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ABSTRACT

AEROSOL-CLOUD-RADIATION INTERACTION STUDIES WITH GEOS-4 MODEL
AND COMPARISON WITH OBSERVATIONS

Partha Sarathi Bhattacharjee, Ph.D.

George Mason University, 2011

Dissertation Director: Dr. Ruixin Yang

Increasing human population and rapid urbanization in the last two decades have caused

a sharp rise in anthropogenic aerosols particularly over South and East Asia. Numerous

studies have shown that aerosols play an important role in climate change through their

interaction with the global water and energy cycles. Thus Aerosol-cloud-radiation-

monsoon interaction related droughts and floods are two of the most serious

environmental hazards confronting more than 60% of the population of the world living

in the Asian monsoon countries. General circulation models (GCMs) are an important

tool for understanding the climate response to changes in the amounts and composition of

aerosols due to evolving use of fossil and biomass fuels. This dissertation attempt to get

an insight into the aerosol-cloud interaction and study impacts of aerosol forcing, with

particular emphasis on the interaction of aerosol with monsoon water cycle. NASA

Goddard Earth Observing System (GEOS) version 4 General Circulation Model (called



GEOS4-GCM) with moist convection of Relaxed Arakawa–Schubert Scheme (McRAS)

clouds and state-of-the-art parameterization of cloud microphysical process is used this

study. A Single Column version (SCM) of the model is used to evaluate various

parameterization schemes by comparing against in-situ and satellite observations. The

model simulated realistic annual mean and annual cycles of cloud water, cloud optical

thickness, cloud drop number concentration and effective radius without showing any

systematic biases. GCM version of the model is used to study aerosol induced anomalies

during summer months (June-August) particularly focusing over Indian monsoon. The

individual aerosol effects (direct and indirect) and their combination show different

impacts on radiation as well as on cloud microphysics, precipitation and circulation.

However, complexities of nucleation of ice clouds in the model result not enough

aerosols were acting as ice nuclei, which led to incomplete understanding of indirect

effect in the atmosphere.
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CHAPTER 1. Introduction

Water covers nearly 71% of the Earth’s surface and is essential for all known forms of

life on this planet. Hydrological cycle, i.e. continuous circulation of water between land,

ocean and atmosphere, is vital for sustaining life and the ecosystem on the Earth. It

involves complex physical and chemical processes that transfer water from the ocean to

the atmosphere to form clouds and from the atmosphere to the land surface as

precipitation. It also involves exchange of heat energy that leads to temperature changes.

Formation of cloud and precipitation are the key links between the weather processes at

various timescales and the feedback on the hydrological cycle changes due to weather

processes. Changes in precipitation patterns in a region impact directly the agriculture,

thus affecting economy of the region. This is true particularly for South-East Asia, where

monsoon water cycle serves as a lifeline to nearly 60% of the world’s population.

Rise in average temperature of the Earth’s near-surface air over the past century

has received much attention related to global climate change (Intergovernmental Panel on

Climate Change, IPCC 2007). Precipitation varies more than the temperature in spatial

and temporal scales over a region. Extensive research in the last six decades has shown

that the precipitation microphysics is largely affected by the particulate matter in the

atmosphere, also known as aerosols, particularly in the troposphere.
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Aerosols are defined as suspended solid or liquid particles in gas, with size ranges

from few nanometers (nm) to tens of micrometers (µm) in diameter (Seinfeld and Pandis,

1998). Aerosols originate both from natural sources, like volcanic emission, windblown

dust, sea spray, combustion during biomass burning as well as from man-made

(anthropogenic) sources, such as burning of fossil fuels and vehicular exhaust. Aerosols

are also classified as primary (emitted direct into the atmosphere) and secondary (formed

through gas-to-particle conversion processes and reaction and condensation by

atmospheric gases). The average life span of aerosol particles ranges between a few days

to a week, and aerosols are removed from the atmosphere both by dry deposition

(gravitational settling) and wet deposition (rainout) (Hobbs et al., 1993). Chemically

major tropospheric aerosol species are: sulfate (produced from the oxidation of SO2,

emitted by fossil combustions, industrial activities, biomass burning, volcanic eruptions

and oceanic dimethyl sulfides (DMS)); black and organic Carbon (BC & OC) (generated

by biomass burning and incomplete combustion of fossil fuels); dust (mineral and soil

particles over major desert regions) and sea-salt (salt-rich particles uplifted by wind)

(Chin et al. 2002; Olivier et al., 1996; Ginoux et al., 2001; Duncan et al., 2003). Recent

study shows primary biological aerosol particles (PBAP) that include bacteria, fungal

spores, and pollens can act as an important contributor to a large unrecognized fraction of

organic aerosols in the atmosphere (Elbert et al., 2007). IPCC (1995) estimated total

atmospheric aerosol flux in the atmosphere is about 3440 Tg, of which anthropogenic

component is nearly 10%. Rapid industrialization along with fossil fuel burning in the

last two decades have substantially increased globally the anthropogenic (mainly sulfate
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and black carbon) aerosol components over its natural sources (IPCC, 2007), and has

become a major environmental and climatic concern.

1.1 Aerosol effect on climate

Aerosols act as cloud condensation nuclei (CCN) and ice nuclei (IN) in the

atmosphere, thus have direct impact on cloud formation and precipitation. Aerosols

influence the climate via two main ways viz., directly (through radiation) and indirectly

(through microphysics). The direct effect is due to scattering and absorption of shortwave

and thermal radiation by aerosols (such as sulfate particles) in the atmosphere, thus

cooling the surface (Charlson et al., 1990; Schwartz, 1996). Aerosol indirect effect can be

further divided into two components. In the first indirect effect, increasing aerosol load

increases the cloud droplet number concentrations (CDNC) and decreases the cloud drop

size at constant liquid water content, resulting in the increase of cloud albedo (also

termed as “cloud albedo effect”) (Twomey, 1977). In the second indirect effect, small

sized cloud drops (due to high aerosol loading) lower the precipitation efficiency,

increase the liquid water content and thereby increase cloud lifetime (also know as “cloud

lifetime effect”) (Albrecht, 1989) and cloud thickness (Pincus and Baker, 1994). There is

a third aerosol effect, termed as “semi-direct effect”. In that effect absorbing aerosols

(such as soot or black carbon) reduce the cloud cover as well as liquid water content by

heating the cloud and surrounding environment through absorbing the radiation (Hansen

et al., 1997; Ackerman et al., 2000). Recent studies on mixed phase clouds (temperature

between 0C and –35C) have identified two more possible paths by which aerosol can

have impact on cloud and precipitation. Increase in dust and soot in the cold clouds
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(aerosols as IN) can cause more freezing (glaciation) inside the clouds and increase the

amount of precipitation through ice phase, thus reducing cloud cover to absorb more

shortwave radiation (termed as glaciation indirect effect) (Lohmann 2002; Lohmann and

Diehl 2006). Rosenfeld (1999) suggested smaller drops in polluted air suppress deep

convective (includes mixes phase and ice clouds) precipitation and delays freezing

(termed as thermodynamic indirect effect) (Rosenfeld and Woodley, 2000; Khain et al,

2001). Figure 1.1 shows a schematic diagram of the three major aerosols effects (direct,

indirect and semi-direct) on climate. Apart from the impacts on radiation and cloud

microphysics, aerosols are also responsible for human health related problems,

particularly cardio-vascular illness and poor air quality and are also a threat to the

aviation safety (Dockery and Pope, 1994; Husar et al., 2000).

Figure 1.1. Schematic diagram of three main aerosol effects on climate. Aerosols are
represented by small black dots, larger open circles are cloud droplets, straight lines
represent incident and reflected solar radiation, wavy lines represent terrestrial radiation,
vertical grey dashes represent rainfall and LWC refers to the cloud liquid water content.
(IPCC 2007 Report, Ch. 2).



5

The radiative effect of aerosol on climate is quantified by radiative forcing (RF in

Wm-2), which measures the influence of externally caused change (in aerosol

concentrations) on the net (down minus up) radiative budget or irradiance (both solar and

longwave) of the troposphere-surface system (Ramaswamy et al., 2001). Positive RF

indicates warming of the system (as more incoming energy), while a negative forcing

indicates cooling (as more outgoing energy). Figure 1.2 shows the estimates of net RF by

major greenhouse gases and aerosols (natural aerosols are not included) with

uncertainties in the fourth Assessment Report (AR4) by IPCC (2007). In AR4, RF values

Figure 1.2. Net Radiative Forcings by both principal greenhouse gases and aerosol
particles (IPCC, 2007). Red color indicates net warming and blue indicates net cooling in
the atmosphere for both natural and anthropogenic components.
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represent that of in 2005 due to emissions and changes since pre-industrial time (1750

AD). Presently, RF due to the direct effect of aerosol is well quantified with the aid of

accurate measurement by satellite as well as by Global Circulation Model (GCM)

simulations. The global-mean net direct effect at the top-of-the-atmosphere (TOA) is

estimated to be in the range between –0.1 Wm-2 to –0.9 Wm-2, indicating a net cooling

that partly compensates greenhouse gas warming (IPCC, 2007; Lohmann et al., 2010).

Forster et al. (2007) estimated median value of first indirect effect as -0.7 Wm-2 in IPCC

(2007). However, RF by the indirect effects are largely uncertain due to its complex

interaction with cloud microphysics, insufficient vertical aerosol distribution data, poor

understanding of mixing state of aerosol, different schemes of cloud representation at

sub-grid scale, etc. Present state of knowledge even precludes any estimate of magnitude

of aerosol effect on mixed-phase and ice clouds.

1.2 Studies of aerosol effect on climate

Atmospheric aerosols are of great importance to global climate because of their

scattering as well as absorbing properties and in turn significantly influencing the Earth's

radiation budget (Haywood and Boucher, 2000). Anthropogenic activities have been

implicated in raising the aerosol concentration in the troposphere (Massie et al., 2004).

Past two decades have seen intense research involving some of the state-of-the-art Global

Circulation Models (GCM) as well as satellite and ground observations into both direct

and indirect effects of aerosols (Carslaw et al., 2010; Quaas et al., 2009).  Field

experiments over South Asia have found that anthropogenic aerosols can significantly

change the energy balance of the atmosphere and at the Earth’s surface (Ramanathan et
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al., 2001a). GCM studies over the South Asian monsoon region show seasonal rainfall

distribution can be influenced by anthropogenic aerosol forcing (Ramanathan et al.,

2005) and similar result is found over East Asia by Menon et al (2002b). Lau and Kim

(2006a & b) showed atmospheric heating by elevated absorbing aerosols have direct

impact on general circulatation, thus affecting the entire monsoon system. Andreae et al.

(2004) analyzed in-situ observations over South America region and found increase in

aerosol from bio-mass burning lead to higher cloud top heights and the enhancement of

cold rain processes. Koren et al. (2005) used cloud properties derived from the Moderate

Resolution Imaging Spectroradiometer (MODIS) over the Atlantic Ocean and found

strong evidence that aerosols from pollution, desert dust and biomass burning

systematically invigorate convective clouds. All these findings are consistent with the

notion that aerosols have a major impact on the dynamics, microphysics of the clouds as

well as radiation budget. Detail literature review about previous works with modeling and

observational study of aerosol-climate interaction is discussed in chapter 2.

One of the areas of the world with higher aerosol concentration is South Asia, due

to a rapid industrial growth and urbanization (Bollasina et al., 2008). Aerosol and

moonsoon-related droughts and floods are two of the most serious environmental hazards

confronting more than 60% of the population of the world living in the Asian monsoon

countries (Lau et al., 2008). Increase of sulfate and black carbon emission over northern

India contributed to the dense fog and haze during the winter months (Gautam et al.,

2007). Aerosol influence on long-time change in summertime rainfall over India is

investigated by Chuang et al. (2002), Ramanathan et al. (2005), Lau et al. (2006b); Meehl
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et al. (2008); Collier and Zhang (2009), Bollasina et al. (2008) and Sud et al. (2009).

Chapter 2 describes in detail about past observational and modeling work related to

aerosol-cloud interaction over Indian subcontinent.

Although scores of studies involving both modeling and satellite observation

focused on aerosol-cloud interaction on warm clouds (temperature above 0C), very little

progress has been made on quantifying aerosol role on ice-phase or mixed phase clouds

(temperature between  0C and -35C). Ice formation in the clouds may result from both

homogeneous freezing of solution droplets formed on soluble cloud condensation nuclei

(CCN) at temperatures less than −37°C and heterogeneous freezing of ice by insoluble or

partially insoluble particles (Liu et al., 2007). Homogeneous nucleation requires

supersaturations with respect to ice in excess of 40% to freeze sulfate haze droplets at

upper-tropospheric temperatures (Koop et al., 1998). Heterogeneous nucleation involves

aerosol particles that serve as a substrate that induces ice nucleation. Heterogeneous

mechanisms include direct deposition from vapor to ice on a suitable nucleus (deposition

nucleation) and freezing of previously condensed supercooled cloud or haze droplets,

with the freezing initiated either by contact of a nuclei with the cloud or haze droplet

(contact nucleation) or by a nuclei immersed within the cloud or haze droplet (immersion

nucleation) (Curry and Webster, 1998).

 Ghan et al. (1997) first used ice nucleation parameterization in global models.

The earlier methods used temperature-dependent formulation (Fletcher, 1962),

supersaturation-dependent formulation (Meyers et al., 1992) or a combination of both

(Cotton et al., 1986) to calculate ice number concentration. Kärcher and Lohmann (2002,
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2003) developed physically based parameterizations for the homogeneous freezing of

sulfate solution droplets and for heterogeneous immersion freezing in cirrus formation in

the ECHAM GCM. In contrast to previous parameterizations, their schemes consider the

dependence of ice number concentration on temperature and updraft velocity. Liu and

Penner (2005) derived a parameterization based on first principles for the homogeneous

nucleation of sulfate and heterogeneous immersion nucleation on soot in cirrus clouds

and considered the competition between these two nucleation mechanisms. Liu and

Penner (2005) successfully implemented their parameterization in the Community

Atmospheric Model (CAM)-version 3 GCM. Barahona and Nenes (2008, 2010a)

introduced a new ice parameterization scheme for global models, for both homogenous

and heterogeneous processes, which are based on the first principles.

Girad et al. (2004) and Zeng et al. (2009) identified aerosols effect on mixed-

phase clouds as dominant contributor to the warming observed at the higher latitudes.

Storelvmo et al. (2011) performed a sensitivity analysis of mixed-phase clouds to explore

the ways in which aerosols can affect “lifetime affect” and cloud albedo. Several recent

global studies have examined perturbations in effective ice crystal radii in cirrus clouds in

response to anthropogenic aerosols (Liu et al., 2007; Gettleman et al., 2010). The present

dissertation emphasis on ice clouds and mixed phase clouds on global models, which are

also important contributor to aerosol influence on radiation in addition to liquid clouds.

1.3 Objective of this study

The main aim of this dissertation is to evaluate a state-of-the-art parameterization

of aerosol-cloud-radiation physics in the NASA Goddard Earth Observing System
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(GEOS) version-4 fvGCM with a particular emphasis on the interaction of aerosol with

monsoon water cycle. As discussed in the previous sections, aerosols play an important

role in the atmospheric hydrological cycle and radiation budget with many possible

feedback mechanisms that are complex and not yet fully understood. Using GCM in this

study, allows for a complete treatment of the feedbacks that may exist between aerosol

and climate as well as removes inhomogeneties in aerosol concentrations, cloud and

precipitation. However, despite scores of studies showing climate sensitivity to aerosols

(IPCC, 2007), many global models lack a fully prognostic parameterization for aerosol-

cloud radiative forcing. In addition to an explicit calculation of the aerosol direct effect

(ADE) in GEOS-4 GCM, parameterization of aerosol indirect effects (AIE) comprises

four modules: the first activates aerosols as cloud condensation nuclei (CCN) for liquid

clouds, the second deals with ice deposition nuclei (IN) as well as mixed phase cloud

processes, the third performs auto-conversion and accretion to produce precipitation, and

the fourth estimates cloud particle effective radius. Together, these components form an

end-to-end parameterization of ADE and AIE in a GCM.

Previous section discussions also reveal water clouds are better observed and

simulated, more extensively than the ice clouds, over which, there are several unresolved

issues. One of the major motivation of this work is to improve GCM simulations for

mixed phase and ice clouds in the present model. Extensive research on various aspects

of new ice parameterizations (Liu and Pennner, 2005; Barahona and Nenes, 2008, 2010b)

are included in the model and compared against the available observations. If GCMs are

able to predict correctly CCN and IN as well as the optical properties, the result will



11

provide some further support for the use of such models to access impacts of aerosol on

the environment.

The major goals of this thesis work are summarized as follows:

 Simulate liquid and ice optical properties with end-to-end parameterization schemes

presented in GEOS GCM. Model parameterizations are extensively tested by using a

single column model (SCM) version of the NASA GEOS (version 4) over ARM sites

at Southern Great Plain (SGP), North Slope Alaska (NSA) and Tropical West Pacific

(TWP). Various locations of different ARM sites enable model to be evaluated under

different climate regimes.

 Simulate aerosol effects on convective clouds in addition to its effect on staritform or

large-scale clouds in the model parameterization. The adequate treatment of aerosols

in the convective tower in GCMs is one of the major uncertainties in climate

modeling (Randall et al., 2003). Aerosols are entrained from the large-scale

environment at the base of convection and subsequently vertically transported inside

the convective tower with calculation of mass and number balance at each level.

Aerosol activations for both liquid and ice phases are conducted inside the convective

cloud mass before they detrained into stratiform clouds at the cloud top.

 Compare and evaluate different ice phase parameterizations against available aircraft

and satellite data. Mixed phase, homogeneous, heterogeneous ice nucleation,

splintering of ice particles are included in the SCM to test the parameterization.

 Perform SCM simulations over different polluted and clean environments over ocean

and land to evaluate model performances against long-term satellite measurements
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and to quantify systematic biases associated with optical properties of different

phases, as well in radiation and precipitation microphysics.

 Study aerosol-cloud-radiation interaction effect on grid-scale variability of clouds and

precipitation over Indian monsoon region. Both ADE and AIE are studied as well as

longwave and shortwave forcings of different species of aerosols with possible roles

for aerosol-induced heating/cooling affecting the monsoon cycles.

1.4 Organization of thesis

Chapter 2 discusses about previous works on aerosol research related to climate

field, emphasizing on both modeling and observation perspectives. Literature review on

aerosol-monsoon research over India is also included in this chapter.

Chapter 3 describes the model physics of GEOS 4 with an in-depth look into the

different parameterizations schemes that are used in model simulation. Both liquid and

ice phase aerosols activation schemes, shortwave, longwave parameterizations as well as

autoconversion and precipitation microphysics schemes for both column version and

global counterpart are discussed in detail in this chapter.

Chapter 4 presents the sensitivity study of the SCM version of the model. SCM

simulations are conducted over ARM regions and also other different parts of the globe to

test the current parameterization. Model simulations are also evaluated against available

ground based and satellite observations with a particular emphasis on ice clouds. SCM

experiment for direct and indirect effects over Amazon and Indian region is also

discussed.
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Chapter 5 describes GCM simulations of summer months over the globe

evaluated against long-term satellite measurements. Also sensitivity of the model is tested

for direct and indirect effects with particular focus on Indian monsoon.

Chapter 6 summarizes main conclusions and implications of this study and scope

for future improvements and research.
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CHAPTER 2. Literature Review

2.1 Introduction

In this chapter, previous works on aerosol effects on climate considering both

modeling and observational viewpoints are described in detail on all the three main

aerosol effects, viz., direct, indirect and semi-direct. Past works and their present status

along with uncertainties are discussed. Sections are divided on modeling, observations,

and the aerosol effects on Indian Monsoon. And each section is arranged with a

description about overall development in past few decades, followed by the work on each

of the above mentioned three effects of aerosol. Direct effect of aerosol is both quantified

by modeling and observational study with some uncertainty (IPCC, 2007), but the

greatest uncertainty about the aerosol climate forcing is by the indirect effect of aerosols

on clouds (National Research Council, 2005). Semi-direct, mixed and ice phase clouds

effects have been explored little so far and various efforts are put together to quantify

their role in global climate-radiation budget. Aerosols role on Indian monsoon attracted

numerous field campaigns, ground and satellite observations and modeling in various

scales to understand the full microphysics and dynamics aspects.

2.2 Modeling studies of aerosol effect on climate

Numerous quantitative estimates of the direct and indirect effect of tropospheric

aerosols are carried out by using regional (meso-scale) and global scale climate models,
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such as General Circulation Model (GCM), Chemical Transport Model (CTM) and Cloud

Resolving Model (CRM). Starting from the simple box model in the past, state-of-the-art

couple models with better horizontal and vertical resolutions have been developed to

evaluate RF of natural and anthropogenic aerosol species since pre-industrial times

(Lohman and Feichter, 2005; Ghan and Schwartz, 2007). Major challenges in model

simulations are accurate treatment of aerosol number concentration (includes emission,

nucleation, condensation and removal processes), cloud-microphysics and large scale

atmospheric dynamics (Raes et al., 2000). Earlier climate models used prescribed

climatologies to describe geographical distribution of different aerosol types (d’Almeida,

et al., 1991). Present GCMs incorporate the calculation of aerosol mass interactively and

take account of the effect of meteorology (Taylor and Penner, 1994; Roeckner et al.,

1999). Sulfur cycle (Langner et al., 1992; Kasibthala et al., 1997; Chin et al., 2000a;

Koch, 2001) and carbonaceous cycle (Penner et al., 1993; Liousse et al., 1996; Cooke et

al., 1999; Scholes and Andreae, 2000) are main aerosol species that are represented in

GCMs to estimate aerosol radiative effects. Climate model studies in the last decade

shown that more complex models successfully represent the dynamics of aerosol size

distribution in the entire aerosol lifetime and also parameterize mixing (internal and/or,

external) of the main aerosol species in a more physically realistic way (Adams and

Seinfeld, 2002; Easter et al., 2004; Stier et al., 2005). Aerosol number related to the cloud

drop concentration either empirically (Boucher and Lohmann 1995; Menon et al., 2002a)

or by a physically based parameterization (Abdul-Razzak and Ghan, 2002; Nenes and

Seinfeld, 2003; Fountokis and Nenes, 2005). Conversion of cloud droplets into rain drops
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(autoconversion) is treated in the models as a function of either the liquid water content

(Sundqvist, 1978) and cloud drop size or the concentration (Khairoutdinov and Kogan,

2000).

Aerosol direct radiative forcing has been investigated in a number of global model

studies (Jacobson, 2001; Chin et al., 2000b; Koch and Hansen, 2005; Takemura et al.,

2005). In more comprehensive studies, global simulations of aerosol mass and optical

thickness were compared among 20 different models participated in the Global Aerosol

Model Intercomparison (AeroCom) initiative (Kinne et al., 2006). The simulated aerosol

optical thickness (AOT) at visible wavelength varies between 0.11-0.14 and that matches

closely with ground based measurement by Aerosol Robotic NETwork (AERONET)

(about 0.135) and satellites (about 0.15), but varies widely in regional distribution (Kinne

et al., 2006) and in the vertical profile of aerosols (Schulz et al., 2006). This discrepancy

can be further reduced by merging modeled and observed fields of aerosol parameters

through assimilation of satellite derived fields of AOT (Collins et al., 2001; Chu et al.,

2002; Yu et al., 2004; Chung et al., 2005). The mean global radiative forcing of the

anthropogenic aerosols at the top of the atmosphere (TOA) from various modeling

studies as reported in the IPCC (2007) report is –0.680.24 for clear-sky and –0.220.16

Wm-2 for all sky (Forster et al., 2007). On the other hand satellite data estimate the global

annual mean direct clear-sky and all-sky forcings by anthropogenic aerosols at the TOA

to be –1.90.3 and –0.80.1 Wm-2, which is about double the model results (Bellouin et

al., 2005). The discrepancy between model and measurement is largely due to uncertainty

in the vertical position of absorbing aerosols (such as BC) relative to clouds (Schuster et
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al., 2005; Reddy et al., 2005), and partly due to complex assumption about aerosol

properties in the models (Yu et al., 2006).

GCMs treatment of aerosol indirect effect is questionable as the scale of a GCM

grid box is too coarse to properly resolve cloud microphysics and dynamics (Penner et

al., 2006). The magnitude of the first indirect effect is sensitive to the change in droplet

concentration (Chuang et al., 2002; Kiehl et al., 2000; Menon et al., 2004), whereas that

of the second indirect effect is sensitive of the autoconversion or precipitation

microphysics parameterization (Lohmann et al., 2000; Ghan et al., 2001; Jones et al.,

2001; Quass et al., 2009).  Boucher and Lohman (1995), Chen and Penner (2005) and

Penner et al. (2006) examined a set of simulations using different model formulations to

understand how different parameterizations can affect the magnitude of the first indirect

effect. Models estimated global mean RF for cloud albedo effect varies between –0.22 to

–1.85Wm-2 (Forster et al., 2007). Uncertainties in the model estimation of the indirect

effect RF is associated with aerosol concentration and size distribution, cloud

parameterization, representation of the in-cloud updraft velocity, cloud liquid water

content, effective radius and cloud fraction variability between the models.

Past modeling work on semi-direct effect of BC particles is well summarized by

Koch and Del Genio (2010). Chuang et al. (2002) and Menon et al. (2002b), based on the

GCM study results, suggest that BC absorption is responsible for changing precipitation

pattern over Asian region. Randels and Ramaswamy (2008) and Meehl et al. (2008) used

GCM simulations to investigate the impact of BC aerosols on Indian monsoon. Lohmann

and Feichter (2001) found RF by semi-direct effect is 0.1 Wm-2. At present, globally
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averaged semi-direct RF varies from the latest IPCC (2007) estimate of 0.34Wm-2 ±0.25

Wm-2 to a more recent estimate by Ramanathan and Carmichael (2008) of 0.9 Wm-2.

Koch et al. (2009) evaluate BC model predictions from the Aerosol Comparisons

between Observations and Models (AeroCom) intercomparison project and compared

model predictions with available ground and satellite measurements.

Although unresolved problem still exist, understanding of the aerosol indirect

effect on warm clouds has improved compared to the poor understanding of the aerosol

effect on cold (mixed and ice phase) clouds. Since most of the precipitation originates

through ice phase (Lau and Wu, 2003), aerosol effects on ice clouds have important role

in the hydrological cycle. Also cold cirrus clouds (consisting of ice crystals) covers

approximately 30% of the globe and act as a major modulator of the global radiation

budget (Liou, 2002). As warm clouds always produced by water vapor condensing on

CCN, ice crystals can form through two different mechanisms. In homogenous freezing

(temperature below –40C) freezing of cloud droplets (without IN) can produce ice

crystals, while in mixed phase clouds IN facilitates the phase transition from vapor or

water to ice, also known as heterogeneous freezing (Pruppacher and Klett, 1997). Diehl

and Wurzler (2004) showed effectiveness of BC and dust particles as IN and

subsequently parameterized them in the ECHAM4 GCM to simulate “glaciation effect”

(Lohmann and Diehl, 2006). Storelvmo et al. (2008) implemented mixed phase cloud

microphysics in the Community Atmospheric Model (CAM)-Oslo GCM and found net

warming effect due to mixed-phased clouds. Klein et al. (2009) summarized

intercomparison results of single column model (SCM) and cloud resolving model
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(CRM) simulations of mixed phase clouds observed in Mixed-Phase arctic Cloud

Experiment (M-PACE) conducted in ARM facility in 2004. GCM study of aerosol

indirect effect by homogenous freezing only shows a very small effect on cloud albedo

(Lohmann and Kärcher, 2002).  Lee and Penner (2010) studied aerosol indirect effect

through changes in the IN for cold cirrus cloud and discussed various limitation of

present physically based parameterization in ice clouds.

2.3 Observational studies of aerosol effects on climate

Observational evidences of aerosol (natural and anthropogenic) effects (direct and

indirect) on the climate have been reported using ground base studies, satellite

measurements, aircraft data and various field campaigns. In the direct effect, scattering of

aerosols can be estimated chiefly by Aerosol Optical Depth (AOD or ) measurements,

which is a measure of aerosol extinction (amount of solar radiation passing through) in

the atmospheric column. Analyses of aerosol indirect effect estimates depends on various

cloud microphysical and optical properties such as, cloud effective radius, cloud drop

number concentrations (CDNC), liquid water path (LWP), cloud optical depth, cloud

albedo, cloud top temperatures and their relationship with aerosol loading.

Early work on visually estimated extinction coefficients indicate that increase in

AOD from the 1940s to the 1970s in the eastern Unites States was due to the presence of

anthropogenic aerosols (Husar et al., 1981). Regions of high AOD, based on daily

average visibility data at 7000 surface weather stations, are centered over industrial/urban

regions of North America, Europe, India, Eastern China, etc. (Husar et al., 2000). Major

field campaigns such as: the Tropospheric Aerosol Radiative Forcing Observational
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Experiment (TARFOX) (Russell et al., 1999), the Indian Ocean Experiment (INDOEX)

(Ramanathan et al., 2001b), the Aerosol Characterisation Experiment (ACE) (Bates et al.,

1998), the East Asian Studies of Tropospheric Aerosols – An International Regional

Experiment (EAST-AIRE) (Li et al., 2007) have helped to improve the understanding of

aerosol radiative forcings as well as their physical and chemical properties. Early satellite

measurement for AOD include the Advanced Very High Resolution Radiometer

(AVHRR) single channel retrieval (Ignatov and Stowe, 2002), and the ultraviolet-based

retrieval from the Total Ozone Mapping Spectrometer (TOMS) (Torres et al., 2002).

Both satellites provided global view of aerosol loading for two decades (beginning

1980s) with some limitations. While AVHRR retrievals are over ocean surface only,

TOMS has low temporal resolution and lacks aerosol altitude information. Beginning in

the late 1990s, series of more reliable satellites (passive sensors), Moderate Resolution

Imaging Spectroradiometer (Terra-MODIS; from 2000), Multi-angle Imaging

Spectroradiometer (MISR; from 2000), Clouds and the Earth’s Radiant Energy System

(CERES; from 1998), Along Track Scanning Radiometer (ATSR; from 1996) and Ozone

Monitoring Instrument (OMI; from 2004) on research and operational provided much

needed climatology of aerosol over land and ocean (King et al., 1999; Remer et al., 2002;

Kaufman et al., 2005a & b; Kahn et al., 2001; Loeb and Kato, 2002; Veefkind et al.,

1998; Schoeberl et al., 2008). Inter-comparison of AOD measurements between the

existing satellites and validation against global network of sun-photometers in

AERONET program (Holben et al., 1998) shows an accuracy of  0.050.2 (for MODIS

over land) (Levy et al., 2007).
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Aerosol direct effect can be estimated globally using present satellite retrievals

with some limitations (Kaufman et al, 2005a; Christopher et al., 2006; Yu et al., 2006;

Quaas et al., 2008). Aerosol retrievals are performed only in clear skies and make

assumptions to scale clear-sky forcing to an all-sky (clear and cloudy) forcing (Bellouin

et al., 2008). Pre-industrial aerosol concentrations cannot be inferred from satellite

assumptions, thus assuming present day natural aerosols as an approximation of pre-

industrial aerosol distribution (Kaufman et al., 2005a). Apart from these limitations,

IPCC (2007) estimated –0.50.4 (Wm-2) and Bellouin et al. (2008) estimated –0.650.10

(Wm-2) global average all-sky direct radiative forcing for anthropogenic aerosols. In

IPCC estimation, satellite observations combined with model simulations (providing

aerosol composition and size distribution) are used, while the latter calculation is based

solely on satellite and ground-base observations (Loeb et al., 2010). Various uncertainties

in satellite estimation of anthropogenic component of aerosol direct radiative forcing

include a) that apart from AOD, single scattering albedo and asymmetry factors are also

important (Haywood and Shine, 1995); b) presence of absorbing aerosol, such as BC in

the atmosphere (Chung et al., 2005; Matsui and Pielke, 2006); c) that influence of

Relative Humidity (RH) can significantly influence AOD (Kinne et al., 2004; Bian et al.,

2009); d) absence of reliable vertical aerosol information (Schulz et al., 2006); e) that

surface albedo and clouds play important role in calculation (Myhre et al., 2009).

Launched in mid-2000s, two active remote sensing sensors, Geoscience Laser Altimeter

System (GLAS) (Spinhirne et al., 2005) and Cloud and Aerosol Lidar with Orthogonal

Polarization (CALIOP) (Winker et al., 2003) are used to get vertical aerosol information
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that will resolve some of the present limitations on estimation of observational based

direct radiative force calculations.

The influence of anthropogenic aerosol on warm cloud microphysics (indirect

effect) is well supported by aircraft, in-situ and satellite observations (Schwartz and

Slingo, 1995; Brenguier et al., 2000). It is well established that CCN concentrations over

continental air masses  (1000 cm-3) far exceeds that of clean marine air (100 cm-3) (Radke

and Hobbs, 1976; Hudson, 1991). In-situ and aircraft measurements of “ship tracks” in

marine stratocumulus clouds provided the evidence that effluents from ship tracks can

change cloud microstructure by redistributing cloud water into large number of small

droplets (Coakley et al., 1987; Scorer, 1987; Radke et al., 1989; King et al., 1993).

Aircraft (Martin et al., 1994; Taylor et al., 2000) and satellite measurements (AVHRR)

(Han et al., 1998) demonstrated that increase in CCN over high aerosol loaded clouds

lead to systematically smaller cloud liquid effective radius (reff). Rosenfeld (2000) using

Tropical Rainfall Measuring Mission (TRMM) satellite showed that urban and industrial

pollution can shuts of precipitation from warm clouds over large areas. Similar study by

Andreae et al. (2004) also showed heavy smoke from biomass burning areas of Amazon,

reduces reff and subsequently delay the onset of precipitation (warm rain). Kaufman et al.

(2005b) using MODIS data over four high aerosol loaded zones over Atlantic ocean

pointed out with increasing aerosols on shallow (cloud top pressure greater than 640 hPa)

warm clouds decreased reff while cloud fraction increased. Using ground-based remote

sensors to quantify change in cloud drop size in response to change in aerosol amount,

Feingold (2003) successfully quantified the first indirect effect over Southern Great
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Plains (SGP) Atmospheric Radiation Measurement (ARM) site in Oklahoma, USA.

Many remote sensing observation studies have found correlations of aerosol number

concentrations with cloud properties to identify first indirect effect (Han et al., 1994,

Durkee et al., 2000, Pawlowska and Brenguier, 2000; Twohy et al., 2001; Liu et al.,

2003; Quaas et al., 2004). However, Sekiguchi et al. (2003) found that correlation

between these two variables can be either negative, or positive, or none depending on the

cloud locations.

Unlike aerosol direct effect, observational estimates of aerosol radiative indirect

effect remains highly uncertain (Ruckstuhl et al., 2010). IPCC (2007) estimated the

global annual mean cloud albedo effect to be –0.7 Wm-2 with a 5% to 95% confidence

range (Quass et al., 2009). The discrepancy among satellite observed AIE results from

various reasons, such as a) different cloud retrieval methods for different satellites

(Rosenfeld and Feingold, 2003); b) that satellite retrieved aerosol and cloud properties

have biases, or so-called cloud adjacency (3-D) effect that under-estimate or over-

estimate AIE (Cahalan et al., 2001; Wen et al., 2007); c) separating aerosol effect from

meteorological effects on clouds when aerosol loading is often correlated with the

meteorology (Loeb and Schuster, 2008; Menon et al., 2008; Stevens and Brenguier, 2009;

Su et al., 2010); d) cloud liquid water path (LWP) variability over locations and seasons,

as constant LWP is crucial for first indirect effect relation (Schwartz et al., 2002)  and e)

swelling of aerosols in more  humid air surrounding the clouds (Myhre et al., 2007;

Twohy et al., 2009).
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Observational studies of soot or BC on “semi-direct effect” are limited and RF

can range from warming to cooling depending on whether low-level clouds are reduced

or enhanced (Randles and Ramaswamy, 2010). Koren et al. (2004, 2008) using MODIS

data over Amazon forest fires showed BC reduces convection and boundary layer cloud

formation. Huang et al. (2006) using CERES and MODIS data, found dust aerosols over

eastern Asia can warm the clouds, evaporates cloud drops and thus show evidence of

semi-direct effect. Bollasina et al. (2008) using TOMS long-term data showed large-scale

impact on the Indian summer monsoon through aerosol induced anomalies of cloudiness

by BC present in the atmosphere.

While the GCM simulations of aerosol effect on liquid clouds has received much

attention, observational evidence between aerosol and ice clouds is very limited.

Sherwood (2002) used ISCCP (International Satellite Cloud Climatology Product) data to

show ice effective radius is smaller in regions where TOMS aerosol index is high.

However, Chylek et al. (2006) and Massie et al. (2007) used MODIS data over Indian

Ocean and concluded ice particles show little change in size with increased regional

pollution.

Jiang et al. (2008) used Microwave Limb Sounder (MLS) on Aura satellite over

dry seasons in South America to find reduced ice cloud reff associated with polluted

clouds.  Recent study by Choi et al. (2010) using active sensor like CALIOP, estimated

global variation of supercooled cloud fraction and also suggested a possible link of dust

aerosols in glaciating supercooled clouds, thus decreasing albedo.
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2.4 Modeling and observational studies of aerosol effects on Indian Monsoon

Rapid economic growth coupled with heavy industrialization in recent years over

South and East Asia, particularly over China and India results in increasing load of

particulate matter emission in the atmosphere (Guttikunda et al., 2003). The agriculture

and economy of both countries rely heavily on the summer monsoon rainfall (June to

September), which supplies most of the freshwater for the region (Wang, 2006). Change

in monsoon rainfall pattern will have adverse effect directly on nearly sixty percent of the

world’s population living in those regions (Kuhlmann and Quass, 2010). One such region

with high pollution is Indo Gangetic Plain (IGP), in the northern India (between 21ºN to

31ºN and 74ºE to 92ºE) and accounts for approximately 21% of the land area of the

Indian subcontinent (Nair et al., 2007).  Bounded by the Himalayas and Tibetan Plateau

in the north, it is one of the most fertile regions of the world with a total population of

900 million (Global Environmental Change and Food Systems, 2008). Sources of

anthropogenic aerosol in IGP ranges from fossil fuel burning, emission from industries,

transport, mining, urbanization and coal based thermal power plants (Dey and Tripathy,

2008).

Early work on aerosol over Indian subcontinent started in 1960s with in-situ

measurements of aerosol optical properties (Moorthy et al., 1999). Scientists working on

the Indian Ocean Experiment (INDOEX) field campaign first pointed out the possible

climatic effects by rising aerosols over the subcontinent (Satheesh and Ramanathan,

2000; Ramanathan et al., 2001b). They found both non-absorbing aerosols (sulfate) and

absorbing aerosols (BC), transported from the Indian subcontinent, cause surface cooling
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by blocking solar radiation from reaching the surface and thus referred to as “solar

dimming effect” (SDE) (Stanhill and Cohen, 2001). Ginoux et al. (2001) pointed that

dimming effect is global, because of continuous emission of aerosols, abundance and

diverse geographic locations of the source and long-range transport of aerosols. Long-

term (1981-2004) solar insolation measurement by ground-based pyranometers in 12

different stations over India showed average solar dimming is approximately –0.86Wm-2

per year for this period. Recent satellite studies using MODIS, MISR, POLDER, TOMS,

OMI and ground based observations using AERONET measurements show very high

AOD over the IGP that persist through the year and show strong seasonal variability (Di

Girolamo, 2004; Singh et al., 2004; Jethva et al., 2005; Tripathi et al., 2005; Ramanathan

and Ramana, 2005; Prasad et al., 2006; Dey and Girolamo, 2010). Pre-monsoon (March

through May) months over IGP are characterized by dust aerosols that are transported

from the Thar desert in the west (Prasad and Singh 2007; El-Askary et al., 2006). During

the winter months (December to February), use of biofuel burning produces BC particles

and are accompanied by various meteorological conditions (shallow boundary layer,

weak thermal convection, low temperatures and wind speed) inhibit mixing of aerosols,

thus result in frequent fog formation and disruption of day-to-day life (Tripathi et al.,

2006; Gautam et al., 2007). Chylek et al. (2006) used MODIS data over the adjacent seas

of Indian sub-continent to study aerosol indirect effect on liquid and ice clouds. Ganguly

et al. (2009) combined extinction profiles from active sensor like CALIOP with AOD,

AOD and other optical properties from AERONET to retrieve the composition and

concentration of aerosols over IGP.
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In recent years, a number of GCM studies have focused on aerosol indirect and

semi-direct effect role on modulating Indian summer precipitation and its regional trend

(Menon et al., 2002b; Ramanathan et al., 2005; Chung and Ramanathan, 2006; Lau et al.,

2006a & b; Meehl et al., 2008; Randles and Ramaswamy, 2008; Collier and Zhang, 2009;

Sud et al., 2009; Krishnamurthy et al., 2009; Liu et al., 2010). Menon et al. (2002b)

showed using a GCM with specified sea surface temperature (SST) that atmospheric

heating by increasing concentration of BC might be responsible for weakening of

summer Asian monsoon since the 1970s. Ramanathan et al. (2005) showed that global

dimming causes a multi-decadal weakening of the Asian monsoon by reducing the

meridional surface temperature gradient between the Asian land mass and the Indian

Ocean. Lau et al. (2006a) used NASA finite volume atmospheric GCM (fvGCM) and

proposed “elevated heat pump” (EHP) hypothesis. According to the EHP hypothesis, dust

and BC accumulated in the Himalayan foothills during pre-monsoon seasons accelerates

heating in the upper troposphere through absorption of solar radiation. As the warm air

rises, it draws more warm moist air from below leading to enhance convection and

increased summer monsoon rainfall over northern India. In summary, model simulation

suggest that aerosol induced changes in the atmosphere lead to an anomalous rainfall

pattern over India (with more rainfall in late spring and early summer over northern

India, but reduced rain over all India in late summer) (Lau and Kim, 2006b). Sud et al.

(2009) used the same fvGCM to study over Indian summer monsoon and found both the

direct and indirect effect of aerosols work in concert to increase the optical thickness of

the atmosphere, reduce the solar radiation reaching the surface and modify the
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temperature profile of the atmosphere to affect the moist convection, which is the major

source of the summer monsoon precipitation.

Exact relationship to SDE and EHP to the possible aerosol effect on regional re-

distribution of rainfall over different phases of the summer monsoon is still unknown.

However, statistical analyses of all available long-term trends in Indian monsoon rainfall

have been varied (Joseph and Simon, 2005; Goswami et al., 2006; Kumar et al., 2006;

Dash et al., 2009). Observational study by Bollasina and Nigam (2008) suggested that

although aerosols are associated with deficient precipitation in early spring (as proposed

by EHP hypothesis), atmospheric-land surface feedback actually strengthens the

monsoon in subsequent summer months. The importance and potential impacts of

aerosol-land-atmosphere interactions are well summarized by Niyogi et al. (2007). Meehl

et al. (2008) used couple climate model with a time-evolving global distribution of BC

aerosols with all other natural and anthropogenic forcings being fixed to their pre-

industrial values. Present day BC distribution was generated by satellite assimilation of

optical depths and CTM. Meehl et al. (2008) showed BC direct radiative forcing may

weaken the surface temperature gradient between the tropical waters and Indian land

mass, which could serve as the forcing mechanism on the circulation and subsequent

rainfall. Recent study using long term (1979-2007) Microwave Sounding Unit (MSU)

sensor indicates annual mean warming rate over NW Himalayan region (0.26ºC/decade

±0.8ºC/decade) in the pre-monsoon region is strongly influenced by dust aerosols

(Gautam et al., 2009). Prasad et al. (2009) further discussed the possible consequences of

this warming trend in Himalayan region, as this warming can melt glaciers that are major
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water resources in the Indian subcontinent. Chung et al. (2010) used model simulations

constrained by satellite observations over Asia to estimate anthropogenic all-sky aerosol

forcing and found average of –1.3 Wm-2 value for TOA and –2.3 Wm-2 value for BC

only.
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CHAPTER 3. Model Description

3.1 Introduction

Global Circulation Models (GCMs) have been successfully used to realistically

depict monthly and seasonal patterns in the troposphere. For global impact studies of

aerosol on climate and water cycle, including feedback between forcing and response,

GCMs are very useful tools. GCMs used for climate simulation studies often use a

horizontal resolution between 100 to 400 km. Cloud microphysical processes on the other

hand, occur at a much smaller scales. Thus parameterization have been abundantly use as

the only viable means of representing various subgrid-scale interactions. However,

parameterizations of clouds and cloud processes has long been recognized as a major

weakness in GCMs and much efforts has therefore been devoted towards the

improvement of cloud parameterization for climate models (Ghan et al., 2000). Recently

Single Column Models (SCMs) has emerged as an alternative testbed for climate model

parameterizations (Randall et al., 1996; Somerville and Iacobellis 1999). SCMs use the

same physics as their parent GCM, but with a single GCM grid column to compute the

cloud formation and radiative transfer processes inside that column (Betts and Miller,

1986). Because a SCM has one vertical dimension, it is very fast and practical to explore

parameterizations of cloud-radiation processes by making hundreds or even thousands of

integrations, which is impossible with a full GCM. In the present study, NASA/Goddard
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Space Flight Center’s Goddard Earth Observing System finite-volume General

Circulation Model (GEOS fv-GCM) version 4 with Microphysics of Clouds with the

Arakawa-Schubert Scheme (McRAS) is used for all model simulations. Section 3.2

describes the design features of McRAS, followed by various parameterization schemes

and modules adopted in droplet activation, aerosol mass, precipitation, radiation inside

the model.

3.2 Design of McRAS

The climatic impact of aerosol is investigated by GEOS-4 fv-GCM, with a

horizontal resolution of 2 X 2.5 and 55 vertical levels (from surface to 0.01 hPa). The

dynamical core of this finite volume has a horizontal discretization built upon the flux

from semi-Lagrangian transport Algorithms (Lin and Rood, 1997). The vertical structure

is based on the Lagrangian control volume concept (Lin, 1997). The model uses

prognostic cloud water scheme of McRAS developed and evaluated by Sud and Walker

(1999 a, b). McRAS relies on the Moorthi and Suarez (1992) design of the Relaxed

Arakawa-Schubert Scheme (RAS) for convective condensation and mass flux, Tiedtke

(1993) scheme for cloud water tendencies, DelGenio et al (1996) algorithms for cloud top

entrainment instability. McRAS was subsequently upgraded to make the boundary layer

convection consistent with RAS convection (Sud and Walker, 2003, 2004), and reduced

the excessive boundary layer clouds. Sud and Lee (2007) included a comprehensive

aerosol indirect effect (AIE) parameterization with a new precipitation microphysics

developed for a coarse resolution model. McRAS explicitly provides for three types of

clouds: convective, stratiform and boundary layer. All these cloud processes occur
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Figure 3.1. Schematic representation of all three-cloud types produced by McRAS in
GCM. (a) Convective, large-scale and boundary layer clouds displayed side-by-side, (b)
layer by layer cloud microphysics of convective towers, (c) in-cloud condensation and
growth of large scale clouds. The figure is taken from Sud and Walker 1999(a).
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simultaneously in the model and the clouds convect, diffuse as well as advect both

horizontally and vertically (Sud and Walker, 1999b).

Figure 3.1 shows all the three cloud types simulated using McRAS. In the

convective condensation produced by RAS assumes presence of cloud base exist at the

top of a model layer when relative humidity is >90% (Sud and Walker, 1999a). The

relative humidity criteria ensures that the lifting condensation condition is attainable in

convection either through turbulent eddies or subgrid-scale inhomogeneity of temperature

and humidity (Emanuel et al., 1994). Total energy required to maintain the convective

mass flux (with precipitation loading and some momentum dissipation) is provided by the

thermal buoyancy, known as Critical cloud work function (CCWF). It is first introduced

into moist convection by Lord et al. (1982), representing the minimum amount of the

buoyancy energy required to perform such ascent(s). The stratiform clouds emerge when

the average relative humidity in a layer exceeds a statistically derived threshold value. If

the relative humidity falls (rises), the clouds can evaporate (condense) the in-cloud water

(vapor) to maintain the in-cloud saturation vapor pressure (Sud and Walker, 1999a). The

boundary layer (BL) clouds are produced by BL convection that almost always

commences as dry convection. If rising BL eddies become saturated (as a consequence of

adiabatic cooling) before detrainment at or below the level of inversion, the detraining

BL eddy is cloudy and deposits excess water vapor as cloud condensate.

The convective clouds generate precipitation during ascent and subsequent

detrainment at the level of neutral buoyancy (Sud and Walker, 2003). However, they

slowly transform into stratiform clouds (on the prescribed timescale of 1 hour). The cloud
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fractions that get converted to the stratiform clouds employ microphysical constants for

the stratiform as opposed to convective clouds.  However, a proportionate amount of

average-cloud fraction sinks and evaporates as a result of cloud-scale subsidence. For all

clouds, conversion of condensate into precipitation is carried out by Sundqvist (1988,

1993) algorithms. The algorithm has internal adjustments for ambient temperature,

Bergeron–Findeisen process of ice crystal growth, and collection by precipitating

hydrometeors falling through the cloud (Sundqvist, 1988). The momentum equation of an

entraining and ascending convective cloud is integrated with full cloud microphysics to

infer condensation and precipitation. The solution gives the updraft velocity, cross-

sectional area, as well as the cloud ascent time per unit height. Of the total available

precipitation, a fraction must be swept aloft with the updraft. For this calculation,

Marshall–Palmer (1948) size distribution of hydrometeors, whose terminal velocity is

available as a function of diameter from the experiments of Kinzer and Gunn (1951), is

used. McRAS in a Single Column Model (SCM) is evaluated against with the Global

Atmospheric Tropical Experiment (GATE) Phase III data and it shows that together with

the rest of the model physics, McRAS can simulate the observed temperature, humidity,

and precipitation without discernible systematic errors (Kim et al., 2006).

3.3 Droplet Activation

3.3 1. Liquid Clouds

Köhler (1936) provided the theoretical foundation for the physics of nucleation of

cloud drops by aerosols as a function of particle size, aerosol solubility and associated

ionization of the soluble aerosols. The equation also introduced the concept of Cloud
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Condensation Nuclei (CCN), which is a fraction of the aerosol in the atmosphere that

attains critical radii in the ambient vapor field to become cloud droplets (Curry and

Webstar, 1999). Köhler  equation is
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where, pw is the droplet water vapor pressure, P0 is the corresponding saturation

vapor pressure over a flat surface, σw is the droplet surface tension, ρw is the density of

pure water, s is the moles of solute, Mw is the molecular weight of water, and Dp is the

cloud drop diameter. Figure 3-2 shows Köhler curve, which is a combination of Kelvin

effect (describes the change in the saturation vapor pressure due to a curved surface) and

Raoult law (relates the saturation vapor pressure of the solute).

Figure 3.2. Equilibrium supersaturation over the surface of a droplet from Köhler
Equation. The green curve is for pure water droplet, blue curve from bulk solution
surface and the red curve for a solution droplet. The peak of the equilibrium curve shows
the critical point.
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The chemical complexity and heterogeneity of global aerosol can have an

important effect on activation and must be included in aerosol-cloud interaction studies

(Nenes et al., 2001). One of the most comprehensive parameterizations developed by

Fountoukis and Nenes (2005) that treat internally or externally mixed aerosol with size-

varying composition and can include the depression of surface tension from the presence

of surfactants, insoluble species and slightly soluble species within a framework in which

minimal amount of empirical information is used. In an adiabatic parcel the rate of

change of the supersaturation, s, for a cloud parcel that ascends with a constant vertical

velocity, V, is represented by (Seinfeld and Pandis, 1998)

dt
dwV

dt
ds                       (3.2)
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where Hv is the latent heat of condensation of water, T is the parcel temperature,

Mw is the molecular weight of water, g is the acceleration of gravity, Ma is the molecular

weight of air, cp is the heat capacity of air, ps is the water saturation vapor pressure, p is

the ambient pressure, dW/dt is the rate of condensation of liquid water onto the drops,

and R is the universal gas constant. V term represents the tendency of supersaturation to

increase from the cooling of the parcel, while dw/dt term expresses the tendency of

supersaturation to decrease because of depletion of water vapor by the activated droplets.
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Seinfeld and Pandis (1998) determined the rate of growth of a drop of diameter Dp

as
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where ka is the thermal conductivity of air, Dv is the water vapor diffusivity, and seq is the

equilibrium supersaturation of the droplet. This state-of-the-art activation scheme is

adopted in the GEOS-4 GCM to provide a formulation of the parameterization for a

lognormal description of the aerosol size distribution.

Barahona et al., (2010b) added a correction to the activation parameterization for

lognormal distribution. They found large CCN’s (or giant CCN) couldn’t attain their

equilibrium size during the typical timescale of cloud activation. Cloud activation

parameterizations applied to aerosol with a large fraction of large CCN often do not

account for this limitation adequately and can give biased predictions of cloud droplet

number concentration (CDNC).  Accounting for the giant CCN are incorporated in the

liquid cloud activation scheme of the present SCM as well as GCM.
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3.3 2. Ice Activation

Aerosols can also act as an Ice Nuclei (IN) from both homogeneous freezing of

solution droplets formed on soluble cloud condensation nuclei (CCN) at temperatures

less than −37°C and heterogeneous freezing of ice by insoluble or partially insoluble

particles (Pruppacher and Klett, 1997). Influence of IN on radiative budget largely remain

uncertain due to very poor representation of them in models. Liu and Penner (2005) ice

microphysics along with Liu et al. (2007) mixed-phase clouds are applied in the present

model. Both liquid and ice activation parameterizations in GEOS-4 GCM are applied for

convective and large-scale clouds.

For homogeneous nucleation, the effective freezing temperature is computed from

the equations of Sassen and Dodd (1988); as a function of size and molality of the cloud

solution droplet and is given by

meff TTT         (3.4)

where Teff is effective freezing temperature, T is droplet temperature, Tm is equilibrium

melting point depression; all temperatures are expressed in degree Centigrade. The

constant  is an empirical coefficient for suppression and/or enhancement of nucleation

temperature due to non-ideal interaction between condensed water and solute ions.

DeMott et al. (1997) gave a polynomial expression for estimating Tm as follows:

 i
im McT                 (3.5)

where Mi is molality of solution and ci are coefficients of the polynomial with index i

ranges from 1 to 4. DeMott et al. (1994) expression for freezing rate of pure water given

by



39

y
hfJ 10                          (3.6)

where Jhf  (in cm-3sec-1) is the rate at which ice germs are produced from liquid water

(homogeneous freezing) and the exponent Y is approximated by expression Heymsfield

and Milosevich, (1993)

 4432 10536.1)0265.0()7439.1()611.52(3952.606 cccc TXTTTY  (3.7)

where Tc is in Centigrade. Droplet sizes and molality are inferred from the well-known

Kohler equation (Kohler, 1936). Accommodation coefficient is defined as probability for

a vapor molecule that hits the droplet surface to be incorporated into the bulk liquid.

Liu and Penner (2005) used a threshold relative humidity with respect to water

(RHw, %) for homogeneous ice formation which was fitted as a function of the

temperature at which freezing commences (T, °C) and the updraft velocity (w, m s−1) as

CBTATRHw  2                        (3.8)

where A = 6 × 10−4 lnw + 6.6 × 10−3, B = 6 × 10−2 lnw + 1.052, and C = 1.68 ln w

+ 129.35.

Heterogeneous ice nucleation takes place in presence of IN by four different

mechanisms namely deposition nucleation, immersion freezing, contact freezing and

condensation freezing (Curry and Webster, 1999). However, in the present study only

deposition (for dust) and immersion (for black carbon) nucleation are considered. Dust

deposition nucleation rate is calculated using the classical theory (Pruppacher and Klett,

1997). Ice-germ formation from the water vapor (Fg,S ) is given by
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where Mw is molecular weight of water, i,v is surface tension at ice-water interface, R is

universal gas constant, T is temperature, i is density of ice, Sv,i is saturation ratio of moist

air with respect to plane ice surface, mi,v is the wettability parameter (cosine of contact

angle with water) at the ice-vapor interface. Fletcher (1962) defined f(mi/v, x) as the

geometric factor, a function of geometry of spherical cap and aerosol particle with radius

rN and critical radius rg, with x = rN/rg (Equation 9-22, Pruppacher and Klett, 1997).

Nucleation rate per particle in deposition nucleation (Jhetd) is given by
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where ZS is Zeldovich factor for surface nucleation (Pruppacher and Klett, 1997), e is

partial pressure of water vapor, mw is mass of water molecule, c1,S is concentration of

vapor molecules in the monolayer on the surface, k is Boltzmann’s constant and S means

supersaturation.

3.3.3  Mixed-Phase Clouds

Contact freezing nucleation (by dust aerosols) and Bergeron–Findeisen process of

vapor depositions on water droplets are the two mechanisms operate in mixed-phase

regime (temperature between -3C and -35C) in the GEOS-4 model. Contact freezing

through Brownian coagulation with insoluble IN uses Young (1974) formulation. The

change in ice-number concentration is

0

4


 cntcntdv
cnt

DNNrJ                (3.11)
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where rv is the volume mean droplet radius (micron), Nd is the number concentration of

cloud droplets, ρ0 is the air density, Dcnt is the Brownian aerosol diffusivity, and Ncnt is

the concentration of contact IN, which is parameterized by

  3.116.270 TNN dustcnt               (3.12)
where Ndust is the number concentration by different dust size bins and T is temperature in

Kelvin. The Brownian aerosol diffusivity (Dcnt) is given by

cnt

cB
cnt r

TCKD
6

                                      (3.13)

where KB is the Boltzmann constant, μ is the viscosity of air, rcnt is the aerosol number

mean radius, and Cc is the Cunningham correction factor.

Vapor deposition on ice crystals follows Rotstayn et al. (2000) scheme, where

water vapor deposition on ice crystals is allowed only when the temperature is less than

0°C and when there is cloud ice existing in the grid cell. When there is cloud ice (e.g.,

from the contact freezing of cloud liquid in mixed-phase clouds), vapor deposition on ice

starts (Zhang et al., 2005). The vapor deposition scheme, allows explicit treatment of the

Bergeron–Findeisen process (in which crystals grow at the expense of evaporating or

collected cloud droplets), rather than simply diagnosing the condensate phase from

temperature (Liu et al., 2007). Rotstayn et al. (2000) formulated the total amount of cloud

ice water that is converted from water vapor in a time step Δt in the grid box by
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where qi0 = max(mi0Ni/ρ0, qi) and qi is the grid average cloud-ice mixing ratio

prior to the vapor deposition calculation, and mi0 is the initial mass of ice crystals. The

rate constant cs
vd is given by
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where χ is the diffusivity of water vapor in air, which varies inversely with pressure p as χ

= 2.21/p in SI units, Ls is the latent heat of sublimation of water, Rυ is the specific gas

constant for water vapor, Ka is the thermal conductivity of air, esi is the saturation vapor

pressure with respect to ice, and ρi is the ice crystal density. The water vapor deposition

on ice crystals is allowed only when the temperature is less than 0°C and when there is

cloud ice existing in the grid cell.

3.4 Precipitation Microphysics

Cloud condensation alone can not produce precipitation size particles and thus

precipitation formation consists of a collection process in which cloud droplets/ice

particles collide and coalesce to form a larger drop (Rogers and Yau, 1989). Figure 3.3

shows the growth rate of a drop by condensation and accretion process. Below ~20 m

radius, diffusion (condensation) is the dominant process, and above 20 m accretion is

dominant. Seifert and Beheng (2001) explicit rate equations for autoconversion, accretion
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and selfcollection process, which has been used in the model for precipitation

microphysics. However, Sud and Lee (2007) introduced a correction into Seifert and

Beheng (2001) to allow vertical resolution dependence of accretion.

Figure 3.3. Droplet growth rate only by diffusion (dashed) and by accretion (dotted)
(Curry and Webster, 1999)

Auto-conversion transforming cloud water to rainwater following (Seifert and

Beheng, 2001, 2006) is
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where, Lc is cloud water content (kgm-3) , K is accumulated constant for autoconversion

(m3kg1s-1), Nc cloud drop number concentration (m-3), Lr is rain water content (kgm-3), x*

is cloud drop mass separator (kg), kc is cloud water kernel (m3kg-2s-1).

3.5 Cloud drop size distribution

McRAS uses Khvorostyanov and Curry (1999) solution of stochastic collision

equations in the form of generalized Gamma distribution which is used for calculating

cloud effective radius for both liquid and ice phase clouds. In the Gamma-distribution

ratio of effective radius, re to the volume radius rv is given as
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exponent p depends on the vertical velocity. Khvorostyanov and Curry (1999) showed p

varies between 1 to 10, whereas ratio of effective radius to the volume radius varies

between 1.09 to 1.39. Mean volume radius (rv) calculated from cloud droplet number

concentration and cloud water content as
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Cloud effective radius and optical thickness profile for both liquid and ice phases

are provided to calculate surface and TOA radiation fluxes.

3.6 Radiation

Radiaiton modules of GEOS-4 GCM uses Chou and Suarez (1994 & 1999) and

Chou et al., (1998) for both shortwave (SW) and longwave (LW) bands. In the SW, the

spectrum is divided into 8 bands in the ultraviolet (UV) (between 0.175 to 0.400 m
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wavelength) and phtosynthetically active (PAR) regions (0.4 to 0.7 m) with single

ozone absorption coefficient and Rayleigh scattering coefficient of each band (Chou and

Suarez, 1994). Ozone absorption is accounted for all nine SW bands. Reflection and

transmission of cloud and aerosol layers are calculated using the -Eddington

approximation and fluxes are computed with a two-steam adding model. Spectral data

provide by Fu (1996) for ice clouds and Tsay et al. (1989) for water clouds are used to

derive effective band-mean single scattering albedo, extinction coefficient and

asymmetry factor. For all SW single-scattering properties, the spectral distribution of

TOA incident irradiance is used as weight to average monochromatic into wide-band

properties. This is an approximation since the solar irradiance reaching the top of a cloud

is modified by upper cloud (when present) and gaseous absoptance (not an issue for the

LW because the weighting factor is the Planck function at a nominal atmospheric

temperature).

LW bands are divided into nine bands between 0 to 3000 wavenumber (/cm) and

narrow band 10 is used between 540 to 620 wavenumber (/cm) to compute flux reduction

due to N2O (Chou and Suarez, 1999). Plank-weighted flux transmittances for gaseous

absorption are computed using three different approaches. For water vapor absorption, k-

distribution method with linear pressure scaling is used, while pre-computed

transmittance tables based on two-parameter scaling is used to compute CO2 and O3

absorption in 15 and 9.6 m bands respectively. Water vapor continuum absorption is

computed using one-parameter scaling approach (Chou and Suarez, 1998). Both SW and
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LW versions are structured in a way to accept profile of cloud optical depth, effective

radius and cloud fraction separately for both liquid and ice clouds as well as aerosols.

In the radiation parameterization, water droplets are assumed spherical with a log-

normal size distribution following Tsay et al., (1989). The effective radius of the cloud

particle is computed from the liquid water content following Szczodrak et al. (2001). The

effective size of ice-crystals is parameterized as a function of temperature and in-cloud

ice content following McFarquhar and Heymsfield (1998). The single scattering

properties of a CDNC at any specific wavelength were obtained for spherical particles

from Mie calculations, which have shown that the key parameter is effective radius while

the exact shape of the size distribution plays only a minor role. Parameterization of ice

particle distribution optical properties is far more challenging than that for droplets due to

the complex, and in most cases, unknown shape of ice crystals. For both water and ice

clouds, optical thickness t, single-scattering albedo v , and asymmetric factor g , for each

spectral broad-band are parameterized as a function of effective particle size following

Slingo and Schrecker (1982) which consists basically of polynomial fits (of degree -1 for

extinction and degree 2 for v and g, for the SW; of degree 3 for all LW optical properties)

as a function of re. The range of applicability of the polynomial fits is 4 to 20 µm for

liquid droplets as opposed to the wider range of operational satellite retrieval algorithms

(e.g., for MODIS it is 3 to 30 µm) (Platnick and Oreopoulos, 2008).

Cloud-radiation interactions are computed using vertical overlapping among

clouds, taken from Chou and Suarez (1994) assumption of three randomly overlapped

super layers. Each of the super layers maintains maximally overlapped clouds within
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itself. The super-layers are named as shallow (surface to 700 hPa), mid-level (700-400

hPa) and deep (above 400 hPa) clouds and such assumption enables cloud overlapping

remain independent of the vertical resolution of the model (Sud and Lee, 2007).

3.7 Aerosol Module

Global aerosol forcing is prescribed from monthly climatologies (interpolated to

daily values) of four-dimensional datasets of each of the five aerosol species (dust, black

carbon, organic carbon, sulfate and sea salt) derived from the Goddard Chemistry

Aerosol Radiation Transport (GOCART) model (Chin et al., 2002) that was forced with

available aerosol emission data and analyzed wind fields for advection (Ginoux et al.,

2001; Nakajima, 2001). The data have been extensively validated against the satellite and

other in-situ observations (Ginoux et al., 2001; Nakajima, 2001; Chin et al., 2002). There

are 8 dust particle size ranges used in GOCART model ranging from 0.1 to 10 µm, and a

dust generating parameterization, which is a function of the surface wind, soil types and

surface depression (Ginoux et al., 2001). The source functions for other aerosol species

are prescribed from observed climatologies (Chin et al., 2002). The extinction coefficient

(λ), single scattering albedo (ω), and the asymmetric factor (g) for each aerosol type are

computed for 11 broad wavelength bands from Mie theory as a function of the ambient

relative humidity with both SW and LW forcing included (Kim et al. 2006).

The internally mixed monthly-mean aerosol climatologies of the Model for

Integrated Research on Atmospheric Global Exchanges modeling system (MIRAGE) are

used (Easter et al., 2004) for aerosol indirect effect (AIE). The monthly aerosols data was

linearly interpolated to provide daily data for each aerosol at each GCM grid cell.
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3.8 SCM version of GEOS-4

Single Column Model (SCM) uses same physics of GCM along with all other

modules and parameterizations. However, unlike GCM, it needs lateral boundary

conditions to force the model. The data required to drive SCM simulations include

vertical profiles of temperature, water vapor, and condensed water  (for initialization),

time series of surface temperature, surface pressure, and surface fluxes of sensible and

latent heat (for surface boundary conditions), and time series of vertical profiles of the

large-scale vertical motion, the large-scale horizontal pressure gradient, and of the

tendencies of temperature, water vapor, and condensed water due to horizontal advection

(for lateral boundary conditions) (Ghan et al., 2000). In this dissertation, all lateral and

surface fluxes are available to the SCM at hourly intervals and are taken from four

dimensional data assimilation (4DDA) analysis of Atmospheric Radiation Measurement

(ARM) observations (Xie et al. 2004). Together with physical tendencies, prognostic

temperature and water vapor fields at every time steps are computed.

For SCM evaluation of model parameterizations, ARM data resource of surface

observations are used extensively for cloud water, cloud fraction, radiation (albedo,

OLR), cloud effective radius and optical thickness fields. Majority of the simulations are

conducted over Southern Great Plain (ARM-SGP) site where 3 year continuous forcing

(1999-2001) to drive SCM is available. With aerosol climatology from GOCART and

MIRAGE over ARM-SGP, 3-year continuous forcing run of SCM have been used

extensively to compare against ground and satellite measurements of various fields. Also,

ARM locations at North Slope Alaska (NSA) and Tropical Warm Pool (TWP) over
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Australia forcing data (short duration) have been used to drive SCM to test the sensitivity

under different conditions of atmosphere. Apart from ARM locations, several other

locations over the globe have been used for SCM evaluations following Andreae (2009)

on “pristine” and “polluted” locations over the ocean and land.

3.9 Summary and Evaluation of GCM

Version 4 of the Goddard Earth Observing System (GEOS-4) atmospheric general

circulation model (GCM) with aerosol cloud interaction physics has beend used for

simulating the direct and indirect effects of aerosol. The GCM cloud physics, i.e. McRAS

was developed by Sud and Walker (1999) and subsequently improved to address specific

simulation deficiencies (Sud and Walker, 2003, 2004). A comprehensive AIE

parameterization with new precipitation microphysics developed for coarse resolution

model (Sud and Lee, 2007). The AIE package of McRAS consists of : Fountoukis and

Nenes scheme (2005) aerosol activation for liquid cloud particles, Seifert and Beheng

(2001, 2006) precipitation microphysics modified for a coarse resolution GCM (Sud and

Lee, 2007), Khvorostyanov and Curry (1999) scheme for inferring effective radius and

optical properties of clouds, and Liu and Penner (2005) parameterization for ice and

mixed phase clouds. McRAS together with the above mentioned 4 modules is named as

McRAS-AC (Aerosol Activation) (Sud et al. 2009).

The present fvGCM has been used in several studies for aerosol-cloud

interactions. Sud and Lee (2007) evaluated SCM version of the model over ARM-SGP

for liquid cloud optical properties. Coupled with a ocean model, Lau and Kim (2006)

used McRAS and found that the radiative heating by elevated absorbing aerosols



50

accumulated over the southern slope of the Himalayas can trigger a convective water

cycle feedback that effects the moist convection over northern India. Krishnamurti et al.

(2009) simulated an observationally supported influence of Bombay plume on winter

monsoon in and around India, while Wilcox et al., (2009) found a reasonable sensitivity

of North and South American aerosols on the circulation and rainfall, both using

McRAS-AC. Moreover, Sud et al. (2009) found both the direct and indirect aerosol

effects over Africa and India work in concert to increase the optical thickness of the

atmosphere, reduce the solar radiation reaching the surface, and modify the temperature

profile of the atmosphere to affect moist-convection, which is the major source of the

summer season precipitation. Accordingly, even though the GCM simulated aerosol

climatology and circulation characteristics were different over India and Africa, the

overall AIE simulated effects were similar.

Despite the successful evolution of the fvGCM GEOS-4 model over the past

years, it has several biases that are addressed in the present dissertation. One of which is

in the ice nucleation where insufficient ice number concentrations are observed over the

tropics. According to Liu and Penner (2005) ice nucleation mechanisms described above,

new parameterizations by Barahona and Nenes (2008) and Barahona et al., (2010a) are

successfully implemented in SCM. Both the new schemes are based on first principle,

that differs from Liu and Penner (2005) scheme which take much empirical approach.

Both of these parameterizations involving homogenous freezing and heterogeneous IN

are evaluated in SCM against observations under different conditions. Second, liquid and

ice phases inside convective tower are separated (from an earlier single phase) to
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calculate mass and number. Mixed phase clouds inside the convective tower is introduced

to calculate mass and number change which ultimately transforms in the large scale

cloud. Third, more extensive evaluation of the model (both SCM and GCM) is conducted

to characterize any biases/limitations in cloud optical properties and radiations that may

affect aerosol-cloud-radiation interaction quantifications.
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CHAPTER 4. Results and Discussion: Single Column Model (SCM)

4.1 Introduction

The importance of aerosols and their implications to the regional and global

climate has been investigated by global circulation and chemistry models as well as by

earth observing satellites. Quantifying the impact of aerosols on cloud properties remains

a large source of uncertainty in estimating anthropogenic climate change. The state-of-

the-art parameterizations in Global circulation models (GCMs) include droplet growth,

precipitation and radiation processes to resolve various complex processes in the

atmosphere and infer aerosol-cloud interactions. Despite scores of studies showing

climate sensitivity to aerosols (IPCC, 2007), many global models, lack a fully prognostic

parameterization for aerosol-cloud radiative forcing. In the present study a fully

prognostic aerosol model with natural and anthropogenic sources/sinks and physical and

dynamic interactions (Chin et al., 2004) is used. NASA/GSFC GEOS-4 model physics

with McRAS convective scheme and up-to-date activation schemes for liquid and ice

clouds as well as for autoconversion process, and precipitation microphysics is used to

simulate aerosol-cloud-radiation interactions. Cumulus convection is one of the most

important processes in the climate system and McRAS convective scheme developed by

Sud and Walker (1999a) and updated Sud and Walker (2003) is used for simulation.
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GCM version of this model has been used to infer direct aerosol effects on the tropical

circulation over Indian Monsoon (Lau and Kim, 2006a). Lee and Sud (2007) upgraded

the model physics further to simulate aerosol indirect effect for water clouds.

In this chapter, SCM version of GEOS-4 model is used to simulate precipitation,

optical properties of liquid and ice clouds and radiation quantities and their seasonal

variations. As column models ignore the advection outside the single grid, it is a perfect

tool to test various parameterizations used as well as test the sensitivity and quantify

biases associated in the model physics. SCM performance is carefully evaluated against

observations, both ground and satellite, to address the biases followed by subsequent

update in GCM version of the model. SCM simulations are conducted primarily over

Atmospheric Radiaiton Measurement - Southern Great Plains (ARM-SGP; approximately

400 km × 350 km bounded by 35.12°–38.31°N and 95.55°–99.33°W) site that is heavily

instrumented to gather massive amounts of climate data. Lateral and surface fluxes to run

the SCM are provided by the forcing data following Xie et al (2004) using constrained

variational analysis approach. There are several ARM- Intensive Operational Period

(IOP) forcing data available which are mostly of short duration (ranging between few

days to 2 months). As two-years of climatology of the aerosol used in the SCM to view

long-term seasonal variations of various cloud microphysical and optical properties, a

three year (1999-2001) continuous forcing data set has been used over ARM-SGP

location. SCM simulations determine whether a) model’s precipitation climatology is

reasonable, b) cloud water and its annual cycle is realistic, c) vertical structure of cloud

fraction is reasonable, d) cloud effective radius and optical thickness is realistic and e) the
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model shows sensitivity to changes in the tunable constants of the parameterizations and

the aerosol mass concentrations. Simulated model parameters are compared extensively

against available ground and satellite observations to evaluate model performance.

Section 4.2 describes seasonal variations of SCM simulated quantities over ARM-

SGP location. ARM surface and satellite observations are compared against SCM

simulations in section 4.3. SCM simulations over other ARM sites and other parts of the

globe are discussed in 4.4 followed by testing of model sensitivity in section 4.5 and 4.6.

4.2 Simulated seasonal variations over ARM-SGP

4.2.1. Aerosol climatology in GOCART & MIRAGE dataset

Aerosol mass and its vertical distribution are prescribed from The Georgia

Figure 4.1 GOCART sulfate aerosol data over ARM-SGP a) annual vertical variations, b)
time averaged vertical distribution, and c) vertically integrated yearly variation, all in
g/m3.
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Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport

(GOCART)model (Chin et al., 2002). The GOCART model uses the assimilated

meteorological fields of the Goddard Earth Observing System Data Assimilation System

(GEOS DAS), generated by the Goddard Global Modeling and Assimilation Office

(GMAO). GOCART has a horizontal resolution of 1 deg by 1 deg, and 20-55 vertical

sigma layers. For the present study, GOCART vertical layers are interpolated to 17 levels

of the SCM. The aerosol data are monthly averaged climatology of a two-year model

simulation (Chin et al., 2002). Figure 4.1 shows the annual cycle of sulfate aerosol (SO4),

dominant aerosol species over ARM-SGP site. The figure shows the mass distribution of

Figure 4.2 Seasonal variations (left panel) and time averaged (right panels) of GOCART
simulated aerosol mass of a) BC+OC, b) Sea Salt and c) Dust over ARM-SGP. All units
are in g/m3.
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sulfate (g/m3), reaches minimum during summer months (due to washout by frequent

convective as well as large-scale rainfall) followed by a build up in winter and spring.

Other than sulfate, BC (hydrophobic) and OC (hydrophilic), dust and sea salt aerosol

species from GOCART are used in the SCM.  Figure 4.2 shows the seasonal variations of

black carbon, sea-salt and dust over ARM-SGP.

Aerosol activation is a function of aerosol species, aerosol particle hygroscopicity

and size distribution, and the internal mixing among different species. Model for

Integrated Research on Atmospheric Global Exchanges (MIRAGE) treats both external

Figure 4.3 MIRAGE sulfate aerosol data over ARM-SGP a) yearly vertical variations and
b) time averaged vertical distribution, and c) vertically integrated yearly variation, all
units are in g/m3.



57

and internal mixtures of multiple aerosol components in a consistent manner for both

water uptake and aerosol activation (Easter et al., 2004). MIRAGE uses mass for multiple

components in multiple modes, and hence allows the aerosol size distribution to change

in response to a variety of aerosol atmospheric and microphysical processes. Figure 4.3

shows the seasonal and vertical distribution of sulfate aerosols mass over ARM-SGP,

while 4.4 shows the distribution of black carbon, sea-salt and dust aerosols masses.

Figure 4.4 Seasonal variations (left panel) and time averaged (right panels) of MIRAGE
internally mixed simulated aerosol mass of a) BC+OC, b) Sea Salt and c) Dust over
ARM-SGP. All units are in g/m3.
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Initial simulations of McRAS-AC showed highly varying results for using

different aerosol data set viz., GOCART and MIRAGE (both internal and external

mixing), which attributed to insufficient cloud optical thickness over the oceans in GCM

simulations. The biases were largest in the ITCZ region of the Tropical Pacific.

Comparison study (not shown here) shows MIRAGE contained far more aerosols above

the 500 hPa level as compared to GOCART, that can improve the aerosol concentrations

over ITCZ. For all the SCM simulations, MIRAGE internally mixed aerosol data has

been used for liquid particle activation and GOCART for ice and mixed phase clouds. In

MIRAGE data, four modes of sulfate aerosols, two modes for black carbon and organic

carbon, dust and sea salt modes are used. GOCART uses one sulfate mode, two black

carbon, organic carbon, sea salt and five dust modes. Each of the modes along with their

mass, mean diameter, standard deviations, Vant Hoff Factor, solubility, etc. are provided

for activation of liquid (using Fountokis and Nenes, 2005) and ice (using Liu and Penner,

2005) clouds under varying conditions.

4.2.2. Simulated temperature, humidity and precipitation over ARM-SGP

Continuous forcing data over ARM-SGP is used to simulate temperature, specific

humidity that are important for convection and cloud generation. Figure 4.5 and 4.6 show
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Figure 4.5 Simulation of SCM prognostic temperature profile (in Kelvin) over ARM-SGP
during 3-year continuous forcing data.

daily variations of temperature (in Kelvin) and specific humidity (kg/kg) as simulated by

SCM at 17 levels (between 980 and 22 mbar of pressure). Seasonal variability of both

of these parameters is evident from the figures with corresponding higher temperature

(relate to more evaporation and condensation heating) in summer, thus higher specific

humidity and opposite trend in winter months.



60

Figure 4.6 Simulation of SCM prognostic Specific Humidity profile (kg/kg) over ARM-
SGP during 3-year continuous forcing data. All the units are in.

Monthly rainfall in SCMs is insensitive to precipitation microphysics; however,

the rain rate can be influenced by the microphysics. Daily simulated rainfall values

(mm/day) for a 3-year long-period is shown in figure 4.7. Rainfall shows distinct

seasonal trend, with more rain over summer months (due to combination of both

convective and large scale processes) and comparatively lesser rain during winter (due to

absence of convective process). Figure 4.8 shows the annual variations of simulated

rainfall (average and standard deviations of 3 years simulated result) with highest rainfall

in the month of June (more than 6mm/day).
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Figure 4.7 Simulation of total rainfall in mm/day over ARM-SGP during 3-year
continuous forcing data.
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Figure 4.8 Climatology of Simulated rain in mm/day over ARM-SGP during 3-year
continuous forcing data.
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4.2.3. Simulated Cloud microphysical properties over ARM-SGP

To improve the representation of microphysical processes of atmospheric

convection and its interactions with stratiform clouds and aerosol in the model, the

convective parameterization in the model is partitioned into liquid and ice phase.

Convective scheme explicitly treats mass mixing ratio and number concentration of three

hydrometeor species (cloud water, cloud ice, rain), and describes several microphysical

processes, including autoconversion, self-collection, freezing, cloud ice nucleation and

droplet activation by aerosols. The cloud droplet activation on aerosol is parameterized as

a function of the updraft vertical velocity, aerosol number concentration and size

distribution following Fountoukis and Nenes (2005) activation. While the ice nucleation

parameterization links the ice crystals to aerosol properties, updraft velocity, and air

temperature through Liu and Penner (2005) equations. Thus this physically based scheme

is suitable for investigating the interaction between convection and aerosol, and the

indirect aerosol effect on climate.

Fountoukis and Nenes (2005, thereafter FN05) liquid particle activation scheme is

computationally efficient and links complex chemical processes (e.g., surface tension

depression, changes in water vapor accommodation and partial solubility of the solute)

for model use. The rate of increase of supersaturation, S, of air/cloud parcels in ascent

determines the number of CCNs needed for condensation. At maximum supersaturation,

dS/dt = 0, gives activated number of CCNs. Within a cloud, new activation equals CCN

needed minus cloud drop number concentration (CDNC) present in the cloud. The FN05

invokes explicit size-dependent diffusivity for growth of activated cloud drops. It also
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segregates the activated aerosols into large particles (that can't grow much beyond their

original size), and very fine particles (that can grow only up to critical size) vis-à-vis

accumulation sized particles that experience significant growth. Its basis is “population

splitting hypothesis” (Nenes and Seinfeld, 2003). FN05 computes number density of

activated aerosols as a function of temperature, pressure, vertical velocity and hydro-

chemical properties of aerosols species defined by mass and number concentration for

each mode.

In convective clouds, at the cloud base large-scale liquid and ice mass and number

concentrations are allowed to advect upwards. As the gradual ascent of the convective

clouds take place, mass and moist static energy equations are solved for each SCM levels.

At each level, total budget of particle growth (activation process, autoconversion) and its

sink (precipitation, liquid to ice transition) is calculated in terms of both mass and

number followed by further ascent of clouds. Figure 4.9 shows the convective mass of

liquid and ice during three summer years (June-July-August, or JJA) in g/kg. Mixed-

phase clouds begins at temperature less than 268 K, with co-existence of both liquid and

ice clouds. Bergeron- Findeisen process involves vapor (and liquid) to ice transition in

the convective clouds which involves both mass and number reduction for liquid, but

mass increase for ice (ice number remains same). Heterogeneous nucleation process, like

contact and immersion freezing also operate in the mixed phase clouds, which involves

subsequent change in liquid and ice mass and number respectively. Pure homogenous

freezing takes place below 236 K and below that level all the liquid are consumed and

converted to pure ice. At the anvil, convective cloud is transferred into large-scale clouds
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involves, and mass and number remaining for both phases at the top of the clouds go into

stratiform clouds. Precipitation of liquid particles is done following Sundqvist (1989)

parameterization for convection through autoconversion, with the autoconversion

coefficient empirically related to temperature and precipitation intensity to account for

collection of cloud condensate by precipitation and the Bergeron process. Due to absence

of a suitable ice precipitation microphysics, same equations are used to precipitate ice

clouds as well at different temperature range. Figure 4.9 shows convective liquid mass

reaches its maximum at 500 mbar followed by complete absence above 200 mbar. More

Figure 4.9 Three (1999-2001) summer (JJA) months of convective liquid (top panel) and
ice (bottom panel) mass in g/kg as simulated by the SCM. Side panels show time average
masses of both the phases during JJA.
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discussion about model evaluation and sensitivity are done in sections 4.3 and 4.4,

respectively.

The stratiform clouds are formed by supersaturation produced by either diabatic

cooling or the large-scale motion fields causing adiabatic cooling (Sud and Walker,

1999b). Large-scale motion enables either the incoming warm moist air to ride over the

colder and drier near-surface air (warm front) or cause the incoming cold air to undercut

the near-surface warm moist air (cold front). In both cases, moist air is displaced upward

causing adiabatic cooling and condensation. Stratiform condensation represents

supersaturation of a fraction of a grid cell in which subgrid-scale temperature and water

vapor distribution lead to supersaturation. The relative humidity inside the cloudy

fraction of the grid cell must be maintained at 100%. Any excess (deficit) water vapor in

the cloud generates (consumes) cloud water. Subgrid-scale inhomogeneity in temperature

and humidity fields can cause condensation to occur well before the grid-mean relative

humidity reaches the saturation value. This is accomplished by assuming a linear

relationship between relative humidity and cloud mass fraction. The slope of this

distribution is determined by the critical relative humidity Rcrit, a threshold value at which

the clouds begin to emerge and in-cloud condensation ensues. In the large-scale clouds,

all the above mentioned microphysics processes in the convective clouds also operate. In

stratiform clouds, the vertical air motions are genrally too week to advect the

precipitation particles upward, and the precipitation particles drift downward and grow by

vapor diffusion. Cloud stretching, which is result of vertical ascent of clouds due to in-

cloud condensation and associated latent heating, is introduced in the model to squeeze



66

out more cloud water by accretion as a function of stretched height of clouds. Figure 4.10

shows the three summer (JJA) months liquid and ice mass in g/kg distribution for large-

scale clouds.

Figure 4.10 Three (1999-2001) summer (JJA) months of stratiform liquid (top panel) and
ice (bottom panel) mass in g/kg as simulated by the SCM. Side panels show time average
masses of both the phases during JJA.
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Liquid number concentration simulated by the SCM averages around 200 per

cubic cm during JJA months in both convective and large-scale clouds (figure 4.11). The

number is reasonable, as CCN concentration varies between 180-300 per cubic cm over

land areas (Andreae, 2009).

Figure 4.11 Three (1999-2001) summer (JJA) months of convective (top panel) and
stratiform (bottom panel) liquid particle number in cm-3 as simulated by the SCM. Side
panels show time average number concentrations for both cloud types during JJA.

Cloud effective radius is an important quantity to compute cloud-radiation

interactions. Both cloud water content (for liquid and ice separately) and CDNC are used

to compute effective radius using Khvorostyanov and Curry (1999) algorithm. The
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algorithm uses Gamma-distribution for cloud-drop size distributions and predicts the ratio

of effective/volume radius of cloud drops. The single value of effective radius (for both

liquid and ice clouds) is calculated by combining both mass and number concentrations

from convective and large-scale clouds by weighting them with the respective cloud

fractions. Figure 4.12 shows the summer and winter distribution of effective radius

profiles over ARM-SGP. Both radiuses are 3-year summer (JJA) and winter (DJF)

averages from the SCM simulation. As CDNC concentrations are varies inversely to the

effective radius, increase in effective radius in winter for liquid clouds, indicates less

available CDNC and vice-versa.

Figure 4.12 Effective radius profiles of liquid (black) and ice (green) clouds over ARM-
SGP. Solid lines are JJA average for 3-year continuous run, while dashed lines are for
DJF averages for the same run. For both JJA and DJF ice clouds, the values are
multiplied by 0.3.



69

4.2.4. Simulated radiative properties over ARM-SGP

Seasonal variations of shortwave (SW) and longwave (LW) forcing at the top of

atmosphere (TOA) as well as surface are simulated by SCM. Figure 4.13 shows SW and

LW surface flux seasonal variations under all sky and clear sky conditions. The mean SW

flux extrema occur around the solstices with peaks during early summer and troughs

during the December–January period. These patterns are primarily determined by

seasonal changes in the intensity and duration of insolation and are only partially

dependent on cloud fraction and optical properties. Conversely, the relative magnitudes

of the corresponding downwelling LW fluxes are opposite those for SW fluxes. The LW

and SW surface fluxes are governed primarily by the differences in downwelling LW and
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Figure 4.13 Seasonal variations of SW and LW forcing at surface simulated by SCM over
ARM-SGP. Net surface SW clear sky (red), net surface SW, all sky (dark green), net
surface LW, clear sky (magenta) and new surface LW, all sky (blue) are in Watt/m2.
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SW fluxes between cloudy and clear-sky conditions because the differences

between their upwelling fluxes are minor relative to their downwelling counterparts. The

total and low-cloud LW CRFs peak during spring and fall and bottom out during July and

August, consistent with changes in the downwelling LW fluxes. The LW CRFs for all-

sky middle and high clouds, as expected, are generally smaller than those for total and

low clouds except the middle-cloud LW CRFs, which are slightly larger than those for

total clouds during the summer.

4.3 Simulation compared against ground and satellite observations over ARM-SGP

GARP (Global Atmospheric Research Program) Atlantic Tropical Experiment (GATE)

Phase III data is available in the discretized form at 3-h time intervals and 25-hPa vertical

intervals. The data has been reduced to the same 17 sigma levels that correspond to the

17-layer version of the GEOS-4 SCM. The data have been extensively used for testing

cloud parameterizations in an SCM environment (Lord, 1982; Betts and Miller, 1986;

Sud and Walker, 1993; Xu and Randall, 1996). Figure 4.14 and 4.15 shows the

temperature and relative humidity errors (simulated minus observed) at 3-h intervals. The

GATE data used for evaluating McRAS cover a same 3-year period 1999-2001 that SCM

is used. Monthly averages of both data for the same period are shown in figure 4.14 and

4.15. SCM shows seasonal variations of temperature and relative humidity over ARM-

SGP in figure 4.14a and 4.15a. In the 3-year monthly averages, McRAS simulations are

quite accurate, produces realistic temperature and humidity profiles when compared

against observations. The systematic errors are very small and have virtually no

systematic vertical bias. There are episodes of about 2°C cooling below 700 mbar and
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about 4°C warming at the ~200mbar. In the moisture field as well, there were no

systematic biases; indicates that the model is performing well within the limits of

observational errors.

Figure 4.14 Monthly average of temperature profile for 3 year SCM simulation compared
against GATE Phase III observed data over ARM-SGP. Figure a) shows SCM
simulation, b) GATE measured data, c) difference between model and observation and
the average difference of temperature. All temperature units are in Kelvin.

The precipitation time series agrees quite well with the observation as shown in

the figure 4.16. SCM simulated monthly mean compares well with the total measured

rainfall (in mm/day). The observation data is Q1–Q2 analysis of Yanni et al (1973). A

long-term precipitation data by TRMM satellite (1998-2009) monthly mean over ARM-
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SGP is also used to construct monthly variations against model simulation (figure 4.16).

As stated before, monthly rainfall in SCMs is insensitive to precipitation microphysics;

however, the rain rate can be influenced by the microphysics. Figure 4.16 shows model

Figure 4.15 Monthly average of specific humidity profiles for 3 year SCM simulation
compared against GATE Phase III observed data over ARM-SGP. a) shows SCM
simulation, b) GATE measured data and c) difference between model and observation
and the average difference in specific humidity. All humidity units are in g/kg.

follows the observed trend of rain rate and its variation remarkably well. Observed 3-year

total rain-rate value (2.51 mm/day) close to the value by model simulations (2.87

mm/day). SCM precipitation is combination of both convective and large-scale
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(stratiform) processes and annual average convective rain is 0.9175 mm/day over the

ARM-SGP. Convective rain is more between June-August (summer months), whereas,

stratiform rain present throughout the year. TRMM annual variation at 0.25 degree

resolution is less than the SCM simulated total rain value, and this discrepancy could be

due to difference in resolution between the model and satellite.

Figure 4.16 Monthly average of precipitation for 3 year SCM simulation compared
against observed data (upper panel) and climatological average of simulation compared
against long-term TRMM data (lower panel) over ARM-SGP.

Monthly Cloud fraction values obtained from the ground observation of Active

Remotely Sensed Clouds Locations (ARSCL) over ARM-SGP are compared against
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SCM simulations as shown in figure 4.17. ARSCL combines data from active remote

sensors to produce an objective determination of hydrometeor height distributions and

estimates of their radar reflectivities, vertical velocities, and Doppler spectral widths,

which are optimized for accuracy (http://science.arm.gov/vaps/arscl.stm). The ARSCL

cloud amounts are based on cloud occurrence for each 10-second interval during a half-

Figure 4.17 Annual variations of cloud fraction (in %) are compared against ARSCL
observed variations over ARM-SGP.

hour. Thus, if half of the 10-second measurements within that half hour record a cloud

occurrence; the cloud amount is defined as 50 percent. In this study 7 year ARSCL data

(between April 1997 to March 2004) is used to construct the yearly mean. Figure 4.17
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shows that the simulation has more vertical structure than the observations, particularly in

the upper level (above 300 mb). The discrepancy is due to two reasons; first, lack of

cloud advection in the horizontal and secondly observations often miss detecting the thin

cirrus clouds. Therefore, larger than observed simulated cloud fractions at the cirrus

levels, particularly in the boreal winter season, may be an artifact of observational biases.

McRAS-AC does a comparatively better job of simulating the fractional clouds in the

lower troposphere as can be seen in the figure.

Two channel (23.8 and 31.4GHz) microwave radiometers (MWR) at ARM-SGP

Climate Research Facility (ACRF) site are used to measure liquid water path (LWP) in

the atmosphere. The observed brightness temperatures from these MWR inverted to

retrieve precipitable water vapor (PWV) and LWP, both of which are critical variables to

understanding radiative transfer in the atmosphere and clouds . The Microwave Retrieval

(MWRRET) has been developed to improve precipitable water vapor (PWV) and liquid

water path (LWP) retrievals from the MWR for ARM (Turner et al., 2007). To compare

LWP of SCM 3-year simulation, a long-term (1999-2005) monthly data of MWRRET is

used. Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data for LWP

is also compared against SCM simulation. Terra-MODIS monthly values between 2001-

2009 is used construct the yearly mean and the standard deviations. Annual mean and

standard deviations of LWP, simulated by the SCM compared against MWRRET ground

observations and MODIS satellite data is shown in figure 4.18. The figure shows SCM

LWP compared remarkebly well against the observations and well within the ground and

satellite observational error ranges. However, sensitivity of the simulated cloud water
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depends largely on the terminal velocity of the hydrometeors and can be model-tuned.

Section 4.4 discusses on how average terminal velocity, vau, of autoconverted drizzle

drops, which is proportional to cloud water mixing ratio can be varied to change the LWP

simulation in SCM.
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Figure 4.18 Annual variations of LWP (g/m2) is compared between SCM (blue),
MWRRET (green) and MODIS (red).

Cloud microphysics data over ARM-SGP is used to compare against SCM

simulation, for vertical as well as vertically integrated using both ground and satellite

observations. ARM ground observed data of Microbase (Continuous Baseline

Microphysical Retrieval), which are combination of observation from the millimeter

cloud radar, the celiometer, the micropulse lidar, the microwave radiometer and balloon-

borne sounding profiles to derive liquid/ice water content, liquid/ice particle effective



77

radius and cloud fraction, are used to compare against SCM. Microbase profiles are

retrieved every 10 seconds and averaged to a 20 minute time interval for more than 230

vertical levels. Daily values between 1999 to 2005 is used to construct monthly and

annual mean for Microbase data set. Figure 4.19 shows model simulates nearly double of

liquid effective radius than that of Microbase derived results. However, figure 4.20

shows, vertically integrated liquid effective radius annual mean matches quite well with
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Figure 4.19. Vertical profile of liquid effective radius SCM (blue) and ARM observation
using ARM-Microbase data (in pink). Both the profiles are averaged for summer JJA
months.
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Figure 4.20. Vertically integrated annual variations of liquid effective radius compared
between SCM (blue) simulated and Terra-MODIS long-term data (in orange).

Terra-MODIS long-term observation. For MODIS data monthly mean of 2000-2009 are

taken to construct annual mean over ARM-SGP. The discrepancy in the vertical profile of

simulated data could be attributed to the retrieval algorithm used in Microbase profile and

as its error is unknown, simulated result is assumed to be reasonable within limits.

Unlike ground measurements of liquid optical properties over ARM region, very

few in-situ measurements are available to validate ice clouds. Figure 4.21 shows yearly

variations (mean and standard deviations) of ice effective radius compared against

satellite measurements of Terra-MODIS, long-term data (2001-2009) over ARM-SGP
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Figure 4.21. Vertically integrated annual variations of ice effective radius compared
between SCM (blue) simulated and Terra-MODIS long-term data (in orange).

region. The figure clearly shows SCM simulated nearly three times more ice effective

radius than the observations, which in-turn indicate very presence of few ice particles in

the atmosphere. Liu and Penner (2005) ice parameterizations are used in the model for

both homogeneous freezing and heterogeneous nucleation for IN. In simulations of deep

convection with the GEOS-4 GCM, not enough aerosols were acting as IN which led to

fewer than observed cloud particles in the ITCZ regions. SCM simulation of lesser IN is

evident in figure 4.22, where both convective and large-scale IN are 10 times less in

number than Kramer aircraft data (2009). Lesser number of IN, produces larger effective

radius that is evident in figure 4.22. The deficiency of ice nucleation parameterization, in
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Figure 4.22. Ice number concentration against temperature for SCM and Kramer (2009)
aircraft observational data. Profile of aircraft measured number concentration (orange),
while SCM simulated convective number (blue) and large-scale number (green) is
plotted. Summer month’s concentration is taken for both types of clouds in the model.
Data are plotted in a log-scale.

terms of its sensitivity and its possible impact on cloud-radiation field is further explored

in section 4.4.

Outgoing Longwave Radiation (OLR) is compared against model simulation over

ARM-SGP. Figure 4.23 shows 3-year monthly averages of OLR compared between

ground observation over ARM-SGP and model result. The Clouds and the Earth’s

Radiant Energy System (CERES) instrument’s monthly geographic averages (ES4)

onboard Terra satellite (Terra-FM1) long-term data (between 2000-2005) is also used for
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Figure 4.23 a) Monthly averages of OLR simulated by SCM (red) and ground
observation (black), b) annual mean of OLR, compared between SCM (red), ground
observation (black) and CERES long-term data (blue), c) annual mean of planetary
albedo, compared between SCM (red), ground observation (black) and CERES long-term
data (blue).

comparison. Annual mean of OLR (in W/m2) and planetary albedo (in %) compared

between CERES satellite, ground observation compared against model simulation (figure

4.23). The results show SCM simulated two important radiation quantities, that is OLR

and planetary albedo reasonably well, along with the seasonal variation and the

difference between model and observation are well within the observational error.



82

In this section, a three-year (1999-2001) SCM version of GEOS-4 is used to

construct annual mean of important cloud microphysical and radiation fields over ARM-

SGP. The model simulations are carefully compared against surface-based and satellite

observations to figure out systematic biases. In all cases, long-term data from the

observations is used to compare the climatologies of the important parameters. It showed,

SCM produces no systematic biases in the simulated temperature, relative humidity and

precipitation fields and matches quite well with the observations. Except for high clouds

above 300 mb, simulated vertical cloud structure compares well within the observation

limit. In upper clouds case, ground based instruments often fails to observe thin cirrus

clouds, whereas models able to simulate them better. Both SW and LW radiation

quantities and their annual variation are well within the observational error ranges. For

optical properties, liquid mass and effective radius shows excellent match when

compared against ground and satellite dataset. However, ice clouds, much less in number

and higher effective radius when compared against observations, shows scope of

improvement in that field.

4.4 Simulations over other locations of globe

4.4.1 ARM-North Slope Alaska (NSA)

SCM has been tested at other ARM locations (under different climate conditions)

apart from the ARM-SGP location mentioned above. One such location is ARM-North

Slope of Alaska (NSA) field site (between 70-71N and 156-157W), where the Mixed-

Phase Arctic Cloud Experiment (M-PACE) was conducted from late September through

October 2004 (Verlinde et al., 2007). Arctic clouds play a central role in the Arctic
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climate feedbacks and radiative budget, and mostly composed of a mixture of liquid

droplets and ice crystals.

Figure 4.24 shows the SCM simulated prognostic temperature profile between 5

to 22nd October 2004 as simulated by the model and compared against ARM observation

data. The model showed warmer temperature near the surface and considerable cooler in

the upper atmosphere compared to the observational data during the field campaign. This

is due to the presence of near surface ice or precipitating snow, which is common

Figure 4.24 Temperature profile SCM simulation compared against observation data over
NSA during M-PACE. a) shows SCM simulation, b) ARM observational data and c)
difference between the model and observation and the average difference of temperature.
All temperature units are in Kelvin.
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phenomenon during this period. However, present SCM lacks a parameterization scheme

to include snow in the model and its ice precipitation depends on Sundqvist (1989)

scheme, which is inadequate to simulate near surface cooling. Humidity profile also

reflects the near surface warming, as drier condition is present below 500 mbar (figure

4.25).

Figure 4.25 Humidity profile SCM simulation compared against observation data over
NSA during M-PACE. Figure a) shows SCM simulation, b) ARM observational data and
c) difference between the model and observation and the average difference in humidity.
All humidity units are in g/kg.

Klein et al., (2009) and Morrison et al., (2009) have used multiple models to

compare against ground observations during M-PACE to evaluate the mixed-phase cloud
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parameterizations in various models. During M-PACE, the in-situ ARSCL data indicated

that NSA site was covered with multi-layered stratus clouds in the mid-levels and low

levels with the cloud top up to 550 hPa for 5–8 October, persistent single-layer boundary

layer stratocumulus with the cloud top around 850 hPa during the period from 8 to 14

October, and deep prefrontal and frontal clouds (including cirrus) from 15 to 22 October

(Figure 4.26). Cloud fractions simulated by the SCM during the entire M-PACE period is

compared against ARSCL in-situ observation in that figure. The model showed nearly

Figure 4.26 Upper panel shows ARSCL instrument measured and the lower panel shows
simulated result of cloud fraction (both in percentage).
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half the value of the observation in terms of cloud fraction and also unable to simulate

distinctive cloud structures as observed by ARSCL.

The microphysical properties of this cloud system, such as the vertical profiles of

cloud LWC, ice water content IWC, droplet number concentration, ice number

concentration, and effective sizes of droplets and ice crystals, were sampled with

instruments on the University of North Dakota Citation aircraft (McFarquhar et al.,

2007). Figure 4.27 shows comparison between microphysical and radiation quantities

Figure 4.27 SCM simulated a) total precipitation (mm/day), b) Liquid water path (g/m2)
and c) OLR (w/m2) are compared against observation data over NSA during M-PACE.
Black solid lines are simulated and red line is from the observation.
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simulated by the model against in-situ measurements. SCM simulated total rainfall

matches well with the observation. However, SCM reasonably reproduces the observed

LWP when compared against MWR retrievals (Turner et al., 2007) during the M-PACE

even though its cloud amount is significantly smaller than the observations. One clear

problem with the model simulation is that it largely overestimates the observed LWP for

the midlevel and high-level clouds (e.g., 7, 15-21 October). SCM consistently

underestimate the observed OLR in the presence of the single-layer boundary layer

clouds (9–14 October). This is related to the underestimation of the cloud fraction and

cloud liquid water path during this period as discussed earlier. The model

underestimation of the low-level cloud top altitude may also contribute to this problem.

The observed TOA radiation data are obtained from the ARM Solar and Infrared

Radiation Station.

4.4.2 ARM-Tropical Western Pacific (TWP)

The Tropical Warm Pool–International Cloud Experiment (TWP-ICE)

experiences a wide variety of convective environments depending on whether more

maritime or more continental air (Wang et al., 2009). The convective regimes at TWP

include active monsoon periods with storms somewhat like those typical of a maritime

environment; relatively suppressed monsoon periods; and monsoon break periods with

occasional strong continental-type convection (May and Ballinger, 2007). The timing of

TWP-ICE was synchronized with the onset of the Australian summer monsoon season

between January 13 to February 2, 2006. From January 13 to 25, “active” monsoon
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dominated the experiment domain with numerous deep convective storms, January 26 -

February 2, suppressed “dry” monsoon controlled the experiment domain with relatively

shallow storms, which was followed by three completely clear days ending on February

5, 2006. At the end of TWP-ICE, a “break” period occurred from February 6 to 13, 2006.

TWP-ICE provides a good opportunity to verify the ability of models to simulate the

differences between weak versus strong and deep versus shallow convective regimes.

Figure 4.28 SCM simulated a) temperature, b) humidity profiles, c) total precipitation, d)
LWP and e) OLR are compared against ground observations at TWP site. In all the plots ,
black solid line is simulated and red line is from the observation.
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In this study, time period between 17th January to 31st January, 2006 is selected to

compare against in-situ observation. Figure 4.28 shows that the model simulation of

temperature matches quite well with the observation, however, the simulated humidity is

nearly half of that by the observation. Simulated total rainfall is able to catch the

“monsoon” active period rainfall quite well (between 23-25 January). LWP predicted by

Figure 4.29 SCM simulated cloud fraction compared against observation data over TWP.
Upper panel shows ARSCL instrument measured and the lower panel shows simulated
result of cloud fraction (both in percentage).
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the model shows overestimation when compared against MWR in-situ observation,

during active monsoon period. Model simulates consistent lesser OLR than observation,

which could be due to presence of simulated upper layer clouds, as seen on figure 4.29.

The figure shows, SCM was able to reproduce the ARSCL cloud fractions (in-situ

measurement) reasonably well, with a consistent presence of mid to higher-level clouds

during that period.

4.4.3 Other global locations

SCM simulations have been conducted at other locations around the globe over

both land and ocean areas. However, unlike ARM locations, which are heavily

instrumented to measure in-situ atmospheric conditions, model evaluations at those

locations depend mainly on long-term satellite observations. Surface flux data to run the

SCM are taken from the GCM output and the model is run for one year (with 2005 SST

input data) while using the aerosol climatology like before. Andreae (2009) using aircraft

measurements, established a correlation between CCN concentration and CN

concentration (measured at 0.4% supersaturation) over remote (both marine and

continental locations) and polluted (both marine and continental locations). Following

Andreae (2009) work, SCM simulations are conducted over same locations (eight over

land and seven over ocean) to establish a correlation between the model and observation.

Figure 4.30 shows, SCM simulations not only reestablish positive correlation between

CCN and CN, but also matches very well with the original Andrea’s observational points.

However, unlike observational data-points, which are taken at particular supersaturation

limit, model predicted number have no supersaturation limit. Table 4.1 shows the
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locations of all the data points, including points over Amazon basin and India. Each of

the individual locations, that represent different atmospheric conditions, is tested against

satellite observations. In this section, a case study over Amazon and comparison with

satellite data over few clean and polluted locations are discussed.
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Figure 4.30. Comparison of Andrea’s estimate (filled circle) and model simulation
(colored triangles) of CCN vs. CN plots over both polluted and pristine continental and
marine point over the world.

Biomass burning is the major anthropogenic aerosol source in an area as remote (or

clean) as the Amazon basin. The aerosol concentrations vary spatially in the basin area,

depending on the burning season. Schafer et al., (2008) reviewed the aerosol optical

thickness measured from AERONET over the Amazon basin and found a factor-of-ten
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increase in AOD from clean to smoky condition. In the northern part of the basin,

cleanest 3 months are between April to June, while in the southern part that is between

February to April. However, biomass burning is more dominant in the southern part of

Table 4.1. Latitude and longitude of various locations, where SCM simulations are
conducted

Location 1 Location 2 Location 3 Location 4 Location 5
Clean, Land 61N, 129E 56N, 111W 28S, 28E 46N, 114W
Clean,
Marine

17S, 149W 33N, 119W 18N, 65W

Polluted,
Marine

33N, 126E 38N, 28W 6N, 73E

Polluted,
Land

49N, 8E 39N, 116E 35N, 84W

Amazon,
Clean

1S, 59W 2S, 54W 3S, 49W

Amazon,
Polluted

9S, 67W 9S, 56W 10S, 62W

India 12N, 77E 22N, 88E 23N, 77E 25N, 85E 28N, 77E

the basin between August and September. In the SCM simulation, one location point over

the northern clean area (location 1 under Amazon, clean category in the table 4.1) and

another point over the southern polluted area (location 1 under Amazon, polluted

category in the table 4.1) is chosen to show model’s representation of aerosol variation.

Figure 4.31 shows, yearly variation of sulfate aerosol mass and BC in clean and polluted

case (from GOCART aerosol module). BC from the biomass burning area is highest in

the southern part of the basin (polluted) between August-September, compared to that of

in the northern (clean) part. Higher aerosol presence is reflected also in the simulated

liquid number concentration variation. In the clean case, on average 200 particles/cm3 is
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present between April to June, while in the smoky season (August-September) the

number increase by more than 3-times (~700 /cm3). SCM clearly represented the

Figure 4.31 Yearly variation of a) sulfate aerosol mass, b) BC in both clean and polluted
case over Amazon. Liquid particle number concentration and liquid effective radius
profile averages between April-June in clean case and August-September in polluted case
is shown on c.

variability of number concentrations in two different aerosol loadings over the Amazon

basin and it agrees well with the available measurements of CCN (Andreae, 2009).

Increase in liquid particle number concentration decreases the effective radius is also
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simulated by the model. Figure 4.31 (lower panels) shows smoky season over Amazon

have lower effective radius than that in clean case (below 700 mb).

Figure 4.32 shows the yearly variations of CCN, LWP and OLR over the selected

four locations from the table 4.1. The selected locations represent both “clean” and

“polluted” conditions, over marine and continental areas. The selected locations are:

“clean”, continental location from northern Siberia (location 1 from table 4.1), “clean”

Figure 4.32 Yearly variation of a) “clean” continental, b) “clean” marine, c) “polluted”
marine and d) “polluted” continental locations as mentioned in table 4.1 Left column
shows annual average of liquid particle number concentration, middle column shows
liquid (solid) and ice (dashed) water path and the right column shows OLR variations.
Red line is for SCM simulation and black line is for satellite observation.
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marine location from Northern Pacific (location 6 from table 4.1), “polluted” marine

location from Indian Ocean (location 10 from table 4.1), “polluted” continental location

from northern USA (location 13 from table 4.1). Andreae (2009) work reports the

measured CCN concentrations over this locations (Table 1 & 2).  SCM simulations are

compared against Aqua-MODIS (Jan 2003 to Dec 2010) monthly data and CERES

monthly geographic averages (ES4) onboard Terra satellite (Terra-FM1) long-term data

(between 2000-2005). Satellite monthly data over the selected locations are averaged to

calculate the climatology which are then compared against SCM simulation. Figure 4.32

shows, variations of liquid particle concentration over the selected “clean” and “polluted”

environment, with scale of variation is more than 10-fold. In the “clean” conditions,

annual average liquid concentrations are less than 100 cm-3, which increases up to 250

cm-3 in polluted conditions. LWP, ice water path (IWP) and OLR, over the selected

locations are compared against satellite measurements available for both parameters show

SCM ability to simulate them reasonably well under different atmospheric conditions.

Table 4.2 shows the annual mean values of LWP, IWP, effective radius (liquid

and ice), OLR and total rainfall as simulated by the model over all the 13 locations

described in table 4.1. Long-term satellite data is also used to compare against the model

result. Aqua-MODIS monthly mean  between January 2003 to December 2010 is used to

calculate LWP,IWP and integrated effective radius for both water and ice phase over the

selected locations. For effective radius comparison, model result has been vertically

integrated to compare against observation. CERES monthly geographic averages (ES4)

onboard Terra satellite (Terra-FM1) long-term data (between 2000-2005) is used to
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compute mean OLR value. Long-term monthly mean precipitation data by TRMM

satellite (1998-2009) is used to compare against SCM simulation. As the location spread

over the entire globe, and under different atmospheric conditions, simulated result

Table 4.2. Yearly mean comparison between SCM and satellite data (within bracket) of
various microphysical (vertically integrated) and radiation parameters over the locations
listed in table 4.1

LWP
(g/m2)

IWP
(g/m2)

Liquid
Effective
Radius
(micron)

Ice
Effective
Radius
(micron)

OLR
(W/m2)

Total rain
(mm/day)

Locations
L

 1
86.7947
(81.6057)

108.24
(185.272)

32.3567
(12.784)

183.228
(24.391)

196.945
(205.113)

1.6167

L
 2

89.598
(97.409)

55.4263
(224.083)

34.7136
(11.673)

154.596
(23.495)

206.117
(215.077)

1.42209

L
 3

112.2
(41.932)

107.251
(309.116)

46.3137
(11.356)

168.775
(20.959)

260.03
(255.435)

2.70839
(1.8702)

“Clean”
Continent

L
 4

88.0453
(101.425)

109.417
(230.116)

28.2904
(12.413)

170.235
(22.298)

224.458
(220.697)

1.40667
(1.9677)

L
 5

111.272
(64.363)

287.933
(248.95)

44.4593
(18.270)

154.808
(27.078)

264.192
(264.373)

4.16515
(3.6143)

L
 6

123.968
(40.635)

54.053
(145.137)

16.4448
(10.771)

111.05
(23.258)

249.284
(267.372)

0.2587
(0.3442)

“Clean”
Marine

L
 7

204.47
(50.044)

163.218
(184.258)

39.8426
(17.521)

156.506
(27.741)

253.89
(273.367)

5.05748
(1.9661)

L
 8

225.119
(85.227)

238.201
(285.06)

34.1977
(11.569)

127.921
(25.353)

250.238
(241.603)

2.68473
(3.1711)

L
 9

169.219
(89.0699)

20.4962
(206.116)

26.7132
(14.583)

115.987
(23.641)

246.156
(244.775)

1.51925
(1.92447)

“Polluted”
Marine

L
 10

68.511
(55.178)

62.354
(173.683)

22.0612
(16.712)

107.972
(27.561)

228.936
(244.762)

3.9733
(3.8056)

L
 11

186.258
(126.995)

39.842
(268.35)

27.5863
(11.371)

122.583
(21.091)

220.833
(224.235)

2.67753

L
 12

121.317
(66.2712)

131.117
(221.266)

18.3333
(12.608)

124.596
(25.361)

241.982
(237.582)

2.07828
(1.44108)

“Polluted”
Continent

L
 13

139.039
(106.646)

114.602
(337.65)

20.1504
(12.275)

102.983
(23.155)

250.332
(242.46)

2.23151
(3.6578)
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compares quite well with the observation in terms of the cloud microphysics and

radiation parameters, which are important part in aerosol-cloud interaction. However, ice

effective radius is largely overestimated by the model (more than 100 micron), compare

to that of less than 30 micron reported by MODIS. This discrepancy is related directly to

the way MODIS retrievals of effective radius, reported by Zhang and Reid (2010). The

MODIS measurement pertains to the top of cirrus clouds (Jiang et al., 2011).

Platnick (2000) studied weighting or probability distribution function (PDF) of

the penetration distribution in optical depth units from water cloud-top. The same

methods in the Platnick (2000) have been used for ice clouds by Zhang and Reid (2010),

which estimated the MODIS retrieval is mostly sensitive to ~0.1 to 0.2 optical depth from

cloud top (approximate <~1−2 km, depending on how dense the clouds are) for effective

radius calculation. Also, MODIS assumes single layer cloud, that rules out vertical

inhomogeneity in effective radius retrievals.

4.5 Sensitivity of the SCM

4.5.1 Washout

The cloud mass flux z at height z above the cloud base is represented in McRAS

as

z =  b(1+z)                                  (4.1)

and entrainment is expressed as
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where b is the cloud-base mass flux and  is the entrainment parameter, h (h*) is the

actual (saturation) moist static energy, t and b suffixes represent the top and bottom

layers that contain the cumulus cloud, z is the total vertical depth of the convective

tower (Sud and Walker , 1999a). The above mentioned equation represents the assumed

linear growth of the cloud mass flux, while λ ensures that the cloud loses its buoyancy at

Figure 4.33 Cloud mass flux under different “tunable” washout conditions. Linear
washout represented by green color, gamma washout by blue, and average of linear and
gamma is represented by red color. Solid lines are summer (JJA) months average and
broken lines are for winter (DJF) averages from 3-year SCM continuous run over ARM-
SGP. The units of x-axis is in kg/kg.
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detrainment. However, the cloud mass flux depends on the condensation-precipitation

interaction in the moist convection. In the SCM, cloud particles are assumed to in

gamma-distribution, and the reduction of particles after rain-out can be tuned either as

linear or gamma-distributed. The tunable factor can be set as “0” for linear rainout, as “1”

for gamma-rainout and “0.5” for a combination of gamma-linear rainout. The linear

rainout reduces more aerosols than the gamma rainout in the convective tower. Figure

4.33 shows a SCM sensitivity test on cloud-mass flux vertical distribution under three

rainout conditions. In the summer months (which are represented by the solid lines in the

figure) shows “0.5” rainout lies in-between linear and gamma washouts. SCM

simulations over all the locations that are described so far in this chapter are all

conducted by setting up the washout “tunable factor” as 0.5. The figure also shows the

cloud mass flux starts from unity at the cloud base in the convection and increases

upward through entrainment.

4.5.2 Giant CCN

Nenes et al., (2001) recognized the contribution of internally limited CCN (or

giant CCN, or GCCN) in liquid aerosol activation. Barahona et al. (2010b) included the

giant CCN scheme into Fountoukis and Nenes (2005) lognormal cloud droplet activation,

which is also included in the current SCM. A sensitivity test is conducted on the liquid

particle activation number by changing the GCCN concentration from factor of 1 to 100.

Figure 4.34 shows the model simulated systematic change in activation number

concentration with increasing fraction of GCCN. The figure shows summer only (JJA of

1999) simulation of number concentration variation. GCCN reduces the cloud droplets by
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lowering the supersaturation at the cloud base and with increasing GCCN cloud droplet

number concentration reduces significantly (from on average 140 per cm-3 in no GCCN

case to 26 per cm-3 when GCCN presence is increased by a factor of 100).

Figure 4.34 Systematic variation of liquid particle number concentration under increasing
load of GCCN. All the simulations are conducted for averaging one summer (JJA of
1999) from ARM-continuous run case.

4.5.3 Influence of terminal velocity

Sensitivity of the simulated cloud water and cloud optical properties depends on

the terminal velocity of the hydrometeors. Two types of terminal velocities of

precipitation are involved in the SCM. One is the fall velocity of the newly autoconverted
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drizzle drops and other is the terminal velocity of rain falling from aloft and passing

through the cloud. The fall velocity of drizzle drops is small and can vary widely through

the cloud height, while the terminal velocity of raindrops is roughly 6.0 ms−1 at height

z = 0. Kessler (1969) well known equation for the fall velocity of rainfall as a function of

height is used in the model:

Vf = V0 exp(0.5X10-4z)                                            (4.3)

where V0 is the assumed velocity of rain (6.0 m/s) at z = 0. The terminal velocity affects

Kau (growth of rain water (by accretion) in rain falling through the cloudy layer) that

determines the exponential growth of rain water using Seifert and Beheng (2001, 2006)

relations:
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where Lc is cloud liquid water content (kgm-3), H is cloud layer thickness (in meters), vau

is the velocity of rain from autoconversion (ms-1), Kr is the constant (m3kg-1s-1). In the

solution of the above equation, Kau was found to be sensitive to the terminal velocity of

autoconversion. On the other hand, average terminal velocity, vau, of autoconverted

drizzle drops is proportional to cloud water mixing ratio. The sensitivity to change in the

terminal velocity (vau) of autoconverted precipitation is relatively large as evidenced from

the SCM simulations in figure 4.34. Figure shows variation of vau (for liquid phase only)

from 0.5 to 8.0 results a large variation of LWP annual mean. The same variation is also

present (not shown) when different ice phase vau are used. MODIS satellite data and

MWRRET ground observation data are used as a reference against model simulation to
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show test the model sensitivity. This sensitivity with vau eliminates the dependence of Kau

on both the cloud water mixing ratio and the terminal velocity of autoconverted drizzle

and replaces it with a constant that can be easily tuned. However, this constant would not

vary from model to model, but the above assumption provided fairly reasonable results.
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Figure 4.35 LWP annual variation under different vau (for liquid) varied from 0.5 to 8.0
for 3 year ARM-SGP continuous data. Ice vau kept constant at 7.0. MODIS and
MWRRET LWP annual mean also plotted for reference.

4.6 Aerosol Effects

4.6.1 Direct Effect (ADE)

Previous section discussions show that SCM simulates annual cycle of cloud

microphysical and radiation parameters reasonably well. Evaluation of the SCM against
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long-term satellite and ground observation reveals that SCM compares well with the

observation, under different atmospheric conditions. Finally, the current SCM with its

end-to-end parameterization scheme is tested for aerosol-cloud effects (both direct and

indirect effects) over ARM-SGP and also at other locations of the globe. One advantage

of the model cloud-scheme is that cloud-scale vertical velocities that are dynamically

computed from mass flux and condensation heating in the cloud. The velocity fields for

convective clouds help to perform aerosol–cloud interactions within the cumulus towers

as well. The first attempt was to isolate the effects of direct (ADE) from the indirect

(AIE) on clouds, cloud-radiative forcing and precipitation.

For ADE effects, 3-year continuous forcing SCM run over ARM-SGP is

conducted, one with all aerosols (AA) from GOCART (for ice clouds) and MIRAGE (for

liquid clouds) data-set and one with no aerosols (NA). Figure 4.36 and 4.37 shows the

annual variation of temperature, precipitation and radiation parameters for both cases. In

NA aerosol case, temperature is warmer than AA case, both at 850 mbar and 550 mbar,

particularly in summer months. Absence of aerosols heats up the atmosphere, more at the

lower atmosphere than the middle or upper atmosphere. Warming of temperature

generates slightly more precipitation in NA case, than AA, particularly in summer

months (more convective rain). OLR is more at the TOA in NA case during summer

months, when convection is maximum to generate upper level clouds (as shown in figure

4.36d). Due to presence of higher OLR, albedo is lower when no aerosols are used,

mostly during summer months.
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Figure 4.36 Climatology of a) temperature at 850 mbar, b) temperature at 500 mbar, c)
total rainfall, d) Outgoing shortwave radiation at TOA, e) outgoing longwave radiation
and f) planetary albedo over ARM-SGP. Solid line represents AA case and dashed line
represents NA case.

Vertical distribution of SW and LW heating shows slightly more cooling in SW

and warming in LW radiation in NA case over AA (figure 4.37). Vertical distribution of

SW and LW heating is largely depended on spatial distribution of type of aerosols over

the location. ARM-SGP location has sulfate aerosol as a dominant aerosol species, which

cools the surface more as evidenced in SW cooling effect. Surface SW flux is dominant

in summer months during NA case and LW flux in both AA and NA case show very

similar values in summer months.
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Figure 4.37 Climatology of a) cloud fraction (%), b) annual mean SW heating (K/day), c)
LW heating (K/day), d) net radiative heating, e) net surface SW and f) net surface LW
flux. Solid line represents AA case and dashed line represents NA case.

More ADE experiments are conducted over two locations as described in table 4.1

to find the influence on “clean” and “polluted” environments. One of the locations chosen

is marine “clean” location (location 3 in table 4.1) and another is “polluted” continental

location (location 2 in table 4.1). Figure 4.38 shows the liquid cloud droplet particle

difference between the two locations, with three-times or more cloud particles present

over the polluted air. Presence of more aerosols, ensures more SW heating near the

surface and more LW cooling at the upper atmosphere. The figure shows, polluted area’s
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Figure 4.38 Annual mean of a) liquid droplet number concentration, b) SW heating
(K/day), c) LW heating (K/day), d) temperature difference between AA and NA, e)
precipitation difference between AA and NA and f) OLR difference between AA and NA
at two different location points. Blue line represents location over ocean (clean) and red
line represent location over continent (polluted). In the figure d) solid line represents
difference of temperature at 850 mb and broken line represents difference of temperature
at 500 mb pressure between AA minus NA cases.

near surface SW heating is 25% more, and the upper air LW cooling is 50% more than

the clean location (all in AA minus NA). Temperature difference at 850 mbar and 500

mbar indicates, more warming in the polluted case than the clean case and the difference

is ~3-4 degrees. More aerosols bring slightly more rainfall in the land area as evidenced

in the figure.
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SCM experiments with ADE show two contrasting SW and LW heating

anomalies, which are related to types of aerosol in the atmosphere. Over ARM-SGP,

presence of sulfate aerosol induced a net surface cooling, as sulfates reflect the sunlight

and cools the surface. On the other hand, ADE experiments, over a “polluted” continental

location show more SW heating near the surface, due to presence of BC particles, which

are absorbing in nature. LW heating rate also show more cooling at the upper level in the

“pollutant” case, compared to ARM-SGP location. However, LW cooling is more related

to changes due to AIE (which is discussed below) rather than ADE.

4.6.2 Indirect Effect (AIE)

Indirect effect on cloud microphysics and radiation is conducted by increasing dry

aerosol number concentrations IN baseline simulation over ARM-SGP. In this study,

aerosol concentrations are increased by two, four and eight times in three different

simulations and their effect on effective radius, cloud fraction and liquid mass is shown

in figure 4.38. Both GOCART and MRAGE aerosol numbers (liquid and ice phase) are

increased simultaneously in all the simulations. Systematic increase of dry aerosol

number subsequently increases droplet activation number in the atmosphere, which in

turn reduces effective radius of liquid particles. Figure 4.39a and b shows droplet number

concentration and effective radius profiles averaged over summer months (JJA). Increase

in number concentration, also increases liquid mass (8X number concentration increase,

nearly doubles the liquid mass). Compared against baseline simulation, liquid mass

increases rapidly between 400-500 mbar (mixed phase zone) in all three simulations,

where aerosol numbers are increased. Increasing liquid number subsequently decreases
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the precipitation efficiency, result an abrupt increase of liquid mass (Twomey effect of

indirect aerosol effect). Summer averaged (1999-2001) total rainfall (mm/day) is 3.3553,

Figure 4.39 AIE simulation over SGP a) liquid droplet concentration (cm-3), b) liquid
effective radius (micron) c) liquid mass (g/kg) and d) cloud fraction (%). Dark purple
represents, baseline SCM simulation, blue represent 2X increase of aerosol concentration,
green line represents 4X increase of aerosol concentration and red line represents 8X
increase in aerosol concentration from base line simulation. All results are three-year
summer month averages.

3.61, 3.65 and 3.81 for baseline, 2X, 4X and 8X cases. Cloud fractions show increasing

trend with more droplets concentration, below 500 mbar, where liquid clouds dominate.

However, a sudden drop of higher-level cloud is observed, which is related to inefficient
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removal of ice particles in the model. IN numbers also increase with increase of available

aerosol numbers (not shown here). Absence of a proper ice precipitation microphysics in

the model, gives rise to sudden drop in ice mass at the top. Figure 4.40 shows variation of

ice effective radiuses, ice water mass as well as SW heating and LW cooling in all four-

model simulations. Decrease of ice effective radius is prominent than in the liquid part

Figure 4.40 AIE simulation over SGP a) ice effective radius (micron), b) IWP (g/m-3) c)
new SW heating (K/day) and d) new LW cooling (K/day). Dark purple represents,
baseline SCM simulation, blue represent 2X increase of aerosol concentration, green line
represents 4X increase of aerosol concentration and red line represents 8X increase in
aerosol concentration from base line simulation. All results are three-year summer month
averages.
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(figure 4.39). Increase in ice mass consistent with increasing ice number, but above 300

mbar sudden drop of mass, due to precipitation is seen as an inconsistency generated by

the model. AIE effects more on LW cooling of the atmosphere, as evidenced in figure

4.39d, as 8X increase of aerosol show prominent cooling above 600 mbar.

4.7 Conclusion

GEOS-4 SCM version with McRAS cloud microphysics is used to simulate cloud optical

properties, radiation quantities to test the parameterizations of various cloud

microphysical parameters. Surface and boundary fluxes to run the SCM are obtained

from ARM Operational Data products at SGP testbed. Aerosol climatologies are provided

through MIRAGE and GOCART dataset for liquid and ice clouds respectively. Three–

year simulations (1999-2001) of the SCM is sufficient to compare model representation

of various parameters with available ground-based and satellite observations. Several

updates in the model physics are performed to include ice phase processes, partitioning

liquid and ice mass and number balance at each level inside the convective tower.

 Simulated temperature, precipitation, relative humidity compared against in-situ

and satellite data show absence of systematic error in the model result. Further

comparisons of cloud microphysical and optical properties against MODIS and CERES

long-term observations show model simulated seasonal variations reasonably well. SCM

are also simulated over other ARM locations, viz., NSA and TWP sites as well. Absence

of proper ice precipitation scheme in the model, along with no treatment of graupel,

snowfall type of ice clouds is seen through poor simulation at NSA location. Several
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sensitivity studies of SCM are performed to test precipitation microphysics, liquid water

path variations yielding expected results according to the first principal.

Apart from forcing data obtained through ARM sites, few simulations are

conducted over various parts of the globe, using GCM generated outputs to drive the

SCM. Simulations are conducted over land and ocean area, following Andreae (2009)

work and various cloud properties statistics are compared against model simulations.

Finally, direct and indirect effects of aerosol are performed separately over ARM-SGP

and other locations to test the model sensitivity on radiaitonal impact of aerosols. In

summary, extensive evaluation against observational dataset show SCM produces

excellent results to conduct further experiments on aerosol cloud interactions and

importantly carry out similar GCM experiments.

One of the major deficiencies of the model is production of less number of ice

particles compared against observations. Summer average simulations over SGP show 10

times less number of ice particles are predicted by model, opposed to aircraft

observations by Kramer et al. (2009). Unlike liquid phase, very few measurements are

available on ice number and ice water content, makes it more difficult to assess any scope

of improvement in current Liu and Penner (2005) ice physics scheme used in the model.

Alternatively, Abbatt (2006)’s cloud chamber experiments have shown the

potential of solid ammonium sulfate (NH4)2SO4 for cirrus cloud formation through

heterogeneous ice nucleation. In order to remove the large biases in the ice clouds

simulated with McRAS-AC in the fvGCM, (NH4)2SO4 are included in the model

parameterization, as heterogeneous nuclei. Wang et al., (2008) mass concentration global
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climatology dataset of  (NH4)2SO4 is used. Appendix 1 shows in detail about inclusion of

(NH4)2SO4  as well as the results obtained with and without it. SCM shows a remarkable

improvement in the simulated ice number and effective radius than previous simulations.

Further, secondary processes of ice particle splintering following (Hallet and Mossop,

1974) are also included in the model to increase of IPNC with a corresponding decrease

in particle size. Appendix 1 also discusses about inclusion of secondary ice-nucleation

processes in the SCM. Although adding (NH4)2SO4 and secondary splintering improves

the ice particle number comparable against observational values, a more physical based

parameterization is needed to fully justify their inclusion in the present model.
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CHAPTER 5. Results and Discussion: Global Circulation Model (GCM)

5.1 Introduction

Global Circulation model (GCM) is a useful tool to study global impact of aerosols on

climate and water cycle, including feedback between the forcing and response. GCM’s

have been used extensively for understanding the influence of clouds and cloud-radiative

forcings on global climate, their seasonal circulation, hydrologic cycle, and precipitation

and its interannual variability. However, modeled aerosol forcing and impact have large

uncertainties, primarily because of the inadequate representation of aerosol-cloud

interaction physics, poorly defined aerosol optical properties and vertical distributions

(Hansen et al., 1997). In this work, the climate impacts of aerosol radiative forcing are

investigated using the NASA Goddard Modeling and Assimilation Office finite-volume

General Circulation Model (fvGCM) with Version-4 of the Goddard Earth Observing

System (GEOS-4) atmospheric GCM. As discussed in the previous chapter, SCM version

of the same model shows realistic annual cycles of cloud optical properties and radiation,

as well as that it is sensitive to perform reasonably well under different atmospheric

conditions.

GEOS-4 GCM is a grid point model with finite volume advection algorithms

(Lin, 2004 and Lin and Rood, 1996). The simulation-experiments employed a horizontal

resolution of 2.0 x 2.5 degrees in the latitude x longitude directions and a total of 55
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levels (1000 to 0.015 mbar) in the vertical with hybrid co-ordinates. GCM uses

Microphysics of Clouds with the Relaxed Arakawa–Schubert Scheme (McRAS) with

aerosol cloud interaction, renamed as McRAS-AC. McRAS-AC currently uses five

aerosol species, viz., black carbon, sulfate, dust, organic carbon and sea salt, but its AC-

algorithms are general enough to use any number of aerosols as long as their nucleating

chemical properties are known a priori (Sud et al., 2009). As in the single column

version, McRAS-AC, consists of five sub-models comprising of i) Fountoukis and Nenes

(2005) aerosol activation for liquid-clouds, ii) Liu and Penner (2005) heterogeneous and

homogeneous nucleation for ice-cloud particles, iii) Seifert and Beheng (2001)

precipitation microphysics suitably modified for a coarse resolution GCM by Sud and

Lee (2007), iv) Khvorostyanov and Curry (1999a, 1999b) parameterization of cloud

particle effective radii and v) Chou and Suarez (1994, 1999) SW and LW radiation

schemes and cloud overlapping assumptions (Chou et al., 1998). The internally mixed

aerosol climatologies used MIRAGE monthly aerosols datasets (Easter et al., 2004) for

aerosol indirect effect (AIE) of water and ice clouds. For direct effect of aerosols (ADE)

the monthly aerosol data simulated with the Georgia Institute of Technology-Goddard

Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model (Chin et

al., 2002) are used. The extinction coefficient, single scattering albedo (SSA), and an

asymmetric factor of each aerosol type are computed at 11 broad wavelength bands from

Mie theory as a function of the ambient relative humidity (Kim et al., 2006). The monthly

aerosols data was linearly interpolated to provide daily values at each GCM grid cell.
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GEOS-4 GCM with McRAS physics has been used to study ADE on global and

regional climate during boreal spring (Kim et al., 2006). GCM simulations showed

anomalous atmospheric heat sources induced by absorbing aerosols (dust and black

carbon) that generate a planetary-scale teleconnection pattern in sea level pressure,

temperature, and geopotential height spanning North Africa through Eurasia to the North

Pacific (Kim et al., 2006). Using the same model, Lau et al. (2006) showed that by

absorbing the solar radiation in the aerosol layer, aerosols could produce the Elevated

Heat Pump (EHP) type of response over the Indian subcontinent. Krishnamurthy et al.

(2009) carried out many comparative forecast simulation experiments that include the

pollution based on MODIS satellite and control runs that utilize climatological estimates

of pollutions using GEOS-4 GCM, to study pollution impact during winter monsoon over

India. Additional success of the model include Lau et al., (2009) which showed that

atmospheric heating by absorbing aerosols would strengthen the West African monsoon

through the water cycle feedback. Sud et al., (2009) assessed the influence of changes in

aerosols on the regional circulation, ambient temperatures, and precipitation in some

selected regions over India, Africa as well as North and South Americas.

The present study addresses additional changes that are included in the column

version of the model. The changes in the GCM include a) liquid and ice partition in the

convective tower, i.e. mass and number concentration balance for both phases inside the

tower, b) initiation of mixed and ice phases processes inside the convective cloud, which

include contact freezing and Bergeron process that influence the mass and number

concentration of liquid and ice clouds, c) giant CCN correction added in the liquid cloud
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parameterization and d) both convective and large-scale masses of liquid and ice which

are included to calculate effective radius and thus influencing cloud optical thickness and

radiation calculation in the model. Base-line simulation of the model is conducted using

NCEP analyzed initial conditions interpolated to the GEOS4 GCM grid for May 1 of

1982. Simulations were integrated to August 31 (of the same year) to provide data for

June-July-August (JJA) after one month (May) for initial adjustment to the imposed

aerosol anomalies and intrinsic model biases. Various cloud, optical, microphysical,

radiation properties simulated by the GCM model are compared against long-term

MODIS, TRMM, and CERES satellite measurements.

5.2 Baseline GCM simulation

5.2.1 Comparison against observations

Figure 5.1 shows summer (JJA) average of temperature, relative humidity, sea-

level pressure, latent and sensible heat fluxes as simulated by GCM. Zonal average of

temperature (fig 5.1b) shows higher temperature values near the equatorial region

(between 20S to 35N) and vertically up to 800 mbar pressure. Higher temperature in

the tropics ultimately gives rise to E-W wind. Sea-level pressure (fig 5.1c) shows much

lower values over the Indian subcontinent due to presence of monsoon rainfall. Zones of

higher pressure persistent at location south of 30S. Relative humidity zonal profile (fig

5.1d) shows a very high relative humidity column present at the equatorial region due to

solar heating and evaporation. Two sub-tropical cooling zones present north and south of

the equatorial zone, indicating circulation of moisture form tropics to extra-tropics.
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Latent heat flux (fig 5.1f) shows large cooling due to monsoon rain over India and over

the ITCZ due to heavy rainfall.

Figure 5.1 Summer (JJA) averaged GCM simulation of a) skin temperature (degree C), b)
zonal average of the temperature (degree C), c) Sea level pressure (mbar), d) zonal
average of relative humidity (%), e) sensible heat flux (W/m-2) and f) latent heat flux
(W/m-2).

GCM simulated total rainfall (convective + large-scale in mm/month) is compared

against long-term satellite data of TRMM and the Global Precipitation Climatology

Project (GPCP) dataset (figure 5.2). TRMM satellite was launched in 1997 to monitor

and study tropical rainfall between 40N and 40S. In figure 5.2, global TRMM data

(3B43) between 1998 - 2010 is used to compare against model simulation. 3B43 rain



118

rates are monthly averages gridded over 0.25 x 0.25 degree latitude/longitude boxes and

the retrieval algorithm used for this product is based on the technique by Huffman et al.

(1995, 1997) and Huffman (1997). GPCP combines the precipitation information

available from the microwave, infrared satellites and in-situ gauge data. Monthly product

of version 2.1 between January 1979 to December 2008 is used here. Both TRMM and

GPCP long-term data (of all years) are averaged for summer months (JJA) to compare

against model result. Figure 5.2 shows GCM simulated total precipitation (sum of

Figure 5.2 Summer (JJA) averaged a) GCM simulated total precipitation, b) long-term
TRMM satellite precipitation (1998-2010), c) GPCP global precipitation data (1979-
2008) and d) GCM simulated convective (only) precipitation. All units are in mm/month.
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convective and large-scale) compares quite well against GPCP and TRMM data. Model

was able to simulate heavy rainfall during summer months over India (particularly on the

west coast), Bay of Bengal as well as over the ITCZ region of the globe, with results

similar to the observations. Convective only precipitation in the figure shows the relative

contribution of the convective process to the total rainfall during the time period.

Figure 5.3 shows model simulated cloud fraction (vertically integrated) and

column water vapor (in mm) compared against Terra-MODIS long-term satellite dataset.

Monthly MODIS products for the summer months between March 2000 and December

Figure 5.3 Summer (JJA) averaged a) GCM simulated integrated cloud fraction, b) long-
term Terra-MODIS satellite cloud fraction (1998-2010), c) GCM simulated water vapor
(mm) and d) Terra-MODIS satellite column water vapor (mm).
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2009 is used to derive the climatology of liquid and ice optical properties, cloud fractions

and compared against GCM results. Figure 5.3 represents average of the summer months

run from GCM plotted against the same from the satellite data. GCM uses randomly

overlapped cloud cover scheme following Chou (1999), unlike MODIS cloud mask

algorithm (King et al., 1999). GCM simulated cloud fraction shows higher cloud

fractions over the tropics and over the Indian monsoon region as well over northern

Pacific region. The pattern of the higher cloud fractions matches reasonably well with the

observation, but there are places (southern hemisphere) where GCM underpredicts the

cloud fraction by ~20%. MODIS perceptible water vapor product uses near infra-red

algorithm which is very sensitive to boundary-layer water vapor since it is derived from

attenuation of reflected solar light from the surface. GCM shows higher water vapor

amount over the monsoon rain region and over the ITCZ and matches reasonably well

with the observations.

Figure 5.4 compares model aerosol data against long-term climatology data of

TOMS and MODIS. In this figure AOD data was computed from combining all the

GOCART aerosol species (BC, OC, sulfate, dust and sea-salt) during the summer

months. AOD climatology of the satellites is constructed from monthly values of long-

term Terra (2000-2008) and Aqua (2003-2008) global dataset. Another satellite, TOMS

Aerosol Index (AI) between 2000 to 2005 is also used to show the variation of global

aerosols. The figure clearly shows, model AOD values are lower than the observations.

However, unlike models, satellites have so far limited success on differentiating different
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species of aerosols in the atmosphere, which is an essential element to study aerosol-

cloud interactions. As different types of aerosols behave differently in the atmosphere (in

Figure 5.4 Summer (JJA) averaged a) GCM simulated AOD, b) TOMS AI (2000-2005),
c) Terra-MODIS (2000-2008) and d) Aqua-MODIS (2003-2008) AOD values.

terms of absorption and scattering of the sunlight), chemical transport models like of

GOCART and MIRAGE aerosol optical data are important input in GCM studies.  Figure

5.5 shows liquid and ice water path (gridded and vertically integrated) comparison

between GCM and MODIS products.  Summer months average show GCM simulated

more LWP over the monsoon and northern Pacific region during this time against the
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MODIS long-term observation. As discussed in the previous chapter, both LWP and IWP

largely depend on precipitation microphysics. As in the SCM, both parameters can be

tuned on the basis of different falling velocities of hydrometeors, which result in different

values of the water and ice paths. However, simulated IWP shows more than 6-8 times

Figure 5.5 summer (JJA) averaged a) GCM simulated gridded liquid water path, b) long-
term Terra-MODIS liquid water path, c) GCM simulated gridded ice water path and d)
long-term Terra-MODIS ice water path. All the units are in g/m2.

lesser in number when compared against the observation. Other than the tunable falling

velocity of the hydrometeors, cloud physics lack a parameterization of the ice phase

precipitation physics. Sunquidvst (1989) microphysics which is applied to liquid clouds is
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also applied to the ice phase of the model, which can also lead to excessive precipitation

of ice particles produced in the upper air. Underproduction of ice mass over ITCZ is also

result of very few ice particles present over the tropics. Since McRAS cloud

microphysics is performed within convective plumes while maintaining IN activation and

removal, use of different aerosol data (GOCART and MIRAGE) did not improve the

result substantially. Reduction of ice particles over the tropics can affect the upper cloud

radiation property and ultimately aerosol-cloud-radiation interactions.

Effect of lesser number of ice particles in the tropics is also evidences by large ice

effective radius shown by the model compared against MODIS. Figure 5.6 shows liquid

and ice effective radius (summer averaged) are compared against MODIS observations.

However, MODIS retrieves the effective radiuses located at the cloud top as visible and

near infrared cannot penetrate the cloud layers below. As only few active satellites started

measuring effective radius profiles (like CloudSat), absence of long-term record

prevented from using them in this study. Vertically integrated summer ice effective

radius (as shown in the figure) is 5-8 times lesser then the simulated result. Very few ice

particles (1-2 cm-3) in the model is simulated as compared to 50-60 cm-3 measured in

aircraft measurements (Kramer et al., 2009), clearly showing the deficiency. Diagnostic

analysis revealed that with precipitation the model depleting both cloud water/ice

particles and activated aerosols proportionally. Liquid effective radius simulation

compares well with the observations, although model shows 20% larger particle sizes.

However, as discussed in SCM, falling velocity of the particles can have direct impact on

liquid and ice water mass, which is related to particle number and size. In all cases of this
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this GCM study, “washout” value of 0.5 (averaged between Gamma and linear rainout)

and liquid fall velocity of 7.0 m/sec and 28 m/sec for ice is used.

Figure 5.6 Summer (JJA) averaged a) GCM simulated vertically integrated liquid
effective radius, and c) ice effective radius compared against b) long-term Terra-MODIS
liquid effective radius and d) ice effective radius. All the units are in micron.

GCM simulated liquid and ice number concentrations (vertically averaged) is

shown in figure 5.7 a & b. Higher liquid particles numbers spread all over the land

locations, while lower concentrations are spread over ocean. Land areas are greater

source of different types of aerosol, which give rise to nearly 5-6 times more

concentration than the ocean. Liquid and ice optical thickness for JJA months are
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compared between GCM and satellite observations (MODIS). Figure 5.7 c-f show the

comparison, where simulated global liquid cloud optical thickness is higher than the

observations, while the ice cloud optical thickness is lower than the observations. Lower

ice particle numbers in the upper air, ultimately give rise to lower optically thick ice

Figure 5.7 Summer (JJA) averaged GCM simulated vertically integrated a) liquid particle
number and b) ice particle number concentration. Units are in cm-3. c) and e) simulated
optical thickness of liquid and ice, respectively, d) and f) MODIS optical thickness of
liquid and ice respectively. Optical thickness is unitless.

clouds indicating GCM produces consistent results. However, like in effective radius,

MODIS observations are mostly at the cloud top (~1-2 km depth), so the observation
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numbers are underestimated. Garrett et al. (2009) discussed on various aspects of

sensitivity during retrieval of cloud optical properties by passive sensors and pointed the

limitations of those measured quantities.

GCM simulated radiation properties are compared against long-term Terra FM2

Edition2 CERES data set (2000-2005). Figure 5.8 shows zonal average of OLR and

albedo during summer months over global, ocean and land areas separately. It shows,

GCM simulates OLR and albedo reasonably well over the ocean, compared against

CERES climatology, but over estimate over the land areas. Between equator and 30N,

Figure 5.8 Summer (JJA) zonal averaged planetary albedo (%) and OLR (Wm-2) over
global, ocean area and land area. Red line is GCM simulation and black line is CERES
satellite climatology.
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OLR difference between GCM and satellite over land increases to nearly 22 Wm-2, and

that is also reflected in the global average. Presence of higher cloud fractions between

tropics and extra-tropics gives rise to higher OLR as simulated by the GCM. Figure 5.9

further shows global surface SW, LW and net (SW-LW) fluxes and compares both OLR

(all sky and clear sky condition) and albedo with CERES climatology. SW flux at the

surface indicates warmer tropics (except over part of India), while LW flux indicates

Figure 5.9 a-c). simulated surface SW, LW and net fluxes, respectively for summer
months. d) GCM simulated OLR compared against e) CERES OLR, both in all sky
condition, f) GCM simulated OLR compared against g) CERES OLR, both in clear sky
condition. Planetary albedo simulated by GCM is shown in h) and that by CERES in i).
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cooler condition where cloud fractions are higher (India and northern Pacific). OLR

comparison in both all sky and clear sky condition shows, GCM compares well with the

observation   overall, except the quantitative difference (as shown in the figure 5.7).

Albedo (all sky) shows slightly lower albedo over northern hemisphere tropics and extra

tropics region against CERES dataset.

Figure 5.10 shows model simulated wind fields and the wind plots for June, July

and August separately for near surface (10m), 850 mbar and 500 mbar pressure levels.

Monsoon precipitation with large centers around western India, Bay of Bengal, South

Figure 5.10 Wind field and windspeed as simulated by GCM. Figure a-c) shows wind at
10m from surface, d-f) at 850 mbar and g-I) at 500 mbar pressure levels. All the units of
speed are in meter/sec. Left panels are June averages, middle ones are July averages and
right panels are August averages.
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China Sea, east of Philippines, tropical western Pacific anticyclone are the main features

captured by the GCM with no monthly lag in time.

5.2.2 Comparison against other models

Present GCM simulation is also evaluated against two other models, i.e. the

National Center for Environmental Prediction (NCEP) reanalysis data (1979-98) and the

European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis project

(1980-2002) (figures 5.11 and 5.12). The NCEP reanalysis represents monthly gridded

data set representing the state of the Earth's atmosphere, incorporating observations and

numerical weather prediction model outputs dating back to 1948 (Kistler et al., 2001).

Figure 5.11 compares present model simulations against NCEP reanalysis

climatology derived from long-term monthly dataset. In the present study reanalysis-2

monthly climatology of both surface and vertical (17 levels, from 1000 mbar to 10 mbar

pressure) level parameters are taken. GCM compares remarkably well with the NCEP

data set, capturing ITCZ and monsoon region of high humidity, lower pressure as well as

western Pacific anticyclone. However, the high relative humidity zone in the model is a

continuous east-west band over tropics whereas in the NCEP occurs as discontinues

bands and at much lower moisture level.

In ECMWF, 40 years reanalysis product (ERA40) of monthly values comprises of

both surface and vertical level (23 levels, 1000 mbar to 1 mbar) dataset. Figure 5.12

shows the comparison of temperature, relative humidity and potential vorticity between

summer averaged GCM and ECMWF dataset. As against NCEP reanalysis, model

simulates reasonably well temperature and relative humidity when compared against
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ERA40 data. However potential vorticity shows an order of 10 differences between the

two. GCM shows distinct east-west band like vorticity distribution, with positive values

Figure 5.11 Comparison between GCM simulation and NCEP reanalysis dataset. Left
panels are JJA averaged model values and right panels are NCEP climatologly for the
same summer months. a & b) are vertically integrated temperatures in Kelvin, c & d) are
relative humidity (%) and e & f) are sea-level pressure (mbar). Both GCM and NCEP
values are vertically integrated between 1000 mbar to 10 mbar.
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Figure 5.12 Comparison between GCM simulation (left panels) and ECMWF ERA40
reanalysis data (right panel) for JJA months. a & b) are vertically integrated temperatures
in Kelvin, c & d) are relative humidity (%) and e & f) are potential vorticites (K m2 kg-1

sec-1). Both GCM and ERA40 values are vertically integrated between 1000 mbar to 1
mbar.

in the northern hemisphere (as cyclonic rotation is counter-clockwise in the area north of

equator) and negative in the southern hemisphere (as cyclonic rotation is clockwise in the

area south of equator).

Baseline GCM simulation for summer months is evaluated against both

observation and modeling datasets. Long-term climatology of MODIS, TOMS, TRMM

and CERES as well as NCEP and ECMWF reanalysis data are used to evaluate model
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performance. GCM simulates realistic temperature, precipitation, cloud cover, sea-level

pressure and is able to pick up the variations in those parameters due to circulations and

other processes operating in the atmosphere. Summer rainfall over India and ITCZ bands

are well simulated by the model (even at 2.5 degree by 2 degree grid resolution) as

evidenced in precipitation and column water vapor patterns. However, cloud optical

properties, particularly ice particles are much less in number over the tropics. The lesser

number of particles ultimately giving rise to higher ice effective radius and smaller

optical thickness over the globe and effecting radiation estimation as well. As discussed

earlier deficiency in the ice particle number concentration could be due to absence of

suitable ice precipitation microphysics in the model and also depends on ice

parameterization scheme used in the model.

5.3 GCM study of aerosol direct effect (only)

5.3.1. Global changes

Aerosol induced radiation and other dynamical anomalies are seen through direct

effect of aerosols (ADE) in GCM. Along with baseline model simulations, another

simulation is performed with all the aerosols (AA) from GOCART model climatology.

Another simulation with no aerosol (NA) affecting the radiation (both SW and LW) is

also performed for ADE experiemnts. In both simulations sea surface temperature (SST)

is prescribed using the weekly SST from May 1982 to August 1982 interpolated to daily

values. CO2 and other greenhouse gases are kept constant in both simulations. Dust

aerosols scattering albedo () was kept as 0.94 in test cases, opposed to Kim et al. (2006)

study where it was kept at 0.88 to include black carbon coating on dust particles. In this
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study, only ADE effect during the summer months (JJA) are analysed. Kim et al., (2006)

discusses in detail about ADE effect in GCM during boreal spring season.

Aerosol induced temperature differences or anomalies (AA minus NA case), at

four pressure levels (near surface, 850, 500 and 200 mbar pressure levels) are shown in

figure 5.13. Large positive anomaly is seen over Indian subcontinent and East Asia,

accompanied by negative anomaly over Europe. However, over the monsoon regions of

India, lower tropospheric heating due to aerosols is evident at near surface and 850 mbar,

Figure 5.13 JJA temperature difference between AA and NA at a) near surface (skin), b)
850 mbar, c) 500 mbar and d) 200 mbar pressure levels. All temperature units are in
Kelvin.
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but gradually decreases at upper atmosphere. Over western and northern Asia, the

magnitude of change in the temperature is larger than the aerosol loading. Cooling over

Central China is largely due to presence of dominant sulfate aerosols in that region. At

500 mbar pressure, an elongated warm elongated positive anomaly zone extends from

East Asia to North America indicates a steady-state response of the atmosphere to

thermal and orographic forcing. In another way, aerosol forcing rather than by ADE

alone has a role to change the circulation pattern. Large positive anomaly in sea-level

pressure (SLP) is seen over western coast Indian subcontinent where maximum summer

Figure 5.14 Aerosol induced JJA anomaly, a) Sea Level Pressure (mbar), b) 500 mbar
geopotential height (in meter), c) precipitable water vapor (mm) and d) total precipitation
(mm/day).



135

precipitation takes place (figure 5.14). Large SLP anomalies are also observed in the

African-European region with positive SLP north of the Mediterranean Sea and negative

SLP over North Africa. Cold advection induced by anticyclonic flow around the

European high zone (as figure 5.13 shows, colder temperature over western Europe) can

explain such SLP anomaly over Europe and Africa. Figure 5.14 also shows 500 mbar

geopotential height anomalies, which is in agreement with the temperature change shown

in figure 5.13c. Total rainfall difference map of AA-minus-NA (figure 5.14d) shows the

aerosol enhances the rainfall over Arabian coast, Bay of Bengal and South China Sea and

suppresses rainfall over most of the tropical Atlantic and partially over ITCZ. Column

water vapor anomaly also shows similar trend like precipitation.

5.3.2. Summer Indian monsoon region

Aerosol induced (ADE only, without AIE change) changes regional circulation,

particularly over Indian summer monsoon area as discussed in this section. The study

area is restricted between 5S to 45N latitude and 50E to 110E longitude. Figure 5.15

shows JJA average aerosol direct effect on 850 mbar temperature, total precipitation,

latent and sensible heat flux anomalies. Positive temperature anomaly over northern part

of India is due to presence of absorbing aerosols (dust coated in BC) near the surface as

reported by Lau and Kim (2006). There is an increase of precipitation in the western

coast of India and south-eastern Bay of Bengal with some reduction in the middle part of

the country, consistent with elevated Heat pump mechanism discovered by Lau et al.

(2006a). Latent heat and sensible heat flux anomalies are consistent with aerosol induced

temperature and precipitation changes. The Indian region has more wet than dry areas,
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cause a much larger decrease in evaporation than the sensible heat flux. However, the

increase of Net SW and LW fluxes anomaly (under clear sky condition) at surface and

TOA are shown in figure 5.16. SW heating is predominant at the surface (inducing

warming in the Northern India and Tibetan plateau) as well as at TOA. However, LW

cooling is predominant over most part of the subcontinent, which is related to the

presence of higher cloud fractions.

Figure 5.15 JJA anomaly of a) 850 mbar temperature in Kelvin, b) total rainfall
(mm/month), c) latent heat and d) sensible heat flux in W/m2 over Indian subcontinent.

Table 5.1 shows averaged net (SW and LW combined) at TOA, atmosphere and

surface for clear conditions, over Indian subcontinent (bounded by 8N-40N and 60E -
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100E). The table shows net flux at the surface (2.32 W/m2) is more than that at TOA (-

0.87W/m2) due to anomalous heating of the aerosols in the atmosphere. Relatively small

TOA forcing is due to heating of the aerosols (sulfate, dust, BC) of the atmosphere and

cooling at the surface. At the same time, monsoon region cloudiness is higher, and so is

the corresponding LW cooling.

Figure 5.16 JJA averaged flux anomaly of a) net SW at the surface, b) net SW at TOA, c)
net LW at the surface, d) net LW at TOP. All flux units are in W/m2.
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Net radiative forcing at the surface (net SW + downward LW) in W/m2 shows

positive anomaly at the northern India and Tibetan plateau and more cooling at the

southern part of the continent (figure 5.16). ADE has more impact on SW heating over

the area, while more clouds in the monsoon period suppressed its effect at TOA. Sud et

al. (2009) found ADE is much smaller than the AIE, as the latter increases clouds and

cloud optical thickness. Their work showed aerosol absorption over India despite having

more carbonaceous aerosols is half as much as over Africa because of huge Sahara dust

Table 5.1. Model mean radiative forcing (W/m2) due to aerosol direct effect (only) over
India (between 8N-40N and 65E-100E) during JJA months Positive downward for TOA
and surface and positive for absorption in atmosphere. All units are in W/m2.

Loading (Sud et al., 2009). Wind anomalies (including zonal (or u) and meridional (or v)

winds) due to aerosol anomaly influence extend far beyond the regions in which aerosol

changes were significant (figure 5.17b). Higher wind speed is observed over the location

of maximum surface warming or aerosol induced heating (figure 5.15). Vertically

integrated cloud fraction and high clouds (cloud fractions lower than 400mb pressure) in

figure 5.17c & d show that ADE reduces the cloud fractions over northern India and

Tibetan plateau, while enhances it over southern India. However, cloud fraction anomaly

Shortwave Longwave Net

TOA 0.53 2.63 -2.1

Atmosphere 3.42 -7.58 5.75

Surface -2.89 4.95 -7.85
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is more related to the dynamics or vertical velocity of wind rather than direct or indirect

impact (which is explored in the following sections) of aerosol on cloud fraction.

Figure 5.17 JJA anomaly of a) wind (m/sec), b) net radiative forcing at surface (W/m2), c)
vertically integrated cloud fraction and d) higher cloud fractions (less than 400 mbar).
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5.4 GCM study of aerosol indirect effect (only)

5.4.1. Global changes

AIE affects cloud particle number density, size, and optical properties, as well as

the precipitation microphysics. Sensitivity of AIE in GCM is carried out by increasing

(decreasing) aerosol particle (both liquid and ice) number by varying factors. Increasing

aerosol number will subsequently decrease the size of the cloud particles (smaller

effective radius). Smaller cloud particles take much longer to coalesce into precipitation-

size hydrometeors. Thus more (less) aerosols reduce (increase) the precipitation and

increase (decrease) the cloud life-time. More cloud particles imply higher optical

thickness, which in turn reflect and scatter more solar radiation into space thereby

increasing the planetary albedo and reducing the solar radiation reaching the surface of

the Earth. In this study, both GOCART and MIRAGE aerosol climatologies are

multiplied by factors of 2, 4 and 8 in three separate experiments and compared against

baseline simulations. In all those experiments, ADE is not considered (as all runs are

conducted using with aerosols only), to single out AIE.

Figure 5.18 and 5.19 shows GCM sensitivity on CCN and IN numbers, their mass

and effective radius at the three AIE experiments during summer (JJA) months. Figure

5.18a shows with increase of CCN in the atmosphere with increasing availability of dry

aerosols. The change in CCN number are more gradual over the ocean than land area (as

more production of aerosol takes place over the land). However, as CCN increases,

effective radius of cloud particles starts to decrease. As effective radius change is

approximately equal to the cubic root of the CCN concentration, the changes are less



141

rapid. Cloud water path shows a gradual rise with increasing aerosol number, particularly

over Indian monsoon region and northern Pacific. Cloud water path change is also

directly connected to the precipitation efficiency of the model. As more available CCN

increase the cloud fraction and inhibit the removal of through precipitation.

Figure 5.18 Summer average of a) CCN number (in cm-3), b) effective radius (micron)
and c) column liquid water path (g/m2). First column at the left is from the baseline run,
second column is with aerosol multiplied by 2, third column aerosol is multiplied by 4
and fourth column is aerosol multiplied by 8. CCN numbers and effective radius are
vertically integrated at all model levels during JJA averages.

Unlike changes in CCN number in the experiments, IN number changes are less

rapid (figure 5.19). Baseline simulation showed IN concentration in less than 10cm -3 in

the tropics and increasing aerosols by 2, 4 or 8 times increase ice concentration in tropic
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as well in the north and south extra-tropics. Ice effective radius decrease is prominent on

the west coast of South America and North America, consistent with increasing IN

number. Ice water path increases with available IN, particularly in Asia and south-east

Asia. However, as discussed earlier IWP change is also dependent on precipitation

efficiency of the model, and currently the model uses the same parameterization for

liquid and ice removal through rainfall.

Figure 5.19 Summer average of a) IN number (in cm-3), b) effective radius (micron) and
c) column ice water path (g/m2). First column at the left is from baseline run, second
column is with aerosol multiplied by 2, third column aerosol is multiplied by 4 and fourth
column is aerosol multiplied by 8. IN and effective radius are vertically integrated at all
model levels during JJA averages.
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Figure 5.18 and 5.19 shows that GCM simulated cloud optical and microphysical

properties are sensitive when aerosol concentration is varied arbitrarly against their

baseline concentrations. The resultant changes in number concentration, size and mass

for both liquid and ice phases are consistent with first principles. On the basis of this

satisfactory model evaluation and sensitivity study, further tests are carried out for

aerosol induced indirect changes on microphysics and dynamical quantities in the

atmosphere. For AIE results, baseline simulations and simulations with aerosol number

Figure 5.20 Summer anomaly by 4X aerosol of a) skin temperature (in Kelvin), b) 850
mbar temperature (Kelvin), c) vertical integrated cloud fraction and d) total rainfall
(mm/month).
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multiplied by 4 (4X) are considered to study the anomaly (4X-baseline) and the impact of

the anomalies. Figure 5.20 shows global AIE induced anomaly of temperature, cloud

cover and total precipitation, averaged for summer months (JJA). Perturburation of the

northern part of the Amazon, where large number of aerosols are produced from the

forest fire, as seen in both skin temperature and the temperature at 850 mbar. Cloud

fraction increased over ITCZ, but decrease of precipitation is observed over the same

location. Decrease of precipitation is also taking place over northern part of India and

Bay of Bengal. However, anomalous increase in precipitation and cloud cover is also

seen over southern India and  China Sea area.

5.4.2. Summer Indian monsoon region

AIE induced anomaly has large impact on column integrated cloud fractions and

precipitation, over the monsoon affected regions. Greater CCN concentration produces

smaller drops at constant liquid water content and inhibit collision coalescence of

raindrops. This suppression of the warm rain increases the lifetime and low cloud fraction

coverage (Albrecht, 1989). This process also invigorates convection leading to more

convection and increases in the liquid condensate transport to the detraining layers of

convective clouds (Rosenfeld and Woodley, 2000). McRAS cloud parameterization

allows for the advection of the cloud condensate. In addition to these processes, increase

of ice nucleating aerosols also causes an increase in cloud amount. Figure 5.21 shows

cloud fraction differences due to AIE effect on column integrated cloud fraction, low

level clouds (> 700mb pressure), mid-level clouds (400-700 mbar) and high level clouds

(<400 mbar). The figure shows, an increase in high-level cloud fractions over Tibetan
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plateau followed in the south by a net decrease over entire Indian subcontinent. Persistent

presence of cold cirrus clouds at high levels is due to activation of more CCN and IN,

inefficient precipitation microphysics and increasing lifetime of detrained anvils. Middle

and low cloud fractions show persistent positive anomaly in the middle part of India. The

distribution pattern is related more to number of aerosol particles and precipitation

efficiencies. Thus, cirrus clouds in the simulations with higher IN (particularly dust, 4

Figure 5.21 Summer difference of a) vertically integrated total cloud fraction, b) high-
level cloud fraction, c) middle level cloud fraction and d) low level cloud fraction in 4X-
baseline case.
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times of its baseline value) concentrations persist, and the longer presence of high clouds

also reduces LW escape from the cloud top and influences the radiation anomaly at the

cloud top.

AIE (only) induced net SW and LW flux anomalies (under clear sky condition) at

surface and TOA are shown in figure 5.22. As in figure 5.21, positive (negative) cloud

fraction at the northern part of India, caused a SW cooling (heating) both at surface and

TOA. On the other hand, low cloud fraction anomaly is accompanied by positive

Figure 5.22 JJA averaged flux anomaly of a) net SW at the surface, b) net SW at TOA, c)
net LW at the surface, d) net LW at TOA. All flux units are in W/m2 fraction in 4X-
baseline case.
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anomaly of SW. LW cooling both at surface and TOA is more (compare to that in ADE

run), except in the areas of low cloud fraction (middle part of India). Table 5.2

summarizes net (SW and LW combined) at TOA, atmosphere and surface for clear

conditions, over Indian subcontinent (bounded by 8N-40N and 60E -100E).

Table 5.2. Model mean radiative forcing (W/m2) due to aerosol indirect effect (only) over
India (between 8N-40N and 65E-100E) during JJA months. Positive downward for TOA
and surface and positive for absorption in atmosphere. All units are in W/m2.

Shortwave Longwave Net

TOA -13.57 -4.25 -9.31

Atmosphere 1.49 0.76 0.75

Surface -15.06 -5.01 -10.06

AIE (only) effect in figure 5.23 shows mostly cooling effect in net radiation (net SW +

downward LW) except on the eastern and south-eastern part of the subcontinent, where a

net warming is simulated. Total precipitation decreases with increasing aerosol, over the

northern and eastern part of India, whereas a distinct increase in precipitation is observed

in the southern part of the subcontinent. Precipitation decrease is related more to the

available aerosol distribution as previous studies by satellite climatology indicate a large
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Figure 5.23 JJA averaged anomaly of a) net radiative forcing at surface (W/m2), b) total
precipitation (mm/month), c) latent heat flux (W/m2) and d) wind speed direction (m/sec)
fraction in 4X-baseline case.

difference in aerosol number over northern and southern part of India (Sarkar et al., 2006,

Gautam et al., 2009). Latent heat cooling and decreasing wind speeds are mostly

associated with areas of high rainfall, i.e. along the east and west coasts.
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5.5 GCM study of combined direct and indirect aerosol effect

5.5.1 Global Changes

The net effect of aerosols on climate results from complex nonlinear interactions

between the aerosol radiation, clouds and regional circulation. Set of GCM simulations

are conducted combining both ADE and AIE, to observe SW and LW interactions with

cloud microphysics. Figure 5.24 shows global anomaly of these two aerosol effects on

skin temperature, 850 mbar temperature, cloud fraction and precipitation (mm/month)

averages over three summer months (JJA). SW heating due to ADE effect is simulated

over the areas of high aerosol concentration, viz., northern Africa, northern India, north-

eastern China. AIE reduces precipitation over ITCZ as well as over northern India

monsoon region.
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Figure 5.24 Summer anomaly of a) skin temperature (in Kelvin), b) 850 mbar
temperature (Kelvin), c) vertical integrated cloud fraction (unitless) and d) total rainfall
(mm/month).

5.5.2 Summer Indian Monsoon Region

Combined ADE and AIE on cloud, precipitation, radiation over the Indian region

is shown in figures 5.25, 5.26 and 5.27. Table 5.3 summarizes isolated effects of ADE,

AIE and their net influence averages over summer months of simulations. The net

influence of combined ADE and AIE is to reduce precipitation, by 0.25 mm/month,

which is less than AIE (only) effect, which is 0.40 mm/month. On the other hand, ADE

increases precipitation by 0.23 mm/day. ADE (only) simulations show an increased
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temperature at 850 mbar over northern India (figure 5.15), positive anomaly for SW

(figure 5.16) and zonal wind anomaly (figure 5.17). All of that indicates moisture flux

increase due to temperature increase and more precipitation for the Indian monsoon

(Meehl et al., 2008). Reduction of precipitation, due to AIE is not due to local effect, but

more due to consequence of suppressed convection. Increase in cloud fraction are

associated with AIE during summer months, due to enhancement of available CCN and

IN. Table 5.3 shows middle levels clouds increase due to AIE more than the upper level

cirrus clouds. A small increase in low cloud cover (<1%) in both AIE and combined ADE

and AIE experiments enhances the downward LW radiation from the lower troposphere

to the surface. Reduction of low cloud cover and total cloud cover in ADE only

experiment suggests, that with enhanced rainfall, aerosols were washed away, thus the

cloud cover being reduced. However, combined ADE and AIE effect reduces cloud

fraction by nearly 2%.

GCM simulated reduction in the surface SW radiation is 2.89 Wm-2 for ADE, and

15.06 Wm-2 for AIE and 16.84 Wm-2 for combined ADE and AIE. This represents

roughly an equal partition of net SW into ADE and AIE. However, in the monsoon

season cloudiness is large and so contribution of AIE, eventually masks the ADE effect

(Sud et al., 2009). The net SW at the top of the atmosphere (positive upwards) is shown

in figure 5.26. ADE and AIE both reflect SW out into space. The ADE is slightly positive

(0.5331 Wm-2) for SW at TOA than in negative AIE (13.17 Wm-2). Positive ADE

indicates absorption by aerosols, while AIE and combined ADE and AIE net reduction

indicate increase of cloud
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Figure 5.25 JJA averaged anomaly of combined ADE & AIE on a) 850 mbar temperature
in Kelvin, b) total rainfall (mm/month), c) total cloud fraction and d) high cloud fraction
over Indian subcontinent.

cover and optical thickness (as present during monsoon season). LW radiative responses

in the ADE only experiment largely attributed to changes in temperature and clouds in

response to the SW radiative effect. SW absorption at the TOA, leads to LW cooling in

ADE only experiments. LW heating is apparent at the TOA and surface in the AIE only

simulations and combined ADE and AIE simulation. Increase in CCN during AIE

increases cloud cover and enhances downward LW radiation to the surface from the

cloud base. Net outgoing LW at the TOA is –4.254 Wm-2 and surface net outgoing LW is
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–5.0 Wm-2 indicate that response to the AIE LW heating is absorbed mainly by the

surface.

Figure 5.26 JJA averaged anomaly of combined ADE & AIE effect on a) net SW at the
surface, b) net SW at TOA, c) net LW at the surface, d) net LW at TOA. All flux units
are in W/m2.

In the combined simulations of ADE and AIE, net radiation at the TOA is cooling

over Indian subcontinent during monsoon season. The magnitudes are –11.35 Wm-2 at

TOA and more cooling of –15.67 Wm-2 at surface. Increase in cloud cover that attributes

to the AIE reduces the magnitude of the ADE when the two effects are combined. The
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influence of ADE on TOA net radiation is rather small. This is consistent with Lau et al.

(2009) who not only show that TOA net radiation does not change substantially in their

simulations but also explain how it happens.

Figure 5.27 JJA averaged anomaly of combined ADE & AIE on a) net radiative forcing
at surface (W/m2), b) total precipitation (mm/month), c) latent heat flux and d) wind
speed and direction (m/sec).
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Table 5.3. Model energy and water fluxes due to aerosol direct, indirect and combination
of two effects over India (between 8N-40N and 65E-100E) during JJA with the last
column indicates non-linearity of direct and indirect processes

Aerosol simulation
fields

Combined
direct and
indirect
effect

(ADE+AIE)

Direct effect
(only)
(ADE)

Indirect
effect
(only)
(AIE)

Difference between
combined effect

and sum of
individual effects

Precipitation
(mm/month)

-0.25 0.23 -0.39 -0.09

Latent Heat Flux
(W/m2)

-12.42 -2.32 -7.71 -2.37

Sensible Heat Flux
(W/m2)

0.21 3.21 -2.64 -0.34

Total Cloud cover
(%)

-1.96 -4.48 2.91 -0.39

High cloud
fraction (above

400 (mbar)

-4.91 -2.33 -1.47 -1.09

Middle cloud
fraction (400- 700

(mbar)

5.29 -2.11 7.60 0.19

Low cloud fraction
(below 700 (mbar)

0.44 -0.88 0.78 0.54

TOA SW (W/m2) -11.37 0.53 -13.57 1.65

TOA LW (W/m2) -0.02 2.637 -4.25 1.59

TOA net radiation
(W/m2)

-11.3 -2.10 -9.31 0.063

Surface SW
(W/m2)

-16.84 -2.89 -15.06 1.11

Surface LW
(W/m2)

-1.17 4.95 -5.001 -1.12

Surface net
radiation (W/m2)

-15.67 -7.85 -10.06 2.23
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5.6 Study over Tibetan Pleatue during monsoon season

Lau et al. (2006a & b) showed transport of pre-monsoon (March-May) dust from

western part over India, Tibetan Plateau (TP) absorbs the solar radiation, ultimately

creates a positive temperature anomaly and changes monsoon rain pattern over northern

India. In this study, heating profiles of LW and SW radiations are observed in all ADE

and AIE simulations. Following Lau et al. (2006a), two distinct areas, named as TP

(between 25N-40N, 60E-120E) and area to the south (RS) (between 10N-25N,

60E-120E) are selected to see the aerosol induced large-scale differential heating or
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Figure 5.28 AOD climatology of GOCART aerosols over TP (solid lines) and RS (dotted
line) region. Green line represents dust aerosols, blue line sulfate and violet black carbon
aerosol. Vertical axis is in log-scale.
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cooling of the atmosphere-land region. Figure 5.28 shows, annual variations of three

main species of aerosols, viz, sulfate, black carbon and dust aerosols over both TP and

RS regions using GOCART data. Although pre-monsoon increase of dust is evident in

the figure, aerosols mass decreases during the simulation time period (JJA). Plotted in a

log-scale, the difference in aerosol concentration between TP and RS is quite clear, with

more aerosols present at the northern part of India.

Figure 5.29 shows zonal temperature (in K) during summer months for ADE only,

AIE only and combination of ADE and AIE simulations. ADE only simulation shows

strong heating on the southern slope of TP. SW heating represents aerosol forcing due to

presence of dust particle concentration transported from the western part of India. SW

heating effect over TP extended up to 500 mbar due to elevated topography. The region

south of TP, shows relatively cooler temperature (RS region) compared to that of its

immediate northern counterpart. Unlike pre-monsoon season, when elevated slopes of the

TP gets warmer and air rises by dry convection to affect the monsoon circulation pattern,

increasing cloud cover. AIE dominating effect during summer season prevents such

change in circulation. AIE only simulations show a strong cooling over the TP and

combination of AIE and ADE counters SW heating. As discussed in the previous section,

AIE dominates aerosol radiative forcing during summer months over ADE and although

ADE heating still warms part of Northern India, it is eventually subdued by strong AIE

cooling. Pressure induced vertical velocity show no effect on circulation due to ADE

effect (figure 5.29b), but strong vertical ascent of convective clouds is observed at RS

region (between 20N-30N).
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Figure 5.29 Aerosol induced anomaly of a) zonal temperature (K) and b) vertical pressure
velocity (ms-1) for three sets of experiments. First column is ADE only, second is AIE
only and third one combined ADE+AIE. All simulations are averaged for JJA months
and vertical axis is pressure in mbar.

Figure 5.30 shows SW and LW cooling rates associated with these three aerosols

effect simulations (direct, indirect and combined) in TP and RS region. SW heating the

southern slope of TP is seen in figure 5.30a under ADE only case. AIE decreases the

heating rate by aerosols and by increasing cloud fractions, and has net cooling effect over

TP, a region of high albedo. LW cooling is more prominent at the middle atmosphere

level (between 400-600 mbar) and it dominate the combined effect as well.
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Figure 5.30 a) SW heating rate (C/day) and b) LW heating rate ((C/day) for three sets
of experiments. First column is ADE only, second is AIE only and third one combined
ADE+AIE effect. All simulations are averaged for JJA months and vertical axis is
pressure in mbar.

5.6 Conclusions

GEOS-4 GCM with McRAS cloud microphysics and state-of-the-art

parameterization schemes is carefully evaluated against satellite observations and a few

other model results. GCM was able to represent various prominent features, like ITCZ

rain band, summer Indian rainfall reasonably well without systematic biases. Model

shows underestimation in terms of ice cloud representation and that can have an affect on
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cirrus cloud role in aerosol-radiation interactions. Simple sensitivity tests were conducted

that show cloud microphysical and optical properties variations are in right direction. The

impact of aerosol perturbations on regional radiative forcing, circulation patterns and

precipitation is explored over Indian summer monsoon region in a set of GCM simulation

experiments. The model includes parameterization for radiative interactions of aerosols

under clear-sky condition (for ADE) and aerosol nucleation parameterization of liquid

and ice clouds (for AIE).

Both ADE and AIE showed net radiative cooling at TOA and surface over Indian

monsoon region, where surface forcing exceeds the TOA forcing indicating aerosol

absorption heating the atmosphere. High cloud amount and precipitation decrease with

increasing aerosol number are seen as an example of classic AIE impact. In this study,

any quantification of the contribution owing to the microphysical modifications of clouds

from any contribution owing to changes in the regional circulation is not performed.

These results represent a sensitivity study to strong aerosol perturbations in

selected regions of high aerosol loading due to industry, agriculture and forest burning.

Finally a close look into aerosol-induced anomaly over part of northern India (TP and

RS), which plays a bigger role to influence the monsoon circulation due to pre-monsoon

dust heating, is conducted. The simulation results show that, during the peak monsoon

months (JJA) anomalous heating in part of northern India due to dust (which slightly

decreases from pre-monsoon concentration) still continues. However, unlike pre-

monsoon condition (as in Lau et al., 2006), AIE cooling dominates the aerosol-radiation

interaction much over ADE, like in previous case. The changes in circulation patterns are
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mostly restricted to rapid updrafts of clouds in convective rainfall over the Indian region.

GCM studies also show, contrasting results of aerosol-induced impacts during two

different seasons over the same location.
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CHAPTER 6. Summary and future work

6.1 Summary

Tropospheric aerosols are important component of the global climate system and their

roles in climate forcing are of much debate (IPCC, 2007). Although aerosol has very

short duration (few weeks) in the atmosphere, it can cool the surface that counters

greenhouse warming by CO2 and water vapor. Aerosol also plays an important role as a

cloud nuclei, which directly influence global hydrological cycles. However, radiative

forcing of aerosol is largely uncertain (IPCC, 2007). Over years, NASA has worked

towards understanding the roles of aerosols in the atmosphere by developing state-of-the-

art models and satellites aimed at resolving and interpreting the atmosphere for air quality

monitoring and climate change. Since the aerosol-cloud-radiation interactions are often

complex and poorly understood, NASA-GSFC’s GEOS-4 model with updated cloud

microphysics and end-to-end parameterization schemes is used.

Before using GCM to study aerosol influence on climate, a single column version

of the model (SCM) is extensively used to test parameterization schemes. Forcing fluxes

to drive the SCM are provided by extensive ARM operational data set over SGP location.

A 3-year continuous simulation is evaluated against in-situ and satellite observations and

it is confirmed that the model produces realistic annual variations of cloud microphysical
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and radiational properties. Various sensitivity tests are conducted to see any systematic

biases associated with model performance. Although simulations matches very close to

the observations in liquid phase of clouds, the model under-predicts ice cloud number

concentrations by 10 times compare to observations. Also, model lacks separate ice

precipitation scheme which removes ice particles in cold temperature and ultimately

upper clouds.

After careful evaluation of SCM against various locations of different

atmospheric conditions, a few simulation experiments with GCM are conducted. At first,

baseline simulation of GCM compared against satellite climatology shows that, GCM is

able to represent key atmospheric processes. Summer (JJA) simulation is used for the

study, and the model results compare excellently against TRMM, MODIS, CERES

satellite measurements in terms of precipitation, cloud microphysical and radiation,

respectively. Sensitivity of GCM is tested, by increasing aerosol concentration two, four

and eight time than its baseline simulation and the results show expected impact on drop

size, cloud water and precipitation. Aerosol direct effect (ADE) and indirect effect (AIE)

are conducted with particular focus on its role in Indian summer monsoon. Simulations

show, that both ADE and AIE have influence on aerosol-induced anomalies over polluted

northern Indian region. However, in the summer monsoon time, AIE dominates the ADE

process by decreasing precipitation and increasing cloud fraction. ADE influence on

surface warming is seen at parts of northern India, but overall combined ADE and AIE

effect show more cooling of the atmosphere. In the pre-monsson season (March-May)

dust loading at the northern Indian plane and Tibetan plateau induces a strong warming in
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the atmosphere, which in turn produces a anomalous circulation of winds, result in

monsoon pattern change. During summer months, due to monsoon dominance, AIE

overpowers the ADE (slightly decreased dust concentration still warms TP and its

southern slope) resulting in overall cooling effect and less precipitation over part of

northern India.

6.2 Future Work

Both SCM and GCM version of GEOS-4 model compare reasonably well against the

observations and produce realistic annual mean of various cloud microphysical and

optical properties. However, both models systematically underpredicts ice particles

concentration which is a concern in cirrus clouds representation in the model. Appendix 1

shows inclusion of ammonium sulfate that act as an ice nuclei improves the model ice

concentration number comparable to observations. However, a more first principle based

approach is needed to change the ice parameterization in a realistic way. Barahona and

Nenes (2008) and Barahona et al. (2010a) introduced ice parameterization scheme based

on first principles, much to contrast of current scheme of Liu and Penner (2005) approach

which is more empirical. Barahona and Nenes (2008) and Barahona et al. (2010a) deal

with both homogenous and heterogeneous nucleations, which are implemented in SCM

model (not shown in this dissertation). Secondary ice nucleation mechanisms are also

needed to implement in a realistic way to have influence on ice number concentration in

the model. More careful evaluation of the new parameterization is needed to compare

against current scheme as well as against available observations implement in GCM.
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Long-term GCM simulations are required to analyze statistical importance of

aerosol induced changes in the atmosphere. In this study, the focus is on summer

monsoon months (JJA), which are important in simulation studies for the model. At the

same time winter and pre-monsoon variations are also important for climate related

studies. Rigorous statistical significance tests are needed to carry out aerosol-cloud

interaction studies.

Present dissertation shows that, a modified convection parameterization in

McRAS yield satisfactory result in-terms of cloud microphysical and radiaitonal

parameters with some limitations. The major goal of this study to implement such

changes in next generation model, like GEOS-5, which is of higher resolution than the

present model. GEOS-5, which uses McRAS cloud physics and other improved

parameterization schemes for cloud radiation are better equipped to conduct aerosol-

cloud-radiation interactions for next generation models.
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APPENDIX 1

Inclusion of Ammonium Sulfate as ice nuclei

An adiabatic cloud parcel model (APM) was used for simulating the behavior of IN and

growth of ice crystals in a cold cloud to obtain current ice parameterization scheme (Liu

and Penner, 2005). The APM simulations were tested and compared by invoking

(NH4)2SO4 vis-à-vis the sulfuric acid (H2SO4), which is a common sulfate aerosols for

activating cold cirrus clouds, in conjunction with the dust (deposition nucleation)

aerosols. Figure A & B show the nucleating behaviors of (NH4)2SO4 compared with that

of H2SO4 for several different vertical velocities using APM simulations. Ice particle

numbers per cm3 at three different cloud base temperatures viz, 229.73K, 214.2K and

194.1K are shown for 2 ms-1 and 0.5 ms-1 updraft velocities.  Log-normal size

distribution with aerosol modal radius of 0.02 m and distribution width of 2.3 for both

aerosol-species (Lin et al., 2002) are used. Initial parcel temperatures were varied from -

35C to -80C, while the sulfate aerosol number concentration was varied from 10 to

1000 cm-3 at updraft velocities ranging from 0.01 to 5 m s-1. (NH4)2SO4 was found to

nucleate slightly more than H2SO4 for lower cloud base temperatures. Detail physical

parameters and coefficients used for homogeneous ice nucleation in APM for both H2SO4

and (NH4)2SO4 are given in Bhattacharjee et al. (2010).
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Figure A: Parcel model simulation of ice number concentration H2SO4 (dotted) and
(NH4)2SO4 (solid) homogenous nucleation for different cloud base temperatures at
updraft velocity of  2ms-1.

Figure B: Parcel model simulation of ice number concentration by H2SO4 (dotted) and
(NH4)2SO4 (solid) homogenous nucleation for different cloud base temperatures at
updraft velocity of 0.5ms-1.
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Another set of experiments where both homogeneous and heterogeneous

nucleation were allowed were performed. Figure C and D show the ice number

concentration in response to dust loading when the range of vertical velocity was 0.2 and

Figure C: Parcel model simulation of H2SO4 (dotted) and (NH4)2SO4 (solid) with
different dust loadings at updraft velocity of 0.2ms-1.

0.04 m s-1 and initial parcel temperatures were varied from -40C and -60C. The figures

show that homogeneous nucleation dominates when dust loading is small and it shuts off

gradually with increasing dust loading. When the dust loading increases as shown on the

right, heterogeneous nucleation on dust becomes more important and consumes more

water vapor so the homogeneous nucleation gradually decreases and then shuts off

leading to decrease of IPNC.
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Figure D: Parcel model simulation of H2SO4 (dotted) and (NH4)2SO4 (solid) with
different dust loadings at updraft velocity of 0.04ms-1.

SCM simulation including (NH4)2SO4 as heterogeneous ice nuclei can be seen in

Bhattacharjee (2010). Model simulated results over ARM-SGP and other global locations

were then compared against long-term MODIS observations. Much improved results, as

opposed to the early work without (NH4)2SO4 (as discussed in Chapter 4), are obtained

(Bhattacharjee et al., 2010).

Ice particle splintering

Ice particles are known to undergo a rimming-splintering process (Hallet and Mossop,

1974) that naturally results in an increase of IPNC with a corresponding decrease in

particle size. An enhancement factor of 1.2 employed by Zeng et al. (2009) for cloud

particles that are created at temperatures higher than -25C is used in the 3 years SCM
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simulation. Figure E shows ice effective radius annual variation obtained from 3-year

ARM-SGP simulation, one with (NH4)2SO4 and another by adding secondary ice

splintering effect. Model variations are compared against 2000-07 Terra-MODIS

climatology over the same location. Together with (NH4)2SO4 as an IN and splintering

effect the simulation gives more realistic results with respect to the MODIS data

(Bhattacharjee et al., 2010).
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Figure E: Climatology of ice effective radius (micron) over ARM-SGP. Black line
represent long-term MODIS data, solid blue line stands for SCM simulation with
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