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ABSTRACT 

(convection, biomass, transport) 

Biomass burning and anthropogenic emissions affect the composition of the atmosphere, thereby 

impacting global climate and health. Deep convective processes can loft emissions from the 

boundary layer into the upper troposphere or lower stratosphere (UTLS). Strong upper-level 

winds can potentially transport the emissions over long distances.      

 This study focused on the deep convective transport of biomass burning emissions near 

the Strait of Malacca during summer. The Weather Research and Forecasting (WRF) and Hybrid 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT_4) models were used to investigate 

deep convection and the transport of emissions from fires in the region. Fire data from the 

Moderate-resolution Imaging Spectroradiometer (MODIS) sensors onboard the Aqua and Terra 

satellites provided locations of fire emissions. These fire datasets were obtained from the 

University of Maryland’s Fire Information for Resource Management System (FIRMS). 

 To investigate the deep convective processes thoroughly, this study used high resolution 

modeling (4 km grid spacing) to resolve the convection explicitly. Explicit resolution allows the 

thunderstorms to be simulated more realistically than would parameterization, thus making it 

ideal for this research. 

 Results showed that deep convection occurring in the Strait of Malacca is driven 

primarily by diurnal heating patterns and the region’s topography. Convection in the region is 

frequent and scattered, but follows a cyclic diurnal pattern: convection over land during daytime 

and over the Strait during nighttime. When emissions from fires encounter areas of deep 

convection, they are quickly lofted to the UTLS where winds then transport them elsewhere.   
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

 

Biomass burning and anthropogenic emissions affect the composition of the atmosphere, leading 

to alterations in radiative transfer and photochemical reactions that affect climate and health. The 

emissions are not confined to their local sources; instead, advection transports them across the 

globe. If the emissions are lofted to the upper troposphere and lower stratosphere (UTLS), they 

then are more susceptible to long-range transport because of the stronger winds aloft. Therefore, 

understanding the mechanisms that contribute to the transport of biomass burning emissions and 

all emissions is important to regional- and global-scale climate.   

Emissions originating near the surface (e.g., biomass burning) must experience some 

uplifting mechanism to reach the free atmosphere. Several meteorological processes can produce 

this ascent: orographic (terrain-based) lifting (Donnell et al. 2001), frontal systems and conveyor 

belts related to middle-latitude cyclones (Bey et al. 2001; Liu et al. 2003; Kiley and Fuelberg 

2006; Eckhardt et al. 2004; Ding et al. 2009), and deep convection (Pickering et al. 1996; Park et 

al. 2001; Doherty et al. 2005; Kiley and Fuelberg 2006; Zhao et al. 2009). The current study 

focuses on the Strait of Malacca region in Southeast Asia, where deep convection is the primary 

mechanism responsible for lofting surface emissions into the free atmosphere. The deep 

convection is the result of a variety of mesoscale phenomena (described below). This research 

focuses on deep convective transport. This convection can greatly influence the atmospheric 

chemistry of the UTLS through upward transport of numerous chemical species, including 

carbon monoxide (CO) (Jiang et al. 2007). Accurately simulating the transport of biomass 
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burning emissions via deep convection is important in relating local emissions to global transport 

and dispersion by the free atmosphere.  

Southeast Asia contains a great deal of deep convection during the summer monsoon. 

Warm temperatures in western Asia, compared to adjacent cooler sea surface temperatures, lead 

to differential heating patterns that produce the summer monsoon. These temperature gradients 

vary diurnally, causing the greatest deep convection during the afternoon and early evening. The 

deep convection in eastern Asia is a potential source of chemical injection into the UTLS 

(Randel et al. 2010). The Asian Summer Monsoon (ASM) exhibits oscillations in circulation and 

convection that may last from ten to sixty days (Khrishnamurti and Bhalme 1976; Annamalai 

and Slingo 2001; Randel and Park 2006). These oscillations, together with diurnal changes in the 

amount and intensity of convection, suggest that research regarding the monsoon’s transport 

mechanisms should be conducted on a day-by-day basis rather than on a seasonal scale. Previous 

research about deep convection during the ASM have provided insight into its atmospheric 

effects, but many of these studies modeled the monsoon over long periods of time rather than 

through case studies (e.g., Kripalani et al. 2007; Li and Yanai 1996).  

Deep convection associated with the ASM provides avenues into the UTLS for chemical 

constituents originating near the surface. Prior research has examined the long-range transport of 

biomass burning emissions (Jacob et al. 1999; Bey et al. 2001; Liu et al. 2003; Fuelberg et al. 

2010). In addition to long-range transport, an upper-level anticyclone (ULAC) associated with 

the monsoon can spatially isolate emissions injected into the UTLS for several weeks (Li et al. 

2005; Fu et al. 2006; Randel and Park 2006; Park et al. 2007). Previous simulations have 

suggested that surface emissions from biomass burning, biofuels, and industry over a vast region 

from India to Southeast Asia can flow into the monsoon circulation and be transported to the 
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lower stratosphere (Park et al. 2009). The ULAC can trap these chemicals in the UTLS for weeks 

where they can alter the atmospheric chemistry, cause changes in air quality, meteorological 

conditions, and climate. 

Changes in atmospheric chemistry due to the deep convection of the ASM underlie the 

importance of this study. Carbon monoxide (CO) is a chemical byproduct of biomass burning 

that has a lifetime of approximately thirty days (Halland et al. 2009). CO serves as an excellent 

tracer for analyzing trajectories forward from the emissions and backward from the UTLS. 

Photochemical oxidation of CO in the presence of nitrogen oxides (NOX) and water vapor 

produces tropospheric ozone (O3) (Beer 2006). Ozone in the troposphere is a health hazard and is 

considered a greenhouse gas. Ozone in the UTLS has a longer lifetime than in the lower 

troposphere due to the lack of depleting mechanisms (such as warm temperatures). It plays a 

vital role in protecting the Earth's surface from harmful ultraviolet radiation. 

To further understand the potential impact of biomass burning emissions on the 

composition of the UTLS, meteorological and chemical transport models are commonly used to 

simulate convective transport (e.g., Pickering et al. 1996). However, most previous studies (e.g., 

Park et al. 2009) have used models with coarse grid spacing (e.g., 2 - 4 deg. latitude/longitude) 

that require convection to be parameterized at the scale of the model’s resolution. These 

parameterized results are not representative of actual mesoscale processes such as deep 

convection which occur at much smaller scales.  

The present study uses a high-resolution modeling approach to resolve convection 

explicitly, thereby alleviating the need for convective parameterization. In addition, a Lagrangian 

trajectory model is used to analyze the transport of emissions released from observed fire 
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locations in Southeast Asia. Studies using a high resolution modeling simulation are uncommon 

in the literature. The high resolution meteorological model and Lagrangian trajectory model will 

provide an in-depth analysis of deep convection occurring in this study’s region of focus. It will 

resolve details which could be missing in research that parameterizes deep convection at coarse 

grid spacing. The next section describes the high resolution atmospheric model used to study the 

convective transport of biomass burning emissions. Also described are the trajectory model and 

the fire data that were obtained to initialize the trajectories. The results of the simulation and 

trajectories to examine biomass burning transport follow in chapter three. Chapter four presents a 

summary and conclusion of the present work. 
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CHAPTER TWO 

DATA AND METHODOLOGY 

 

2.1. RESEARCH DOMAIN 

 

Atmospheric conditions from 0000 UTC 21 August to 0000 UTC 24 August 2011 were 

simulated over the Southeast Asia region (Fig. 1). The Strait of Malacca between the Malay 

Peninsula and Sumatra experiences frequent summertime deep convection due to sea-breezes, 

orographic lifting, and the convergence of land-breezes (Fujita et al. 2009). Therefore, the 

research domain is well-suited for studying convective transport. Three nested grids were 

utilized over Southeast Asia, with the finest domain over the Strait of Malacca. Locations of the 

two domains with highest resolution (12 × 12 and 4 × 4 km) were determined in part on fire data 

available from the Moderate-resolution Imaging Spectroradiometer (MODIS) onboard the Terra 

and Aqua satellites (Savtchenko et al. 2003). The finest domain encompasses the Strait of 

Malacca due to the coincidence of nearby widespread biomass burning and nearby deep 

convection.  
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2.2. WRF MODEL 

 

 The Weather Research and Forecasting model (WRF; Skamarock et al. 2008) Version 

3.4.1 was used to simulate meteorological conditions over the study area at three grid resolutions 

(Fig. 1). The coarse (outer) domain had a 36 km grid spacing, while the two nested domains used 

12 km and 4 km grid spacing, respectively. The 4 km grid spacing in the innermost domain 

allowed convection to be explicitly resolved (Gentry and Lackmann 2010). The parameterized 

convection in the outer two domains provides insight about the somewhat larger mesoscale 

phenomena occurring in these portions of the study region. Initial and boundary meteorological 

conditions were provided by the National Centers for Environmental Prediction (NCEP)/Global 

Forecast System (GFS) final analyses with 1 × 1 degree grid spacing (Campana and Caplan 

2005). The outermost domain employed grid nudging for temperature, horizontal wind, and 

Fig. 1. The WRF model domain used in this study (36 km coarse resolution), with nested intermediate (12 km) 

and innermost (4 km) domains shown.  
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moisture every six hours. Grid nudging is used to maintain some consistency between the large-

scale simulated features with those in the GFS analyses. In addition, grid nudging helps to 

smooth boundary conditions calculated for the two inner nested domains (12 km and 4 km). The 

4 km domain, the focus of this study, did not use grid nudging so that the model would not be 

restricted by the GFS analysis data in resolving mesoscale phenomena. All domains used 80 

terrain-based vertical sigma levels. Diffusive damping was employed in the uppermost 5 km of 

the model to prevent gravity waves reflecting off the 10hPa upper boundary. Runge-Kutta 3
rd

 

order time integration was used to integrate meteorological variables forward in time. Parameters 

were advected using a positive-definite scheme. 

 The 36 and 12 km resolution domains in the simulation used an updated version of the 

Grell-Devenyi cumulus parameterization scheme (Grell and Devenyi 2002). Convective 

parameterization was not used in the 4 km resolution domain since the goals of the study made it 

imperative that the convection be explicitly resolved. The two moment Thompson et al. (2008) 

bulk parameterization scheme was used for cloud physics, accounting for graupel, snow, and ice 

based processes. The Yonsei University (YSU) planetary boundary layer scheme with non-local 

closure was utilized (Hong et al. 2006). Short-wave and long-wave radiation were parameterized 

using an updated version of the Goddard scheme (Chou et al. 2001). 

2.3. HYSPLIT MODEL 

 

 Forward trajectories from biomass burning locations were created using the Hybrid 

Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT_4; Draxler and Hess 1997). 

HYSPLIT interpolates output from WRF simulations into its own terrain-based sigma coordinate 

system. Emissions are followed as they move in time and space (Lagrangian perspective). The 
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time steps of integration used to determine a parcel’s position are determined by the maximum 

velocity at an individual grid point. The Lagrangian trajectory framework of HYSPLIT allows us 

to follow parcels that experience deep convection, thereby providing details of emission 

transport in the Strait of Malacca.   

2.4. EMISSIONS AND FIRE DATA 

 

 Fire data were from the MODIS sensors onboard the Aqua and Terra satellites. The fire 

dataset for the days examined was retrieved from the University of Maryland’s Fire Information 

for Resource Management System (FIRMS; http://maps.geog.umd.edu/firms). The dataset 

includes information about individual fire locations and their times of occurrence. Fire locations 

outside the domain of interest were excluded, and the remaining fires were binned into hourly 

sets from hh:00:00 to hh:59:59. Although the fire emissions undoubtedly consist of a myriad of 

chemical species, this study used a passive tracer to represent all biomass burning emissions. To 

account for the natural buoyancy of emissions from fires, emissions were released from ten 

levels within the boundary layer, with the heights being equidistant from one another. This 

approach represents a vertical “stack” of smoke, and the trajectories simulate the movement of 

the smoke plume originating within the boundary layer. While this approach is idealized (e.g., 

smoke plumes are not perfectly vertical), preliminary results showed that this representation was 

more informative and realistic than a simple release from the surface or the top of the boundary 

layer, which would ignore emission transport within the boundary layer altogether. Planetary 

boundary layer heights were obtained from the WRF model. The forward trajectories were 

released for 24 h periods, and continued into the two coarser WRF domains if necessary. 
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CHAPTER THREE 

RESULTS 

 

Meteorological conditions during the study period are described first, starting with a broad-scale 

analysis and then focusing on the area(s) where convection is present. With an understanding of 

the meteorological setup and convective forcing (Section 3.1), we then analyze forward 

trajectories from areas of biomass burning and describe how the trajectories are influenced by the 

environment (Section 3.2). 

3.1. METEOROLOGICAL ANALYSIS 

 

The island of Sumatra and the Malay Peninsula contain mountain ranges that channel air 

through the Strait of Malacca (Fig. 2). Not only do the mountainous regions influence the wind 

field, but they also provide a mechanism for lifting air and its pollutants into the free atmosphere. 

This topography also provides a “trigger” for deep convection that will release the instability 

produced by diurnal heating. 

Simulated radar composite reflectivities derived from the WRF output suggest scattered 

and persistent convection in the high resolution domain north of the Equator (Fig. 3a–f). The 

wind field near the coastlines oscillates each day between landward and seaward (Fig. 4a–d), 

reflecting the presence of land and sea breezes. During the daytime, moist air is advected from 

the Strait over the surrounding warm land which helps support the development of deep 

convection. Orographic lift from the terrain near the coast (Fig. 2) also can provide the trigger for 

convection to develop, or enhance convection already occurring because of the sea breeze 

circulation. Nighttime conditions are characterized by the coastal wind field turning seaward. 



 

Since the Strait is located betwee

coastline, which then can converg

topographic channeling of winds 

exhibits confluence and converge

 

 

Fig. 2. Terrain heights (m) 

Peninsula and Sumatra in th

10 

een two strips of land, separate land breezes form 

erge over the Strait to cause deep convection. As a

ds and the diurnal heating patterns, the low-level w

rgence in the area of interest (Fig. 4a–d).  

 

) in the Strait of Malacca region.  Of particular interest are

n the whole high-resolution (4 km) domain shown in the fig

m near each 

s a result of the 

wind often 

 
re the Malay 

igure.  



11 

 

 
Fig. 3. Simulated composite reflectivity (dBZ) over the 4 km domain during daytime (b) and 

nighttime (a, c) convective periods. Areas of enhanced convection near the Strait (black box) are 

enlarged in panels (d–f). 
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Fig. 4. Winds at 1000 hPa (magnitudes shaded in m s
-1

) shown at 12 h intervals over the 4 km domain. Sea-breezes are 

observed over land in the early summer evening (a, b), while converging land breezes can be seen over the Strait around 

sunrise (c, d).  
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Fig. 5. Locations of all 349 fires on the Malay Peninsula and Sumatra (d) separated by day from 0000 

UTC 21 August to 0000 24 August 2011 (a–c). 
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3.2. TRAJECTORIES FROM BIOMASS BURNING EMISSIONS 

 

Fires occurred each day within the spatiotemporal domain, many took place between 

0300 UTC and 0700 UTC 22 August 2011 (Fig. 5a–d). Because of the channeled wind flow 

within the Strait, the results will show that most emissions from Sumatra and the Malay 

Peninsula are carried through the Strait until they leave the area or are lofted into the free 

atmosphere via convection. The individual fires were rarely isolated, meaning they often were 

grouped closely together in time and space. Some hourly fire datasets contained several fires in 

close proximity at the same time. 

 The 349 fires that occurred in the region from 0000 UTC 21 August to 0000 UTC 24 

August 2011 were divided into hourly sets (from hh:00 to hh:59) so that fires could be released 

at different times of day or night (i.e., during periods of land or sea breeze convection). Fires 

occurred in eleven separate hours (the other hours recorded no fires). Of the eleven sets of hourly 

fires, two sets (0300 UTC and 0600 UTC 22 August) contained 198 fire locations—nearly two 

thirds of all fires in the study region. Because the WRF simulation ended on 0000 UTC 24 

August, fires late on 23 August could not be used to calculate 24 h trajectories. The fire data for 

23 August (53 locations) were analyzed to the end of the simulation. 

Trajectories for every fire were plotted using the method described in chapter two. 

Twenty-four hour trajectories provide a good understanding into the paths of uplifted emissions; 

they are the focus of the discussion that follows. Trajectories for fires occurring early on 21 

August and late on 23 August drifted out to sea and did not encounter deep convection (not 

shown). However, some trajectories from 0300 UTC and 0600 UTC 22 August exhibit the 
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influence of deep convection into the UTLS, with some trajectories lifting beyond 15 km 

altitude.  

It is informative to contrast the daytime and nighttime convective processes that cause the 

rapid ascent of biomass burning emissions. For daytime convection, we examine 24 h trajectories 

released from fires on 0300 UTC 22 August (10AM LST; Fig. 6a–b). The trajectories ascend 

rapidly above 9 km at 0600–0800 UTC, 0900–1100 UTC, 1300–1500 UTC, and 1600–1800 

UTC. During these daylight hours (Fig. 6b–f), emissions are lofted quickly due to topographical 

features and sea breeze convection. Diurnally influenced winds push the emissions farther inland 

toward steep terrain, while sea breeze convergence provides the emissions with an additional 

mechanism for ascent (Fig. 6c–d). Longitudinal cross-sections of vertical motion along 101.3°E 

reveal pockets of strong upward motion near the emissions plumes before they enter the UTLS 

(Fig. 6e–f).  
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Fig. 6a–b. Eleven trajectories released at 

03Z 22 August are shown in horizontal 

(a) and vertical (b) perspectives. Terrain 

heights (m) are shaded. Hourly positions 

are marked with dots. Dot colors 

represent height above ground level, with 

increasing shades of blue indicating 

increasing height. Note the periods of 

ascent starting at 0600 UTC, 0900 UTC, 

1300 UTC, and 1600 UTC. 

��

��



17 

 

 

 

 

 

 

 

Fig. 6c–f. Daytime winds at 1000 hPa and 925 hPa and speeds (m s
-1

; c, d) show convergent flow over the 

land due to sea breezes. The location of the cross-section is indicated over the Malay Peninsula (black line). 

Vertical cross sections of upward motion (m s
-1

) at 101.3°E (e, f) reveal deep convective cells nearby moving 

emissions seen in Fig. 6a–b. 
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To investigate nighttime deep convection, we consider 24 h trajectories released from 

biomass burning regions at 0600 UTC 22 August (1PM LST; Fig. 7a–b). Biomass burning 

emissions are lifted to altitudes exceeding 9 km at 1900–2000 UTC, 2200–2300 UTC 22 August, 

and 0100–0300 UTC 23 August when they encounter the strong vertical motions from deep 

convective cells. Nocturnal seaward winds (land breezes) converge over the Strait of Malacca 

between the Malay Peninsula and Sumatra (Fig. 7c–d). The Strait provides moisture to the area 

of convergence, and strong convective cells and updrafts develop overnight within the Strait. 

These deep convective cells are evident in vertical cross sections along 101°E (Fig. 7e–f). Unlike 

the daytime convection, the nighttime convection occurs primarily over the Strait where the two 

land breezes converge.  
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Fig. 7a–b. Six trajectories released at 

0600 UTC 22 August are shown in 

horizontal (a) and vertical (b) 

perspectives. Terrain heights (m) are 

shaded. Hourly positions are marked 

with dots. Dot colors represent height 

above ground level, with increasing 

shades of blue for increasing height. The 

trajectories that enter the Strait of 

Malacca during the nighttime are quickly 

lifted to the UTLS. 
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Fig. 7c–f. Nighttime winds and speeds (m s
-1

; c, d) at 1000 hPa and 925 hPa show convergent flow over the 

Strait from land-breezes. The location of the cross section along 101°E in (e, f) is marked in the narrow Strait 

of Malacca (black line). The upward motion (m s
-1

) denotes the deep convective cells seen in Fig. 7a–b. 
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Although the details of convective processes change from day to night, deep mesoscale 

convection related to diurnal heating processes can occur at any time over the Strait of Malacca 

and the neighboring land masses. Persistent diurnal conditions during summer continually lead to 

deep convective events throughout the region. Therefore, summer biomass burning emissions in 

the Strait of Malacca region are provided many opportunities to reach the UTLS. Emissions that 

reach the UTLS may continue to travel westward along equatorial regions, affecting the UTLS 

composition and climate elsewhere. 
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CHAPTER FOUR 

SUMMARY AND CONCLUSION 

 

The lofting of biomass burning emissions into the free atmosphere leads to widespread pollutant 

redistribution. If the emissions reach the UTLS, they especially can alter the atmospheric 

chemistry and impact life and climate. Biomass burning emissions can be lofted into the UTLS 

via deep convective processes— such as those studied here over the Strait of Malacca (Fig. 2).  

The emissions subsequently can disperse or travel great distances. The long-range transport of 

biomass burning emissions affects the environment on a global scale.  

 This study specifically considered the Strait of Malacca in Southeast Asia because it is 

subject to persistent convection during the summer as well as widespread biomass burning. The 

mesoscale convective mechanisms in the study domain are related to diurnal heating patterns 

(land-sea temperature contrasts and resulting vertical circulations) as well as topographical 

features on the surrounding Malay Peninsula and Sumatra. We used a 4 km innermost domain in 

our WRF model simulations to resolve the mesoscale convective processes explicitly, thus 

eliminating the need to parameterize them.  

 Mesoscale convective features over the study area were examined spatially and 

temporally (Strait of Malacca, 0000 UTC 21 August – 0000 UTC 24 August 2011). Daytime 

wind fields (Fig. 4a–b) and simulated composite radar reflectivities (Fig. 3b) showed sea-breeze 

convergence over land. The diurnal heating of land during the daytime causes instability, and the 

topography of the region provides a “trigger” to release the instability. Nighttime wind fields 

(Fig. 4c–d) and composite reflectivities (Fig. 3a, c) portray land breeze convergence over the 

Strait. The change in land-sea temperature contrast leads to seaward moving winds that cause the 
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aforementioned convergence. Cross sections of vertical motion showed the deep convective cells 

over land during daytime (Fig. 6e–f) and over water during nighttime (Fig. 7e–f). 

The biomass burning emissions were released from ten heights within the boundary layer 

with their altitudes initially equidistant from one another. This approach simulates a vertical 

plume of smoke, and the trajectories show movement of a smoke plume originating within the 

boundary layer. While this is idealistic and does not account for advection within the boundary 

layer (i.e., advection that would otherwise make the smoke plume tilt), we found this 

representation more relevant than a single release from either the top or bottom of the boundary 

layer.  

Forward trajectories beginning at 349 fire locations (Fig. 5d) within the study domain 

were analyzed over 24 h periods using a passive tracer approach. Many trajectories, representing 

biomass burning emissions, encountered deep convection during the analysis time, ascending 

rapidly to heights over 9 km. Some emissions were lofted beyond 15 km above the ground. In 

general, biomass burning emissions that ascended into the UTLS were advected west-

southwestward toward the Equator. These emissions reached the UTLS through deep convection 

associated with diurnal instability and orographic forcing, which occur frequently in the Strait of 

Malacca during summer.  

This research is one 72 h case study of biomass burning and deep convective uplift in the 

Strait of Malacca during August 2011. In reality, biomass burning is present throughout the 

summer months in Southeast Asia—not just the Strait of Malacca. Convective transport of 

biomass burning emissions occurs not just during the 72 h study period examined here, but 

through the duration of summer and throughout Southeast Asia. As discussed in chapter one, the 
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Asian Summer Monsoon and persistent upper-level anticyclone over Asia are also regions of 

interest when examining the convective transport of biomass burning emissions (or pollutants in 

general) and their effect on climate and health.  

Future studies can investigate the convective transport of CO into the UTLS through 

methods similar to this study. In addition, research on additional pollutants lofted into the UTLS 

can examine concentrations and their effects on the atmospheric chemistry of the UTLS.  
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