, 2004.

Mlawer, E. J., Taubman S. J., Brown P. D., Iacono M. J., and Clough S.A.:

RRTM, a validated correlated-k model for the longwave, J. Geophys. Res., 102,

16,663-16,682, 1997.

Molod, A., Takacs, L., Suarez, M. J., Bacmeister, J., S ong, I.-S., and

Eichmann, A.: GEOS-5 Atmospheric General Circulation Model: mean climate

development from MERRA to Fortuna, Tech. Memo., NASA Goddard Space

Flight Center, MD, pp 115, 2012.

Moorthy, K., Babu, S., Manoj, M., and Satheesh, S.: Buildup of aerosols over

the Indian Region, Geophysical Research Letters, 40, 1011-1014,

doi:10.1002/grl.50165, 2013.

Moorthi, S and Suarez, M.J. : Relaxed Arakawa-Schubert - a Parameterization

of Moist Convection for General-Circulation Models, Mon Weather Rev

120(1992), pp. 978-1002.

Morcrette, J. J., Barker, H. W. Cole J. N. S., Iacono M. J., and Pincus R.:

Impact of a new radiation package, McRad, in the ECMWF Integrated

Forecasting System. Mon. Wea. Rev., 136, 4773-4798, 2008.

Morrison, H., and Gettelman, A.: A new two-moment bulk stratiform cloud

microphysics scheme in the NCAR Community Atmosphere Model (CAM3), Part

I: Description and numerical tests, J. Clim., 21 (15), 3642–3659, 2008.

Myhre, G., Samset, B. H., Schulz, M., Balkanski, Y., Bauer, S., Berntsen, T.

K., Bian, H., Bellouin, N., Chin, M., Diehl, T., Easter, R. C., Feichter, J., Ghan,



- 104 -

S. J., Hauglustaine, D., Iversen,T., Kinne, S., Kirkevag, A., Lamarque, J.-F., Lin,

G., Liu, X., Luo, G., Ma, X., Penner, J.E., Rasch, P. J., Seland, Ø., Skeie, R. B.,

Stier, P., Takemura, T., Tsigaridis, K., Wang, Z., Xu, L., Yu, H., Yu, F., Yoon,

J.-H., Zhang, K., Zhang, H., and Zhou, C.: Radiative forcing of the direct aerosol

effect from AeroCom Phase II simulations, Atmos. Chem. Phys. Discuss., 12,

22355–22413, doi:10.5194/acpd-12-22355-2012, 2012.

Nenes A, Ghan, S.J., Abdul-Razzak, H., Chuang, P., and Seinfeld, J. :

Kinetic Limitations on Droplet Formation. Tellus Series B, Chemical and

Physical Meteorology 53:133-149, 2001.

Nenes, A. and Seinfeld, J. H.: Parameterization of cloud droplet formation in

global climate models, J Geophys Res-Atmos 108D7, 4415, 2003. doi:

10.1029/2002JD002911

Oreopoulos, L., E. Mlawer, J. Delamere, T. Shippert, J. Cole, B. Fomin, M.

Iacono, Z. Jin, J. Li, J. Manners, P. Raisanen, F. Rose, Y. Zhang, and M. J.

Wilson: The Continual Intercomparison of Radiation Codes: Results from Phase

I, J. Geophys. Res., 117, D06118, doi:10.1029/2011JD016821, 2012.

Park, S. and Bretherton, C. S.: The University of Washington shallow

convection and moist turbulence schemes and their impact on climate

simulations with the Community Atmosphere Model, J. Climate, 22, 3449-3469,

2009.

Phillips, V. T. J., DeMott, P. J., and Andronache, C.: An empirical

parameterization400 of heterogeneous ice nucleation for multiple chemical species

of aerosol, J. Atmos. Sci., 401 65, 2757–2783, 2008. doi:10.1175/2007JAS2546.1

Pincus, R., Barker H. W., and Morcrette, J. J: A fast, flexible, approximate

technique for computing radiative transfer in inhomogeneous cloud fields, J.

Geophys. Res., 108 (D13), 4376, doi:10.1029/2002JD003322, 2003.

Penner, J.E., et al.: Model intercomparison of indirect aerosol effects, Atmos



- 105 -

Chem Phys 6pp. 3391-3405, 2006.

Platnick, S. and Coauthors.: The MODIS cloud products: algorithms and

examples from Terra. IEEE Trans. Geo. Rem. Sens., 41 (2), 459-47, 2003.

Pruppacher, H. R., and J. D. Klett.: Microphysics of Clouds and Precipitation,

Second Revised and Enlarged Edition with an Introduction to Cloud Chemistry

and Cloud Electricity, Kluwar Academic Publishers, pp. 954, 1997.

Quaas, J., Boucher, O., and Breon, F.-M.: Aerosol-cloud interactions in the

LMDZ GCM and in POLDER satellite data. Geophy. Res. Abs., 5(2003),

30-1-2003.

Ramanathan, V., Chung, C., Kim, D., Bettge, T., Buja, L., Kiehl, J.,

Washington, W., Fu, Q., Sikka, D., and Wild, M.: Atmospheric brown clouds:

Impacts on South Asian climate and hydrological cycle, Proceedings of the

National Academy of Sciences of the United States of America, 102, 5326-5333,

doi:10.1073/pnas.0500656102|10.1073/pnas.0500656102, 2005.

Randall, D. A.: The Evolution of Complexity in General Circulation Models. In

The Development of Atmospheric General Circulation Models: Complexity,

Synthesis, and Computation, L. Donner, W. Schubert, and R. C. J. Somerville,

Eds., Cambridge University Press, 272 pp., 2010.

Räisänen, P., Barker, H. W., Khairoutdinov M., Li, J. and Randall, D. A.:

Stochastic generation of subgrid-scale cloudy columns for large-scale models, Q.

J. R. Meteor. Soc., 130, 2047-2067, 2004.

Rienecker M. M, Suarez, M. J., Todling R., Bacmeister J., Takacs L., Liu

H.-C., Gu W., Sienkiewicz M., Koster, R. D., Gelaro, R., Stajner, I., and

Nielsen, J. E.: The GEOS-5 Data Assimilation System Documentation of

Versions 1 5.0.1, 5.1.0, and 5.2.0. NASA/TM–2008–2 104606, Vol. 27, 118 pp.,

2008.

Roelofs, G.J., Stier, P., Feichter, J., Vignati, E., and Wilson, J.: Aerosol



- 106 -

activation and cloud processing in the global aerosol-climate model

ECHAM5-HAM, Atmos Chem Phys 6, pp. 2389-2399, 2006.

Rosenfeld, D.: Suppression of rain and snow by urban and industrial air

pollution, Science 287, pp. 1793-1796, 2000.

Rosenfeld, D., and T. Bell .: Why do tornados and hail storms rest on

weekends? J. Geophys. Res. Atmos, 116, D20211, 2011. doi:10.1029/2011JD016214

Rossow, W. B. and Schiffer, R. A.: Advances in understanding clouds from

ISCCP. Bull. Amer. Meteor. Soc., 80, 2261-2288, 1999. doi: 10.1175/1520-0477.

Rotstayn, L. D, Ryan, B., and Katzfey, J.: A scheme for calculation of the

liquid fraction in mixed-phase stratiform clouds in large-scale models, Monthly

Weather Rev., 128, 1070–1088, 2000.

Sassen, K., and Dodd, G.C.: Haze Particle Nucleation Simulations in Cirrus

Clouds, and Applications for Numerical and Lidar Studies, J Atmos Sci 46, pp.

3005-3014, 1989.

Seifert, A., and Beheng, K.D.: A double-moment parameterization for

simulating autoconversion, accretion and self collection, Atmos Res 59, pp.

265-281, 2001.

Seifert, A., and Beheng, K.D.: A two-moment cloud microphysics

parameterization for mixed-phase clouds. Part 1: Model description, Meteorol

Atmos Phys 92, pp. 45-66, 2006.

Seinfeld, J. H., Pandis, S. N.: Atmospheric Chemistry and Physics - From Air

Pollution to Climate Change (2nd Edition).. John Wiley & Sons. Pp 987,

2006.Online version available at: http:// www.

knovel.com/web/portal/browse/display?_EXT_KNOVEL_DISPLAY_bookid=2126&V

erticalID=0

Slingo, J.M.: The Development and Verification of a Cloud Prediction Scheme

for the Ecmwf Model, Q J Roy Meteor Soc 113, pp. 899-927, 1987.



- 107 -

Soden, B.J.: Validation of Cloud Forcing Simulated by the

National-Center-for-Atmospheric-Research-Community-Climate-Model Using

Observations from the Earth Radiation Budget Experiment, J Geophys

Res-Atmos 97, pp. 18137-18159, 1992.

Slanina, S., and Wayne, D., "Aerosols". In: Encyclopedia of Earth. Eds. Cutler

J. Cleveland (Washington, D.C.: Environmental Information Coalition, National

Council for Science and the Environment), 2011.

<http://www.eoearth.org/article/Aerosols>

Solomon S., Plattner, G. K., Knutti, R., Friedlingstein, P.: "Irreversible climate

change due to carbon dioxide emissions". Proc. Natl. Acad. Sci. U.S.A. 106 (6):

17049. Bibcode 2009PNAS..106.1704S, 2009. doi:10.1073/pnas.0812721106. PMC

2632717. PMID 19179281.

Sud Y.C., and Walker, G. K.: Microphysics of clouds with the relaxed

Arakawa-Schubert Cumulus Scheme (McRAS). Part I: Design and evaluation

with GATE Phase III data J. Atmos. Sci., (18), 56, 3196-3220, 1999a.

Sud Y.C., and Walker, G. K.: Microphysics of clouds with the relaxed

Arakawa-Schubert Cumulus Scheme (McRAS). Part II: Implementation and

performance in GEOS II GCM, J. Atmos. Sci., (18),, 56, 3221-3240, 1999b.

Sud Y.C., and G.K. Walker, G. K.: New upgrades to the microphysics and

thermodynamics of clouds in McRAS: SCM and GCM evaluation of simulation

biases in GEOS GCM Proceedings of the Indian National Science Academy,

Part-A, Physical Sciences(5) 69, 543-565, 2003a.

Sud, Y.C. and Walker, G. K.: Influence of ice-phase physics of hydrometeors

on moist-convection. Geophysical Research Letters 30(14), 2003b. doi:

10.1029/2003GL017587. issn: 0094-8276.

Sud Y.C., and Lee, D.: Parameterization of aerosol indirect effect to

complement McRAS cloud scheme and its evaluation with the 3-year ARM-SGP



- 108 -

analyzed data for single column models Atmos. Res., , Issue 2, , 86,

105-12510.1016/j.atmosres.2007.03.007, 2007.

Sud, Y. C., Wilcox, E., Lau, W. K.-M., Walker, G. K., Liu, X.-H., Nenes, A.,

Lee, D., Kim, K.-M., Zhou, Y., and Bhattacharjee, P. S., 2009: Sensitivity of

boreal-summer circulation and precipitation to atmospheric aerosols in selected

regions – Part 1: Africa and India, Ann. Geophys., 27, 3989-4007.

Sundqvist, H.: A parameterization scheme for nonconvective condensation

including prediction of cloud water content. Quart. J. Roy. Meteor. Soc., 104, 677

–690, 1978.

Sundqvist, H.: Parameterization of condensation and associated clouds in

models for weather prediction and general circulation simulation.

Physically-Based Modelling and Simulation of Climate and Climatic Change, ed.

M. E. Schlesinger, Kluwer Academic Publishers, Dordrecht, the Netherlands, pp.

433-461, 1988..

Suzuki, K. et al., A study of the aerosol effect on a cloud field with

simultaneous use of GCM modeling and satellite observation, J Atmos Sci , 61,

pp. 179-194, 2004.

Takacs, L.L., Molod, A., and Weng, T.: Goddard Earth Observing System

(GEOS) general circulation model (GCM) version 1. NASA Tech. Memo. 104606,

Vol. 1(1994), 97 pp., 1994.

Taylor, D.: Biomass burning, humans and climate change in Southeast Asia,

Biodiversity and Conservation, 19, 1025-1042, doi:10.1007/s10531-009-9756-6,

2010.

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, S.,

Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, F., Diehl, T.,

Feichter, J., Fillmore, D., Ginoux, P., Gong, S., Grini, A., Hendricks, J., Horowitz,

L., Huang, P., Isaksen, I. S. A., Iversen, T., Kloster, S., Koch, D., Kirkev°ag, A.,



- 109 -

Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Montanaro, 30

V., Myhre, G., Penner, J. E., Pitari, G., Reddy, M. S., Seland, Ø., Stier, P.,

Takemura, T., and Tie, X.: The effect of harmonized emissions on aerosol

properties in global models – an AeroCom experiment, Atmos. Chem. Phys., 7,

4489–4501, doi:10.5194/acp-7-4489-2007, 2007. 32634

Tiedtke, M.: Representation of Clouds in Large-Scale Models, Mon Weather

Rev 121, pp. 3040-3061, 1993.

Twomey, S.: The nuclei of natural cloud formation, II, The supersaturation in

natural clouds and the variation of cloud droplet concentration, Geofis. Pura

Appl., 43, 243¬249, 1959.

Twomey, S. : "Pollution and the planetary albedo". Atmos. Environ. 8 (12):

1251–6, 1974. doi:10.1016/0004-6981(74)90004-3.

Twomey, S. : "The Influence of Pollution on the Shortwave Albedo of Clouds"

(PDF). J. Atmos. Sci. 34 (7): 1149–52, 1977. Bibcode 1977JAtS...34.1149T.

doi:10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2.

Webb, M., C. Senior, S. Bony, and J.-J. Morcrette, 2001: Combining ERBE and

ISCCP data to assess clouds in the Hadley Centre, ECMWF and LMD

atmospheric climate models. Clim. Dyn., 17, 905-922.

Weng, F. Z. and Grody, N. C.: Retrieval of cloud liquid water using the

Special Sensor Microwave Imager (SSM/I), J. Geophys. Res., 99, 25535–25551,

1994.

Wilber, A. C., Smith, G. L., Gupta, S. K., and Stackhouse, P. W.: Annual

cycles of surface shortwave radiative fluxes. J. Climate, 19, 535–547, 2006.

Wilcox E.M., Sud, Y.C. and Walker, G.K.: Sensitivity of Boreal-Summer

Circulation and Precipitation to Atmospheric Aerosols in Selected Regions, Part

II: The Americas Annales Geophysicae, 27, 4009-4021, 2009.

Wiedinmyer, C., Akagi, S., Yokelson, R., Emmons, L., Al-Saadi, J., Orlando, J.,



- 110 -

and Soja, A.: The Fire IN ventory from NCAR (FINN): a high resolution global

model to estimate the emissions from open burning, Geoscientific Model

Development, 4, 625-641, doi:10.5194/gmd-4-625-2011, 2011.

Wood, R., and C. S. Bretherton, 2004: Boundary layer depth, entrainment, and

decoupling in the cloud-capped subtropical and tropical marine boundary layer. J.

Climate, 17, 3575–3587.

Xie, S. C., Cederwall, R.T. and Zhang, M.H.: Developing long-term

single-column model/cloud system-resolving model forcing data using numerical

weather prediction products constrained by surface and top of the atmosphere

observations, J Geophys Res-Atmos 109, D01104, 2004. doi:10.1029/2003JD004045.

Xie S., Xu, K. -M., Cederwall, R. T., Bechtold, P., DelGenio, A. D., Klein, S.

A., Cripe, D. G., Ghan, S. J., Gregory, D., Iacobellis, S. F., Krueger, S. K.,

Lohmann, U., Petch, J. C., Randall, D. A., Rotstayn, L. D., Somerville, R. C. J.,

Sud, Y.C., VonSalzen, K., Walker, G.K., Wolf, A. Yio, J. J., Zhang, G. J., and

Zhang, M.: Intercomparison and evaluation of cumulus parameterizations under

summertime midlatitude continental conditions Quart. J. Roy. Meteor. Soc., (582),

128, 1095-1136, 2002.

Zhang, J.H., Lohmann, U., and Stier, P.: A microphysical parameterization for

convective clouds in the ECHAM5 climate model: Single-column model results

evaluated at the Oklahoma Atmospheric Radiation Measurement Program site, J

Geophys Res-Atmos 110, D15S076, 1-13, 2005; doi: 10.1029/2004JD005128.



- 111 -

초록

에어로솔의 직접 간접 효과가 기후

모의에 미치는 영향

서울대학교 대학원

지구환경과학부

이동민

에어로솔의 직접 간접 효과를 모의하기 위하여 구름의 질량과 입자의 크기를 계

산할 수 있는 개선된 형태의 구름 미세물리 과정, 대기 모형과 상호작용 하는 에어

로솔 모형, 몬테카를로 근사 방법을 이용하여 복사의 현실성을 높인 복사 과정, 그

리고 위성 자료 모의 과정을 결합한 결합 모형을 만들고 이를 이용하여 기후 모의

에 에어로솔이 미치는 영향에 대한 연구가 이루어졌다. 이 결합 모형을 이용하여

에어로솔 기후 민감도 실험을 수행한 후 비교 연구를 통하여 몬순 순환, 구름, 강수

에 미치는 에어로솔의 영향을 대규모 강제력과 역학과정에 의한 영향을 구분할 수

있다. 특히 생태계 화재의 경우 대규모 강제력에 의하여 큰 영향을 받게 되는데 이

경우 에어로솔만의 영향을 분리해 내는 것이 중요하다. 이 연구에서 개발된 결합

모형을 이용하여 집중적인 위성 관측이 이루어진 2002년부터 십 년간의 기후 모의

를 하여 기존의 간단한 구름 미세 물리 과정을 이용하는 기존의 모형의 실험과 비

교하는 것이 이 연구의 첫 번째 목표이다. 두 실험을 비교한 결과 대기 상층의 경

도 평균 복사장이 새로운 모형에서 크게 개선된 것이 확인되었다. 이렇게 고무적인

결과와 함께 새로운 구름 미세 물리 과정이 더욱 개발되어 에어로솔 연구가 필요한

표적 분야에 이용할 수 있는 잠재력이 있다는 것을 보였다. 연구의 표적은 동남아
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시아 지역의 생태계 화재가 기후에 미치는 영향이다. 모형 연구에 앞서 이 지역에

생태계 화재가 많을 때와 적을 때의 위성 관측 분석을 통하여 생태계 화재가 이 지

역의 구름과 강수의 특징에 영향을 주는 것을 확인하였다. 그러나 이는 대규모 강

제력이 포함된 결과이기 때문에 새로 개발된 모형을 이용하여 위성 관측에서 도출

된 결과와 비교하였다. 많은 생태계 화재와 그렇지 않은 경우의 모형 실험 차이를

분석한 결과 관측에서 얻은 결과와 상당히 일치하는 민감도를 얻을 수 있었다. 생

태계 화재는 모형에서 구름 물방울의 농도를 증가시키고 구름 물방울의 크기를 작

게 만들었다. 그 결과 강수의 효율이 낮아져서 지역 강수가 줄어들었다. 이때 화재

지역의 강수는 줄어들었지만 그 지역에서 내리지 않은 구름물은 수송되어 중국 동

남부 해안지방의 강수를 증가시켰다. 이는 관측 분석과도 일치하는 결과이다. 그러

나 전반적인 구름의 광학분산능력이 늘어났음에도 불구하고 구름 복사 강제력의 크

기는 줄어들었는데, 이는 에어로솔의 영향으로 구름의 면적이 줄어들었기 때문이다.

전체적으로는 에어로솔의 직접 효과 덕분에 대기 상층과 지표를 냉각시키고, 에어

로솔이 있는 대기층은 가열시키는 복사강제력이 발생하였다. 그 결과 지표의 수증

기 증발이 약해졌고 이는 다시 강수를 줄이는 효과를 불러왔다. 이렇게 직접 효과

와 간접 효과가 같은 방향으로 발생하였는데 두 효과를 분리하는 실험으로부터 전

체 강수변화의 40%는 직접 효과의 대기가열과 지표냉각으로부터 발생한 대기 안정

화로부터 얻어짐을 보였다. 이 지역에서 에어로솔이 강수를 줄이는 결과가 나타났

지만 에어로솔이 대류적운구름을 늘리는 효과는 반영되지 못하였다.

주요어

기후 모형, 에어로솔의 직접/간접 효과, 동남아시아의 생

태계화재, 에어로솔 – 복사 – 구름 상호작용, 구름미세

물리과정 모수화
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