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ABSTRACT 

 

Study of impact of dust aerosols on radiative forcing in region of Arabian Peninsula 

Fawwad H. Qureshi 

 

The purpose of following project is to study the effect of dust aerosols on the radiative 

forcing which is directly related to the surface temperature. A single column radiative 

convective model is used for simulation purpose. A series of simulations have been 

performed by varying the amount of dust aerosols present in the atmosphere to study 

the trends in ground temperature, heating rate and radiative forcing for both its 

longwave and shortwave components. A case study for dust storm is also performed 

as dust storms are common in Arabian Peninsula. A sensitivity analyses is also 

performed to study the relationship of surface temperature minimum and maximum 

against aerosol concentration, single scattering albedo and asymmetry factor. These 

analyses are performed to get more insight into the role of dust aerosols on radiative 

forcing 
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Chapter 1 

Introduction 

1.1 Motivation 

 Earth may seem like an ordinary speck of dust on a suspended in fabric of time and 

space of Cosmos, but in reality it is a cradle and home to millions of species of living 

organisms including Homo sapiens (Humans), nested together to create the rhythm of life.  

In addition to that, it is a colossal physical system that contains and relies on a network of 

myriads of sub systems, processes and phenomena. One of such sub systems is climate 

which is responsible for generating the metrological characteristics of a particular region. 

Climate itself can be described as an average of weather over many years depending on 

multitude of parameters like temperature, pressure, precipitation, humidity, irradiance, wind 

speed etc.  

 Earth receives a major portion of its energy from the Sun in the form of 

electromagnetic radiation.  This radiation constitutes the major part of Earth’s energy budget.  

Some of this radiation is immediately reflected back into space upon incidence and a large 

chunk of this energy is absorbed. This absorbed portion is then reemitted by Earth in order to 

maintain its energy budget to keep it in equilibrium. The most important role in maintaining 

both radiation and energy balance of the planet is played by Earth’s atmosphere.  Although 

the incoming solar irradiance is more or less constant, but any perturbations in amount of 

radiation absorbed and reflected by clouds, gases and aerosols can disturb this radiation 

balance.  Any such perturbation that causes such an imbalance is called Radiative Forcing 

(RF).  
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 Industrial revolution has not only played a major role in the advancement of 

civilization but has also created a commotion in the fabric of climate system such as 

variations in the concentration of green house gases and anthropogenic aerosols. 

Atmospheric aerosols play a discernible role in RF which directly influences the energy 

balance of Earth. It is this balance that determines the average temperature of the planet. 

Therefore, any changes in RF are directly related to the average temperature. Any positive 

change in RF can create a warming effect whereas a negative one does the opposite as shown 

in figure 1.  

 

Figure 1: Earth's Energy balance and imbalance [1] 

1.2 Objectives and Contributions 

 The objective of this research project is to investigate the direct radiative forcing of 

dust aerosols for Arabian Peninsula. As this region has arid climate, dust dominates the total 

aerosol loading of this region. Radiative forcing of dust has one of the largest uncertainties in 

due to variation in its content and optical properties. There is still an ongoing debate on the 

overall impact of this forcing [2].  

 In order to calculate the radiative forcing of dust aerosol, data for Thuwal region is 

obtained from AERONET. This data is then used as input in the radiative convective model. 

Variation and impact on climate variables (characteristics) such as ground temperature, 

heating rate, long wave and short wave forcing are then studied. A sensitivity analysis of 

temperature change against aerosol loading, single scattering albedo and asymmetry ration is 

also performed to study the underlying trends.  
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1.3 Background Work  

Various attempts have been made to study the optical properties of aerosols as well as the 

radiative forcing associated with them. Dust constitutes about a third of total global aerosol 

optical thickness, yet the effect of dust on the Earth’s climate is poorly understood due to their 

short lifetime [3], [4], [5], [6]. Airborne dust can affect the climate by altering radiative, 

optical and physical properties of components of the atmosphere [7]. Airborne dust does both 

scattering and absorption of solar radiation. It also absorbs and emits infrared (IR) radiation, 

making its contribution to the greenhouse effect. However, there is still an ongoing debate on 

whether dust is responsible for contributing warming or cooling of the climate [7], [8], [9], 

[10]. 

Much research has been done to classify the aerosols into different types in order to 

understand their contribution to the radiative forcing separately. Work of Dubovik et al. 

(2002), [11] has not only highlighted the difficulties associated with the monitoring of  

aerosols but has made an attempt to classify them into four major categories using 8 years of 

worldwide data from Aerosol Robotic Network (AERONET). They have categorized 

aerosols into four classes based on their origin and emission mechanisms, these categories 

are: Urban-Industrial, Biomass burning, Dust and Ocean/Marine aerosol. They have also 

examined single scattering albedo (SSA), particle size distribution and index of refraction as 

key aerosol optical properties to investigate mechanism of aerosol RF. Their study has shown 

a clear distinction in the magnitude and spectral dependence of absorption for four types of 

aerosols.  

A similar attempt has been made by Lee et al. (2010)  [12]. They have used AERONET 

observation data for four different locations to classify aerosols. They have used fine mode 

fraction (FMF) to determine the dominant size mode and SSA to classify the aerosols. Using 

FMF they have made three bins (i) Coarse Mode (FMF<0.4) (ii) Mixed Mode (0.4≤FMF≤0.6) 

and (iii) Fine Mode (FMF>0.6). Each of these bins is further divided into two sub-types based 

on single scattering albedo; Absorbing (SSA<0.95) and Non-Absorbing (SSA>0.95).  Fine 
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mode and absorbing (FMF>0.6) type is further divided into three types; Highly-absorbing 

(SSA≤0.85), Moderately-absorbing (0.85≤SSA≤0.90), and Slightly-absorbing 

(0.90≤SSA≤0.95). According to this classification criterion, they have classified dust as 

coarse mode and absorbing aerosol. Black carbon is classified as fine mode and absorbing. 

The three subcategories for absorbing are reserved for black carbon only. Sulfates and 

Nitrates are classified as fine mode and non-absorbing aerosols, whereas sea salt (marine 

aerosol) is classified as coarse mode and non-absorbing. Lee et al (2009) and Lee et al. (2010) 

have  made a subsequent attempt to validate their classification from satellite remote sensing 

[12], [13]. For this purpose they have proposed an algorithm named after Moderate 

Resolution Imaging Spectroradiometer (MODIS) and Ozone Monitoring Instrument (OMI), 

which is called MODIS OMI (MOA hereafter).  

Another attempt have been made by Russell et al. (2010) [14]. Using both radiometric 

and in situ techniques they have shown that the fractions of black carbon, organic matter, and 

mineral dust in atmospheric aerosols determine the wavelength dependence of absorption in 

the form of Absorption Angstrom Exponent (AAE). In order to remove ambiguities in aerosol 

mixture arising due to intermediate AAE values, they have used Extinction Angstrom 

Exponent (EAE) to perform cluster analysis. 

A more recent aerosol classification attempt has been made by Giles et al. (2012) to 

classify the atmospheric aerosols [15]. Their work is based on long term (1999-2010) dataset 

from AERONET for 19 sites. They have used aerosol optical depth (AOD) and single 

scattering albedo to determine absorption angstrom exponent, extinction angstrom exponent 

and fine mode fraction. This information is then used for categorization of aerosols. They 

have analyzed and compared aerosol absorption parameters (AAE and SSA) with previous 

works. They have made a step forward by determining the variability within each aerosol type 

using sensitivity test on AAE by varying SSA. They have also conducted cluster analysis to 

investigate the relationship between different aerosols. They have based their classification 

criterion on the source regions and known seasonal changes for aerosol types in those regions. 
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Furthermore, they have imposed a restriction that the chosen sites should have high aerosol 

loading (AOD>0.4). Due this restriction they have not included sea salt aerosol in this study 

as for sea salt aerosol AOD<0.1 for maritime environments. Summary of major results is as 

follows: 

Absorption properties of Aerosols 

 Dust: Dust type aerosols show least variability in the optical properties due to 

similar composition. This type shows strong absorption near blue end of the 

visible spectrum and absorption seems to decrease with increasing 

wavelength (SSA increases with wavelength). Presence of Hematite seems to 

increase absorption from blue to near infra red. 

 Black Carbon: Black carbon particles show strongest absorption near 

infrared region. In this case, SSA decreases with increasing wavelength when 

black carbon is the sole absorber. 

 Brown Carbon/Organic Carbon: This type shows strongest absorption in 

ultraviolet and visible band. Here SSA increases with increasing wavelength 

when this is the sole absorber. Various combination of black carbon with 

dust, brown carbon or organic carbon show ambiguous SSA dependence on 

wavelength (increase, decrease, constant). The net effect is always a stronger 

absorption across the retrieve spectrum which is 440nm to 1020nm. 

 Mixed: For this category, SSA average shows strong spectral absorption. It 

shows dust like spectra with stronger absorption near blue region due to 

presence of significant amount of dust in the mixture. 

 Biomass Burning: This type shows the largest variability in the absorption 

as opposed to dust. The reasons for this strong variability are usage of 

different fuels and difference in combustion phases.  

Sensitivity Test  
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 They conducted the sensitivity analysis of AAE by studying the response of variation 

of SSA for four different wavelengths (440,500,675,870) nm keeping EAE constant. They 

have used perturbation of ±0.01, ±0.02, ±0.03 and ±0.04 SSA. Perturbation of SSA of ±0.04 

shows large deviation from unperturbed dataset. This indicates greater uncertainty for AAE 

with increasing SSA uncertainty. 

Cluster Analysis  

 Using cluster analysis, they have shown the presence of at least five different clusters 

based on the SSA (440nm) vs. EAE (440-870nm) relationship. The identified clusters are 

Dust, Mixed-Large Particle, Mixed-Small Particle, Urban/Industrial and Biomass (two 

subsequent clusters). Using the SSA (440nm) vs. EAE (440-870nm) relationship, major 

aerosol types and some mixtures can be identified without prior knowledge of source regions 

and transport mechanism by considering aerosol absorption and size parameters. 

 Research attempts have also been made to understand its optical properties of dust 

and the radiative forcing associated with it. Xia et al. (2009) have shown that dust aerosols 

are non absorbing in the shortwave (SW) range and reflect (SW) radiation back to the top of 

the atmosphere (TOA), thereby cooling the Earth system [16]. Dust aerosols absorb long 

wave (LW) radiation and thereby warming aerosol layer in long wave spectrum but cooling 

the area below it. They have also shown the significance of such warming by observation 

based estimates and radiative transfer model (RCM) simulations done by Yu et al. (2006) 

[17]. Their study has shown a negative relationship between the long wave radiation and 

aerosol optical depth because dust absorbs LW radiation emitted by the surface and emit to 

the TOA at a colder temperature when compared to the surface. From this, they have 

concluded that overall effect of dust on radiative forcing is still to cool the climate, although 

the dust LW warming can offset 58% of the SW cooling [17].  

 Miller et al. (2004) have studied the effect of change in surface forcing on 

evaporation rate and changing the hydrological cycle [3]. Their studies have also shown that 

radiative forcing by dust and other aerosol types show large regional variations due to their 
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short lifetime in troposphere due to gravitational influence and wet deposition. They have 

shown that dust reduces the incoming solar flux by absorption and scattering. Their research 

has concluded that thermal component of radiative forcing dominates on global scale 

because dust particles are highly absorbing at longer wavelengths. [18]. Their studies have 

further shown that the net forcing is negative and is almost zero at TOA. Similarly Tegan et 

al. (1996) have shown that the sign of total (LW+SW) radiative forcing at the tropopause can 

be either positive (warming) or negative (cooling). The sign depends on the particle size and 

vertical distribution of the dust layer [19]. Balkanski et al. (2007) have shown that short 

wave absorption by mineral dust is due to the presence of hematite (iron oxide) [2].  

 This literature review has helped us to choose dust aerosols to study their impact on 

the radiative forcing for two reasons. First,  dust constitutes about one third of total aerosol 

loading of the world, meaning it is the most of abundant form of aerosol [4], [5], [6].  

Second, since Arabian Peninsula has arid climate therefore, dust aerosols dominate this 

region and it is much easier to study its effect.   
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Chapter 2 

Fundamental Concepts 

2.1 Aerosols 

 Aerosols are ubiquitous, present almost everywhere. We see them in the form of dust 

layers on our cars or in the form of smog reducing visibility if we are living in a dense urban 

setting or in the form of volcanic ash, at the same time we inhale them,. Major examples of 

atmospheric aerosols include volcanic ash, dust (both anthropogenic and natural), industrial 

soot, black carbon, brown carbon, sea salt etc., some of them are shown in figure 1. The most 

common type of aerosol that we encounter on day to day basis is dust. The type and 

concentration of a particular aerosol largely depends upon the location, atmospheric 

conditions and presence of an aerosol source [20]. By definition, we can say that aerosols are 

tiny particles of matter that are suspended in the atmosphere. Their lifetime ranges from few 

minutes to several years which depend on whether they are present in troposphere or 

stratosphere.  

 

Figure 2: Different types of Aerosols [21], (a) Dust (b) Combination of dust or smog (c) Combination of 

organic carbon and smoke (d) Volcanic ash 
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2.1.1 Aerosols Classification 

 Aerosols can be categorized in different ways. Much research has been done on 

classifying the aerosols on the basis of their physical and optical properties 

[11],[12],[13],[14],[15]. The simplest form of classification is based on their point of origin. 

According to this type of classification, aerosols are of two types; primary and secondary. 

Primary aerosols are formed by direct ejection into the atmosphere from their source such as 

emission from cars and factories or dust. These primary aerosols are in their raw form and 

haven’t undergone conversion into any secondary substances or particles. When these 

aerosols are formed by in situ aggregation or nucleation processes such as chemical or 

physical reactions that convert gas phase molecules into particles, then these aerosols are 

called secondary aerosols. 

 Another way to classify aerosols is on the basis of their mechanism of creation. This 

classification divides aerosols into two categories; natural and anthropogenic. Aerosols such 

as dust, sea salt, or volcanic ash are naturally formed aerosols therefore, theses are called 

natural aerosols. Aerosols like industrial dust, black carbon etc. are formed by manmade 

activities; therefore they are called anthropogenic aerosols.    

2.1.2 Aerosols – Role and Impacts  

 The study of aerosols is pertinent to understand and estimate the future state of 

climate system. Aerosols affect radiative balance of Earth in two main ways; directly and 

indirectly. The direct effect is a first order in nature which is a result of direct interaction of 

radiation with aerosols in the form of absorption, reflection and scattering. This affects both 

short wave and long wave radiation forcing [22]. The magnitude of this direct radiative 

forcing due to aerosols depends on the scattering albedo of aerosol. Albedo is an optical 

property of aerosol that is responsible for the reflection or scattering of radiation. If albedo of 

an aerosol is large then, more radiation is scattered. The net effect of this trend is cooling.  If 

aerosol is of low albedo then it will absorb large amount of the incident radiation creating 

positive forcing which results in warming.  
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  Indirect effect of aerosols comprises of changes in net radiative forcing primarily by 

modification of amount and properties of clouds. Aerosols act as cloud condensation nuclei 

(CCN) in the atmosphere. A rise in the concentration of CCN will result in an increase in the 

number of cloud droplets. There are two effects observed due to this increase in number of 

cloud droplets. This increase causes a rise in the cloud albedo, which results in an exaggerated 

scattering of shortwave radiation. This effect is called Cloud Albedo Effect or Twomey Effect 

[23]. Second effect of this increase is on cloud droplet size. An increase in concentration of 

droplets causes a reduction in the droplet size. This results in a decrease in precipitation and 

increase in the cloud lifetime. This is called Cloud Lifetime aerosol Effect or Albrecht Effect  

[24]. Aerosols can also affect the distribution, amount and optical properties of certain 

photosensitive  chemicals present in the atmosphere[10]. 

 Other than influencing climate, aerosols also affect humans and other organisms. 

Large concentration of aerosols such as dust storms or smog in an area can reduce the 

visibility. They can also interfere with day to day life, depending on their severity. Dust 

aerosols can have a detrimental effect on the outdoor equipment such as solar panels, 

particularly in regions with arid climate. Dust aerosols also act as food carrier for oceanic life 

forms. Certain types of aerosols affect human health too. Industrial dust and black soot 

specially can be very harmful; they induce respiratory problems, allergies, cardiovascular 

problems, dermatological problems and birth defects. Certain fine mode secondary aerosols 

which are the result of anthropogenic activities are carcinogenic.  

2.2 Radiative Forcing of Aerosols 

 Atmosphere of the Earth plays a pivotal role in maintaining the radiation balance 

which in turn determines the average temperature of the planet. This radiation balance is 

sensitive to the perturbations in factors such as intensity of incoming radiation and amount of 

radiation absorbed and reflected by clouds, gases and aerosols. Any such perturbation is 

termed as Radiative Forcing. The simplest type of RF is called instantaneous or direct RF, 
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which can be defined as the difference between perturbed and unperturbed radiation flux as 

defined by the following simple equation. 

                                                                       

 

 

Figure 3: Radiative Forcing Components (IPCC) [25] 

 

A positive RF warms up the planet whereas a negative RF does the opposite. Figure 2 

shows the global average of radiative forcing of different atmospheric components. In this 

figure positive radiative forcing is shown by red bars and negative forcing is shown by blue 

bars. We can observe that most of the negative forcing is due to aerosols which produce 

cooling both directly and via cloud albedo effect (indirectly). Change in radiative forcing 

depends on four main factors such as changes in the atmospheric composition, land use and 

land cover, ocean system and changes in the external forcing such as variations in the solar 

irradiance, variations in Earth’s orbit etc. [9].                                                                                                                                                                      
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2.3 Methods to measure properties of Aerosols 

 In order to measure and study the properties of aerosols, various methods have been 

employed and implemented. Some are based on the actual measurements of the key 

characteristics of aerosols; some involve sophisticated algorithms to study aerosols remotely 

while some rely on the climate models to study the RF of aerosols. The main techniques that 

have been used are as follows:  

2.3.1 Focus field campaigns:   

 Field focus campaigns provide a detailed and reliable characterization of regional 

aerosols. However, the characterization of aerosols consisting of large sized particles is less 

reliable. In addition, these field campaigns suffer from two main disadvantages: their small 

duration and small spatial coverage [10].  

2.3.2 Surface networks:  

 Surface networks include examples like Aerosol Robotic Network (AERONET). 

These networks have the ability to measure Aerosol optical depth (AOD) and other key 

aerosol parameters at various wavelengths with high accuracy. They provide reliable and 

continuous operation on key locations but lack the ability of global coverage [10],[11].  The 

global coverage can be done linking all the nodes of the network via satellite to ensure data 

flow and availability.  

3.3 Satellite remote sensing: 

 Satellite remote sensing methods are capable of acquiring both temporal and spatial 

characteristics of aerosol with good accuracy but not as good as surface networks. Examples 

include Moderate resolution Imaging Spectroradiometer (MODIS), Multi angle Imaging 

SpectroRadiometer (MISR) and Cloud Aerosol Lidar with Orthogonal Polarization 

(CALIOP). Aside from AOD, these also measure aerosol properties like size and shape. They 
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provide continuous measurement and global coverage but they offer limited accuracy and 

scope [10],[11]. 

2.4 Aerosol Optical Depth 

 It is defined as the degree to which aerosol as a medium prevents or hinders a beam 

of light to transmit through it either by absorbing it or by scattering it. It is also called aerosol 

optical thickness. Since it depends on both the quality and quantity of aerosol, therefore we 

can alternatively define it as amount of aerosol present in a column of air from the measuring 

instrument to the top of the atmosphere. 

2.5 Aerosol Extinction Exponent  

 This optical property describes how much light is reduced or “extinct” while 

traversing through the material. Since extinction describes the losses as a sum of how much 

light is lost due to absorption and how much of it is lost due to scattering. This property gives 

an idea about the nature of the medium.  Mathematically, it is defined as the fraction of 

radiance reduced or depleted per unit length of the traversed path.   

2.6 Single Scattering Albedo 

 Single scattering albedo (SSA) is an optical property of aerosols that is related to the 

scattering or absorbing ability of aerosol. SSA is the quantification of the interaction of 

radiation with a surface or particle. Mathematically it is defined as the ratio of scattering to 

the extinction of radiation.  

     
           

          
  

           

                     
 

 Where, extinction is the sum of absorption and scattering of radiation.  

SSA is a dimensionless quantity and whose values range from 0 to 1. SSA is an important 

quantity as it can be used to classify aerosols into absorbing and non-absorbing categories. 
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Smaller values towards 0 represent larger absorption, while values towards 1 mean higher 

scattering of radiation by the aerosol particle. Value of 1 represents complete scattering with 

no absorption component.  

2.7 Asymmetry Factor (ASM) 

 This optical property is related to scattering of radiation. It measures the scattering in 

two components; amount of light scattered and direction in which it is scattered. Its value 

ranges from +1 to -1. Signs in the values represent the scattering direction. A value of +1 

show that the entire incident light is scattered in forward direction, similarly a value of -1 

represent that entire radiation is scattered in backward direction. A value of zero means that 

the scattering is evenly distributed between forward and backward direction [25],[26]. 

2.8 Complex Refractive Index 

 Complex refractive index is used to measure the refractive indexes of materials that 

are able to absorb light i.e., materials which are opaque. The complex refractive has two 

components one real and other imaginary. The real part represents the actual refractive index 

of the material. This real part shows the reduction in the velocity of light while traversing 

through a medium as compared to its velocity in vacuum. In simple mathematical terms, it is 

the ratio of speed of light vacuum to speed of light in a particular medium. The value of this 

component is always positive. The imaginary part represents extinction coefficient or 

absorption coefficient. It represents amount of radiation lost due to absorption in the medium. 

When its value is positive then it shows that the light is absorbed meaning it shows the 

opacity of the material. A zero value shows no absorption and the complex index will only 

have a real component. Mathematically, we can write it as  

        

Where  
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           : Complex refractive index 

   Real part representing the refractive index 

   Imaginary part representing the absorption coefficient 

 

2.9 Aerosol Angstrom Exponent 

 Angstrom Exponent relates aerosol optical depth with the wavelength of radiation. It 

represents how optical depth is dependent on the wavelength of the radiation. It is expressed 

in the form of an exponent. It is significant in determining the particle size. Particle size is 

inversely related to angstrom exponent. Mathematically if two wavelengths (         are 

available along their corresponding aerosol optical depths (      ), then angstrom exponent   

is related to these four parameters as follows, 

  
  

     
  

  
 
  

 

In logarithmic form,  
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Chapter 3  

Radiation 

 

3.1 Radiative Transfer Equation 

 Radiative Transfer Equation (RTE) is based on the conservation of energy. In case of 

RTE, principal form of energy is radiant energy. RTE describes the conversion of radiant 

energy to non radiant type or vice versa.  The simplest form of RTE is based on three physical 

processes; absorption, emission, and scattering. Their descriptions are provided in the 

following subsection. 

3.1.1 Radiative Processes: 

 There are three main processes that can modify the radiation in the atmosphere. This 

modification can result in either an increase or a decrease in the intensity of the initial 

radiation [26]. 

Absorption:  

 This is the process in which radiant energy is converted into non radiant form, which 

is utilized in increasing either kinetic energy or chemical energy. This process decreases the 

overall intensity of the initial radiation.  

Emission:  

 This is the process in which non radiant energy is converted into radiant energy. This 

process is the complete opposite of absorption. Molecules in a substance (in our case that 

substance is the atmosphere) emit radiation whose flux density depends on the absolute 
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temperature of the substance. This process is described by Stefan – Boltzmann Law. This type 

of process increases the intensity of the radiation.  

Scattering:  

 This is the process in which the trajectory of the radiation is changed by the presence 

of particle in the path of radiation. Scattering can cause both increase and reduction in the 

intensity of the incoming radiation. Scattering can be both elastic and inelastic in nature. In 

case of elastic scattering, the wavelength of the radiation is not changed. In case of inelastic 

scattering, the wavelength of the radiation is changed during the scattering process.  

3.1.2 Mathematical Formulation 

 Let    be the intensity of radiation.   is defined as the energy flux per unit time, unit 

frequency, unit solid angle and unit area normal to the direction of propagation. Then RTE is 

defined as the gradient of the intensity I during its propagation through a medium is equal to 

the sum of losses due to absorption and scattering, and gains due to emission. Mathematically 

it is written as   

  

  
             

Where,  

     : Absorption coefficient or opacity 

   Scattering coefficient 

   Emissivity 

We can define extinction coefficient   as the sum of absorption coefficient   and scattering 

coefficient  . Therefore RTE will be simplified into,  
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3.2 Radiative Convective Model 

 Climate system consists of plethora of components which interact to create myriad 

processes and phenomena. Climate models are designed to emulate, simulate and determine 

these processes and their effects. There are two main types of processes: interactions and 

feedback mechanisms between the components of the climate system. The simplest type of 

climate model is one dimensional. This category is further divided into two subcategories. 

First type is called surface energy balance model which is based on latitude and altitude. 

Second type is called vertical column energy balance model which is used for computing the 

vertical distribution of one of the key variables such as temperature. Radiative convective 

model (RCM) belongs to the latter category [27]. RCM is used to calculate and simulate the 

vertical distribution of temperature under radiative equilibrium. RCM takes in vertical profiles 

of atmospheric elements like gases, aerosols etc. to reach radiative equilibrium by iterating 

temperature profile [28].  

 Manabe and Strickler are considered pioneers in using RCM to simulate the climate 

processes [29]. The model that has been used for conducting simulations for this thesis is 

developed by Stenchikov and Robock in 1995. They have used the same model to study the 

effects of stratospheric aerosols after Pinatubo eruption in 1991 [30]. They have incorporated 

radiative transport for both cloud and pollution present atmosphere.  The model is based on 

RTE. The equation for ground thermal flux is as follows which is based on RTE. 

  
   

  
                         

       

                  

   
 

  
 

Where,  

cg = Heat capacity of the ground, Sd = Downward solar flux, Su = Upward solar flux,  



31 

 

Id = Downward thermal flux, Iu = Upward thermal flux, Hl = Latent heat flux 

Hs = Sensible heat flux,   = Source of advection energy, α = 1 for ground 

ɛ = Emissivity, T = Ground temperature, P = Pressure, P = Pressure at ground 

 

 According to this model, atmospheric column receives energy through advection. 

This energy is absorbed by the surface and then converted into latent and sensible heat. Then 

it is redistributed via convection, radiation and interaction of ground and atmosphere. In this 

model, radiative fluxes are calculated by a spectral radiative scheme which comprises of 42 

spectral bands. Furthermore, it calculates scattering of incoming solar radiation in visible and 

near infrared region. The process of convective adjustment in this model is based on 

variational principle. Furthermore, the model generates both convective and layer clouds 

internally for stabilizing the thermal equilibrium solution taking place due to albedo feedback. 

Diurnally average radiative equilibrium is calculated using one hour time step at the top of the 

atmosphere with the accuracy of 0.05 W/m
2  

[30].  Three distinct seasonal regimes (summer, 

winter and spring) can be simulated for latitudes ±15, ±46, and ±73. The model needs to be 

provided with values of column energy convergence, surface wetness and surface albedo as 

inputs, in order to generate the output files. The output files are then used for generating 

graphs and charts using GrADS which is discussed in the following section.  

3.3 GrADS 

 Grid Analysis and the Display System (GrADS) is a visualization tool used for data 

specific to earth sciences. It supports multiple file formats such as binary, HDF and NetCDF. 

It has built-in scientific, mathematical and graphics functions which can be accessed using 

simple GrADS commands. These functions and commands are used for accessing, 

manipulating, analyzing and visualizing the data. One of the greatest features of GrADS is 

that it has its own scripting language. This scripting language allows complicated analysis, 

use of graphics and batch processing of computation jobs. The language also allows user to 

define their own functions and use them. GrADS is developed in C language. It has been 
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implemented on multiple platforms and can be downloaded for free from its official website 

(http://www.iges.org/grads/). The website also hosts the documentation, tutorials and a user 

forum for discussion. It is developed by collaboration of Center for Ocean-Land-Atmosphere 

Studies, Institute of Global Environment and Society and George Mason University It was 

first release in 1988 [31]. 

3.4 Vertical Distribution of Temperature 

 The vertical distribution of temperature can be understood by observing the vertical 

structure of the atmosphere. In order to understand the vertical profile of temperature we need 

to consider Sun and surface of the Earth as two sources of energy. Surface of the Earth is a 

secondary source, as it absorbs the energy coming from the Sun and reradiated it in the form 

of long wave radiation.  Atmosphere of the Earth is stratified meaning it consists of many 

layers.  

 The lower most layer of the atmosphere is called Troposphere. Here mode of heat 

transfer is convection. The air in contact with the surface absorbs energy and warms up. This 

warm air is less dense than cold air, therefore it moves in upward direction. Since pressure 

decreases with increasing height, this warmer air performs work against its surroundings, 

losing its energy and becoming cooler. When it becomes in equilibrium with its surrounding, 

it comes down due to its dense nature and this cycle continues. This cycle ensures uniform 

mixing of air in troposphere. In troposphere the gradient of temperature with respect to height 

is negative meaning the temperature decreases with height. This gradient is called lapse rate. 

Lapse rate is a variable parameter; its value depends on the location, season, time etc. The 

width of troposphere also varies from place to place; it is maximum at equator and minimum 

at the poles. Its average value is between 8 km – 16 km. Much of the mass is concentrated in 

this layer  [32]. The vertical end limit of troposphere is called Tropopause. It is the boundary 

between troposphere and the next layer of the atmosphere. In terms of lapse rate we can say 

that the altitude where the lapse rate becomes non negative is called tropopause.  

http://en.wikipedia.org/wiki/George_Mason_University
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 The next layer of the atmosphere is called Stratosphere. Here the lapse rate becomes 

positive. This layer is the niche for Ozone (O3) which is responsible for protecting Earth’s 

surface from ultra violet radiation. This layer gets its energy from the Sun, so the temperature 

in this layer increases with increasing height. Particles that slip passed tropopause remain 

trapped in this layer for years. This layer is situated between 10 km to 50km from the surface 

of the Earth. Like troposphere, the thickness of the stratosphere varies with latitude. The 

upper boundary of stratosphere is called Stratopause. It is the place where the temperature 

gradient a.k.a. lapse rate becomes zero. The next layer is called Mesosphere and it ranges 

from 50km to about 100km from surface. The temperature in the mesosphere decreases with 

increasing height. The upper boundary of mesosphere is called Mesopause. The next layer is 

called Thermosphere. Temperature in thermosphere increases with height due to presence of 

residual oxygen which increases temperature by absorbing high energy (ultra violet) radiation. 

The incoming high energy radiation is responsible for ionization of molecules in this layer 

[33]. The outer most layer of Earth’s atmosphere is called Exosphere. Exosphere and 

thermosphere are separated by a boundary called Thermopause. 

 

Figure 4: Vertical distribution of temperature in the atmosphere [34] 
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Chapter 4 

AERONET 

4.1 Introduction 

 AErosol RObotic NETwork (AERONET) is a ground based network of instruments 

which are connected remotely to measure the aerosols properties. This network is established 

by NASA and LOA-PHOTONS. It is further broadened by contributions from associated 

national or governmental agencies, institutions, universities and independent researchers. This 

network maintains a database of aerosols optical and microphysical properties. This reliable 

and continuously updated database is publically accessible. AERONET also maintains the 

standard for instrument calibrations and processing of data (http://aeronet.gsfc.nasa.gov/). 

 There are three levels of data quality available at AERONET.  Level 1.0 contains 

unscreened data. This unscreened data is considered as raw data without undergoing any 

processing. Level 1.5 contains the data which are cloud screened. This type of processed data 

is obtained from by removing the cloud influence on the unscreened data. The data from level 

1.5 is further processed for quality to produce level 2.0 data. Level 2.0 contains the data 

which are both cloud screened and quality assured. AERONET produces three primary 

products aerosol optical depth (AOD), precipitable water and inversion products obtained 

from AOD. It uses CIMEL 318A spectral radiometer [35].  Inversion products include optical 

properties like size distribution, asymmetry factor, single scattering albedo, phase function etc 

[35].  
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4.2 CIMEL 318A  

 4.2.1 Description 

 CIMEL 318A is an electronic solar powered spectral radiometer. There are two types 

of instruments that were used before 2004: a) CE -318 -1 which is the standard model with 

eight filters for eight wavelengths.  b) CE-318-2 which is the polar model with three filters 

containing two or three wavelengths in each. In 2004 CIMEL released a better and improved 

version of radiometer called CE-318N. This version can be worked as both polar and standard 

calibration. It contains nine filters and an improved sensor. A conversion kit is available from 

CIMEL that can upgrade both CE-318-1 and CE-318-2 into CE-318N.  AERONET chose 

CIMEL radiometer because it can provide robust operation, self calibration and its ease  

use[35], [36], [37].  

 

Figure 5: Sun-sky automatic radiometer CIMEL 318 [37] at KAUST site [38] 

4.2.2 Calibration of the instrument 

 There are two types of calibrations available; direct sun and sky radiance. For direct 

sun, calibration is done at NASA Goddard (GSFC) calibration facility in US. The GSFC 

reference instruments are sent to Mauna Loa Observatory (MLO) in Hawaii for calibration. 

AERONET reference instruments are calibrated every two to three months at MLO. For sky 

radiance, calibrations are done at NASA Goddard. The sky radiance instruments are 

calibrated in every six to twelve months basis. For sites other than NASA Goddard, 
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calibrations are done in using an AERONET reference instrument which is calibrated at MLO 

[35].   

4.3 Measurements 

 CIMEL photometer takes three types of measurements; direct sun measurements, sky 

radiance measurements and a combination of both.    

4.3.1 Direct Sun Measurements 

 Direct sun measurements are taken at eight wavelengths which require about ten 

seconds. These wavelengths are 340,380, 440, 500, 670, 870, 940, and 1020 nm. There are 

eight filters attached to a filter wheel each corresponding to one of the wavelengths. The 940 

nm filter performs an additional function; it also measures column water abundance [39].  

 Optical depth is not obtained directly but calculated from the extinction component 

using Beer-Bouguer-Lambert law. Scattering and absorption due to ozone and pollutant gases 

are estimated first and then removed in order to isolate AOD. A sequence of three 

measurements can be made for each wavelength [35], [36].  AOD and other optical properties 

are represented in the following manner on AERONET website using data display tool.  

Following figure shows the hourly AOD values (level 1.5) for eight different wavelengths for 

KAUST campus. Data can also be downloaded for free in the text file format. 

 

Figure 6: Representation of AOD on AERONET website [35] 
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4.3.2 Sky Radiance Measurements 

 There are two types of sky radiance measurements; almucantar and principal plane. 

There are four wavelength bands available for sky radiance measurements. These are 440, 

670, 870, 1020 nm. For almucantar measurements, angle of elevation is kept constant and 

azimuthal angle is varied. These are taken six times a day. For principal plane measurements, 

azimuthal angle is kept constant and elevation angle is varied. These measurements are taken 

nine times a day [35], [36], [39].  

4.4 Data Manipulation 

 Raw data at AERONET is manipulated in different ways. There are multiple 

operations done on the data like data movements, quality checking, data filtering, data 

screening etc. Following are the three main operations that are performed on the data.   

 From ground sites raw data from the instruments is transferred to AERONET in 

following three ways. First using satellite, in this technique data is transferred to the 

processing station via satellite. There are four satellites available for this type of data transfer 

using data collection platforms; GOES East, GOES West, Meteosat and GMS.  Second using 

internet, in this method photometer is connected to a PC which downloads the data from 

photometer. Then it is sent to the processing server either manually or automatically. Third, 

by manual method, in this method data is manually extracted from the photometer 

periodically and then send it to the processing station via internet [35], [36].  

 Data processing is done in two steps; preprocessing and processing. In preprocessing 

step, raw data from photometer is first converted into AERONET compatible format and 

reports about each instruments is generated by the server. Data is also backed up in this step. 

The actual processing involves application of several algorithms on the data.  One of these 

algorithms is used for AOD retrieval and other for AOD cloud screening. The algorithm that 

is used for sky radiance data inversion is the most computationally expensive and time 
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consuming algorithm. The processed data can either be used to manually upgrade to level 2.0 

or reprocessed for calibration purposes [35], [36].    

 The processed data can be distributed either by the data display tool on the 

AERONET website or by using the FTP server. The web display tool provides a graphical 

representation of the data. Data through web tool is publically available. Using FTP option, 

data for a particular site can only be distributed by request. In this option, data is distributed 

by compressing it and then transferring it. The compression of the data provides more 

efficient and secure transfer.  
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Chapter 5 

Experimental Design 

5.1 Introduction 

 In order to prove our thesis, we have conducted a series of simulations (experiments).  

We need to have a standard or control simulation run so that the experimental runs can be 

compared to it in order to validate our premise.  A single column RCM with cloud and 

pollutant conditions has been used, which has been described in chapter 3. The flow is simple, 

we need to have a standard or control simulation run. The control run is compared against 

actual observed data to establish its validity. In the next step, the experimental runs are 

performed by varying parameters. These are done to observe the difference, correlation and 

the presence of any underlying pattern or anomaly. Once comparisons are done, sensitivity 

analysis is performed next which involves determining the relationships of key parameters 

with results. An additional experimental run based on a case study of dust storm is also 

performed.  

5.2 Data 

 In order to perform simulations, the model is provided with a combination of 

parameters to get the conditions similar to the ones present in Arabian Peninsula. The data for 

aerosol optical properties is acquired from AERONET for KAUST campus (Latitude: 

22.30483° North, Longitude: 39.10283° East) to observe the radiative forcing of dust 

aerosols [38]. A thorough description about AERONET is provided in Chapter 4. The role 

and behavior of various properties such as ground temperature, shortwave forcing and long 
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wave forcing and heating rate is required, in order to establish the role of dust aerosols on 

radiative forcing. The simulations are performed only for summer season. Summer season is 

chosen for two main reasons. First, because atmosphere in this region is loaded with dust 

aerosols more frequently in summer plus dust storms are also prevalent in this season. 

Second, complete AERONET data for KAUST campus is available only for summer. A case 

study for dust storm is also done to further discuss the impact of dust aerosols. The model is 

provided with following parameters. Surface wetness or surface moisture, whose value ranges 

from 0 to 1 is taken to be 0.1, because our region under study has arid climate [40]. Similarly 

the value of surface albedo is taken to be 0.4 which is above global average (0.3 is the global 

average) [41]. The model also requires the current level of CO2 as input, the current levels of 

CO2 are somewhere around 391.03 ppm (parts per million) [42],[43].Since model contains 

330 ppm as CO2 loading, therefore our scaling would be 1.18 4 (391.03/330). A summary of 

data is as follows. 

Parameters Value 

Surface Wetness [40] 0.1 

Surface Albedo [41] 0.4 

Heating Rate 0.01 

Radiative Balance 10 

Single scattering Albedo [44] NIR VIS - Red VIS-Blue 

0.98  0.97 0.97 

Asymmetry Factor [44] NIR VIS - Red VIS-Blue 

0.67 0.68 0.70 

Aerosol Extinction [45] UV VIS NIR IR 

1 0.5 0.1 0.01 

CO2 Loading [42],[43]  391.03/330 = 1.184 

Aerosol Loading UV VIS NIR IR 

0 0 0 0 
 

Table 1: Parameters and their values for control experiment 

5.3 Simulation Runs 

5.3.1 Control Run  

 The first run is performed for controlled conditions. By controlled conditions, we 

simply mean aerosol free environment. Control run is different from experimental run in one 
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main aspect that it contains zero value for aerosol loading or aerosol concentration in the 

atmospheric layers. By aerosol loading we mean the amount of aerosol present or in more 

appropriate terms aerosol concentration in the atmosphere. The values of different parameters 

from the control run are then compared with experimental run to observe trends. In order to 

validate that the control run is correctly emulating the conditions for desert climate, a 

comparison has been made with the temperature diurnal cycles of Arabian Peninsula for 2012 

[46].  This diurnal study have been done for three cities; Jeddah, Riyadh and Dammam [46].  

 

 

Figure 7: Diurnal Cycles for Jeddah, Riyadh, Dammam and Control run [46]  

 From observation, the diurnal cycle of temperature for our run is similar to the pattern 

of Riyadh’s diurnal cycle as seen in figure 5. The cycles of Dammam and Jeddah have similar 

pattern due to their proximity to sea. Riyadh shows a slightly different pattern as its peak is 

shifted rightward. Our simulated diurnal cycle is similar to Riyadh’s diurnal cycle which is 
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represented by dotted line in figure 5. Riyadh shows a different pattern because it is land 

locked and lacks the humidity to the likes of Jeddah and Dammam. This humidity is the main 

reason behind the differences in peak day temperatures between the cities. Figure 6 is the 

actual simulated diurnal cycle obtained from our model using GrADS.   

 
Figure 8: Temperature diurnal cycle for Control Experiment 

 

Following table shows the average, maxima and minima of the temperatures of the four cases.  

 Jeddah Riyadh Dammam Control 

Average 307.1196667 310.6189 310.0093 310.7274 

Maximum 311.918 317.595 316.338 316.997 

Minimum 302.059 304.153 302.336 305.963 

 

Table 2: Averages, Maximum and Minimum Temperatures for Jeddah, Riyadh, Dammam and Control run 
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5.3.2 Experimental runs 

 There are two categories of experimental runs. First category of experimental runs is 

used for comparison with the control run. Second category of runs is used for case study and 

sensitivity analysis. There are three instances in the runs in the first category. Following table 

shows the values of parameter that are given as input to the radiative model.  

Parameters Value 

Surface Wetness [40] 0.1 

Surface Albedo [41] 0.4 

Heating Rate 0.01 

Radiative Balance 10 

Single scattering Albedo [44] NIR VIS - Red VIS-Blue 

0.98  0.97 0.97 

Asymmetry Factor [44] NIR VIS - Red VIS-Blue 

0.67 0.68 0.70 

CO2 Loading [42],[43] 391.03/330 = 1.184 

Aerosol Extinction [45] UV VIS NIR IR 

1 0.5 0.1 0.01 

Aerosol Optical Depth UV VIS NIR IR 

Case 1:Aerosol Loading  = 0.2 0.2 0.1 0.02 0.002 

Case 2:Aerosol Loading  = 0.4 0.4 0.2 0.04 0.004 

Case 3:Aerosol Loading  = 0.5 0.5 0.25 0.05 0.005 
 

Table 3: Parameter and their values for experimental runs 

There is only one difference between these three runs i.e. their aerosol loadings. The loadings 

are distributed non- uniformly between the two layers out of thirteen. Three different values 

of loading are used: (0.1+0.1=) 0.2, (0.28+0.12=) 0.4, and (0.3+0.2=) 0.5.   

5.4 Case study – Dust Storm 

 The case study for dust storm is done in a similar fashion.  Same values of parameters 

from table 3 have been used in the dust storm case study the only difference is the aerosol 

loading of 3.0 is distributed among the lower half of the layers i.e. 7 out of 13.  
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5.5 Sensitivity Analysis 

 Sensitivity analysis is done to study the effect of variation of one parameter on 

forcing while keeping others constant. Sensitivity analysis is done for three optical properties 

i.e. aerosol loading, single scattering albedo and asymmetry factor.  
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Chapter 6 

Results  

6.1 Discussion of results 

 Before we discuss the results, it is important to understand the formation of deserts. 

There are many reasons why some deserts are hot. The most significant factor is called as 

subtropical high pressure; it is the main reason behind the formation of deserts in subtropical 

regions.  High pressure region is a region of air moving downward, as this air moves down, it 

gets heat up by the surface. This warmed up air carries evaporating water thus drying up the 

surface. Second factor is the presence of water or moisture. The lack of moisture in desert is 

main reason that most of the Sun’s incident energy on the surface is picked up by air, thus 

warming it up.  

6.1.1 Surface Temperature 

 We have performed experimental runs for three cases. All three runs have same 

parameters as mentioned in table 3 but they only differ in aerosol loading. The following three 

figures represent the change in ground temperature for all the three cases. In all the simulated 

runs temperature is calculated in Kelvin scale. The plots are obtained simple subtraction of 

temperature in control environment from temperature in aerosol loaded environment. It is 

very clear from figure 9 that the aerosol loading of 0.1 is sufficient for creating a slight 

cooling effect in terms of ground temperature. With current loading of 0.1, the minimum 

temperature change takes place in the afternoon when the sun is at zenith, possibly due to 

back scattering of shortwave. The temperature difference starts to rise as the sun begins its 

descent. A rise in night time temperature is due to the emission of residual heat trapped in the 
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ground.  The diurnal temperature variation is depicted in figures 9, 10 and 11 for all the three 

cases for summer.  

 

Figure 9: Variation in Ground Temperature – Case 01 

 

 
Figure 10: Variation in Ground Temperature – Case 02 
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Figure 11: Variation in Ground Temperature – Case 03 

 

We can also observe a decreasing trend in temperature difference as aerosol loading is 

increased. Both minimum and maximum temperature differences are showing a decrease with 

increase in aerosol loading. This is further discussed in chapter 7.  

6.1.2 Long wave and Short wave Forcing  

 The dust aerosol layer generally extends from the surface to a height 4 to 6 km. [16]. 

Simplest explanation for temperature variation is the reduction of radiative flux by the aerosol 

layer by either absorbing or scattering. Dust aerosols reflect SW radiation back to the top of 

the atmosphere (TOA) and thereby cooling the surface. Dust aerosols absorb LW radiation in 

the atmosphere window channel and thereby warm Earth system [17]. Since shortwave 

radiation is more energetic than the long wave radiation, therefore the shortwave radiation 

contributes larger part to the forcing.  Even though dust aerosols absorbs long wave radiation 

but since they are less energetic than shortwave radiation, therefore the net effect that we have 

observed is cooling due to the fact that  more shortwave radiation is scattered or reflected 

back to space.  Figures 12, 13 and 14 show long wave forcing for the three cases, and short 

wave forcing is shown in figures 15, 16 and 17. 
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Figure 12: LW Forcing - Case 01 

 

Figure 13: LW Forcing - Case 02 
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Figure 14: LW Forcing - Case 03 

 

Figure 15: SW Forcing - Case 01 
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Figure 16: SW Forcing - Case 02 

 

Figure 17: SW Forcing - Case 03 
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Even though, radiative transfer model simulations have suggested Earth’s system is cooled in 

shortwave and warmed in the long wave by Taklimakan dust aerosols [16]. However, our 

model shows cooling in both long wave and short wave regime. The mechanism is simple; 

most short wave radiation flux is radiated back to the space by scattering but long wave 

radiation is absorbed by the aerosol layer. When this happens, it will abate the quantity of 

both fluxes to the surface. In this process, aerosol layer undergoes warming in long wave but 

producing cooling for the surface beneath it. 

6.1.3 Heating Rate 

 When energy causes heating in the atmosphere due to absorption, it is called heating 

rate, and the converse is called cooling rate. Heating rates (net) are shown for all the three 

cases in figures 18, 19 and 20. In all three figures, we can observe that the heating rate is 

positive in the lowest layers which consist of dust aerosols especially at day time. As more 

radiation is absorbed at day times in the aerosol layers, this process increases the heating rate. 

The heating rate decreases with height as it has been discussed in section 3.4.  

 

Figure 18: Heating Rate Distribution - Case 01 
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Figure 19: Heating Rate Distribution - Case 02 

 

 

Figure 20: Heating Rate Distribution - Case 03 
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 Higher heating rates correspond to increased convection which ensures that the rate 

continues to decrease as the air moves upward in troposphere. This is happening in all the 

three cases. The heating rate at the top of the atmosphere is consistent. In short, since dust 

aerosols are more absorbing, so the net flux beneath the aerosol layer is reduced to a greater 

extent than the net flux above. Radiative heating within the dust layer will drive a direct 

convection by itself, with the local heating balanced by adiabatic cooling associated with 

upward movement of air [47].  Another interesting observation is that as aerosol loading is 

increased, the heating rate at TOA is also increased because a rise in aerosol concentration will reject 

more and more radiation flux back to TOA, thus increasing the heating rate there.  In all the three cases, 

heating rates are negative in aerosol layers in the absence of primary energy source i.e. Sun. 
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6.2 Case Study – Dust Storm 

 As mentioned in chapter 5, for dust storm we have used larger aerosol forcing and 

have distributed it into lower seven layers. Following figures are obtained from the 

simulations conducted for dust storm.  Figure 21 shows a relatively larger temperature drop as 

compared to the three cases. Since in case of dust storm, dust aerosol loading is very large, 

and is spread at higher altitudes also, therefore, more and more radiation is reflected back to 

the space not able to reach the surface. This causes a relatively larger temperature drop. A 

similar decreasing trend is observed in long wave and short wave forcing as shown in figure2 

22 and 23 respectively. A significant drop is observed both in long wave and short wave 

forcing due higher aerosol amount. Figure 24 is the most interesting of them all. The storm 

area in the center not only rejects most part of radiative flux but also traps long wave radiation 

which is distributed in all the layers containing aerosols. The heating rate seems to be 

distributed uniformly in the storm cell but decreases as we move towards TOA.       

 

 
 

Figure 21: Variation of Ground Temperature - Dust Storm 
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Figure 22: LW Forcing - Dust Storm 

 

 
Figure 23: SW Forcing - Dust Storm 
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Figure 24:  Heating Rate (net) - Dust Storm 
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Chapter 7 

Sensitivity Analysis 

 Three parameters are chosen for sensitivity analysis; these are aerosol loading, single 

scattering albedo and asymmetry factor. In each case, one of these three is varied while the 

others are kept constant in order to study the response of change. 

7.1 Effect of Aerosol Loading 

 The sensitivity analysis of temperature through aerosol loading is done by taking ten 

different values and then taking their response. The values of aerosol loading are increased by 

+0.1 value for all ten cases. In all the ten cases, both maximum and minimum temperature 

change is recorded. Following table provides the values; the green column is common to all 

the three cases of sensitivity analysis. This column corresponds to 0.4 aerosol loading case.  

 

1 2 3 4 5 6 7 8 9 10 

Loading 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 

Maximum 

-0.1215 -0.1291 -0.135 -0.185 -0.2241 -0.2573 -0.2913 -0.3553 -0.3875 -0.4068 

Minimum 

-0.1843 -0.289 -0.298 -0.3021 -0.3326 -0.3467 -0.3915 -0.4265 -0.4809 -0.5178 

 

Table 4: Sensitivity analysis - Aerosol loading 

 Following line graphs in figure 24 show that there is a slight cooling trend associated 

with the increasing aerosol loading. In all the ten cases, loading is divided unequally between 

two lowest layers.  Increasing aerosol loading in the troposphere means increasing the 

resistance for both short wave and long wave radiation. Since most part of short wave is 

extinct due to reflection and scattering. In case of long wave radiation, the aerosol layer 
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absorbs it, reducing the downward LW flux. This causes the warming in the aerosol layer but 

produces cooling below it.  

 

Figure 25: Sensitivity Analysis - Aerosol Loading 

 

7.2 Effect of Single Scattering Albedo 

  Analysis for single scattering albedo is done using five cases. Single scattering 

albedo itself is divided into three components as seen in table 3. One vale corresponds to near 

infra red region, one value toward the red end of the visible spectrum and other value from the 

blue end of the visible spectrum. Here SSA is perturbed by ±0.01 value from the central case 

(case 3) in all the three bands. The values in green in table 5 are taken from actual AERONET 

data for KAUST campus, while other four columns are correspond to perturbed values.  

 

1 2 3 4 5 

SSA 0.96,0.95,0.95 0.97,0.96,0.96 0.98,0.97,0.97 0.99,0.98,0.98 1.00,0.99,0.99 

Maxima 

1.4022 0.5191 -0.135 -0.1595 -0.2773 

Minima 

1.1084 0.2911 -0.298 -0.3116 -0.3971 

 

Table 5: Sensitivity analysis - Single Scattering Albedo 

 

 The response of temperature change with respect to the change in SSA is both 

plausible and consistent. An increase in the value means that aerosol particles are able to 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 
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-0.6 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0 

te
m

p
e

ra
tu

re
 (

K
) 

Aerosol  Loading 

Aerosol Loading 



59 

 

scatter more and more light. This reduction in radiation flux means surface is receiving less 

amount of energy. This would reduce the overall amount of net energy thereby causing 

cooling. In fact the slope of cooling trend in case of SSA is steeper than the trend related to 

aerosol loading.  

 

Figure 26: Sensitivity Analysis - Single Scattering Albedo 

 

7.3 Effect of Asymmetry Factor 

 Asymmetry factor is one the most important optical properties of aerosols. Similar to 

SSA, asymmetry factor has values in three wavelength bands, near infrared, visible blue and 

visible red. The values of ASM are perturbed again by ± 0.01 value in all the three bands.  

 

1 2 3 4 5 

ASM 0.65,0.66,0.68 0.66,0.67,0.69 0.67,0.68,0.70 0.68,0.69,0.71 0.69,0.70,0.72 

Maxima 

-0.2515 -0.1821 -0.135 0.1976 0.5304 

Minima 

-0.4843 -0.3584 -0.298 0.1332 0.353 

 

Table 6: Sensitivity Analysis – Asymmetry Factor 

 Temperature response to the increase in asymmetry factor is also consistent with the 

definition of asymmetry factor but it shows reverse trend as compared to the trend in case of 

SSA. Since the shift in ASM values are towards +1, therefore we are observing a warming 
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effect as the positive values are related to forward scattering. It means that aerosol particles 

are scattering the radiation towards the surface instead of space, therefore causing an in crease 

in warming.  

 

Figure 27: Sensitivity Analysis - Asymmetry Factor 
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Chapter 8 

Conclusions 

 From the above experiments and simulation we can draw multiple conclusions. For 

surface temperature, shortwave and long wave forcing, we can observe a negative trend 

(cooling in our convention) in all the three cases as well as in case of dust storm. Heating rate 

at TOA seems to increasing with increase in the aerosol loading because of improvement in 

convection cycle. Sensitivity analyses show interesting trends, we observe that the more the 

aerosol loading is, the more temperature drop is observed. It can further be validated from the 

case of dust storm. The analysis for single scattering albedo shows a relatively linear 

decreasing (cooling) trend. Increasing SSA at all wavelength bands shows a growing cooling 

trend. The larger the value of single scattering albedo, the more cooling we observe. In case 

of analysis of asymmetry factor, an opposite (warming) trend is observed.  Hence, we can 

conclude that dust aerosol causes negative trend in both shortwave and long wave radiation 

forcing, thereby cooling at the surface. Further studies can be done for other seasons also. 

Furthermore, similar study can be done on global scale to study and estimate the exact values 

of long wave and short wave forcing.  Similarly, the influence of this forcing on hydrological 

cycle and precipitation can also be investigated to establish its secondary effects. 
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