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Abstract 

Convective and long-range transport of air mass controls the global distributions 

and impacts of the pollutants generated in limited source regions. However, an 

observational characterization of such transport based on long-term satellite data has been 

difficult in part because adequate satellite measurements were not available until recent 

years and lack of an automated method for identifying the transport pathways. My 

dissertation addresses this problem through three steps: First, I developed a method to 

automate the identification of two pathways that are responsible for the transport of 

biomass burning generated tracers from the surface to the upper troposphere (UT). I 

focused on carbon monoxide (CO) because it has a relatively long lifetime in the 

atmosphere, and thus it is commonly used as a tracer of convective and long-range mass 

transport. Next, I applied this method to investigate the relative importance of the two 

pathways in determining the seasonal pattern of UT CO distribution. Results show that 

the seasonality of CO concentrations in the tropical UT mainly reflects the seasonality of 

the “local convection” pathway, because the “local convection” pathway typically 

transports significantly more CO to the UT than the “advection within the lower 
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troposphere followed by convective transport” pathway. Then, I investigated the impacts 

of transport pathways on the interannual variation of tropical UT CO concentration. 

Results show that the interannual variation of CO in the tropical UT is dominated by UT 

CO anomaly over Southeast Asia related to the El Niño-Southern Oscillation, and the 

average mass of CO transported per event of “local convection” is the factor that 

accounts for the UT CO difference between two El Niño periods. 

After that, I began to address the transport of more complex pollutants such as 

aerosols. First, the seasonal and diurnal variations of the vertical distributions of aerosol 

properties were characterized through a statistical analysis of aerosol profile data. Then, 

the transport pathways associated with the aerosol layer at the tropopause level over 

Asian area during boreal summer were investigated through back-trajectory model 

analyses. Three major pathways were found and the occurrence frequency of each 

pathway was analyzed and discussed. 
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Chapter 1 
General Introduction 

Biomass burning has a significant influence on the chemical composition of the 

free troposphere and has been recognized as a globally important source of many trace 

gases and aerosols, especially in the tropics. Among those trace gases, carbon monoxide 

(CO) plays an important role in atmospheric chemistry and radiation balance. CO is a 

byproduct of the incomplete combustion of carbon fuels and it can also be produced by 

the oxidation of methane and non-methane hydrocarbons (Jacob, 1999). It is one of the 

ozone (O3) precursors (Daniel and Solomon, 1998) and the main sink of the hydroxyl 

radical (OH) (Thompson, 1992). The lifetime of CO in the tropical troposphere is 1–2 

months, which makes it a useful tracer for studying the mass transport of air originating 

in regions of biomass burning and fossil fuel combustion (Edwards et al., 2006a). When 

the biomass burning generated pollutants are transported to the upper troposphere (UT), 

their lifetime becomes longer due to fewer mechanisms of clearance. The longer lifetime 

and faster transport could indicate a larger scale influence, thus identifying the 

distributions of CO concentrations at different levels is important to effectively 

investigating the production of O3 and improving model simulations of atmospheric 

radiation balance. 

In Africa and South America, human activities are the primary causes of biomass 

burning, including forest clearance, savanna burning, restoration, and land management 

(Crutzen and Andreae, 1990). It is known that the frequencies of wildfires over Africa 

generally follow a clear seasonal cycle. African biomass burning occurs during the dry 

seasons: late November to early March in the Northern Hemisphere and July to October 

in the Southern Hemisphere (Giglio et al., 2006a; Ito et al., 2007). The large spatial extent 
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of biomass burning occurrence over South American and African continents makes 

remote sensing the only feasible way of monitoring these events. In recent years, CO 

observations from airborne and spaceborne instruments have been extensively used to 

study the intercontinental transport of pollutants in the troposphere (e.g., Duncan et al., 

2003; Massie et al., 2006; Liang et al., 2007). Most of the spaceborne CO observations 

were based on nadir viewing sensors in the infrared band that are mostly sensitive to the 

lower and middle troposphere (Barret et al., 2005). Since August 2004, the Microwave 

Limb Sounder (MLS) and Tropospheric Emission Spectrometer (TES) aboard NASA’s 

Aura satellite have provided unprecedented information about the vertical distributions of 

CO globally (Rinsland et al., 2006; Livesey et al., 2008). Many previous studies have 

used the observations from MLS/TES to better understand the CO transport pathways 

from its surface source region to the upper troposphere and lower stratosphere (UTLS) 

(Fu et al., 2006; Park et al., 2007; Barret et al., 2008; Halland et al., 2009). 

Deep convection systems are very efficient in transporting boundary layer air to 

the free troposphere. Cotton et al. (1995) estimated that the mass of the atmospheric 

boundary layer (ABL) is vented ~90 times annually by cloud systems. Dickerson et al. 

(1987) found that the anvil of a convective storm contained 64% ABL air and 36% upper 

tropospheric air after including the effects of entrainment. Thus, studying the vertical 

transport by convection systems is crucial for representing distributions of CO and other 

trace gases. Thompson et al. (1996), Pickering et al. (1996), and Andreae et al. (2004) 

have shown that local deep convection over fire regions can transport large amounts of 

CO to the UT. This “local convection” pathway is especially strong when the convection 

occurs in the form of pyro-cumulonimbus clouds. CO may also be transported from a fire 

region to a convective region within the lower troposphere (LT) and then transported to 

the UT by deep convection (Folkins et al., 1997; Andreae et al., 2001). This “LT 
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advection → convection” pathway is consistent with observations that UT CO centers are 

often located above convective regions rather than fire regions. This pathway may be 

particularly relevant because fires typically occur during dry seasons when local deep 

convection is infrequent. The existence and local importance of the two convection-

induced transport pathways have been clearly demonstrated by previous case studies 

(Pickering et al., 1996; Folkins et al., 1997; Andreae et al., 2001; Williams et al., 2002; 

Andreae et al., 2004); however, the roles and relative importance of the two pathways in 

determining the seasonal and interannual distributions of CO in the tropical UT have not 

yet been comprehensively evaluated. 

Biomass burning in the tropics is influenced by both climate conditions and land 

use (e.g., Aragão et al., 2007; van der Werf et al., 2008). According to the Fourth 

Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC), 

global climate models have suggested an increase of sea surface temperature (SST) in the 

near future (IPCC, 2007). In addition, a change in El Niño-Southern Oscillation (ENSO) 

type (Van Oldenborgh et al., 2005; Yeh et al., 2009), a warming of the Indian Ocean and 

northern tropical Atlantic, and a poleward shift of subtropical jets (Lu et al., 2007) is 

expected in the future. These changes in climate conditions will likely increase the 

drought severity and frequency in tropical regions prone to fires, and also change the 

large-scale atmospheric circulations that control the long-range transport pathways of 

fire-generated pollutants. CO can also be used as a good tracer to study how these 

projected climatic changes would influence the mass transport of biomass burning 

generated pollutants to the UT. 

Biomass burning not only releases CO, but also generates different aerosols (e.g., 

black carbon and organic carbon), which also have significant impacts on atmospheric 

chemistry and radiation balance. Aerosols exert a strong influence on the atmospheric 
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energy budget and climate primarily through two mechanisms: a radiative (direct) effect 

and a microphysical (indirect) effect. The aerosol radiative effect is associated with the 

scattering and absorption of solar radiation (Charlson et al., 1992). Scattering acts to cool 

the air, while absorption acts to warm it. Absorbing aerosols, such as black carbon and 

mineral dust, can cause substantial diabatic heating in the atmosphere, which can enhance 

cloud evaporation or inhibit cloud formation (Ackerman et al., 2000; Koren et al., 2004). 

The aerosol microphysical effect is associated with aerosols serving as cloud 

condensation nuclei and ice nuclei (Twomey, 1977), which can modify the size 

distribution of cloud droplets and ice particles. These modifications affect internal cloud 

microphysics, cloud radiative properties and precipitation efficiency, and, by extension, 

the atmospheric hydrological cycle and energy balance (Jiang and Feingold, 2006; Jiang 

et al., 2008). Both the radiative and microphysical effects of aerosols can have 

complicated impacts on weather and climate systems (Koren et al., 2008). Besides, black 

carbon can reduce the surface albedo and accelerate ice and snow melting when 

deposited on these high albedo surfaces. Thus, aerosol effects represent major sources of 

uncertainty in both the attribution of past climate changes and the prediction of future 

climate changes (IPCC, 2007). 

The vertical variability of aerosols in the atmosphere has been less well studied 

than the horizontal variability, largely because it is more difficult to sample aloft than 

from a ground-based platform. However, the vertical profiles of aerosols played an 

important role in determining the aerosol radiative forcing. Meanwhile, many previous 

analyses of aerosol vertical distributions were confined to small spatial scales with focus 

on a specific city or region due to coverage limitations (Li et al., 1997; Osborne and 

Haywood, 2005; Hains et al., 2008). Aircraft missions are still used today to collect 

aerosol samples and measure aerosol size distributions (Kaufman et al., 2003; Shinozuka 
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et al., 2007; Liu et al., 2009), and ground-based lidar (Chazette, 2003; Matthias et al., 

2004; Huang et al., 2010) are still necessary to examine vertical profiles of aerosol 

extinction, as most satellite data are restricted to column values or averages. However, 

due to continued advancement of remote sensing technology, new tools are becoming 

available to study aerosol vertical profiles. The new aerosol profile data derived from the 

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) provide 

an opportunity to assess model simulations of aerosol vertical distributions on a global 

scale and a long-term period (Generoso et al., 2008; Yu et al., 2010). 

Aerosols in the Asian region can be generally classified as either anthropogenic or 

natural. Anthropogenic aerosols in this region are usually produced in megacities and 

agricultural areas, while natural aerosols originate mainly from local and remote deserts 

(Kuhlmann and Quaas, 2010). A number of previous studies have documented the large-

scale transport and spread of pollutants in the UTLS during the Asian summer monsoon 

period using in-situ measurements, satellite observations, and numerical model 

simulations (Fu et al., 2006; J. H. Jiang et al., 2007; Park et al., 2007; Liu et al., 2007; 

Ricaud et al., 2009; Randel et al., 2010). However, these studies have focused primarily 

on insoluble, gas-phase pollutants (Lawrence and Lelieveld, 2010). Recently, Vernier et 

al. (2011) analyzed scattering ratios derived from the first 4-year observations taken by 

CALIPSO and discovered the existence of an aerosol layer at the tropopause level during 

boreal summer (JJA). They found that this Asian Tropopause Aerosol Layer (ATAL) 

extends over a broad area, from the Eastern Mediterranean to Western China, and 

vertically from 13 km to 18 km. However, the origin and transport pathway of the 

aerosols associated with the ATAL, as well as the influences of this aerosol layer on the 

Asian summer monsoon and atmospheric radiation budget remain unclear. 
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This dissertation is divided into four main chapters. Each chapter corresponds to 

an independent manuscript (published, in review or in preparation), where different 

datasets and methods were used to answer specific scientific questions. Chapter 2 aims to 

understand the relationships between the seasonal cycle of CO concentration in the 

tropical UT and the seasonal cycles of surface CO emission and deep convection. The 

lack of correlations among peaks in mean CO concentration in the tropical UT and peaks 

in surface emission and convective activity highlights the potential importance of 

transport pathways. However, the way in which transport pathways affect the geographic 

and seasonal distributions of CO in the tropical UT remains unclear. Thus, the main 

objective of Chapter 2 is to develop a method using co-located satellite measurements to 

automatically identify two convection-induced CO transport pathways, and to use this 

method to study the roles of these two pathways in determining the seasonal variations of 

CO in the tropical UT. The material presented in this chapter is already published in 

Atmospheric Chemistry and Physics (Huang et al., 2012). 

Chapter 3 aims to investigate the factors that affect the interannual variation of 

CO in the tropical UT. These factors include CO emission, convection, climate 

conditions and transport pathways. Although fires in tropical Africa and South America 

have an important influence on the seasonal peaks of UT CO, their effect oninterannual 

changes of UT CO, coupled with circulation changes associated with ENSO, has not been 

thoroughly investigated. Thus, the main objective of Chapter 3 is to study the relative 

importance of ENSO versus other climate conditions in determining the interannual 

variations of tropical UT CO, and how different types of El Niño affect CO transport to 

the UT. The material presented in this chapter is in preparation for a manuscript to be 

submitted to Atmospheric Chemistry and Physics (Huang et al., 2013). 
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Chapter 4 aims to contribute to an initial global 3-D aerosol climatology and to 

provide a better understanding of the vertical distributions and variations of aerosols in 

order to improve climate model simulations. Despite the previous efforts to evaluate 

aerosol vertical distributions, a lack of assessment of global, climatological, and diurnal 

variations of aerosol vertical distributions still exists. Thus, the main objective of Chapter 

4 is to characterize the seasonal and diurnal vertical distributions and variations of 

aerosol properties, including extinction coefficient, aerosol type and maximum aerosol 

layer top altitude. The material presented in this chapter is accepted by Journal of 

Geophysical Research: Atmospheres (Huang et al., 2013) and currently in press. 

Chapter 5 aims to study the transport pathways associated with the ATAL, which 

is first discovered by Vernier et al. (2011) and also identified in my previous study shown 

in Chapter 4 using 6-year CALIPSO Level 2 aerosol profile data and back-trajectory 

model analysis. The material presented in this chapter is written in a manuscript, which is 

to be submitted to Journal of Geophysical Research: Atmospheres (Huang et al., 2013). 

Finally, Chapter 6 summarizes the main conclusions and findings obtained from this 

dissertation. 
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Chapter 2 
Distributions of CO Transport Pathways and Their Roles in 

Determining CO Centers in the Upper Troposphere 

2.1 INTRODUCTION 

Biomass burning and fossil fuel combustion have long been recognized as 

globally important sources of trace gases and aerosols, especially in the tropics. Carbon 

monoxide (CO) plays a particularly influential role in global atmospheric chemistry. CO 

is a byproduct of the incomplete combustion of carbon-based fuels, and can also be 

produced by the oxidation of methane and non-methane hydrocarbons (Jacob, 1999). CO 

is an ozone (O3) precursor (Daniel and Solomon, 1998) and serves as the primary sink of 

the hydroxyl radical (OH) (Thompson, 1992). The lifetime of CO in the tropical 

troposphere is 1–2 months, which makes it a useful tracer for studying the mass transport 

of air originating in regions of biomass burning or fossil fuel combustion (Edwards et al., 

2006a).  

Previous studies based on observations and/or modeling (Novelli et al., 1998; 

Novelli et al., 2003; Edwards et al., 2006b; Duncan et al., 2007a; Liu et al., 2010; 

Macdonald et al., 2011) have shown that CO seasonal and interannual variability in the 

troposphere is affected by many factors, which can primarily be divided into the 

categories of photochemistry and transport. These factors vary greatly among different 

geographic regions. Edwards et al. (2006b) used five years of CO data from MOPITT to 

show that the interannual variation of tropospheric CO in the southern hemisphere (SH) 

correlates well with the El Niño-Southern Oscillation (ENSO) precipitation index. 

Duncan et al. (2007a) evaluated the global budget of CO from 1988 to 1997 using a 

chemical transport model and found that emissions were largely constant during this 

period, as increases in Asia were offset by decreases elsewhere. Liu et al. (2010) used 
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model simulations to interpret the spatial and temporal variations of CO in the lower 

troposphere (LT) and upper troposphere (UT), and suggested that prevailing subsidence 

during the peak fire season over South America (July–August) may trap CO near the 

surface until convection associated with the inter-tropical convergence zone (ITCZ) 

moves into the fire region during September and October. Macdonald et al. (2011) 

investigated the relative influences of trans-Pacific transport and emissions from North 

American forest fires on CO concentration at a high elevation site using 5 years of in-situ 

data. They argued that although trans-Pacific transport plays a role during boreal winter 

and spring, biomass burning is the most important contributor to periods of elevated CO 

concentration during summer. 

Transport of CO from the surface to the UT has also been studied extensively 

using data from field campaigns, satellites, and numerical modeling simulations. 

Thompson et al. (1996), Pickering et al. (1996), and Andreae et al. (2004) have shown 

that local deep convection over fire regions can transport large amounts of CO to the UT. 

This “local convection” pathway is especially strong when the convection occurs in the 

form of pyrocumulonimbus clouds. CO may also be transported from a fire region to a 

convective region within the LT and then transported to the UT by deep convection 

(Folkins et al., 1997; Andreae et al., 2001). This “LT advection → convection” pathway 

is consistent with observations that UT CO centers are often located above convective 

regions rather than fire regions. This pathway may be particularly relevant because fires 

typically occur during dry seasons when local deep convection is infrequent. The 

existence and local importance of each of the two convection-induced transport pathways 

have been clearly demonstrated by previous case studies (e.g., Pickering et al., 1996; 

Folkins et al., 1997; Andreae et al., 2001; Williams et al., 2002; Andreae et al., 2004); 

however, the roles and relative importance of the two pathways in determining the 
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geographic and seasonal distributions of CO in the tropical UT have not yet been 

comprehensively evaluated. 

Schoeberl et al. (2006) used satellite observations to describe a semi-annual cycle 

of CO in the UT and lower stratosphere (LS) with peaks in boreal spring (March–May) 

and fall (September–November). They suggested that these seasonal peaks of CO were 

related to seasonal peaks in biomass burning in Asia, Africa, and South America. Liu et 

al. (2007) compared the geographic and seasonal distributions of tropical deep convection 

with those of CO and water vapor in the UT, and suggested that the elevated 

concentrations of CO in the UT observed during boreal spring and fall may have been 

caused by the spatiotemporal coincidence of biomass burning emissions and deep 

convective activity over Africa and South America during these seasons. These previous 

studies (Schoeberl et al., 2006; Liu et al., 2007; Liu et al., 2010) suggest that spatial 

overlap between surface emission and deep convective activity enhances CO transport 

from the surface to the UT. 

Relationships between the seasonal cycle of CO concentration in the UT and the 

seasonal cycles of surface emission and convection are not straightforward. Emissions of 

CO at the surface peak during boreal fall and winter, and convective activity over the 

tropical land area between 30°S and 30°N peaks during boreal summer and winter (Fig. 

1). Mean CO concentration in the UT peaks during boreal fall, when convective activity 

is at a minimum. Furthermore, the mean concentration of CO in the UT is higher during 

boreal spring than during summer, even though surface CO emission and convective 

activity are both higher during summer than during spring. The lack of correlations 

among peaks in mean CO concentration in the tropical UT and peaks in surface emission 

and convective activity highlights the potential importance of transport pathways. 
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Fig. 1 Seasonal averages of MLS CO at 215 hPa (top), CloudSat cloud water content 
(CWC) vertically integrated above 6 km (middle), and GFED3 surface CO emission 
(bottom) over the tropical land area (30°S–30°N) during December 2006 – November 
2007. The MLS CO values at 215 hPa have been scaled by 0.5 to compensate for the high 
bias. 

Duncan et al. (2007b) studied troposphere-to-stratosphere (TST) transport of CO 

and evaluated the impacts of biomass burning pollution on the composition of the tropical 
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tropopause layer (TTL) and lowermost stratosphere (LMS). They found that two TST 

pathways (slow ascent through the TTL and quasi-horizontal exchange into the LMS) are 

of similar importance for the transport of biomass burning pollution. By contrast, this 

study focuses on the pathways that transport CO from the surface to the UT (215 hPa, 

below TTL) and how their seasonal variations influence the seasonal variation of UT CO 

over two important biomass burning regions. Liu et al. (2010) used GEOS-Chem model 

simulations to evaluate CO transport in the GEOS-4 and GEOS-5 assimilated 

meteorological fields and to identify causes of discrepancies between observations and 

simulations. 

This study develops a method using co-located satellite measurements to 

automatically identify the two convection-induced CO transport pathways, and uses this 

method to study the relative importance of these two pathways to seasonal variations of 

CO in the tropical UT. Although CO concentration can be influenced by multiple 

transport pathways simultaneously, the two transport pathways defined here broadly 

represent long-range transport of CO from the surface to the UT, such as that associated 

with the ITCZ. Previous studies have used data from A-Train (L’Ecuyer and Jiang, 2010) 

satellites to study CO transport (e.g., Fu et al., 2006; Park et al., 2007; Barret et al., 2008; 

Halland et al., 2009; Liu et al., 2010; Jin et al., 2011). In this study, an automated 

detection method for the two CO transport pathways described above is presented. This 

method streamlines the identification of CO transport pathways by intelligently 

combining instantaneous along-track observations of CO in the UT from the Aura 

Microwave Limb Sounder (MLS), observations of convective clouds from the CloudSat 

radar, and CO emissions derived from Moderate-resolution Imaging Spectroradiometer 

(MODIS) fire data, as described in Sections 2.2 and 2.3. This method is applied to 

quantify the frequency of occurrence of each transport pathway with respect to the major 
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centers of elevated CO in the tropical UT, as presented in Section 2.4. I am then able to 

evaluate the relative importance of the two pathways in determining the seasonality of 

UT CO over the selected domains, and to reconcile the mismatch between the seasonal 

cycle of UT CO and the seasonal cycles of surface CO emissions and convective activity, 

as shown in Section 2.5. The main conclusions of this work are summarized and 

discussed in Section 2.6. 

2.2 DATASETS 

The seasonal distributions of CO concentration are described according to satellite 

observations taken by the Aura MLS for the upper troposphere and the Aura 

Tropospheric Emission Spectrometer (TES) for the lower troposphere. The location and 

relative strength of convective activity is estimated using satellite observations of cloud 

water content (CWC) taken by the CloudSat millimeter-wavelength cloud radar. 

The Aura MLS detects CO in the UT/LS region by measuring thermal emission at 

240 GHz with a limb viewing geometry (Pumphrey et al., 2007; Livesey et al., 2008). 

The vertical resolution of the CO retrieval is approximately 4 km in the UT/LS, and the 

horizontal resolution is approximately 5 km across-track and 300–400 km along-track. I 

use Level 2 CO derived according to the MLS Version 2.2 (v2.2) retrieval algorithm and 

screen the data as recommended by Livesey et al. (2007). The valid CO data in the UT 

are provided at 215, 147, and 100 hPa. The MLS v2.2 CO data has a systematic factor of 

~2 high bias at 215 hPa, but the morphology is generally realistic (Livesey et al., 2008). I 

have also performed the pathway analysis using MLS Version 3.3 (v3.3) data. This 

version has eliminated the high positive bias at 215 hPa, but the ability of the retrieval to 

separate clouds and CO is considerably worse than in v2.2 (Livesey et al., 2011). The 
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results using v3.3 are similar to those using v2.2; accordingly, I only present results based 

on MLS v2.2 CO data in the following sections. 

TES is an infrared Fourier transform spectrometer with high spectral resolution 

(0.1 cm-1) and a wide spectral range (650–3050 cm-1) (Beer et al., 2001; Beer, 2006). The 

footprint of each TES nadir observation is 5 km × 8 km (Beer, 2006). TES retrievals of 

CO are primarily sensitive to CO concentrations in the 700–200 hPa pressure range and 

have been found to be consistent with measurements made by the Measurements of 

Pollution in the Troposphere (MOPITT) satellite instrument (Luo et al., 2007b) and 

aircraft data (Luo et al., 2007a; Lopez et al., 2008). TES cannot reliably retrieve CO in 

the presence of clouds (Halland et al., 2009). I use Level 2 TES data (F05_07) and screen 

the data according to the recommended guidelines (Osterman, 2009). 

CloudSat carries the first space-borne 94-GHz cloud profiling radar (CPR) to 

measure vertical structures of cloud and precipitation (Stephens et al., 2002). Each CPR 

profile has a vertical resolution of ~500 m, but the measurements are reported on an 

increment of ~240 m with 125 vertical layers. The footprint for a single profile is 

approximately 1.3 km across-track by 1.7 km along-track, with along-track sampling 

spaced every 1.1 km (CloudSat Project, 2008). CWC represents the sum of cloud ice 

water content (IWC) and liquid water content (LWC) observed by CloudSat. 

CO emission at the surface is obtained from the Global Fire Emission Database 

Version 3 (GFED3) which has recently been released (van der Werf et al., 2010). This 

gridded data is provided at 0.5° × 0.5° spatial resolution and monthly temporal resolution, 

and includes burned area and fire emissions. Emissions of fire-generated trace gases are 

derived by combining information on burned area with MODIS fire hot spots (Giglio et 

al., 2006b, 2010), biogeochemical model estimates of fuel burned, and emission factors 
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for each species. The approach used to derive daily CO emission from GFED3 monthly 

emissions is described by Mu et al. (2011). 

2.3 METHODOLOGY 

South America (24°S–12°N, 88°W–32°W) and Central Africa (20°S–20°N, 

16°W–40°E) are selected as the research domains. These are two of the most important 

tropical biomass burning regions and coincide with the locations of UT CO maxima in 

the tropics. CO has a relatively long lifetime in the UT. I evaluate the change of CO 

concentration in the UT by calculating the difference between instantaneous CO 

measurements at 215 hPa and monthly mean values interpolated from a 4° latitude × 8° 

longitude grid to the observational location and level. The threshold of CO increase is 20 

ppbv, which coincides with the estimated precision of MLS CO at 215 hPa (Livesey et 

al., 2007). If the calculated change in UT CO exceeds 20 ppbv, it is defined as an 

increase of CO in the UT. Vertically integrated CloudSat CWC above 6 km (iCWC_6km) 

is used to represent convective activity. The threshold for iCWC_6km is 100 mg m–3, 

which is approximately the median value of all the iCWC_6km over the selected South 

America and Central Africa domains. If the observed iCWC_6km exceeds this value 100 

mg m–3, it is defined as deep convective activity. To justify the use of CloudSat CWC as 

an indicator of deep convection, I have compared it with the TRMM cloud feature 

database (Liu et al., 2008) and ISCCP D2 deep convective cloud amount data (Rossow 

and Schiffer, 1999). The spatial distributions of deep convection averaged over periods of 

8 days or longer are nearly identical among these three datasets. Cirrus clouds that are not 

associated with convection typically have a much smaller CWC (Ström et al., 2003) than 

the convective anvils captured by this CWC threshold. Thus, CloudSat CWC is 

appropriate for identifying convective activity in this work. During year 2007, Aura MLS 
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and CloudSat measurements are separated by only 7–8 min in time, but their 

measurement tracks are separated by ~200 km at low and middle latitudes (Savtchenko et 

al., 2008). Thus, MLS and CloudSat measurements are not exactly co-located for tropical 

clouds; however, because mesoscale convection is typically 100 km or more in size 

(Houze, 2004) and CO is a long-lived tracer, CloudSat observations are likely to be 

indicative of the convective conditions affecting UT CO along the MLS track. I co-locate 

CloudSat CWC with MLS CO measurements by averaging CWC in boxes of 3° along-

track and 1° across-track centered on the MLS measurement locations (approximately 

matching the MLS footprints). To co-locate GFED3 daily CO emission with MLS 

observation, I first identify the 0.5° × 0.5° grid box that contains the center of the MLS 

footprint, then check for surface CO emission within any of a 5 × 5 set of grid boxes 

centered on the co-located grid box (i.e., 2.5° × 2.5° resolution). 

The “local convection” pathway is identified when an increase of CO in the UT is 

detected simultaneously co-located with non-zero surface CO emission and deep 

convection. The “LT advection → convection” pathway is identified when an increase of 

CO in the UT is detected simultaneously co-located with deep convection, but the co-

located surface CO emission is zero. The effectiveness and validity of this method for 

identifying CO transport pathways is demonstrated in the following section, which 

describes a detailed case study. 

2.3.1 A case study 

Fig. 2a shows the spatial distributions of surface CO emission and MLS 

instantaneous along-track measurements of CO concentration in the UT (215 hPa) on 12 

January 2007. The strongest CO emission was located over northern Africa, while 

moderate CO emission occurred in northern South America and southern Brazil. The 
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MLS detected high CO concentrations over the South American continent and southern 

Africa, south of the primary CO emission region in Africa (Fig. 2a). The southward 

displacement of the UT CO maximum relative to the surface emission region may 

suggest that CO was not directly transported to the UT by local convection. 

To illustrate how CO transport pathways affect the UT CO concentration over 

Central Africa, a vertical cross section is selected along the MLS track which is parallel 

to the CloudSat track indicated by the blue line (Fig. 2a). This cross section is along the 

Aura satellite descending track from 20°N to 20°S; the starting and ending points are 

indicated by A and B, respectively (Figs. 2a and 2b). CO emission was occurring along 

this track from 12°N to nearly 5°S, while the increase of CO (>20 ppbv) at 215 hPa was 

mainly located in the southern hemisphere between the equator and 14°S. CO increases 

in the UT occurred with co-located deep convection and surface emission at latitudes 

between 1°S and 5°S, suggesting CO transport from the surface to the UT via the “local 

convection” pathway. CO increases between 5°–8°S and 13°–14°S were co-located only 

with deep convection, suggesting CO transport via the “LT advection → convection” 

pathway. The distinction between these two pathways is dependent upon the distribution 

of surface CO emission. This automated detection method captures the occurrence of 

these pathways, as indicated by the red (“local convection”) and blue (“LT advection → 

convection”) markers (Fig. 2b). 
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Fig. 2 (a) Spatial distributions of GFED3 surface CO emission and MLS instantaneous 
along-track measurements of CO concentration at 215 hPa on 12 January 2007. The solid 
blue line indicates the CloudSat track parallel to the MLS track selected for the case 
study discussed in Section 2.3; the starting and ending points are indicated by A and B, 
respectively. The two selected analysis domains are outlined by the black box: South 
America (24°S–12°N, 88°W–32°W) and Central Africa (20°S–20°N, 16°W–40°E). (b) 
Vertical distributions of CloudSat CWC along the selected MLS track. Differences 
between observed CO volume mixing ratio and local monthly mean values at 215 hPa 
greater than 20 ppbv are shown in purple shading. The CloudSat CWC is from the 
original dataset, with the horizontal resolution reduced to ~0.5°. The black triangles at the 
bottom indicate the presence of surface CO emissions along the cross section. The 
colored circles at the top indicate the CO transport pathways identified using the 
automated method, where red indicates “local convection” and blue indicates “LT 
advection → convection”. 

As validation of this automated detection method, I integrate seven-member back-

trajectory ensembles from each 215 hPa observation along this MLS track. Each 

ensemble consists of one trajectory initialized from the center of the MLS footprint, four 
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trajectories initialized at offsets of ±0.5° in latitude and longitude, and two trajectories 

initialized at ±2 K in potential temperature. The initial potential temperatures are 

calculated according to MLS retrievals of temperature at 215 hPa. The trajectories are 

calculated using a modified version of the Goddard Fast Trajectory model (Schoeberl and 

Sparling, 1995; Wright et al., 2011), driven by winds and heating rates from NASA’s 

Global Modeling and Assimilation Office (GMAO) Modern-Era Retrospective Analysis 

for Research and Applications (MERRA) reanalysis (Rienecker et al., 2011). The initial 

isentropic positions of the trajectories are calculated according to the corresponding Aura 

MLS retrievals of temperature at 215 hPa. Trajectories are initialized at the MLS 

observation (1 trajectory per ensemble), at ±0.5° in latitude and longitude (4 trajectories 

per ensemble), and at ±2 K in potential temperature (2 trajectories per ensemble), and 

were integrated backward in time for one day or until a convective source was identified. 

Convective sources for each trajectory are identified using two independent 

representations of convection: three-dimensional convective cloud fraction from the 

MERRA reanalysis (Rienecker et al., 2011) and cloud top pressure from the International 

Satellite Cloud Climatology Project (ISCCP) DX dataset (Rossow et al., 1996; Rossow 

and Schiffer, 1999). The MERRA cloud product is generated by the reanalysis model, 

and is provided as three-hour averages on a 1.25° × 1.25° grid. Convective cloud top 

pressures are estimated using a linear interpolation in ln(p). I use 3-hourly ISCCP DX 

data from Meteosat-7 and Meteosat-8 for Central Africa, and from GOES-11 and GOES-

12 for South America. Cloud top pressures are bilinearly interpolated to the trajectory 

points from the gridded datasets, and convective intersections are identified when cloud 

top pressures are (1) less than trajectory pressures or (2) less than 350 hPa. This second 

threshold accounts for persistent low biases in infrared estimates of cloud top height 

(Sherwood et al., 2004) and is more in line with the representation of convection in the 
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automated method (vertically-integrated CWC above 6 km). Convective intersections 

within 250 km of the trajectory initialization point are considered local. 

The results of the trajectory simulations are in good agreement with the results of 

the automated detection mechanism (Fig. 3). The CO transport pathway identified by the 

automated method matches the pathway followed by the majority of trajectories in 24 out 

of 27 cases according to both representations of convection. For the other three cases, the 

automated method is only in disagreement with one of the two trajectory estimates (i.e., 

the two trajectory estimates also disagree with each other). At 1.48°S, the automated 

method identifies “local convection”; 71% of the trajectories in this ensemble intersect 

with local ISCCP cloud tops, while none intersect with local MERRA cloud tops. Both 

ISCCP and MERRA indicate that the convective sources for some of these trajectories 

were located to the east of the MLS satellite track (in the same direction as the CloudSat 

track), but only ISCCP indicates that these sources were within 250 km of the trajectory 

starting points. The automated method does not identify convective transport at 8.91°S or 

10.39°S. 86% of the 8.91°S ensemble intersects with local ISCCP cloud tops and 14% 

intersects with local MERRA cloud tops, while 86% of the 10.39°S. Comparison of Fig. 

2 and Fig. 3a–b suggests that these discrepancies are related to slight differences in the 

distributions of convection among these three datasets. For instance, it appears ISCCP 

appears to indicate that the cluster of convection between the equator and ~8°S extends 

slightly further southward (Fig. 3a) than observed by CloudSat (Fig. 2) or simulated by 

MERRA (Fig. 3b). Meanwhile, MERRA simulates a cluster of convection to the east of 

the MLS track at 10.39°S (Fig. 3b) that ISCCP indicates is located further east (Fig. 3a) 

and CloudSat does not observe. Overall, this automated method performs well in 

comparison to the more computationally-expensive trajectory analysis. Discrepancies 

between the automated method and either trajectory ensemble are similar to discrepancies 
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between the two trajectory ensembles, suggesting that uncertainties associated with the 

representation of convection are intrinsic to any study of convective transport in these 

regions. I have applied multiple representations of convection in different contexts 

(CloudSat CWC in the along-track automated method; CloudSat CWC, the TRMM cloud 

feature database and ISCCP D2 deep convective cloud amount in a coarse-grain 

automated method; and ISCCP DX and MERRA in the trajectory analysis), and find that 

the results are qualitatively robust. In addition, I have also performed trajectory analyses 

for 11 other MLS tracks through Central Africa and South America on 12 January 2007, 

with similar results. 

 

Fig. 3 Results of the trajectory analysis of CO transport for the case study shown in Fig. 
2. (a) The evolution of trajectories (lines) and locations of convective sources (circles) 
according to ISCCP DX cloud tops. The pathway identified by the automated method is 
indicated by the color of the underlying square (red for “local convection”; blue for “LT 
advection → convection”), and the pathway identified by each trajectory is indicated by 
the color of the line and terminating circle (if any). (b) As in (a), but according to 
MERRA cloud tops. The rows of circles along the top indicate the pathways identified by 
the automated method (first row), trajectories with ISCCP DX cloud tops (second row), 
and trajectories with MERRA cloud tops (third row) for individual MLS observations. 
Partially filled circles indicate fractions of trajectory ensembles. The labeled circles in the 
first row correspond to the similarly annotated locations in (a) and (b). 
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This case study shows that the two CO transport pathways can be successfully 

diagnosed through the joint use of Aura, CloudSat, and MODIS measurements at 

synoptic scales. The detection criteria capture the relationships between surface CO 

emission, convective activity, and changes in UT CO that are associated with these 

transport pathways. Next, this method is applied to identify the geographic and seasonal 

variations in the relative frequencies of occurrence of the two CO transport pathways 

over Central Africa and South America between December 2006 and November 2007.  

2.4 SEASONAL DISTRIBUTION OF CO TRANSPORT PATHWAYS 

Figs. 4–7 show the seasonal mean geographic distributions of CO emission, 

convective activity, and CO in the LT (681 hPa) and UT (215 hPa) during the period Dec 

2006 – Nov 2007. The frequencies of occurrence of the different CO transport pathways 

are computed for each domain. The boundaries of the two domains are denoted by red 

boxes in each figure. 

During boreal winter, the strongest emission of fire-generated CO occurred in the 

savanna region of northern Africa (Fig. 4c). Deep convective activity was most 

pronounced over southern Africa, South America, and Indonesia, away from the strongest 

fire regions. In the LT (Fig. 4b), high CO concentrations were mainly located over the 

Gulf of Guinea and Central Africa, to the south of the primary CO emission region at the 

surface. The center of elevated CO in the UT over Central Africa was co-located with 

convective activity, also to the south of the primary CO emission region (Fig. 4a). Over 

South America, the CO maximum in the UT was located over the Amazon, to the 

southeast of the largest surface emissions. The displacement of CO maxima in the UT 

relative to surface emission regions and the co-location of these maxima with convective 
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activity suggest that CO was advected southward within the LT from the emission 

regions to the convective regions, then transported by deep convection to the UT. 

 

 

Fig. 4 Seasonal (December 2006 – February 2007) mean distributions of (a) MLS CO in 
the upper troposphere (215 hPa, scaled by 0.5), (b) TES CO in the lower troposphere 
(681 hPa), and (c) GFED surface CO emission (color shading) and CloudSat CWC 
vertically integrated above 6 km (contours). The CWC contour interval is 100 mg m-3. 
The two selected analysis domains are outlined in red: South America (24°S–12°N, 
88°W–32°W) and Central Africa (20°S–20°N, 16°W–40°E). The two panels at the top 
show the spatial distributions of the relative frequency (percentage) of each transport 
pathway for each 8° × 4° grid box in the two analysis domains: “local convection” (left), 
“LT advection → convection” (right). 
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The topmost panels of Fig. 4 show the spatial distributions of the relative 

frequency of each transport pathway in the two domains. The relative frequency is 

calculated as the percentage of each transport pathway normalized by the total number of 

CO increase cases within each 4° latitude × 8° longitude grid box. Burning was strongest 

between the equator and 10°N in Africa; CO increases in the UT over northern Africa 

(0°–15°N) were primarily attributable to the “local convection” pathway. The “LT 

advection → convection” pathway was dominant in southern tropical Africa (8°S–20°S), 

suggesting that CO from the primary burning regions north of the equator experienced 

southward cross-equatorial advection to the convective region, followed by deep 

convective transport to the UT. Over South America, the “LT advection → convection” 

pathway occurred over a large area within the analysis domain, while the “local 

convection” pathway was mainly confined to the northwestern and southeastern corners. 

These results suggest that “LT advection → convection” was the dominant pathway for 

transporting CO to the UT over South America during this season. 

During boreal spring (Fig. 5), CO emission was the strongest in Southeast (SE) 

Asia, and was relatively weak in Central Africa, Central America and northern South 

America (Fig. 5c). Deep convection was prevalent over equatorial Africa, South 

America, Central America and tropical Asia, all regions where CO emission occurred. In 

the LT over West Africa and SE Asia (Fig. 5b), high CO centers were collocated with 

surface emission, suggesting that CO was transported directly from the boundary layer to 

the LT. The largest CO concentrations in the UT were located over the Gulf of Guinea 

and Central Africa (Fig. 5a). This center of high UT CO had a greater geographic overlap 

with both high CO in the LT and areas of strong convection relative to that observed 

during the winter season (Fig. 4). Furthermore, greater overlap between convective 

activity and the fire source regions during boreal spring increased the occurrence and 
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spatial coverage of the “local convection” pathway over the tropical southern African 

continent (20°S–2°N) relative to boreal winter, as shown in the top left panel. Over South 

America, UT CO concentrations were lower during boreal spring than during boreal 

winter (austral summer). This coincides with a reduction in the occurrences of both 

convective pathways. The reduction in the occurrence of the “LT advection → 

convection” pathway is more pronounced than that of the “local convection” pathway. 

 

 

Fig. 5 As in Fig. 4, but for March – May, 2007.  
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During boreal summer (Fig. 6), UT CO concentrations were highest over SE Asia, 

with a broad center of high CO extending from India in the west across southern China to 

the western Pacific Ocean in the east (Fig. 6a). CO over SE Asia is largely attributable to 

fossil fuel emissions (Duncan et al., 2007a; Jiang et al., 2007), which are not represented 

in the GFED3 CO emission dataset. Given this limitation of the GFED3 data, I instead 

focus the analysis on South America and Africa, where emissions of fire-generated CO 

are strongest (Fig. 6c). Most deep convective activity in these regions during boreal 

summer occurred over Central America and northern tropical Africa. 

A center of high CO is apparent in the LT over the strong surface emissions in 

southern Africa (Fig. 6b), but not in South America. The daytime boundary layer and 

aerosol plumes are generally deeper over Africa (3–4.5km, Labonne et al., 2007) than 

over South America (Martin et al., 1988; Fu et al., 1999). Smoke layers in the Amazon 

basin have been observed to reach 3 km in fire areas (Andreae et al., 2004), but the 

daytime boundary layer outside of active fire areas is generally shallower than 2 km (800 

hPa) during this season. TES is sensitive to CO between 700 hPa and 200 hPa (Lopez et 

al., 2008). Because the boundary layer is deeper over Africa than over South America, 

high CO concentrations emitted over Central Africa are therefore more likely to be 

detected by TES. Extensive cloudiness over South America may also play a role by 

reducing the TES sampling rate.  

High concentrations of CO in the LT and UT over equatorial western Africa 

suggest that CO originating in fires over southern Africa was transported by LT 

advection to West Africa, then lifted to the UT by convection associated with the African 

monsoon circulation. The “local convection” pathway was only prevalent in equatorial 

southern Africa (2°S–10°S). The locations of strongest CO emissions and deep 

convective activity are in opposite hemispheres relative to boreal winter (Fig. 4). This 
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change causes a similar reversal in the preferred hemispheric locations of the “local 

convection” and “LT advection → convection” pathways. Over South America, the 

“local convection” pathway was prevalent over the southeastern part of the continent 

(16°S–24°S), while the “LT advection → convection” pathway was prevalent over 

northern South America (2°S–12°N, top panel of Fig. 6). The lack of a strong center of 

high CO in the UT over South America may be due to the relative weakness of 

convective activity, as shown in the bottom panel of Fig. 6. 

 

 

Fig. 6 As in Fig. 4, but for June – August, 2007.  
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Fig. 7 As in Fig. 4, but for September – November, 2007. 

During boreal fall (Fig. 7), the strongest surface CO emissions occurred in South 

America and southern Africa, with moderate CO emissions in northern Australia (Fig. 

7c). Deep convective activity was centered over northern South America, Central Africa, 

and SE Asia. The largest CO concentrations in both the LT (Fig. 7b) and UT (Fig. 7a) 

were located over South America, suggesting that vertical transport of CO was locally 

strong. Indeed, the “local convection” pathway was dominant over much of South 

America during this season (4°S–24°S, top panel of Fig. 7). A secondary center of high 
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UT CO was observed over Central Africa. The “local convection” pathway was not as 

prevalent over Central Africa as over South America. In contrast to South America and 

Central Africa, CO remained low in the LT and UT over northern Australia despite 

strong surface emission. CO emissions appear to have been largely confined to the 

boundary layer in this region. 

2.5 DISCUSSION 

The lifetime of CO in the troposphere is largely determined by the concentration 

of OH, its main sink (Levy, 1971; Thompson, 1992). The levels of tropospheric hydroxyl 

radicals are strongly correlated with solar ultraviolet radiation (Rohrer and Berresheim, 

2006) and have different seasonal cycles at various latitudes. The lifetime of CO in the 

troposphere is longer during local winter than during local summer, especially in the 

middle and higher latitudes (Duncan et al., 2007a). Because this work focuses on the 

tropical (20°S–20°N) UT (215 hPa), seasonal changes in CO lifetime are therefore much 

less than those in the mid-latitudes. 

Biomass burning represents the largest source of CO in the tropics during burning 

seasons, especially in the SH; during other seasons, oxidation of CH4 and biogenic non-

methane hydrocarbons (NMHC) may be more important (e.g., Logan et al., 1981; 

Holloway et al., 2000; Duncan et al., 2007a; Liu et al., 2010). The seasonal variations of 

CO production from biogenic sources and CH4 oxidation at the surface and in the LT are 

also relatively small compared to the seasonal variations of biomass burning in the SH 

(Duncan et al., 2007a; Liu et al., 2010). In the UT, Liu et al. (2010) used model 

simulations to show that seasonal changes in the biogenic source (from isoprene) do play 

an important role in the seasonality of UT CO over South America; however, biomass 

burning is the largest source of CO to the UT in burning regions during the biomass 
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burning seasons (November–February in the NH, June–October in the SH). Therefore, 

the seasonal variations of CO in the tropical UT are likely to be largely determined by 

convective transport of CO generated by biomass burning. 

Figures 4–7 suggest that the seasonality of tropical mean UT CO concentration 

(25°S–25°N) is controlled to leading order by seasonal changes in the centers of high UT 

CO over Central Africa and South America. Seasonal changes in the pathways that 

transport CO from the surface to the UT over these two regions therefore appear to play 

key roles in determining the seasonal cycle of UT CO in the tropics. 

During this analysis period, CO emission over Central Africa peaked during 

boreal winter, while convective activity was nearly constant throughout the year (Fig. 8a, 

bottom two panels). Meanwhile, CO concentrations in the UT peaked during boreal 

spring and fall (Fig. 8a, top). The seasonal cycle of average CO increase reflects a 

combination of the two pathways; however, the “local convection” pathway is the more 

influential of the two, and transports more CO per event during all seasons (Fig. 8a, 

second panel from top). Moreover, the seasonal variation of the number of “local 

convection” transport events (Fig. 8a, third panel from top) was similar to that of UT CO 

concentration. This result suggests that the seasonal prevalence of the “local convection” 

pathway plays a key role in the seasonal variation of UT CO over Central Africa. During 

boreal winter and summer, the primary fire regions and the convectively active regions 

were located in opposite hemispheres. Accordingly, the “local convection” transport 

pathway occurred infrequently, leading to lower concentrations of CO in the UT.  
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Fig. 8 Seasonal variation of: (top panel) MLS CO at 215 hPa (scaled by 0.5); (second 
panel from top) average CO increase associated with the “local convection” pathway (red 
line), with the “LT advection → convection” pathway (blue line) and with the 
combination of both pathways (purple line); (third panel from top) number of “local 
convection” pathway events (dark grey, red line) and number of “LT advection → 
convection” pathway events (light grey, blue line); (fourth panel from top) CloudSat 
vertically-integrated CWC above 6km; and (bottom panel) GFED3 surface CO emission 
for (a) Central Africa (20°S–20°N, 16°W–40°E) and (b) South America (24°S–12°N, 
88°W–32°W) from December 2006 – November 2007. The gray shaded areas around the 
215 hPa CO, CWC and CO emission curves indicate ±2 standard errors of the mean. 

CO emission over South America peaked during austral spring, while deep 

convection peaked during austral summer and fall (Fig. 8b, bottom two panels). CO 

concentrations in the UT decreased monotonically from austral summer to winter, 

followed by a peak during austral spring. As with Central Africa, the seasonal variation 

of UT CO over South America was consistent with that of the number of “local 
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convection” transport events, which again transports more CO per event than the other 

pathway during all seasons. Although the seasonal pattern of the number of “LT 

advection → convection” transport events is similar to that of UT CO, the number of “LT 

advection → convection” transport events peaks in austral summer rather than austral 

spring. The seasonality of UT CO over Central Africa and South America does not 

coincide with the seasonalities of surface CO emission or convective activity. Figure 8 

suggests that it primarily coincides with the seasonality of CO transport by the “local 

convection” pathway. Furthermore, the seasonal pattern of the “local convection” 

pathway is effectively unchanged (not shown) when MERRA reanalysis data is used to 

eliminate cases with UT convergence (the presence of which might indicate advection 

from remote sources in the UT rather than local convective lofting).  

Figure 9 shows the annual average increase of CO concentrations at 215 hPa 

associated with the “local convection” and “LT advection → convection” transport 

pathways. Over Central Africa, the average increase of CO due to transport by “local 

convection” is approximately 5–13 ppbv (11–30%) higher than that due to transport by 

“LT advection → convection”. Over South America, the increase of UT CO associated 

with “local convection” is about 11–22 ppbv (24–48%) higher than that associated with 

“LT advection → convection”. These results suggest that the “local convection” pathway 

is more effective at transporting CO from surface to the UT than the “LT advection → 

convection” pathway, and provide a reasonable explanation for the similarity between the 

seasonal cycles of UT CO and the occurrence of the “local convection” pathway. The 

enhancement of CO increases over South America relative to those over Central Africa 

may be due to higher surface emissions and a more rapid advance of convection into the 

primary fire regions during the transition from dry season to wet season (Horel et al. 

1989, Li and Fu 2006). Table 1 presents the annual statistics of the two transport 
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pathways in both analysis domains. Although the total number of “LT advection → 

convection” events is much higher (3–5 times) than the total number of “local 

convection” events identified by this method, the average CO increase is significantly 

lower (as also shown in Fig. 9). These results indicate that the “local convection” 

pathway more efficiently transports CO from the surface to the UT, and provide an 

explanation of the greater influence that this pathway exerts on the seasonal cycles of UT 

CO over Central Africa and South America. 

 

Fig. 9 Annual mean increases in CO concentrations at 215 hPa associated with the “local 
convection” (red) and “LT advection → convection” (blue) CO transport pathways. Error 
bars encompass ±2 standard errors of the mean. 
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Table 1 Annual statistics of the two transport pathways. From left to right: first column 
indicates the domains; second and fourth columns indicate the total number of identified 
“local convection” and “LT advection → convection” transport events, respectively; third 
and fifth columns indicate the average CO increase associated with “local convection” 
and “LT advection → convection”, respectively; sixth column indicates the average CO 
increase associated with the combination of both pathways; seventh column indicates the 
difference between the average CO increase associated with “local convection” and the 
average CO increase associated with “LT advection → convection”. The numbers in the 
parentheses are ±2 standard errors of the mean. 

Domain 

local convection LT advection → 
convection mean ΔCO 

combined 
(ppbv) 

mean ΔCO 
difference 

(ppbv) num of 
events 

mean 
ΔCO 

(ppbv) 

num of 
events 

mean 
ΔCO 

(ppbv) 
South 

America 382 62.0 
(±4.5) 1752 45.6 

(±1.0) 48.5 (±1.2) 16.4 

Central 
Africa 323 52.5 

(±3.0) 1179 43.7 
(±1.2) 45.6 (±1.1) 8.8 

2.6 CONCLUSIONS 

This study has developed a method that provides an automated identification of 

two pathways that transport CO from the surface to the UT through a joint use of several 

A-Train satellite measurements (including Aura MLS CO, CloudSat CWC, and GFED 

CO emission derived from MODIS fire counts data). I have shown a case study that 

demonstrates the effectiveness and validity of this method based on comparison with the 

results of a back trajectory analysis. This method allows us to objectively identify CO 

transport pathways and provides a statistical description of the geographic and seasonal 

variations in these transport pathways. Seasonal UT CO distributions from December 

2006 to November 2007 (Figs. 4–7) show that the primary centers of high UT CO were 

located over Central Africa during boreal spring and over South America during austral 

spring. In both of these regions, the seasonal cycle of UT CO coincided with the seasonal 

cycle of the frequency of the “local convection” pathway. This appears to be because the 
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“local convection” pathway is significantly more effective at transporting CO to the UT 

than the “LT advection → convection” pathway. Convective activity and, to some extent, 

surface CO emissions were stronger during boreal winter and summer than during boreal 

spring and fall; however, CO emissions were generally located in the opposite 

hemisphere from convection during boreal winter and summer. Consequently, CO was 

typically transported via the “LT advection → convection” pathway over Central Africa 

during boreal winter and over South America during austral summer. The “LT advection 

→ convection” pathway is less effective than the “local convection” pathway at 

transporting CO to the UT. 

The results also indicate geographic and seasonal variations in the distribution of 

convective CO transport pathways, with strong dependences on surface climate 

conditions and circulation patterns. Therefore, caution is needed in generalizing these 

results, which are based on a limited time period. One source of uncertainty in the 

analysis is that CO increase events are determined as those individual measurements that 

exceed the background CO by 20 ppbv or more. This threshold is necessary due to the 

uncertainties in the MLS CO retrievals; however, this may omit many legitimate CO 

transport events for which the increase is less than 20 ppbv. This uncertainty could be 

avoided by directly evaluating daily changes of CO concentration. Such an evaluation is 

not realistic at present, but may be possible in the future with the advent of better 

measurements and improved retrieval algorithms. 

The Atmospheric InfraRed Sounder (AIRS), which was launched aboard the 

Aqua satellite in 2002, also provides CO measurements (Aumann et al., 2003). AIRS 

takes measurements along a sun-synchronous orbit with a 1600 km wide swath, and can 

obtain high-density global CO retrievals even in the presence of substantial cloud cover 

(up to ~80%; Susskind et al., 2003). The AIRS CO products have improved substantially 
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during recent years (Susskind et al., 2003; McMillan et al., 2011; Warner et al., 2007, 

2010). For example, AIRS CO matches in-situ measurements from the NASA 

Intercontinental Chemical Transport Experiment (INTEX) to within 10% for AIRS V4 

(Warner et al., 2007) and to within 6–10% for AIRS V5 (McMillan et al., 2011). The 

sensitivity of the AIRS CO retrieval peaks in the mid-troposphere, near 500 hPa 

(McMillan et al., 2011). In future work, I will further assess the climatological 

distributions of CO transport pathways over the tropical continents by applying the 

method that is developed in this study to a longer period, which will enable further 

examination of UT CO variability at seasonal and interannual timescales. I will use all 

available CO data in this future work, including AIRS CO. 

  



 37 

Chapter 3 
Impacts of Fire Emissions and Transport Pathways on the Interannual 

Variation of CO in the Tropical Upper Troposphere 

3.1 INTRODUCTION 

Carbon monoxide (CO) has been shown to have large seasonal and interannual 

variability in the troposphere by many previous studies (Novelli et al., 1998; Schoeberl et 

al., 2006; Liu et al., 2007; Duncan et al., 2007a; Liu et al., 2010; Macdonald et al., 2011; 

Huang et al., 2012). For example, Schoeberl et al. (2006) found a semi-annual cycle of 

CO in the upper troposphere and lower stratosphere (UTLS) (so-called CO “tape 

recorder”) with peaks in boreal spring and fall, and suggested the seasonal peaks of CO 

were caused by seasonal peaks of biomass burning in Asia, Africa, and South America. 

Liu et al. (2007) argued that upper troposphere (UT) CO peaks observed during boreal 

spring and fall may be due to the spatiotemporal coincidence of biomass burning 

emissions and deep convective activity in Africa and South America. Edwards et al. 

(2006b) found that the interannual variation of tropospheric CO in the southern 

hemisphere (SH) has a significant correlation with the El Niño-Southern Oscillation 

(ENSO) precipitation index. Previous studies have also investigated transport of CO from 

the surface to the UT, by using data from field campaigns, satellites, and modeling 

simulations. Generally, CO can be transported via three pathways. First is the “local 

convection” pathway, which means CO is transported from the surface to the UT by local 

deep convection over fire regions (Thompson et al., 1996; Pickering et al., 1996; Andreae 

et al., 2004). Second, CO can be advected from a fire region to a convective region within 

the lower troposphere (LT), and then be uplifted to the UT by deep convection (Folkins et 

al., 1997; Andreae et al., 2001). This “LT advection → convection” pathway may explain 

why UT CO centers are often located above convective regions rather than fire regions. 
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Chapter 2 developed a method to automate the identification of these two pathways that 

transport CO from the surface to the UT and found that the seasonality of CO 

concentrations in the tropical UT reflected the seasonality of the “local convection” 

pathway, which typically transported significantly more CO to the UT than the “LT 

advection → convection” pathway. 

Biomass burning in the tropics is influenced by both climate conditions and land 

use (e.g., Aragão et al., 2007; van der Werf et al., 2008). According to the Fourth 

Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC), 

global climate models have suggested an increase of sea surface temperature (SST) in the 

near future (IPCC, 2007). In addition, a change in ENSO type (Van Oldenborgh et al., 

2005; Yeh et al., 2009), as well as a warming of the Indian Ocean and northern tropical 

Atlantic, and a poleward shift of subtropical jets (Lu et al., 2007) is expected in the 

future. These changes of climate conditions would likely increase the drought severity 

and frequency in the tropical regions prone to fires, and also change the large-scale 

atmospheric circulations that control the long-range transport pathways of fire-generated 

pollutants. However, how these projected climatic changes would influence 

concentrations and distributions of the CO in the UT, as well as the mass transport that 

carries biomass burning generated pollutants to the UT, is still not clear.  

Although fires in the tropical Africa and South America have important influence 

on the seasonal peaks of UT CO, how they would affect the interannual changes of UT 

CO, with circulation changes associated with ENSO, has not been thoroughly 

investigated. Gonzi and Palmer (2010) suggested that the fractions of surface CO 

emissions transported to the UT are lower over Africa and South America than that over 

tropical Asia. However, Ricaud et al. (2007) found that deep convection plays an 

important role in transporting CO to the UT over Africa, which suggests a change of 
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emission and convection over this region could significantly influence UT CO. Thus, 

how changes of fire emissions over the tropical continents contribute to the interannual 

changes of CO in the UT needs to be clarified. 

Recent studies (e.g., Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009) have 

shown that the canonical El Niño (eastern Pacific warming) has become less frequent and 

a different kind of El Niño (central Pacific warming) has become more common during 

the late twentieth century. These two types of El Niño have distinctively different 

anomalous large-scale circulation and convection patterns (Yeh et al., 2009; Su and Jiang 

et al., 2013), which would in turn have different impacts on CO transport to the UT. What 

are the differences between the impacts of these two types of El Niño on UT CO 

interannual variation? The answer to this question may help to reconcile the apparent 

discrepancies in previous studies (e.g., Duncan et al., 2007b; Logan et al., 2008; Chandra 

et al., 2009) about how ENSO would affect CO in the UT. 

This study aims to investigate the dominant climate conditions that affect CO 

interannual variation in the tropical UT, and the relative importance of ENSO versus 

other climate conditions in determining the interannual variations of UT CO. 

Furthermore, the impacts of different types of El Niño on CO transport to the UT are also 

evaluated, by analyzing the circulation pattern changes and the transport pathway 

differences. Section 3.2 introduces the data and methods used in this study. Section 3.3 

identifies the dominant modes of the interannual variation of UT CO and evaluates the 

relative importance of CO emission, convection, and continental regions that affect UT 

CO interannual variation over the tropics. The impacts of SST, convection and CO 

emission on UT CO interannual variation are analyzed in Section 3.4. The circulation 

pattern changes and the transport pathway differences associated with two types of El 
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Niño are investigated and discussed in Section 3.5. The main conclusions of this study 

are summarized and discussed in Section 3.6. 

3.2 DATA AND METHODOLOGY 

3.2.1 Data 

The Microwave Limb Sounder (MLS) instrument is a small radio telescope 

aboard the Aura satellite, which was launched on 15 July 2004, and has a near-polar, sun-

synchronous orbit at an altitude of 705 km, with an equator crossing time at 1:45 a.m. and 

1:45 p.m local solar time and a 16-day repeat cycle. The MLS observes CO in the UTLS 

region by measuring thermal emission at 240 GHz with a limb viewing geometry 

(Pumphrey et al., 2007; Livesey et al., 2008). MLS CO measurement has a vertical 

resolution of ~4 km in the UTLS, and a horizontal resolution of ~5 km across-track and 

300–400 km along-track. I use Level 2 CO data derived according to the MLS Version 

3.3 (V3.3) retrieval algorithm and screen the data using procedures as recommended in 

Livesey et al. (2011). These include the use of cloud ice water content (IWC) as a filter to 

exclude heavily-cloud-contaminated profiles. The valid CO data in the UT are provided 

at 215, 147, and 100 hPa. The earlier version of MLS CO (V2.2) was biased high by a 

factor of ~2 at 215 hPa (Livesey et al., 2008), but this bias has been largely eliminated in 

v3.3 CO data (Livesey et al., 2011).  

CloudSat was launched on 28 April 2006, which carries the first space-borne 94-

GHz cloud profiling radar (CPR) to measure vertical profiles of cloud and precipitation 

properties, with a vertical resolution of 500 m (Stephens et al., 2002). The CloudSat 

measurements are reported on an increment of 240 m, with a total of 125 vertical layers. 

The footprint of a single profile is approximately 1.7 km along-track by 1.3 km across-

track, with an along-track sampling every 1.1 km (CloudSat Project, 2008). Cloud water 
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content (CWC) is calculated as the sum of cloud ice water content and liquid water 

content (LWC) observed by CloudSat. CWC is used as one of the proxies to estimate the 

relative strength of convective activity. 

CO emission by fire activity at the surface is obtained from the Global Fire 

Emission Database Version 3 (GFED3) (van der Werf et al., 2010), currently available 

from 1997 to 2011. This gridded data has 0.5° × 0.5° spatial resolution and monthly 

temporal resolution, and includes both burned area and fire emissions. Emissions of fire-

generated trace gases are derived by combining satellite information on burned area 

(Giglio et al., 2006b, 2010), biogeochemical model estimates of fuel burned, and 

emission factors for each species. Burned area was derived primarily from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) on the Terra and Aqua satellites (Giglio 

et al., 2006a). The approach I used to derive daily emission of CO from GFED3 monthly 

emission is described in Mu et al. (2011). 

Besides the satellite observation data above, I also use monthly mean atmospheric 

circulation data, precipitation, and SST data. The atmospheric circulation data is the 

National Centers for Environmental Prediction/National Center for Atmospheric 

Research (NCEP/NCAR) Reanalysis (Kalnay et al., 1996), which is available from 1948 

to present and has a horizontal resolution of 2.5° × 2.5°. The monthly precipitation data is 

from the Global Precipitation Climatology Project (GPCP) (Adler et al., 2003), which is 

available from 1979 to 2011 and has a horizontal resolution of 2.5° × 2.5°. The monthly 

SST data is obtained from the Optimum Interpolation (OI) SST Version 2 (V2) analysis 

produced by the National Oceanic and Atmospheric Administration (NOAA) using both 

in situ and satellite data (Reynolds et al., 2002), available from 1981 to present. The 

spatial resolution of SST data is 1° × 1°. In this study, anomalies of all variables are 

defined as the deviations from the climatological monthly mean. The climate indices used 
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in this study are obtained from http://www.esrl.noaa.gov/psd/data/climateindices/list/ and 

http://www.jamstec.go.jp/frcgc/research/d1/iod/DATA/dmi_HadISST.txt. 

To homogenize the horizontal resolution of the MLS CO, IWC, SST and GFED 

CO emission, these data were averaged onto 4° latitude × 8° longitude grid boxes. The 

MLS CO and IWC data were also averaged over each month to get the monthly mean. 

3.2.2 Methodology 

First, an Empirical Orthogonal Function (EOF) analysis is applied to the monthly 

anomalies of MLS CO at 147hPa, for the period of August 2004 to July 2012, to identify 

the dominant modes of the interannual variation of CO in the tropical UT (30°S–30°N). 

Second, I apply the Singular Value Decomposition (SVD, Wallace et al. 1992) analysis 

between CO anomalies at 147 hPa and SST anomalies for the global tropics, to determine 

the leading SVD modes that dominate the covariance of the two fields. SVD identifies 

the leading modes based on their fractions of the total squared covariance between two 

fields, typically referred to as the left and right field. The spatial pattern of a SVD mode 

projected on the left and right field, respectively, can be obtained by the homogeneous 

correlation map between one field and its own principle component of that SVD mode. 

The correlation between these two fields for a SVD mode can be obtained from the 

heterogeneous correlation maps for the left and right field, respectively. The 

heterogeneous correlation map for the left (right) field represents the correlation between 

the left (right) field and the principle component of the right (left) field of a SVD mode. 

The SVD analysis is also applied to determine the field correlations between anomalies 

of UT CO and anomalies of convection and CO emission, respectively. In this way, I can 

evaluate how interannual variations of SST, convection and CO emission influence the 

interannual variation of UT CO in the tropics. 

http://www.esrl.noaa.gov/psd/data/climateindices/list/
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The relative importance of different climate conditions on the significant EOF and 

SVD modes of CO in the tropical UT is determined using correlation analysis. The 

circulation pattern changes associated with different types of El Niño are analyzed using 

composite analysis. The pathway auto-identification method developed in Chapter 2 is 

used in this study to characterize the differences of CO transport between two El Niño 

events, 2006–2007 and 2009–2010. This method streamlines the identification of two CO 

transport pathways by combining instantaneous along-track observations of CO in the UT 

from the Aura MLS, convective clouds from the CloudSat radar, and CO emissions 

derived from the MODIS fire counts data. 

3.3 REGIONS AFFECTING UT CO INTERANNUAL VARIATION 

Figures 10–12 show the EOF analysis results of the monthly anomalies of tropical 

UT CO at 147 hPa from August 2004 to July 2012. The first 10 eigenvalues along with 

their uncertainties based on a “rule of thumb” (North et al., 1982) are shown in Figure 

10a. Only the first three eigenvalues are well separated from the rest, thus the first three 

EOF modes are considered as the leading modes and will be discussed respectively. The 

three leading EOF modes together account for 64.5% of the total monthly UT CO 

variance. Individually, they explain 37.6%, 18.6% and 8.3% of the total variance. The 

spatial patterns associated with these three EOF modes are shown as homogeneous 

correlation maps E1, E2 and E3 (Figs. 10–12c), while the temporal variations of each 

eigenvector are represented by the principal components PC1, PC2 and PC3 (Figs. 10–

12b). The correlation coefficients between each PC and climate indices are listed in Table 

2. E1 shows a mono-pole pattern extending over the whole tropics. Since the square of 

the correlations represents the variance explained locally, this mode accounts for up to 

71% of the variance in the region of largest amplitude, namely, tropical Asia, the Indian 
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Ocean and the South Pacific Ocean. PC1 is significantly correlated with the Atlantic 

Multidecadal Oscillation (AMO, r=–0.31, 95% confidence level, hereinafter), Quasi-

Biennial Oscillation (QBO, r=–0.26) and Southern Oscillation Index (SOI, r=0.24). This 

suggests that the first EOF mode is not dominated by a single climate condition, but may 

be caused by several climate variations. E2 represents a zonal dipole between tropical 

Asia and South America-southern Africa. This mode explains up to 57% of the variance 

over Indonesia and the Amazon. PC2 is significantly correlated with the Nino 3 (r=0.28), 

Nino 3.4 (r=0.41), Nino 4 (r=0.45), Pacific Decadal Oscillation (PDO, r=0.29), SOI (r=–

0.38) and Dipole Mode Index (DMI, r=0.26). Thus, the second EOF mode probably 

represents the dominant role of ENSO. E3 shows a center over northern and equatorial 

Africa, with explanation of up to 38% of the variance. PC3 is significantly correlated 

with as many as 10 climate indices (Table 2), and the highest correlation is with the 

Tropical Northern Atlantic (TNA, r=–0.43). This EOF analysis suggests that the 

interannual variation of UT CO is contributed by changes over all three tropical land 

regions. The changes of UT CO over tropical Asia have the largest contribution, whereas 

those over South America and Africa have a secondary but still significant contribution. 
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Fig. 10 (a) The first 10 eigenvalues; (b) principle component and (c) spatial pattern of the 
first EOF mode of monthly anomalies of CO at 147 hPa for the period of August 2004 – 
July 2012. The error bars in (a) represent the uncertainties of each eigenvalue based on a 
“rule of thumb” (North et al., 1982). The dash lines in (b) indicate 0 and ±1 standard 
deviations. The spatial pattern in (c) is shown as homogeneous correlation map.
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Table 2 Correlation coefficients between the principle components (PCs) of the first three EOF modes of 147 hPa CO and 16 
climate indices. The values that are significant at the 95% confidence level are shown in red. The acronyms represent (from 
left to right): Atlantic Meridional Mode (AMM), Atlantic Multidecadal Oscillation (AMO), East Pacific/North Pacific 
Oscillation (EP/NP), North Atlantic Oscillation (NAO), Pacific Decadal Oscillation (PDO), Pacific North American Index 
(PNA), Quasi-Biennial Oscillation (QBO), Southern Oscillation Index (SOI), Tropical Northern Atlantic Index (TNA), 
Tropical Southern Atlantic Index (TSA), Western Pacific Index (WP), Arctic Oscillation (AO) and Dipole Mode Index (DMI).  

 amm amo ep/np nao nino3 nino4 nino3.4 pdo pna qbo soi tna tsa wp ao dmi 

CO  
PC1 -0.13 -0.308 -0.087 0.081 -0.139 -0.207 -0.144 -0.183 0.102 -0.256 0.241 -0.154 -0.048 0.075 -0.084 -0.163 

CO 
PC2 -0.175 -0.137 0.153 0.055 0.278 0.454 0.409 0.286 -0.084 0.006 -0.384 -0.093 -0.099 0.089 -0.026 0.261 

CO 
PC3 -0.312 -0.289 0.003 0.226 -0.161 -0.237 -0.256 -0.251 -0.298 0.234 0.046 -0.428 -0.01 -0.163 0.219 -0.2 

 

Table 3 Correlation coefficients between 16 climate indices and the principle components (PCs) of the first three SVD modes 
of 147 hPa CO and SST. The values that are significant at the 95% confidence level are shown in red. 

 amm amo ep/np nao nino3 nino4 nino3.4 pdo pna qbo soi tna tsa wp ao dmi 
CO  

mode 1 0.003 0.174 0.165 -0.056 0.343 0.527 0.456 0.395 -0.073 0.12 -0.485 0.108 -0.03 0.017 -0.005 0.277 

SST  
mode 1 -0.066 0.142 0.125 -0.118 0.575 0.872 0.815 0.554 0.068 -0.058 -0.763 0.21 0.038 0.05 -0.154 0.267 

CO  
mode 2 -0.143 -0.299 -0.021 0.041 0.024 0.029 0.077 0.014 0.122 -0.29 0.033 -0.11 -0.068 0.136 -0.153 -0.068 

SST  
mode 2 -0.121 -0.106 0.079 -0.128 0.295 0.509 0.499 0.342 0.237 -0.361 -0.421 0.056 0.013 0.173 -0.293 0.139 

CO  
mode 3 0.44 0.449 -0.061 -0.276 0 0.097 0.072 0.18 0.327 -0.201 -0.037 0.499 0.041 0.051 -0.222 0.033 

SST  
mode 3 0.605 0.557 -0.022 -0.304 0.068 0.329 0.246 0.424 0.364 -0.448 -0.18 0.755 0.11 -0.007 -0.388 0.152 
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Table 4 As in Table 3, but for 147 hPa CO and 215 hPa IWC. 

 amm amo ep/np nao nino3 nino4 nino3.4 pdo pna qbo soi tna tsa wp ao dmi 
CO  

mode 1 0.005 0.178 0.165 -0.051 0.326 0.504 0.431 0.38 -0.085 0.139 -0.477 0.101 -0.026 0.007 0.008 0.268 

IWC  
mode 1 -0.04 0.124 0.083 -0.103 0.494 0.799 0.728 0.542 0.066 -0.127 -0.775 0.182 0.012 0.114 -0.156 0.256 

CO  
mode 2 0.159 0.304 0.007 -0.063 -0.039 -0.055 -0.097 -0.029 -0.12 0.305 -0.004 0.125 0.083 -0.13 0.135 0.058 

IWC  
mode 2 0.012 0.004 0.043 -0.036 -0.234 -0.436 -0.409 -0.293 -0.295 0.407 0.375 -0.093 0.215 -0.182 0.135 0.018 

CO  
mode 3 0.384 0.41 -0.073 -0.236 -0.006 0.138 0.088 0.196 0.34 -0.27 -0.132 0.43 0.002 0.028 -0.214 -0.043 

IWC  
mode 3 0.237 0.3 -0.153 -0.139 0.161 0.447 0.364 0.369 0.322 -0.328 -0.47 0.37 -0.025 -0.025 -0.24 0.021 

 

Table 5 As in Table 3, but for 147 hPa CO and surface CO emission. 

 amm amo ep/np nao nino3 nino4 nino3.4 pdo pna qbo soi tna tsa wp ao dmi 
CO  

mode 1 0.014 -0.165 -0.16 0.037 -0.277 -0.403 -0.339 -0.291 0.167 -0.244 0.4 -0.057 0.003 0.025 -0.06 -0.255 

emi 
mode 1 0.035 -0.103 -0.264 0.209 -0.209 -0.266 -0.233 -0.152 0.25 -0.194 0.304 -0.061 0.016 0.018 0.063 -0.26 

CO  
mode 2 0.359 0.449 0.001 -0.226 0.004 0.005 -0.006 0.07 0.111 0.088 0.066 0.38 0.064 0.064 -0.041 0.212 

emi  
mode 2 0.142 0.253 -0.036 -0.105 -0.148 -0.147 -0.181 -0.012 0.041 -0.078 0.105 0.114 0.01 0.146 -0.033 0.121 

CO  
mode 3 -0.107 -0.244 0.016 0.009 0.1 0.078 0.142 0.038 0.078 -0.196 0.038 -0.04 -0.046 0.158 -0.137 0.087 

emi 
mode 3 0.081 -0.019 -0.012 -0.054 0.121 0.082 0.124 -0.065 0.042 0.002 -0.018 0.177 0.085 0.077 -0.024 0.446 
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Table 6 Results of CO transport pathway analyses over Central Africa (AF), South America (SA) and Indonesia (IN). From 
left to right, the 1st column indicates the regions, the 2nd and 7th columns indicate the number of “local convection” events, 
the 3rd and 8th columns indicate average CO increase (ppbv) associated with “local convection” pathway, the 4th and 9th 
columns indicate the number of “LT advection → convection” events, the 5th and 10th columns indicate average CO increase 
(ppbv) associated with “LT advection → convection” pathway, the 6th and 11th columns indicate the total number of CO 
transport events during SON in each year. 

 2006 SON 2009 SON 

 loc-conv LT adv-conv total loc-conv LT adv-conv total 

 num of events ΔCO num of events ΔCO num of events num of events ΔCO num of events ΔCO num of events 
AF 81 59.88 240 43.52 321 104 53.61 199 47.5 303 
SA 154 75.46 358 51.59 512 157 58.6 319 53.23 476 
IN 32 73.78 281 53.23 313 43 47.78 344 46.07 387 
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Fig. 11 As in Fig. 10, but for the second EOF mode of CO at 147 hPa. 
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Fig. 12 As in Fig. 10, but for the third EOF mode of CO at 147 hPa. 

To further evaluate the relative importance of emission, convection and tropical 

continent on the UT CO interannual variation, I analyzed the time series of monthly 

anomalies of GFED CO emissions, MLS CO and IWC at 215 hPa over South America 

(15°S–12°N, 85°W–32°W), Central Africa (15°S–15°N, 20°W–50°E), SE Asia (10°S–

15°N,90°E–160°E) and the Tropics (15°S–15°N, 180°W–180°E). Here 215 hPa IWC is 

used as a proxy of deep convection (Jiang et al., 2007, 2011). Over South America (Fig. 

13a), UT CO anomaly is significantly correlated with CO emission anomaly, and the 

correlation coefficient is largest at 1-month time lag (r=0.61). The IWC anomaly has a 

significant but relatively weak correlation (r=0.35) with UT CO anomaly only at zero 

time lag. This suggests that the UT CO interannual variation over this region mainly 

follows the surface CO emission changes, which is consistent with previous studies (Liu 
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et al., 2010). Over Central Africa (Fig. 13b), only IWC anomaly is significantly 

correlated with UT CO anomaly at zero time lag, although the correlation is relatively 

weak (r=0.24). Thus, CO emission does not appear to directly affect UT CO interannual 

variation over this region, but convective transport may play an important role. Over SE 

Asia (Fig. 14a), both CO emission and IWC anomalies are significantly correlated with 

UT CO anomaly, and the correlation coefficients are largest at zero time lag, with 0.75 

for CO emission and –0.44 for IWC. This suggests that both CO emissions and 

convective transport are important in determining the interannual variation of UT CO 

over this region. Over the Tropics (Fig. 14b), similar to South America, UT CO anomaly 

is significantly correlated with CO emission anomaly, with the largest correlation 

coefficient at 1-month time lag (r=0.59). The correlation with IWC anomaly is significant 

only at zero time lag, although it is relatively weak (r=0.28). 
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Fig. 13 Time series of monthly anomalies of MLS CO at 215 hPa (black), surface CO 
emission (red) and MLS ice water content (IWC) at 215 hPa over (a) South America 
(15°S–12°N, 85°W–32°W) and (b) Central Africa (15°S–15°N, 20°W–50°E) for the 
period of August 2004 – December 2011. 
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Fig. 14 As in Fig. 13, but for (a) SE Asia (10°S–15°N,90°E–160°E); (b) Tropics (15°S–
15°N, 180°W–180°E). 

3.4 IMPACTS OF SST, CONVECTION AND CO EMISSION ON UT CO INTERANNUAL 
VARIATION 

SVD method is used to study the field relationships between UT CO anomaly and 

the anomalies of SST, convection and CO emission during the period 08/2004–12/2011. 

In contrast to the individual EOF analysis performed on the UT CO, the SVD analysis on 

two combined fields will identify only these modes of behavior in which the two fields 

are strongly coupled.  

The first three SVD modes between 147 hPa CO anomaly and SST anomaly 

account for 64.9%, 16.3% and 10.1% of the total variance, respectively. The variance 



 54 

explained by the remaining modes is much smaller compared to the first three modes; 

thus only these three modes are discussed here. Figure 15a shows the two PC time series 

of the first SVD mode of 147 hPa CO and SST. The correlation coefficient between the 

two PCs is 0.65, which is an indicator of the coupling strength. The correlation 

coefficients between each PC and climate indices are listed in Table 3. Both PCs have 

significant correlation with ENSO (Nino 3, Nino 4, Nino 3.4 and SOI), DMI and PDO. 

However, the largest correlation is with Nino 4, 0.53 for UT CO and 0.87 for SST. This 

suggests the SST anomaly of the Central Tropical Pacific Ocean (Nino 4) may have 

larger influence on UT CO interannual variation than that of the Eastern Tropical Pacific 

Ocean (Nino 3). The coupled spatial patterns of the first SVD mode are shown in Figures 

15b and 15c as homogeneous correlation maps for UT CO and SST respectively, and in 

Figure 15d as a heterogeneous correlation map for UT CO. The homogeneous correlation 

map of UT CO resembles that of the first EOF mode for UT CO (Fig. 10c), except a 

reverse sign over the Amazon and South Atlantic Ocean. The homogeneous correlation 

map of SST shows two dipoles: one is a west-central Pacific Ocean dipole, and the other 

is a northwest-southeast Indian Ocean dipole. The former is associated with ENSO, while 

the latter is related to the Indian Ocean Dipole (IOD). The heterogeneous correlation map 

of UT CO shows a zonal dipole between tropical Asia and South America-southern 

Africa, which resembles that of the second EOF mode for UT CO (Fig. 11c) and suggests 

the dependence of UT CO on SST is mainly affected by ENSO. 
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Fig. 15 (a) Principle components of 147 hPa CO (blue) and SST (red), (b) homogeneous 
correlation map for 147 hPa CO, (c) homogeneous correlation map for SST, (d) 
heterogeneous correlation map for 147 hPa CO, of the first SVD mode of 147 hPa CO 
and SST for the period of August 2004 – December 2011. 

The results of the second SVD mode of 147 hPa CO and SST are shown in Figure 

16. The correlation coefficient between the two PCs is 0.64 (Fig. 16a). As shown in Table 

3, both PCs have significant correlation with only QBO, –0.29 for UT CO and –0.36 for 

SST. The homogeneous correlation map of UT CO (Fig. 16b) shows a center of high 

correlation over the Atlantic Ocean, while the homogeneous correlation map of SST (Fig. 

16c) shows two centers over the Indian Ocean and central Pacific Ocean. The 

heterogeneous correlation map of UT CO (Fig. 16d) shows high correlation over the 

Central Atlantic Ocean and West Africa. For the third SVD mode of 147 hPa CO and 
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SST, the correlation coefficient between the two PCs is 0.73. Both PCs have significant 

correlation with 6 climate indices (Table 3), and the largest correlation is with the TNA, 

0.50 for UT CO and 0.76 for SST. The heterogeneous correlation map of UT CO (not 

shown) shows high correlation over the northeast Pacific and North Atlantic Ocean. 

 
Fig. 16 As in Fig. 15, but for the second SVD mode of 147 hPa CO and SST. 

The first three SVD modes between the 147 hPa CO anomaly and 215 hPa IWC 

anomaly account for 65.0%, 14.3% and 7.9% of the total variance, respectively. The 

correlation coefficient between the two PCs of the first SVD mode is 0.74 (Fig. 17a). 

Similar to the first SVD mode of UT CO and SST, both PCs have significant correlation 

with ENSO (Nino 3, Nino 4, Nino 3.4 and SOI), DMI and PDO (Table 4). Also, the 

largest correlation is with Nino 4, 0.50 for UT CO and 0.80 for IWC, again suggesting 
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the larger influence of the Central Tropical Pacific Ocean on UT CO interannual variation 

than that of the Eastern Tropical Pacific Ocean. The coupled spatial patterns of the first 

SVD mode are shown in Figures 17b and 17c as homogeneous correlation maps for UT 

CO and IWC respectively, and in Figure 17d as heterogeneous correlation map for UT 

CO. All three maps are quite similar to those of the first SVD mode between UT CO and 

SST, except for a larger center of negative correlation over the tropical Atlantic Ocean in 

the homogeneous correlation map for IWC. The heterogeneous correlation map of UT 

CO again resembles that of the second EOF mode for UT CO (Fig. 11c) and suggests the 

dependence of UT CO on convection is mainly affected by ENSO. 

For the second SVD mode of 147 hPa CO and 215 hPa IWC, the correlation 

coefficient between the two PCs is 0.60 (Fig. 18a). As shown in Table 4, both PCs have 

significant correlation with only QBO, 0.31 for UT CO and 0.41 for IWC. The 

homogeneous correlation map of UT CO (Fig. 18b) shows a center of high correlation 

over the South Atlantic Ocean, while the homogeneous correlation map of IWC (Fig. 

18c) shows a center over the Amazon and tropical Atlantic Ocean. The heterogeneous 

correlation map of UT CO (Fig. 18d) shows high correlation over the Central Atlantic 

Ocean and West Africa, which is similar to that of the second SVD mode between 147 

hPa CO and SST. For the third SVD mode of 147 hPa CO and 215 hPa IWC, the 

correlation coefficient between the two PCs is 0.70. Both PCs have significant correlation 

with 6 climate indices (Table 4), and the largest correlation is with the TNA, 0.43 for UT 

CO and 0.37 for IWC. 
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Fig. 17 (a) Principle components of 147 hPa CO (blue) and 215 hPa IWC (red), (b) 
homogeneous correlation map for 147 hPa CO, (c) homogeneous correlation map for 215 
hPa IWC, (d) heterogeneous correlation map for 147 hPa CO, of the first SVD mode of 
147 hPa CO and 215 hPa IWC for the period of August 2004 – December 2011. 
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Fig. 18 As in Fig. 17, but for the second SVD mode of 147 hPa CO and 215 hPa IWC. 

The first three SVD modes between 147 hPa CO anomaly and CO emission 

anomaly account for 88.1%, 4.8%, 3.4% of the total variance, respectively. The 

correlation coefficient between the two PCs of the first SVD mode is 0.60 (Fig. 19a). 

Both PCs have significant correlation with ENSO (Nino 4, Nino 3.4 and SOI) and DMI 

(Table 5). The correlation coefficient between CO emission PC and DMI is comparable 

with that between CO emission PC and ENSO. The coupled spatial patterns of the first 

SVD mode are shown in Figures 19b and 19c as homogeneous correlation maps for UT 

CO and CO emission respectively, and in Figure 19d as a heterogeneous correlation map 

for UT CO. All three maps show a center of high correlation over Indonesia and the 
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adjacent Indian Ocean (except the CO emission map since there is no emission over 

ocean), suggesting the dominance of this region in tropical UT CO interannual variation. 

 

Fig. 19 (a) Principle components of 147 hPa CO (blue) and surface CO emission (red), 
(b) homogeneous correlation map for 147 hPa CO, (c) homogeneous correlation map for 
surface CO emission, (d) heterogeneous correlation map for 147 hPa CO, of the first 
SVD mode of 147 hPa CO and surface CO emission for the period of August 2004 – 
December 2011. 

For the second SVD mode of 147 hPa CO and CO emission, the correlation 

coefficient between the two PCs is 0.38 (Fig. 20a). As shown in Table 5, both PCs have 

significant correlation with only AMO, 0.45 for UT CO and 0.25 for CO emission. The 

homogeneous correlation map of UT CO (Fig. 20b) shows high correlation over South 

America and the South Atlantic Ocean, while the homogeneous correlation map of CO 
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emission (Fig. 20c) also shows a center over South America. However, the heterogeneous 

correlation map of UT CO (Fig. 20d) only shows relatively weak correlation over 

southern Africa. For the third SVD mode of 147 hPa CO and CO emission, the 

correlation coefficient between the two PCs is 0.39. None of the climate indices are 

significantly correlated with both PCs (Table 5). The heterogeneous correlation map of 

UT CO (not shown) shows a relatively weak correlation over northern Africa. 

 

Fig. 20 As in Fig. 19, but for the second SVD mode of 147 hPa CO and surface CO 
emission. 

The SVD analyses above suggested that ENSO is the dominant climate condition 

that affects the field relationship between UT CO and SST, convection, and CO emission. 

The Indian Ocean dipole is another important factor as it also shows up in all the first 
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SVD modes. The similarity between SVD analyses of CO-SST and CO-IWC suggests 

that SST anomaly plays an important role in deep convection changes. QBO appears as a 

secondary factor that has significant impact on the field relationship between UT CO and 

SST/IWC, and the mechanism will need to be clarified in future work. AMO has 

significant impact on the field relationship between UT CO and CO emission as it shows 

up in the second SVD mode, possibly through its impact on the rainfall in South America 

and Africa (Knight et al., 2006). Since ENSO is the dominant factor governing UT CO 

interannual variation, the impacts of different types of ENSO on CO transport to the UT 

need to be investigated. Here the 2006–2007 and 2009–2010 El Niño events are selected 

as two case studies, since they represent two El Niño types which have been shown by 

previous studies (Yeh et al., 2009; Lee et al., 2010). 

3.5 IMPACT OF EL NIÑO TYPES ON UT CO INTERANNUAL VARIATION 

Figure 21 shows SST anomaly composites of the two El Niño events from boreal 

summer to winter. In 2006, positive SST anomalies started to develop in the eastern and 

central Pacific during June–August (JJA). In boreal fall (SON), the positive SST 

anomalies reached maximum, especially in the coastal region of the eastern boundary. 

Large negative SST anomalies appeared in the eastern Indian Ocean adjacent to Sumatra, 

contrasting with the positive SST anomalies in the western Pacific. In boreal winter 

(DJF), the positive SST anomalies in the Pacific became much weaker than the previous 

season, while the negative SST anomalies in the Indian Ocean disappeared. In 2009, 

positive SST anomalies started to develop in the eastern Pacific and extended to the 

central Pacific during JJA. However, as the El Niño developed further, the positive SST 

anomalies became much stronger in the central Pacific than those in the eastern Pacific 

during SON. One point to note is that there were no negative SST anomalies in the 
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eastern Indian Ocean, which is different from SON 2006. In boreal winter (DJF), the 

positive SST anomalies in the central Pacific (around 160°W) were further strengthened 

and more concentrated. The distinctly different SST anomaly patterns are associated with 

two types of El Niño: Eastern Pacific El Niño (EP-El Niño, 2006–2007) and Central 

Pacific El Niño (CP-El Niño, 2009–2010). 

 

Fig. 21 SST anomaly composites during (a) JJA(0), (b) SON(0) and (c) D(0)JF(1) in year 
(left) 2006 and (right) 2009. 

The distributions of seasonal average CO concentration at 215 hPa during the 

same period of SST are shown in Figure 22. During JJA, the differences were small 

between the UT CO anomalies of the two years. However, during the El Niño developing 

phase (SON), UT CO showed large positive anomalies over Indonesia and the adjacent 

Indian Ocean in 2006, while it was only moderate over the same regions in 2009. In 
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addition, UT CO concentration was only moderate over South America in 2006, while it 

showed large negative anomalies over this region in 2009. During boreal winter (DJF), 

the positive UT CO anomalies became much weaker and shifted to the South Indian 

Ocean and west Pacific in 2006–2007, while there was a center of positive CO anomaly 

over the central Pacific in 2009–2010. The UT CO showed stronger positive anomalies 

over South America than the previous season in DJF 2006–2007, while it returned to 

nearly normal conditions in DJF 2009–2010. 

 

Fig. 22 As in Fig. 21, but for CO anomaly composites at 215 hPa. 

In order to find the reasons that account for the UT CO differences between 2006 

and 2009, analyses were performed in two ways: one way is to analyze the differences of 

surface emission and atmospheric circulation, the other way is to analyze the differences 
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of CO transport pathways. Figure 23 shows the GFED3 CO emission anomalies during 

the same period of SST. Over Indonesia, positive CO emission anomalies appeared in 

JJA and reached maximum in SON 2006, especially over Sumatra and southern Borneo. 

In contrast, negative anomalies persisted from JJA to SON over most of these regions in 

2009. The opposite differences were largest during SON of the two years. Over South 

America, strong negative CO emission anomalies were persistent from JJA to SON in 

2009; while there were some positive CO emission anomalies during the same period in 

2006. The negative anomalies were much stronger in 2009 than in 2006. Over Africa, the 

CO emission anomalies of the two years were similar. During El Niño mature phase 

(DJF), CO emission returned to normal conditions over Indonesia and South America in 

both years. 

 

Fig. 23. As in Fig. 21, but for surface CO emission anomaly composites. 
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The omega anomalies at 500 hPa during the same period of SST are shown in 

Figure 24. During boreal summer (JJA), negative anomalies appeared over the west 

Pacific and positive anomalies appeared over the eastern Indian Ocean, which is similar 

in both years. However, the largest differences showed up in SON. While there were 

strong positive anomalies over the entire Indonesian region and the adjacent Indian 

Ocean in 2006, large negative anomalies surrounded the Indian continents where only 

weak positive anomalies existed. This may suggest stronger convective activity in 2009 

than 2006. In addition, stronger positive anomalies appeared over northeast South 

America in 2009 than those in 2006, indicating weaker upward motions over this region. 

In boreal winter (DJF), the negative anomalies surrounding Indonesia still existed and 

became much stronger over the west-central Pacific in 2009–2010, while the positive 

anomalies nearly disappeared over Indonesia in 2006–2007. 

Precipitation can be used as a proxy of deep convection. Figure 25 shows the 

GPCP rainfall anomalies during the same period of SST. Generally, the patterns of 

rainfall anomaly are similar to those of omega anomaly (Fig. 24), with negative (positive) 

rainfall anomaly corresponding to positive (negative) omega anomaly. During boreal fall 

(SON), rainfall was much less over Indonesia and adjacent Indian Ocean in 2006 than 

that in 2009. To a lesser extent, rainfall over the Amazon region was less in SON 2009 

than that in 2006, possibly due to weaker convection as suggested by the 500 hPa omega 

anomalies. During boreal winter (DJF), rainfall was increased over the west-central 

Pacific in 2009–2010 compared to that in 2006–2007, while rainfall anomalies over land 

were not much different between these two years. 
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Fig. 24 As in Fig. 21, but for omega anomaly composites at 500 hPa. 
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Fig. 25 As in Fig. 21, but for GPCP precipitation anomaly composites. 

The zonal wind anomalies at 925 hPa during the same period of SST are shown in 

Figure 26. In JJA 2006, easterly wind anomalies started to develop over the eastern 

Indian Ocean, while westerly wind anomalies were strong over the west Pacific near 

Indonesia. Both easterly and westerly anomalies reached maximum during SON 2006, 

and the westerly anomalies extended to the eastern Pacific. These wind anomalies were 

consistent with the SST anomalies shown in Figure 21, i.e., the cooler SST over the 

eastern Indian Ocean was driven by the strong easterly winds and the warmer SST in the 

eastern Pacific was driven by the strong westerly winds. The easterly wind anomalies 

shifted to the southern Indian Ocean and the westerly wind anomalies nearly disappeared 

over west-central Pacific in the following winter season. In contrast, there were no strong 

easterly wind anomalies over the eastern Indian Ocean from JJA to DJF in 2009. The 
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westerly wind anomalies became stronger in SON 2009, but were only limited to the west 

and central Pacific. In DJF 2009–2010, the westerly wind anomalies reached a maximum 

over the central Pacific and extended to the northeast Pacific. 

 

Fig. 26 As in Fig. 21, but for zonal wind anomaly composites at 925 hPa. 

The distributions of omega in the vertical cross section centered at the equator 

(average between 2.5°S and 2.5°N) during the same period of SST are shown in Figure 

27. The largest differences between 2006–2007 and 2009–2010 occurred in boreal fall. A 

band of downward circulation existed over Indonesia (120°E) in SON 2006, while 

upward circulation existed over the same region in SON 2009. Over South America 

(60°W), the upward circulation is weaker in SON 2009 than that in SON 2006. During 

other seasons, the vertical distributions of omega did not show much difference between 
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these two years. The vertical distributions of relative humidity (RH) in the same cross 

section also showed similar differences (Fig. 28).  Moist air (RH > 70%) was limited to 

below 700 hPa over Indonesia in SON 2006, while it reached as high as 500 hPa in SON 

2009. Over South America, dry air (RH < 30%) extended downwards to 700 hPa in SON 

2009, while it was limited above 600 hPa in SON 2006. 

 

Fig. 27 Omega distributions in the vertical cross section centered at the equator during (a) 
JJA(0), (b) SON(0) and (c) D(0)JF(1) in year (left) 2006 and (right) 2009. 
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Fig. 28 As in Fig. 27, but for relative humidity. 

Figure 29 shows the vertical profile of omega averaged over each region from 

September to November in 2006 and 2009, respectively. Over South America, downward 

circulation dominated in the troposphere during September in both years. In October, 

upward circulation appeared above 700 hPa, although it was weak. The upward 

circulation was much stronger in November than the previous two months, extending 

from the surface to the UT. The absolute values of omega in 2006 were much larger than 

those in 2009 at nearly all levels, suggesting stronger convective activities. Over 

Indonesia, the difference was small in September between the two years. However, the 

upward circulation was much stronger during October and November in 2009 than that in 

2006. The difference was largest in the middle troposphere during November. This again 
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suggests that convective activity over Indonesia was weaker during the El Niño 

developing phase in 2006 than that in 2009. 

 

Fig. 29 Regional-mean vertical profiles of omega for (a) South America and (b) SE Asia 
during September (red), October (green), November (blue) in year 2006 (solid line) and 
2009 (dash line). 

To investigate the differences between CO transport from the surface to the UT in 

SON 2006 and 2009, analysis was performed using the pathway auto-identification 

method developed in Chapter 2. The three tropical land regions, South America (24°S–

12°N, 88°W–32°W), Central Africa (20°S–20°N, 16°W–40°E) and SE Asia (10°S–10°N, 

90°E–160°E) are selected as the domains, since they represent the main CO source 

regions or UT CO centers. The results are shown in Table 6. Over Central Africa, 

although the number of “local convection” events was smaller in 2006 than that in 2009, 
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the number of “LT advection → convection” events was larger, thus the total number of 

transport events was nearly equal between the two years. In addition, the average CO 

increase associated with either pathway was also comparable between 2006 and 2009. 

Thus, the overall CO transport over this region did not show much difference between the 

two years. Over South America, the number of “LT advection → convection” events was 

much larger in 2006 than that in 2009, while the number of “local convection” events was 

nearly equal. However, the average CO increase (ΔCO) associated with “local 

convection” was significantly lower in 2009 (58.6 ppbv) than that in 2006 (75.5 ppbv), 

while ΔCO associated with “LT advection → convection” was nearly equal. This may be 

the reason for the strong negative UT CO anomaly in 2009 over this region. Over 

Indonesia, the numbers of both pathway events were larger in 2009 than those in 2006 

despite a stronger positive UT CO anomaly in 2006. To explain this “paradox”, I again 

checked ΔCO associated with each pathway. Indeed, the average CO increase associated 

with “local convection” was significantly higher in 2006 (73.8 ppbv) than that in 2009 

(47.8 ppbv). In addition, ΔCO associated with “LT advection → convection” pathway 

was also higher in 2006, but the difference between the two years was much less. The 

reason why fewer transport events were identified in 2006 over Indonesia may be due to 

higher background CO values which affect the CO increase threshold for identifying 

transport pathways. 

3.6 CONCLUSIONS 

In this study, the dominant modes of the interannual variation of tropical UT CO 

were identified by using EOF analysis, and the field relationships between SST, 

convection, CO emission and UT CO interannual variation were evaluated by using SVD 

analysis. The differences of circulation pattern and transport pathway between two types 
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of El Niño were investigated by using reanalysis data and the pathway auto-identification 

method developed in Chapter 2. The main conclusions are summarized as follows: 

Indonesia is the most significant tropical land region that affects UT CO 

interannual variation, as suggested by the first EOF mode of UT CO. AMO, QBO and 

SOI all have significant impact on the time evolution of the first EOF mode. The second 

EOF mode identified the zonal dipole between tropical Asia and South America-southern 

Africa, which is mainly affected by ENSO. PDO and DMI also have impacts on the time 

evolution of the second EOF mode, but the correlations are much smaller than ENSO. 

Northern and equatorial Africa has a much smaller impact on UT CO interannual 

variation than the former three regions, and the time evolution of third EOF mode is 

affected by interaction of multiple climate conditions. 

Over South America, CO emission anomaly is more significantly correlated with 

UT CO anomaly than convection anomaly, especially at a 1-month time lag due to the 

long lifetime of CO in the troposphere. Over Central Africa, CO emission has little 

impact on UT CO interannual variation, while convective transport may play an 

important role. Over SE Asia, both CO emission and convective transport are important 

in determining the interannual variation of UT CO. Over the whole Tropics, UT CO 

anomaly is more significantly correlated with CO emission anomaly than convection, 

with the largest correlation at a 1-month time lag. 

The SVD analyses suggest that ENSO is the dominant climate condition that 

affects the field relationship between UT CO and SST, UT CO and convection, and UT 

CO and CO emission. The Indian Ocean dipole is another important factor as indicated 

by all of the first SVD modes. The variation of convection is closely related to the SST 

changes as suggested by the similarity between SVD analyses of CO-SST and CO-IWC. 

QBO appears as a secondary factor that has significant impact on the field relationship 
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between UT CO and SST/IWC. AMO has significant impact on the field relationship 

between UT CO and CO emission, possibly through its impact on the rainfall in South 

America and Africa (Knight et al., 2006). 

Although both 2006–2007 and 2009–2010 are El Niño periods, the ENSO types 

are totally different, as demonstrated by the SST anomaly pattern and atmospheric 

circulation pattern. As a result, the surface CO emissions and UT CO concentrations are 

also different. The largest differences occurred during the El Niño developing phase, i.e., 

boreal fall season (SON). In 2006 SON, strong negative SST anomaly occurred in the 

East Indian Ocean due to the strong easterly winds. The positive SST anomalies were 

much stronger in the eastern Pacific, which features an “EP-El Niño”. In contrast, the 

positive SST anomalies were much stronger in the central Pacific during SON 2009, 

which features a “CP-El Niño”. The downward (upward) circulation over Indonesia was 

much stronger (weaker) in 2006 than that in 2009 as shown by the 500 hPa omega 

anomaly and omega vertical profile, with strong negative rainfall anomaly and positive 

CO emission anomaly. Over South America, convection was weaker and rainfall was less 

in SON 2009 than in SON 2006. Although CO emission anomalies were negative in both 

years, the amplitude was larger in 2009, indicating less CO emission than that in 2006. 

Through the transport pathway analysis, I found that the “local convection” 

pathway is more important than the “LT advection → convection” pathway in 

determining the interannual variation of tropical UT CO. The average CO transported per 

event of “local convection”, instead of the actual number of transport events, is the 

crucial factor that accounts for UT CO interannual variation. In addition, the larger 

amount of CO transport by “local convection” due to higher surface CO emission can 

also lead to higher CO concentration in the UT. For example, although the numbers of 

both pathway events were much larger in SON 2009 than those in SON 2006 over 
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Indonesia, the average CO increase associated with “local convection” was significantly 

higher in 2006 than that in 2009. Over South America, although the number of “local 

convection” events was nearly equal in SON 2006 and 2009, the average CO increase 

associated with “local convection” was significantly lower in 2009 than that in 2006 due 

to less CO emission in 2009. 

Although I have found that ENSO has dominant impacts on UT CO interannual 

variation, I only investigated the differences between two types of El Niño. The impacts 

of La Niña on CO transport and UT CO interannual variation and the differences among 

different ENSO types still need to be clarified. In addition, due to limited satellite data, 

only two years are selected as a case study; and whether the characteristics and 

differences apply to other El Niño years will need further studies. Both EOF and SVD 

analyses have identified other climate indices (e.g., PDO, QBO, AMO) as secondary 

factors affecting UT CO interannual variation, but the mechanisms are still not clear. 

These questions will need to address in future studies. 
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Chapter 4 
Seasonal and Diurnal Variations of Aerosol Extinction Profile and Type 

Distribution from CALIPSO 5-year Observations 

4.1 INTRODUCTION 

Aerosols play a number of important roles in modern climate change and 

atmospheric composition. Aerosols exert a strong influence on the atmospheric energy 

budget and therefore climate, primarily through two mechanisms: a radiative (direct) 

effect and a microphysical (indirect) effect. The aerosol radiative effect is associated with 

the scattering and absorption of solar radiation (e.g., Charlson et al., 1992). Scattering 

acts to cool the air, while absorption acts to warm it. Absorbing aerosols, such as black 

carbon and mineral dust, can cause substantial diabatic heating in the atmosphere, which 

can enhance cloud evaporation or inhibit cloud formation (e.g., Ackerman et al., 2000; 

Koren et al., 2004). The aerosol microphysical effect is associated with aerosols serving 

as cloud condensation nuclei and ice nuclei (Twomey, 1977), which can modify the size 

distribution of cloud droplets and ice particles. These modifications affect internal cloud 

microphysics, cloud radiative properties and precipitation efficiency, and, by extension, 

the atmospheric hydrological cycle and energy balance (e.g., Jiang and Feingold, 2006; 

Jiang et al., 2008). Both the radiative and microphysical effects of aerosols can have 

complicated impacts on weather and climate systems (e.g., Koren et al., 2008). Taken 

together with incomplete knowledge of the physical and chemical properties of aerosols 

and their spatial and temporal distribution, these aerosol effects represent major sources 

of uncertainty in both the attribution of past climate changes and the prediction of future 

climate changes (IPCC, 2007). The estimates of the aerosol direct radiative forcing on 

climate in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment 

Report (AR4) are largely based on climate model simulations, partly due to the fact that 
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aerosol observations were inadequate and had large uncertainties. Evaluating and 

characterizing aerosol impact on climate requires high-resolution (both horizontally and 

vertically) and long-term continuous observations of aerosols, which have large temporal 

and spatial variations. 

The vertical variability of aerosols in the atmosphere has been less well studied 

than the horizontal variability, largely because it is more difficult to sample aloft than 

from a ground-based platform. However, the vertical profiles of aerosol played an 

important role in determining aerosol radiative forcing. For example, Haywood and 

Ramaswamy (1998) argued that the vertical distribution of aerosols is important in 

determining the magnitude and sign of aerosol direct radiative forcing. More recently, 

Rozwadowska (2007) found that errors in the assumptions about the shape of aerosol 

profiles can cause errors in satellite retrieval of aerosol optical thickness. Meanwhile, 

many previous analyses of aerosol vertical distributions were confined to small spatial 

scales with focus on a specific city or region due to coverage limitations (e.g., Li et al., 

1997; Osborne and Haywood, 2005; Hains et al., 2008). Aircraft missions are still used 

today to collect aerosol samples and measure aerosol size distributions (Kaufman et al., 

2003; Shinozuka et al., 2007; P F Liu et al., 2009) and ground-based lidar (e.g., Chazette, 

2003; Matthias et al., 2004; Huang et al., 2010) are still necessary to examine vertical 

profiles of aerosol extinction as most satellite data are restricted to column values or 

averages. However, due to continued advancement of remote sensing technology, new 

tools are becoming available to study aerosol profiles. 

The new aerosol profile data derived from the Cloud-Aerosol Lidar and Infrared 

Pathfinder Satellite Observations (CALIPSO) provide an opportunity to assess model 

simulations of aerosol vertical distributions on global and annual scales. Since the launch 

of CALIPSO, various methods have been employed to use the data. For example, the 
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CALIPSO data has been used in concert with model simulations and other satellite 

instruments to evaluate aerosol vertical distribution (Huang et al., 2009; Bou Karam et 

al., 2010; Yu et al., 2010), validate model simulations (Generoso et al., 2008), and 

assimilate observations into models to correct for non-homogeneous background error 

statistics (Sekiyama et al., 2010). Yu et al. (2010) examined seasonal variations of aerosol 

vertical distribution through an analysis of 18-month CALIPSO data and compared with 

model aerosol simulations as well as aerosol optical depth (AOD) measurements from the 

Moderate Resolution Imaging Spectroradiometer (MODIS). However, their work mainly 

focused on comparisons between satellite observations and model simulations of aerosol 

optical property, and did not include aerosol type distribution and diurnal variations of 

aerosol properties. Despite the previous efforts to evaluate aerosol vertical distributions, a 

lack of assessment of global and climatological, as well as diurnal variation of aerosol 

vertical distributions, still exists. 

Given the current need of a better understanding of the vertical distributions and 

variations of aerosols in order to quantify aerosol effects on climate change and the 

hydrological cycle through model simulation, this study aims to: (1) analyze 

climatological regional and seasonal variations of vertical distribution of aerosol optical 

and type properties using 5-year CALIPSO observations, and (2) evaluate diurnal 

variations of vertical distribution of different aerosol properties. The rest of this paper is 

organized as follows: a brief description of CALIPSO measurements, Level 3 aerosol 

data and quality information is given in Section 4.2. The climatological seasonal 

variations of aerosol extinction and type profiles, as well as the maximum aerosol layer 

top altitudes, in different aerosol regime regions are presented and discussed in Section 

4.3. Section 4.4 discusses the diurnal variations of aerosol vertical distributions. Major 

findings and conclusions are summarized in Section 4.5. 
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4.2 DATASETS 

The CALIPSO satellite was launched into a sun-synchronous orbit on April 28, 

2006 with a local equator-crossing time of about 1:30 P.M. and 1:30 A.M., with a 16-day 

repeating cycle. The primary instrument onboard the CALIPSO is the Cloud-Aerosol 

Lidar with Orthogonal Polarization (CALIOP), which is a dual wavelength polarization 

lidar designed to acquire vertical profiles of attenuated backscatter from a near nadir-

viewing geometry during both day and night phases (Winker et al., 2007). Since then, it 

has become one member of the A-Train (L’Ecuyer and Jiang, 2010) satellite constellation 

and has been collecting almost continuously high-resolution (333 m in the horizontal and 

30 m in the vertical below 8.3 km) profiles of the attenuated backscatter by aerosols and 

clouds at 532 nm and 1064 nm wavelengths along with polarized backscatter at 532 nm 

between 82°N and 82°S (Winker et al., 2007). Spatial averaging over different scales is 

usually taken to improve the signal-to-noise-ratio (SNR) for reliable aerosol retrieval.  

The features identified by CALIPSO are first classified into aerosol and cloud 

using a cloud-aerosol discrimination (CAD) algorithm (Z Y Liu et al., 2009). The level of 

confidence in the aerosol-cloud classification is reflected by a CAD score, with negative 

values (-100–0) for aerosol and positive values (+100–0) for cloud. The larger absolute 

value of this score represents the higher confidence of the feature classification. After an 

aerosol layer is identified, the scene classification algorithm further categorizes the 

aerosol layer to one of six aerosol types, by using input parameters including altitude, 

location, surface type, volume depolarization ratio, and integrated attenuated backscatter 

measurements (Omar et al., 2009). The six aerosol types are: smoke (biomass burning 

aerosol), polluted continental (urban/industrial pollution), polluted dust (mixture of dust 

and smoke), dust (desert), clean continental (clean background), and clean marine (sea 

salt). Each aerosol type has a pre-assigned lidar ratio (or extinction-to-backscatter ratio) 
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which is later used in the retrieval of aerosol extinction. More details can be found in 

recent papers (e.g., Z Y Liu et al., 2009; Omar et al., 2009; Young and Vaughan, 2009; 

Winker et al., 2009). 

Aerosol extinction is retrieved by the Hybrid Extinction Retrieval Algorithms 

using the assumed lidar ratios appropriate for each aerosol type (Young and Vaughan, 

2009) and reported in the CALIPSO Level 2 5-km aerosol profile product. The 

determination of lidar ratio is one of the major factors affecting the uncertainty of 

CALIPSO aerosol extinction retrieval, and misclassification of aerosol type is another 

source of uncertainty (Yu et al., 2010). Besides, another important source of uncertainty 

in the aerosol profile retrieval occurs when the base of the aerosol layer is incorrectly 

identified (e.g., above the true layer base). To compensate for cases where the aerosol 

layer base is identified too high, a “Layer Base Extension” algorithm has been adopted in 

CALIPSO Level 2 Version 3.0 retrieval that extends the base of the lowest aerosol layer 

in the column to 90 m above the local surface for layers having positive mean attenuated 

backscatter 532 nm that are within 2.5 km of the surface (CALIPSO, 2010). The 

assumption is that boundary layer aerosols are often surface-attached and extending the 

base allows the usable signal below the original base to contribute to column AOD, 

reducing the low AOD bias. Moreover, if the aerosol attenuated backscatter signal is 

below the instrument sensitivity of 2~4 × 10-4 km-1sr-1 in the troposphere (Winker et al., 

2009), CALIOP will miss such features. Because retrieval errors propagate downward, 

the lower parts of aerosol profile always have higher uncertainty and may contain more 

retrieval artifacts. The CALIOP is less sensitive during daytime than nighttime due to 

SNR reduction by solar background illumination (Z Y Liu et al., 2009), thus weakly 

scattering layers which are detected during nighttime may be missed during daytime. It is 
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important to keep this fact in mind when interpreting diurnal variations in the occurrence 

frequency of aerosol type and maximum aerosol layer top altitude. 

The CALIPSO Version 3.0 Level 2 data products have significant improvements 

over previous versions, which have been demonstrated by previous validation studies 

(e.g., Kacenelenbogen et al., 2011; Redemann et al., 2012; Koffi et al., 2012). In this 

study, I use the recently released CALIPSO Version 1.0 Level 3 aerosol profile data, a 

globally gridded monthly product derived from CALIPSO Version 3.0 Level 2 5-km 

aerosol profile product (Powell et al., 2011). The Level 2 aerosol profile data are first 

quality screened and then aggregated onto a global 2° × 5° latitude-longitude grid. 

Vertical resolution is 60 m, from -0.4 to 12.1 km above mean sea level (AMSL) with 

totally 208 layers (Powell et al., 2011). Averaged profile data after quality screening are 

reported for all-aerosol (regardless of type) and dust-only aerosol, respectively. 

Classification of dust is based on the aerosol type flags in the Level 2 profile data. 

Depending on the sky condition (combined, i.e., cloud-free + above cloud, or all-sky) and 

lighting condition (daytime or nighttime), there are four different types of Level 3 data 

files. The primary variables included in this data are vertical profiles of aerosol extinction 

coefficient at 532 nm, aerosol type, spatial distribution and AOD.  

The quality screening strategy adopted in Level 3 data production used several 

filters designed to eliminate samples and layers that were detected or classified with very 

low confidence or that have unreliable extinction retrievals. These filters include quality 

control flags contained in the Level 2 data (e.g., CAD score, extinction QC, extinction 

uncertainty) and newly developed filters (e.g., misclassified cloud filter) (CALIPSO, 

2011). However, several sources of uncertainty or biases can still exist. Currently the 

CALIPSO science team cautions Level 3 data users against physical interpretation of 

near-surface aerosol extinction (within 180 m of the local surface) which may be 
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compromised by surface contamination errors (CALIPSO, 2011). Thus, the analyses in 

this study ignore samples within 180 m of the maximum surface elevation in attempts to 

remove these errors. As mentioned above, daytime signals can be affected by background 

sunlight, reducing SNR and feature detection sensitivity, especially in the upper level. 

Therefore, aerosol extinction in the upper troposphere is underestimated in the Level 3 

data product due to misdetection of optically thin aerosol (Winker et al., 2012). This not 

only impacts mean aerosol extinction profiles at higher altitudes shown in this study, but 

also impacts diurnal comparisons of the occurrence frequency of aerosol type and 

maximum layer top altitude. Thus, the results of aerosol diurnal variation shown in this 

study are preliminary, although observations associated with possible natural diurnal 

variability are noted. An important contributor to the uncertainty in CALIPSO Level 3 

aerosol extinction statistics is the assumed lidar ratios adopted for the various aerosol 

types. Lidar ratio typically varies by about 30% for a given aerosol type and different 

type has different magnitude of variability (Omar et al., 2009; Yu et al., 2010). Incorrect 

aerosol type classification can affect Level 3 mean aerosol extinction. For example, if a 

feature that is actually smoke is misclassified as clean marine, the extinction will be too 

small by over a factor of three. The frequency of aerosol type misclassification and its 

impact on Level 3 aerosol extinction has not been quantified and is currently under 

investigation. Despite these uncertainties, Winker et al. (2012) have shown that this Level 

3 aerosol data is realistic and representative for aerosol extinction greater than about 

0.001 km-1 and up to an altitude of 4–6 km in most cases. 

The time period I used is from March 2007 to February 2012, totally five years. 

Because of their better SNR compared to the daytime measurements, only CALIPSO 

nighttime measurements at 532 nm are used to analyze climatological regional and 

seasonal variations of vertical distribution of aerosol optical and type properties. All-sky 
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data is used in this study. The seasonal vertical profiles of aerosol extinction are 

calculated based on each domain average, i.e., the average of all grid cells included 

within each domain box. 

4.3 SEASONAL VARIATION OF VERTICAL DISTRIBUTION OF AEROSOL PROPERTIES 

In order to characterize the regional difference of aerosol distribution, I choose 13 

domains and divide them into 4 groups according to their aerosol regimes (Fig. 30). The 

first group includes South America (SAM, 80–40°W, 25°S–5°N), southern Africa (SAF, 

0–50°E, 25°S–15°N) and Southeast (SE) Asia (SEA, 100–160°E, 15°S–15°N), where 

biomass burning aerosols dominate; the second group includes northern Africa (NAF, 

15°W–60°E, 15–35°N), West China (WCN, 70–105°E, 31–45°N) and West Australia 

(WAU, 110–140°E, 15–35°S), which comprise large desert areas; the third group 

includes India (IND, 65–90°E, 11–29°N), East China (ECN, 105–125°E, 21–45°N), West 

Europe (WEU, 10°W–50°E, 35–59°N) and East U.S. (EUS, 90–70°W, 25–49°N), where 

fossil fuel burning and industry generated aerosols are most common; the fourth group 

includes Northwest (NW) Pacific (NWP, 135–170°E, 31–55°N), North Atlantic (NAT, 

60–20°W, 25–49°N) and Central Atlantic (CAT, 40–10°W, 15°S–15°N), which are 

oceanic regions located downwind of major dust and industrial pollution sources. 
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Fig. 30 Thirteen domains selected for regional analysis in this study. Red boxes indicate 
biomass burning regime areas (South America, southern Africa and Southeast Asia), 
green boxes indicate desert regime areas (northern Africa, West China and West 
Australia), blue boxes indicate fossil fuel and industry regime areas (India, East China, 
West Europe and East U.S.), and purple boxes indicate oceanic regime areas (Northwest 
Pacific, North Atlantic and Central Atlantic). See text for the latitude and longitude range 
of each domain. 

4.3.1 Biomass burning regime 

Figure 31 shows the seasonal aerosol vertical profile of extinction coefficient for 

the biomass burning regime areas. In South America, the aerosol extinction profile 

generally shows a monotonic decrease pattern from the surface to the upper level during 

all seasons, except austral winter (JJA) and spring (SON) season. The maximum 

extinction occurs in SON, at ~500 m AMSL, which corresponds to the strongest biomass 

burning during this period (Dwyer et al., 2000; van der Werf et al., 2003; Huang et al., 

2012). Since biomass burning aerosol is the dominant aerosol in this region, dust 

extinction is much less than that of all-aerosol at all levels. In southern Africa, the all-

aerosol extinction profile shows two peaks during austral winter and spring, at ~500 m 

and 3 km. The lower peak is probably due to the strong biomass burning during the dry 

seasons (Dwyer et al., 2000). During austral fall and winter, dust extinction appears much 
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closer to all-aerosol extinction above 4 km than lower levels, suggesting the larger impact 

of dust in the upper levels. In SE Asia, aerosol extinction profile does not show much 

seasonal variation, possibly due to the little seasonal variation of fire emissions in this 

region (Duncan et al., 2003). Moreover, only one peak occurs near the surface (~500 m) 

during all seasons, which is different from southern Africa. Similar to South America, 

dust contributes little to the all-aerosol extinction. 

 

Fig. 31 Profiles of seasonal average aerosol extinction coefficient (km-1) from 5-year 
CALIPSO observations over (left) South America, (middle) southern Africa, and (right) 
Southeast Asia. From top to bottom are seasonal averages for boreal spring (MAM), 
summer (JJA), fall (SON) and winter (DJF), respectively. The red curve represents all 
aerosols (regardless of type), and the blue curve represents dust aerosol only. 

To characterize the occurrence frequency distribution of different aerosol types, I 

calculate each aerosol type occurrence frequency by dividing the number of each aerosol 
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type samples by the total number of CALIPSO measurements (including both clear air 

and aerosol) within each vertical layer. The total numbers of aerosol samples (after data 

screening) detected by CALIPSO at each layer are shown in the Appendix figures (Figs. 

A1–A4). Generally, CALIPSO detects more aerosol samples during nighttime than 

daytime, especially in the middle-upper troposphere, and there are fewer aerosol samples 

detected at high altitudes. Figure 32 shows the vertical profile of each aerosol type 

occurrence frequency during each season. In South America, smoke is the dominant 

aerosol type detected at 2–8 km during all seasons. During the strongest biomass burning 

season (SON), it is also the dominant type detected near surface (~1 km). Polluted dust, 

which is intended to represent a mixture of smoke and dust (Omar et al., 2009), is the 

dominant aerosol detected at 1–2 km except SON when polluted continental aerosol 

dominates. The altitude of smoke occurrence frequency larger than 0.1% is highest in 

SON, at ~9 km. 

In southern Africa, aerosol occurrence frequency has large seasonal variations. 

Smoke dominates above 6 km in nearly all seasons. In MAM, dust is the dominant 

aerosol detected from 1 km to 6 km, while polluted dust is the secondary dominant type. 

In JJA, dust only prevails from 4 km to 7 km and smoke prevails from 1 km to 4 km. In 

SON, smoke becomes the dominant aerosol detected from ~2.5 km to the upper 

troposphere (~11 km), consistent with the strongest biomass burning during this period. 

Dust aerosol occurrence is the lowest compared to other seasons. In DJF, polluted dust 

appears as the most prevailing aerosol type detected from near surface to 6 km, while 

dust is the secondary type. The complexity of seasonal aerosol type variation reflects the 

significant impacts of both biomass burning and desert on the aerosol composition in this 

region. In SE Asia, aerosol types show little seasonal variation. Throughout the year, 

smoke is the dominant type detected above 4 km, with a frequency peak of ~0.03 around 
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4 km in SON. Clean marine aerosol appears to be the dominant type detected below 4 

km, due to large oceanic area in this domain. Polluted dust is the secondary type at nearly 

all levels, but its occurrence frequency is comparable with that of clean marine and 

smoke detected around 4 km. 

 

Fig. 32 Seasonal occurrence frequency profile of each aerosol type from 5-year 
CALIPSO observations over (left) South America, (middle) southern Africa, and (right) 
Southeast Asia. From top to bottom are seasonal statistics for boreal spring (MAM), 
summer (JJA), fall (SON) and winter (DJF), respectively. Different color represents for 
different aerosol type, i.e., clean marine (light green), dust (dark orange), polluted 
continental (slate blue), clean continental (magenta), polluted dust (green), smoke 
(orange). 

To further characterize the vertical distribution of aerosol layer, I also analyzed 

the occurrence frequency of the maximum aerosol layer top altitudes detected by 
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CALIPSO. The Level 3 aerosol data provide the distributions of highest aerosol layer top 

altitudes detected within each latitude/longitude grid cell, which are stored in 11-element 

percentile arrays with the first value containing the minimum layer top altitude and the 

last containing the maximum (CALIPSO, 2011). The occurrence frequency of the 

maximum aerosol layer top altitude in the ith 500-m vertical bin (fi) is calculated as: 
fi = Ni

∑ Nin
i=0

. Ni is the number of times when the maximum aerosol layer top altitude 

detected by CALIPSO falls in the ith 500-m vertical bin, n is the total number of 500-m 

vertical bins. The results are shown in Figure 33. In South America, the altitude of peak 

occurrence frequency of dust aerosol layer top is significantly lower than that of all-

aerosol in nearly all seasons. The altitude of peak occurrence frequency of dust layer top 

is ~3 km throughout the year, while that for all-aerosol can be as high as 7 km during wet 

seasons (DJF and MAM). In southern Africa, the altitude of peak occurrence frequency 

of dust layer top is much closer to that of all-aerosol in MAM and JJA than in other 

seasons, possibly due to the dominant role of dust in the upper level aerosol composition. 

Dust layer top altitude has two frequency peaks in JJA, with the peak at ~5 km close to 

the solitary peak of all-aerosol and larger than the peak at ~1 km, suggesting that dust is 

detected more at higher level than near surface. In SE Asia, the occurrence frequency of 

aerosol layer top altitude shows little seasonal variation, with a peak altitude at ~7 km for 

all-aerosol and ~1–2 km for dust. Dust is mostly restrained in the boundary layer. 

In general, over biomass burning regime areas, smoke is the dominant aerosol 

type detected from lower to middle troposphere. Dust contributes little to the all-aerosol 

extinction from the surface to the lower troposphere and has lower altitude of peak 

occurrence frequency than all-aerosol. However, due to different geographic location and 

meteorological conditions, each region also has its unique features. In South America, the 

altitude of peak occurrence frequency of all-aerosol layer top is higher during wet seasons 
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than dry seasons (JJA and SON). In southern Africa, dust is a significant component of 

the aerosols during MAM and JJA, especially in the upper level. In SE Asia, both aerosol 

extinction and types show little seasonal variations, partly due to the little seasonal 

variation of aerosol emissions. 

 

Fig. 33 Seasonal occurrence frequency of maximum aerosol layer top altitudes from 5-
year CALIPSO observations over (left) South America, (middle) southern Africa, and 
(right) Southeast Asia. From top to bottom are seasonal statistics for boreal spring 
(MAM), summer (JJA), fall (SON) and winter (DJF), respectively. The red curve 
represents all aerosols (regardless of type) that are included in the statistics, and the blue 
curve represents dust aerosol only. The numbers in each panel indicate the total number 
of samples for all aerosols (red) and dust aerosol only (blue). 
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4.3.2 Desert regime 

The Sahara, Arabian, Gobi and Taklamakan deserts are among the largest deserts 

in the world; the former two are included in the northern Africa domain, and the latter 

two are included in the West China domain. The Great Victoria and Great Sandy are the 

two largest deserts in Australia and are included in the West Australia domain. The 

seasonal vertical profiles of aerosol extinction for these desert regime areas are shown in 

Figure 34. In northern Africa, dust extinction profile is highly overlapped with all-aerosol 

extinction, especially during MAM and JJA, suggesting the overwhelming role of dust in 

the aerosol composition over this region. During DJF, dust contribution to all-aerosol 

extinction is weaker than other seasons, particularly above 2 km, and the extinction 

decreases more rapidly with altitude. The maximum altitude of dust extinction greater 

than 0.001 km-1 is ~7 km in JJA, ~6 km in MAM and SON and ~4.5 km in DJF. The 

largest extinction near surface occurs in JJA (greater than 0.2 km-1). In West China, the 

overlap only occurs in MAM, corresponding to the annual heavy dust storm during boreal 

spring season (e.g., Husar et al., 2001). Moreover, aerosol extinction reaches the largest 

value near surface (greater than 0.3 km-1) also in MAM. Although aerosol extinction is 

largest at surface and decreases with altitude, there is a secondary peak around ~2.5 km 

during MAM and JJA. Aerosol extinction decreases more rapidly with altitude during 

DJF than other seasons. The maximum altitude of aerosol extinction greater than 0.001 

km-1 is ~7.5 km in MAM and JJA, and ~6–6.5 km in SON and DJF.  
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Fig. 34 Same as Fig. 31, but over (left) northern Africa, (middle) West China, and (right) 
West Australia. 

In West Australia, the pattern is totally different from the former two regions. 

Dust extinction profile is far away from all-aerosol extinction profile, suggesting dust 

contributes little to the all-aerosol extinction. The low dust output may be partly 

explained by the fact that the continent has relatively low topographical relief, and the 

arid regions are old and highly weathered, i.e., fine particles were blown away a long 

time ago (Prospero et al., 2002). Both dust and all-aerosol extinction decrease 

monotonically with altitude. The maximum extinction of dust near the surface is less than 

0.01 km-1. During MAM and JJA, the maximum altitude of aerosol extinction greater 

than 0.001 km-1 is ~1–1.5 km lower than that during SON and DJF. 
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Regarding the aerosol type distribution (Fig. 35), the three domains have quite 

distinct features. In northern Africa, dust is the dominant aerosol type with occurrence 

frequency more than 50% and nearly constant detected from ~1 km to ~4 km during all 

seasons except DJF, and polluted dust is the secondary type. Above 4 km, dust 

occurrence frequency decreases rapidly with altitude. The maximum altitude of dust 

occurrence frequency larger than 0.1% is 10 km in MAM, 9 km in JJA, 7 km in SON and 

DJF. Dust only dominates below 4 km and polluted dust becomes the dominant type 

above 4 km in DJF. The occurrence frequency of other aerosol types is negligible 

compared with the former two types. In West China, dust occurrence frequency peaks 

near the surface and decreases rapidly with altitude in all seasons except MAM. During 

MAM, dust occurrence frequency is still larger than 2% and 0.1% detected at 8 km and 

11 km, respectively. Similar to northern Africa, polluted dust is the secondary type, with 

occurrence frequency comparable to dust in the upper level. Although smoke is the third 

dominant type, its occurrence frequency is about one order of magnitude less than 

polluted dust. In West Australia, polluted dust is the dominant type detected form ~1 km 

to ~5 km and smoke dominates above 5 km in all seasons except JJA. During JJA, smoke 

becomes the dominant type above 3 km. The maximum occurrence frequency of dust is 

less than 5% in MAM and JJA, and ~10% near surface in SON and DJF. To some extent, 

aerosol type occurrence frequency over this region is similar to some biomass burning 

areas (e.g., South America). 
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Fig. 35 Same as Fig. 32, but over (left) northern Africa, (middle) West China, and (right) 
West Australia. 

Figure 36 shows the occurrence frequency of the maximum aerosol layer top 

altitudes. In northern Africa, the frequency profiles of dust and all-aerosol are closely 

overlapped in MAM and JJA, again suggesting the dominant role of dust. The altitude of 

peak frequency is significantly higher in MAM and JJA than the other two seasons. A 

remarkable feature is that a secondary all-aerosol frequency peak (greater than 2%) 

occurs at ~18 km only during JJA. This peak suggests an aerosol layer may exist at the 

tropopause level, which is presumably associated with the Asian Tropopause Aerosol 

Layer (ATAL) as first discovered by Vernier et al. (2011). In West China, during the 

strong dust storm season (MAM), the frequency profile of dust overlaps with that of all-
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aerosol. During other seasons, the altitude of dust peak frequency is slightly lower than 

that of all-aerosol. Similar to northern Africa, a secondary all-aerosol frequency peak 

(~3%) occurs at ~18 km only during JJA. In West Australia, dust layer occurs most 

frequently in the boundary layer except in DJF, consistent with the little fraction of dust 

in aerosol composition. There are two frequency peaks of all-aerosol during MAM and 

JJA, one at ~7 km and the other at ~4 km. During SON and DJF, the peak frequency of 

all-aerosol occurs at ~5 km. 

 

Fig. 36 Same as Fig. 33, but over (left) northern Africa, (middle) West China, and (right) 
West Australia. 

In general, over desert regime areas, dust is the dominant aerosol type from the 

surface to the middle troposphere, and sometimes can extend to above 8 km. Dust 
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contributes significantly to the all-aerosol extinction and has nearly the same layer top 

altitude of peak occurrence frequency as all-aerosol. However, West Australia is an 

exception. Despite the desert and arid surface type, the aerosol characteristics in this 

region are closer to the biomass burning regime rather than the desert regime. This is 

mainly due to two reasons: first, the continent has relatively low topographical relief, and 

the arid regions are old and highly weathered (Prospero et al., 2002); second, both 

northern and western regions of Australia have active fire seasons (Giglio et al., 2006a), 

with substantial emissions of biomass burning generated aerosol. A notable common 

feature in northern Africa and West China is a secondary peak (2%–3%) of layer top 

occurrence frequency of all-aerosol, at ~18 km only during JJA, suggesting the existence 

of an aerosol layer at the tropopause level during boreal summer. 

4.3.3 Fossil fuel and industry regime 

In India, East China, West Europe and East U.S., fossil fuel, biofuel burning and 

industry generated aerosols are a major part of the total aerosol loading (Duncan et al., 

2007a). Figure 37 shows the seasonal vertical profiles of aerosol extinction for these four 

domains. In India, the extinction profile of dust is close to that of all-aerosol in MAM and 

JJA, suggesting the significant contribution of dust which is presumably transported from 

the nearby Thar Desert and Arabian Desert. Moreover, dust with extinction greater than 

0.001 km-1 can reach as high as 6 km, about 1.5–2.5 km higher than that in SON and DJF. 

The maximum extinction occurs at the surface and decreases with altitude. During JJA, 

surface aerosol extinction is close to 0.5 km-1, ~2–3 times larger than during other 

seasons. During SON and DJF, aerosol extinction decreases more rapidly with altitude 

than during MAM and JJA, and the maximum extinction occurs slightly above the 

surface. In East China, dust contribution is much weaker than in India. During MAM, 
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dust extinction profile is closer to that of all-aerosol than during other seasons, due to the 

strong transport of dust from West China. The shape of all-aerosol extinction profile does 

not change much throughout the year, but the maximum altitude of extinction greater 

than 0.001 km-1 has seasonal change, with the highest altitude at ~7 km in MAM. In West 

Europe, dust appears to contribute more to all-aerosol extinction in the upper level than 

lower level, especially in MAM and JJA. The maximum altitude of all-aerosol extinction 

greater than 0.001 km-1 is highest in JJA (~6 km), and lowest in DJF (~4.5 km). In East 

U.S., dust extinction profile is far away from that of all-aerosol and decreases rapidly 

with altitude. This is not surprising since no big desert is included in this domain or 

nearby. The maximum altitude of all-aerosol extinction greater than 0.001 km-1 is about 

1.5 km higher in MAM and JJA than in other seasons. 

The seasonal vertical profile of each aerosol type occurrence frequency is shown 

in Figure 38. In India, dust dominates from near surface to as high as 10 km in MAM and 

polluted dust is the secondary type; other aerosol types are trivial. In JJA and SON, the 

type distribution is complicated because dust, polluted dust and smoke all play important 

roles. For example, in SON, polluted dust, dust, and smoke dominate at 1–3, 3–5.5, 5.5–8 

km, respectively. However, smoke always dominates at higher levels than dust. In DJF, 

all aerosol types are limited below 6 km. In East China, dust dominates above 2 km and 3 

km in MAM and DJF, respectively, while polluted dust dominates in the lower level. 

Dust with occurrence frequency larger than 0.1% can reach as high as 11 km during 

MAM. In JJA and SON, similar to India, all three types are important. However, dust 

dominates at higher levels than smoke, which is different from India. In West Europe, 

dust dominates above 3 km in all seasons except DJF, but the maximum altitude has 

seasonal change. The higher occurrence frequency of smoke above 8 km in JJA and SON 

may be artificial due to misclassification. Polluted dust dominates below 3 km in all 
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seasons except DJF. Aerosols are classified as smoke less often than dust and polluted 

dust in this region. This could be caused by smoke and dust mixing in the lower 

troposphere and being classified as polluted dust or could be because smoke does not 

contribute significantly to total aerosol loading. During DJF, aerosol occurrence 

frequency is much less than during other seasons and mostly limited below 6 km. In East 

U.S., aerosol classified as polluted dust dominates in the lower to middle troposphere, 

and up to 6 km. However, polluted dust can reach as high as 10 km in MAM and JJA. 

Smoke prevails above 5 km during JJA and SON. Dust is detected as the dominant type 

at 6–8 km and 5–7 km over this region during MAM and DJF, respectively. 

 

Fig. 37 Same as Fig. 31, but over (left) India, (second column from left) East China, 
(third column from left) West Europe and (right) East U.S. 
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Fig. 38 Same as Fig. 32, but over (left) India, (second column from left) East China, 
(third column from left) West Europe and (right) East U.S. 

As for the occurrence frequency of the maximum aerosol layer top altitudes, the 

four regions have similar patterns (Fig. 39). Generally, the altitude of dust frequency peak 

is lower than that of all-aerosol. However, there are some exceptions. During MAM in 

both India and East China, the altitudes of peak occurrence frequency for dust and all-

aerosol are closely overlapped, due to the overwhelming dust in the aerosol loading. 

During MAM and JJA in West Europe, the altitudes of frequency peak for the two types 

are also nearly the same, which may be due to the more significant impact of dust in the 

upper level than lower level as shown by the extinction profiles (Fig. 37). Similar to 

northern Africa and West China, a secondary occurrence frequency peak (2%) of all-
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aerosol occurs at ~18 km only during JJA over India and East China, again suggesting the 

existence of a tropopause aerosol layer only during this season. 

 

Fig. 39 Same as Fig. 33, but over (left) India, (second column from left) East China, 
(third column from left) West Europe and (right) East U.S. 

In general, over fossil fuel and industry regime areas, the dominant aerosol types 

include polluted dust, smoke and dust, with each type dominating at different levels. The 

dominant aerosol types also have large geographical and seasonal variation. Dust 

contribution to the all-aerosol extinction is highly dependent on the location and season. 

If big desert areas are included in the domain or nearby, dust can play an important role 

during some specific periods (e.g., MAM in India and East China). During other periods, 
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dust has little impact on the all-aerosol extinction and has lower altitude of peak 

occurrence frequency than all-aerosol. A notable common feature again shows up in India 

and East China, i.e., a distinct secondary layer top frequency peak of all-aerosol occurs at 

~18 km only during JJA (Fig. 39). 

4.3.4 Oceanic regime 

Oceans serve as a significant source of gaseous and aerosol emissions, due to their 

coverage of more than 2/3 of the earth surface. The emissions from ocean could mix with 

ship and continental emissions and form a complicated mixture of marine aerosol 

particles. Thus, the sources and properties of marine aerosols can be affected by ocean 

emissions, ship exhaust, and transported continental emissions (Sorooshian and Duong, 

2010). Here three oceanic regions are selected and their seasonal vertical profiles of 

aerosol extinction are shown in Figure 40. Over NW Pacific, dust contributes little to the 

all-aerosol extinction throughout the year. However, dust still has some impact in the 

boundary layer during JJA, with dust extinction decreasing rapidly with altitude. The 

maximum altitude of extinction greater than 0.001 km-1 is highest in MAM, ~6 km for 

dust and ~8 km for all-aerosol. This is consistent with the well-known trans-Pacific 

transport of dust at 4–6 km during this period (e.g., Husar et al., 2001; Eguchi et al., 

2009). During other seasons, dust is mostly restrained in the lower troposphere and has 

local impact. Over North Atlantic, the seasonal pattern of all-aerosol is similar to that 

over NW Pacific except the maximum altitude of extinction greater than 0.001 km-1 is 

much lower. The maximum altitude is ~5.5 km in MAM and JJA, and ~4.5 km in SON 

and DJF. As for dust, the maximum altitude is highest in JJA (~5 km). Over Central 

Atlantic, dust impact is much larger than the former two regions, especially during MAM 

and JJA. In both seasons, the extinction profile of dust is much closer to that of all-
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aerosol in the upper level than lower level, suggesting the larger impact of transported 

Saharan desert dust in the upper level. During other seasons, dust impact is much smaller. 

The maximum altitude of extinction greater than 0.001 km-1 is highest in JJA, ~6 km for 

both dust and all-aerosol. 

 

Fig. 40 Same as Fig. 31, but over (left) Northwest Pacific, (middle) North Atlantic, and 
(right) Central Atlantic. 

The seasonal vertical profile of each aerosol type occurrence frequency is shown 

in Figure 41. Over NW Pacific, clean marine is the dominant type from the surface up to 

3 km in nearly all seasons. Polluted dust dominated from ~1 km to 4 km and dust 

dominated at 4–9 km in MAM. Smoke plays an important role above 3 km in JJA and 

SON, although polluted dust has a comparable frequency below 8 km. The relatively high 



 103 

occurrence frequency of smoke in the middle-upper troposphere could be due to transport 

of fire generated aerosols in Eurasia during April – September across the NW Pacific 

(e.g., Dwyer et al., 2000; Damoah et al., 2004). During DJF, dust becomes important 

again, dominating from 5 km to 9 km. Over North Atlantic, dust is the dominant type at 

2.5–4.5 km during JJA and SON, while smoke dominates above 4.5 km. In MAM, dust 

and polluted dust are the dominant types and have comparable occurrence frequency 

detected above 3 km; while in DJF, smoke becomes the dominant type above 3 km. Over 

Central Atlantic, dust is the dominant type only in MAM and JJA at 2–6 km, consistent 

with its large impact on the all-aerosol extinction. Smoke always dominates above 6 km 

in all seasons, and its dominance can extend downwards to 3 km in SON. Polluted dust is 

the dominant type detected at 2–5 km in DJF, but is classified less often in other seasons. 

Regarding the occurrence frequency of the maximum aerosol layer top altitude, 

the three oceanic regions have similar patterns (Fig. 42). The altitude of dust frequency 

peak is lower than that of all-aerosol throughout the year. However, exceptions appear in 

DJF over NW Pacific and in MAM/JJA over Central Atlantic. The altitudes of frequency 

peak for dust and all-aerosol are nearly the same in these exceptional cases, presumably 

due to the dominant role of dust in the aerosol loading (Fig. 41). Over NW Pacific, the 

altitudes of frequency peak for dust and all-aerosol are the highest in MAM, above 5 km. 

This is consistent with the extinction profile as shown in Figure 40. During other seasons, 

dust layer appears to be limited within the boundary layer and lower troposphere. 

In general, over oceanic regime areas, the dominant aerosol types include clean 

marine, dust, polluted dust and smoke; clean marine is the dominant type near ocean 

surface, while the other three types have large geographical and seasonal variations, as 

discussed in the context above. Dust contribution to the all-aerosol extinction is small or 

only limited to the upper level. Dust layer top has lower altitude of peak occurrence 
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frequency than that of all-aerosol. Two exceptions are NW Pacific in MAM and Central 

Atlantic in MAM/JJA. The former is related to the strong trans-Pacific transport of dust 

in the middle-upper troposphere from Asia, and the latter is associated with dust output 

from the nearby Sahara Desert. 

 

 

Fig. 41 Same as Fig. 32, but over (left) Northwest Pacific, (middle) North Atlantic, and 
(right) Central Atlantic. 
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Fig. 42 Same as Fig. 33, but over (left) Northwest Pacific, (middle) North Atlantic, and 
(right) Central Atlantic. 

4.4 DIURNAL VARIATION OF VERTICAL DISTRIBUTION OF AEROSOL PROPERTIES 

The CALIPSO measurements are divided into daytime and nighttime periods, 

providing an opportunity for us to evaluate aerosol diurnal variability. However it is 

important to recognize that two phenomena are observed by CALIPSO Level 3 data, 

natural diurnal variability and artificial diurnal variability due to differences in layer 

detection and type classification at daytime relative to nighttime. The CALIPSO signal is 

noisier during the daytime causing some optically thin layers to go undetected that would 

have otherwise been detected at nighttime. Aerosol typing is also affected because 

depolarization, a ratio of two noisy numbers, is used to discriminate between aerosol 
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types. Increased noise may generate a different aerosol type classification during the 

daytime than if the layer was classified at nighttime. Since there is a statistical difference 

in daytime versus nighttime layer detection sensitivity, Level 3 averaging tends to 

elucidate artificial diurnal variability. In the discussion that follows, observations that are 

possibly related to natural diurnal variability are noted, although artificial diurnal 

variability could also play a role. More work is needed in future to determine the relative 

importance of these two diurnal variabilities. 

I have analyzed the differences of aerosol extinction, occurrence frequency of 

aerosol type and maximum layer top altitude between daytime and nighttime, and the 

results show little seasonal variation. Thus, in the following discussion, only JJA season 

is chosen to illustrate the diurnal variation of detected aerosol properties. The differences 

are calculated as nighttime minus daytime measurements. 

Biomass burning regime (Fig. 43): the positive values of all-aerosol extinction 

difference suggest larger extinction during nighttime. However, the altitude of difference 

peak is dependent on region. In South America, the difference peaks near surface and 

decreases with altitude. In southern Africa, the difference peaks at ~3 km. In SE Asia, the 

difference peaks at ~1.5 km and changes sign below 1 km. Dust extinction shows much 

smaller diurnal difference compared with all-aerosol. Generally, smoke and polluted 

continental aerosols are detected more frequently during nighttime in the lower 

troposphere, while polluted dust is detected less frequently below 1 km. In South 

America, polluted dust has a higher occurrence frequency detected at 1–3 km during 

nighttime. In southern Africa and SE Asia, clean marine aerosol is detected more 

frequently from the surface to ~4 km during nighttime. Regarding the occurrence 

frequency of the maximum aerosol layer top altitude, during nighttime aerosol layer top 

is observed at high altitudes more frequently than during daytime. Both dust and all-
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aerosol shows this diurnal variation, although dust variability is much smaller than all-

aerosol. One exception is in southern Africa, where dust layer top also shows a higher 

occurrence frequency in the boundary layer and dust variability is comparable to that of 

all-aerosol. The higher occurrence frequency of aerosol layer top at high altitudes during 

nighttime may be due to two reasons: first, also the main reason, sunlight adds noise to 

the lidar signal, reducing the layer detection sensitivity at daytime; CALIPSO lidar has 

better SNR and higher feature detection sensitivity at nighttime than daytime (Z Y Liu et 

al., 2009), thus CALIPSO could detect more aerosols at high altitudes. Second, 

CALIPSO flies in a sun-synchronous orbit, with 01:30 and 13:30 local time for crossing 

the equator, thus the measurements are in the early afternoon and after midnight. 

Numerous observations have shown that over land the diurnal maxima of deep 

convection and precipitation occur frequently in the late afternoon or early evening (e.g., 

Dai et al., 1999; Soden, 2000; Dai, 2001; Nesbitt and Zipser, 2003). Deep convective 

activity may transport aerosols to higher altitudes, which could also lead to a higher 

occurrence frequency of aerosols at high altitudes detected by CALIPSO during 

nighttime than daytime. 
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Fig. 43 Diurnal variation (nighttime minus daytime measurements) of: (top panel) 
profiles of seasonal average aerosol extinction coefficient (km-1), (middle panel) 
occurrence frequency profile of each aerosol type, (bottom panel) occurrence frequency 
of maximum aerosol layer top altitudes, during JJA over (left) South America, (middle) 
southern Africa, and (right) Southeast Asia. In the top and bottom panels, the red curve 
represents all aerosols (regardless of type), and the blue curve represents dust aerosol 
only. In the middle panel, different color represents for different aerosol type, i.e., clean 
marine (light green), dust (dark orange), polluted continental (slate blue), clean 
continental (magenta), polluted dust (green), smoke (orange). 

Desert regime (Fig. 44): one distinct feature is that the diurnal extinction 

difference profiles of dust and all-aerosol are overlapped except in West Australia. This is 

due to the dominant role of dust in the aerosol composition. Aerosol extinction is slightly 

larger near surface during nighttime than daytime. In West Australia, dust extinction 

shows little diurnal variation above the boundary layer. Aerosols are classified as dust 
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and polluted dust more often at nearly all levels during nighttime, while other aerosol 

types are observed to have little diurnal variation, in northern Africa and West China. The 

diurnal difference of dust is detected about 2–3 times larger than that of polluted dust. In 

West Australia, polluted dust, polluted continental and clean marine aerosols are detected 

more frequently from ~0.5 km to 2.5 km during nighttime, while dust and other types are 

observed to have little diurnal variation. Similar to biomass burning areas, the occurrence 

frequency of the maximum aerosol layer top altitude is detected larger at high altitudes 

during nighttime. It is worthwhile to point out the positive diurnal differences of all-

aerosol around 18 km in northern Africa and West China are detected only during JJA, 

but are not detected in other seasons (not shown). This suggests that the aerosol layer 

which only occurs in JJA may be optically thin because it is not detected during daytime. 

Fossil fuel and industry regime (Fig. 45): all-aerosol extinction is larger during 

nighttime at almost all levels in India and West Europe, detected at 2–6 km in East U.S. 

and at 1–6 km in East China. However, all-aerosol extinction is smaller during nighttime 

detected below 2 km in India during other seasons (not shown). Dust extinction has much 

smaller diurnal variation than all-aerosol, except in India and East U.S. during MAM (not 

shown) and JJA. The difference profile of dust extinction is closely overlapped with that 

of all-aerosol in India, owing to the dominance of dust during MAM and JJA; during the 

same period, the difference of dust extinction is closely overlapped with that of all-

aerosol below 2 km in East U.S. As for the difference of aerosol type occurrence 

frequency, smoke and polluted dust are detected more frequently during nighttime at 

almost all levels except in East China. However, other aerosol types have large 

geographical difference. In India, dust is detected more frequently below 2 km and above 

4 km and less frequently at 2–4 km during nighttime. In East China, both dust and 

polluted dust are detected less frequently, while polluted continental and clean marine 
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aerosols are detected more frequently, below 2.5 km. Dust is detected more frequently at 

all levels during nighttime in West Europe, while it has little diurnal variation in East 

U.S. Similarly, the occurrence frequency of the maximum aerosol layer top altitude is 

larger at high altitudes during nighttime, with larger diurnal difference of all-aerosol than 

dust. However, dust layers are also detected slightly more frequently within the boundary 

layer during nighttime. Similar to northern Africa and West China, positive diurnal 

differences of all-aerosol around 18 km in India and East China are only detected during 

JJA, but are not detected in other seasons. 

 

Fig. 44 Same as Fig. 43, but over (left) northern Africa, (middle) West China, and (right) 
West Australia. 
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Fig. 45 Same as Fig. 43, but over (left) India, (second column from left) East China, 
(third column from left) West Europe and (right) East U.S. 

Oceanic regime (Fig. 46): dust extinction is larger below 2 km at nighttime than 

daytime, with the maximum diurnal difference detected at the surface. This may be partly 

due to the effect of land-sea breeze, which is a well-known meteorological phenomenon 

(Miller et al., 2003) caused by the temperature differences between the sea and the land 

near the coast. The extinction of all-aerosol is larger during nighttime at all levels over 

NW Pacific and above 1 km over North Atlantic and Central Atlantic. Polluted 

continental and clean marine aerosols are detected more frequently below 4 km, while 

polluted dust is detected less frequently below 1 km over all the oceanic regions. Over 

NW Pacific and Central Atlantic, both polluted dust and smoke are detected more 
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frequently above 1 km during nighttime. Over North Atlantic, smoke does not show 

much diurnal variation. The occurrence frequency of the maximum aerosol layer top 

altitude is larger at high altitudes during nighttime, with larger diurnal difference of all-

aerosol than dust. One exception is over Central Atlantic, where dust layer is also 

detected more frequently above surface (2–3 km) during nighttime. Positive diurnal 

differences of all-aerosol around 18 km are only obvious over NW Pacific during JJA. 

 

Fig. 46 Same as Fig. 43, but over (left) Northwest Pacific, (middle) North Atlantic, and 
(right) Central Atlantic. 

4.5 SUMMARY AND CONCLUSIONS 

I have performed a statistical analysis of seasonal vertical distributions of aerosol 

properties, including extinction coefficient, aerosol type and maximum aerosol layer top 
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altitude, based on CALIPSO lidar measurements at 532 nm during nighttime from March 

2007 to February 2012. The diurnal variations (differences between nighttime and 

daytime measurements) of aerosol properties are also discussed. I selected 13 domains 

and categorized them into 4 groups according to their surface aerosol emission regimes. 

The regional and seasonal variations of vertical distribution of aerosol properties are 

summarized as follows: 

Biomass burning regime:  

 Smoke is the dominant aerosol type detected from the lower to the middle 

troposphere. 

 Dust contributes little to all-aerosol extinction from the surface to the lower 

troposphere. Dust layer top has lower altitude of peak occurrence frequency than that 

of all-aerosol.  

 In South America, the altitude of peak occurrence frequency of dust layer top is 3 km 

throughout the year, while that of all-aerosol can reach 7 km during wet seasons.  

 In southern Africa, the all-aerosol extinction profile shows two peaks, at ~500 m and 

3 km in JJA and SON. During MAM and JJA, dust has larger impact on all-aerosol 

extinction above 4 km than lower levels. Aerosol type occurrence frequency has 

large seasonal variations in this region. The altitude of peak occurrence frequency of 

dust layer top is nearly the same as that of all-aerosol in MAM and JJA.  

 In SE Asia, aerosol properties do not show much seasonal variation. Throughout the 

year, clean marine aerosol is the dominant type detected below 4 km. The altitude of 

peak occurrence frequency of aerosol layer top is ~7 km for all-aerosol and ~1–2 km 

for dust. 

Desert regime:  

 Dust is the dominant type detected from the surface to the middle troposphere, and 
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sometimes can extend to above 8 km.  

 Dust contributes significantly to all-aerosol extinction at nearly all levels. Dust layer 

top has nearly the same altitude of peak occurrence frequency as all-aerosol.  

 West Australia is an exception. The detected aerosol characteristics in this region are 

more close to biomass burning regime rather than desert regime.  

 A notable common feature in northern Africa and West China is a secondary peak of 

layer top occurrence frequency of all-aerosol, which is detected at ~18 km only 

during JJA, suggesting the existence of an aerosol layer at the tropopause level 

during boreal summer.  

 In northern Africa, the largest extinction near the surface is detected in JJA. Dust is 

the dominant type with a constant occurrence frequency more than 50% detected at 

~1–4 km during all seasons except DJF.  

 In West China, the overlap of dust and all-aerosol extinction profile only occurs in 

MAM. A secondary peak of dust extinction is detected around 2.5 km during MAM 

and JJA. During MAM, dust can reach as high as 11 km and the altitude of peak 

occurrence frequency of dust layer top is the same as that of all-aerosol. 

Fossil fuel and industry regime:  

 The dominant aerosol types detected include polluted dust, smoke and dust, with 

each type dominating at different levels. The dominant aerosol types also have large 

geographical and seasonal variation.  

 Dust contribution to all-aerosol extinction is highly dependent on the location and 

season. If big desert areas are included in the domain or nearby, dust can play an 

important role during some specific periods. During other periods, dust has little 

impact on the all-aerosol extinction and dust layer top has lower altitude of peak 

occurrence frequency than that of all-aerosol.  
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 A notable feature is detected over India and East China, i.e., a distinct secondary 

peak occurrence frequency of all-aerosol layer top at ~18 km only during JJA.  

 In India, the extinction profile of dust is close to that of all-aerosol in MAM and JJA, 

and dust reaches higher altitude than in other seasons. Dust is the most often detected 

type from near surface to as high as 10 km in MAM.  

 In East China, dust extinction profile is close to that of all-aerosol only in MAM. 

Dust is detected as the dominant type above 2 km and 3 km in MAM and DJF, 

respectively, and can reach as high as 11 km during MAM.  

 In West Europe, dust is detected to contribute more to all-aerosol extinction in the 

upper level than lower level during MAM and JJA. Dust (polluted dust) is detected 

predominantly above (below) 3 km in nearly all seasons. Aerosols are classified as 

smoke less often than dust and polluted dust in this region.  

 In East U.S., dust contributes little to all-aerosol extinction. Polluted dust is detected 

predominantly in the lower to middle troposphere, and can reach as high as 10 km in 

MAM and JJA. Smoke is detected predominantly above 5 km during JJA and SON. 

Oceanic regime:  

 The dominant aerosol types detected include clean marine, dust, polluted dust and 

smoke; clean marine dominates near ocean surface, while the other three types have 

large geographical and seasonal variations.  

 Dust contribution to all-aerosol extinction is small or only limited to the upper level. 

Dust layer top has lower altitude of peak occurrence frequency than that of all-

aerosol. Two exceptions are NW Pacific in MAM and Central Atlantic in MAM/JJA. 

The former is related to the strong trans-Pacific transport of dust in the middle-upper 

troposphere from Asia, and the latter is associated with dust output from the nearby 

Sahara Desert.  
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 Over NW Pacific, polluted dust is detected as the dominant type at ~1–4 km and dust 

dominates at 4–9 km in MAM. Smoke plays an important role above 3 km in JJA 

and SON. During DJF, dust becomes the dominant type detected from 5 km to 9 km. 

 Over North Atlantic, dust is the dominant type detected at 2.5–4.5 km during JJA and 

SON, while smoke dominates above 4.5 km. In MAM, dust and polluted dust are the 

dominant types detected above 3 km; while in DJF, smoke becomes the dominant 

type detected above 3 km.  

 Over Central Atlantic, the extinction profile of dust is much closer to that of all-

aerosol in the upper level than lower level during MAM and JJA. Dust is detected as 

the dominant type only in MAM and JJA at 2–6 km. Smoke is detected most often 

above 6 km in all seasons, and its dominance can extend downwards to 3 km in SON. 

In general, the nighttime minus daytime differences of aerosol properties do not 

show much seasonal variation except for a few cases. Within the same aerosol regime, 

the diurnal variation is similar. The main points of diurnal variations of aerosol properties 

are summarized as follows: 

 The all-aerosol extinction is larger during nighttime, while dust extinction shows 

little diurnal variation except when dust dominates in the aerosol composition.  

 Smoke is detected more frequently from lower to middle troposphere during 

nighttime. Clean marine and polluted continental aerosols are detected more 

frequently, while polluted dust is detected less frequently, in the lower troposphere 

during nighttime.  

 Aerosol layer top is detected at high altitudes more frequently during nighttime. Dust 

layer top shows much smaller diurnal variation than all-aerosol, and could be 

detected slightly more frequently near surface during nighttime than daytime. 
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Although the Version 1.0 Level 3 aerosol profile product is a beta release 

(CALIPSO, 2011), my analyses of this dataset suggest that the seasonal and diurnal 

variations of aerosol vertical distributions look qualitatively reasonable in most regions in 

terms of extinction coefficient, aerosol type and maximum aerosol layer top altitude. 

More dedicated efforts of improving CALIPSO retrieval algorithms are needed to 

produce aerosol extinction profiles with much improved quality in the future. 
  



 118 

Chapter 5 
Transport Pathways and Sources Associated with the Asian Tropopause 

Aerosol Layer during 2006-2011 

5.1 INTRODUCTION 

Although aerosol effects on air quality and local climate in the boundary layer and 

lower troposphere have been widely studied (e.g., Ramanathan et al., 2001; Kaufman et 

al., 2002; Lau and Kim, 2006), aerosol effects in the upper troposphere and lower 

stratosphere (UTLS) remain largely unknown. This lack of knowledge is due in part to 

the very limited nature of aerosol observations in this region. Any modifications of 

physical and chemical properties in the UTLS can have important consequences for 

global climate because of the potential influence of these modifications on the radiative, 

chemical, and dynamical balances of the stratosphere. An improved understanding of 

aerosol effects in the UTLS is therefore an important step toward understanding global 

climate change and improving climate model simulations. For example, aerosols that 

cross the tropopause to the lower stratosphere, provide condensation surfaces for sulfuric 

acid (e.g., Brock et al., 1995), which is important to the formation of polar stratospheric 

cloud (PSC) and the depletion of stratospheric ozone. Aerosols may also affect the 

transport of water vapor and semi-volatile trace gases across the tropopause by regulating 

the formation and persistence of cirrus clouds (e.g., Jensen and Toon, 1994). Su et al. 

(2011) have showed aerosols over South East Asia may cause increased temperature and 

water vapor in the tropical tropopause layer. 

Aerosols in the Asian region can be generally classified as either anthropogenic or 

natural. Anthropogenic aerosols in this region are generally produced in megacities and 

agricultural areas, while natural aerosols originate mainly from local and remote deserts 

(Kuhlmann and Quaas, 2010). A number of previous studies have documented the large-
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scale transport and spread of pollutants in the UTLS during the Asian summer monsoon 

period using in-situ measurements, satellite observations, and numerical model 

simulations (e.g., Fu et al., 2006; Jiang et al., 2007; Park et al., 2007; Liu et al., 2007; 

Ricaud et al., 2009; Randel et al., 2010). However, these studies have focused primarily 

on insoluble, gas-phase pollutants (Lawrence and Lelieveld, 2010). Recently, Vernier et 

al. (2011) analyzed scattering ratios derived from the first 4-year observations taken by 

the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and 

discovered the existence of an aerosol layer at the tropopause level during boreal summer 

(JJA). They found that this Asian Tropopause Aerosol Layer (ATAL) extends over a 

broad area, from the Eastern Mediterranean to Western China, and vertically from 13 km 

to 18 km. However, the origin and transport pathway of the aerosols associated with the 

ATAL, as well as the influences of this aerosol layer on the Asian summer monsoon and 

atmospheric radiation budget remain unclear. As a first step, this study aims to 

characterize the source regions and transport pathways associated with the ATAL, by 

using 6-year CALIPSO Level 2 aerosol profile data and back-trajectory analysis. A brief 

description of data and method used in this study is given in Section 5.2. The 

geographical and vertical distributions of aerosol extinction associated with the ATAL 

are presented and discussed in Section 5.3. Section 5.4 examines the transport pathways 

and source regions of the aerosols associated with the ATAL. Major findings and 

conclusions are summarized in Section 5.5. 

5.2 DATA AND METHOD 

5.2.1 CALIPSO Data 

The CALIPSO satellite was launched into a sun-synchronous orbit on April 28, 

2006 with local equator-crossing time at ~1:30 P.M. and 1:30 A.M., and a 16-day 
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repeating cycle. The primary instrument onboard the CALIPSO is the Cloud-Aerosol 

Lidar with Orthogonal Polarization (CALIOP), which is a dual wavelength polarization 

lidar designed to acquire vertical profiles of attenuated backscatter from a near nadir-

viewing geometry during both day and night phases (Winker et al., 2007). It is one 

member of the A-Train satellite constellation and has been almost continuously collecting 

high-resolution (333 m in the horizontal and 30 m in the vertical in low and middle 

troposphere below 8.3 km) profiles of the attenuated backscatter by aerosols and clouds 

at 532 nm and 1064 nm wavelengths along with polarized backscatter at 532 nm between 

82°N and 82°S (Winker et al., 2010). Spatial averaging over different scales is usually 

taken to improve the signal-to-noise-ratio (SNR) for reliable aerosol retrieval.  

Aerosol extinction is retrieved by the Hybrid Extinction Retrieval Algorithms 

using the assumed lidar ratio (extinction-to-backscatter ratio) appropriate for each aerosol 

type (Young and Vaughan, 2009) and reported in the CALIPSO Level 2 5-km aerosol 

profile product. The determination of lidar ratio is one of major uncertainties affecting the 

uncertainty of CALIPSO aerosol extinction retrieval (Yu et al., 2010). If the aerosol 

attenuated backscatter signal is below the instrument sensitivity of 2~4 × 10-4 km-1sr-1 in 

the troposphere (Winker et al., 2009), CALIOP will miss such features. Since CALIOP is 

less sensitive during daytime than nighttime (Winker et al., 2009), faint features which 

often occur at high altitudes may be detected less frequently during daytime. 

In this study, I use CALIPSO Level 2 aerosol profile data, Version 3.01, which 

are derived from daily along-track observations. The vertical resolution varies with 

altitude: 60 m in the tropospheric region from –0.5 km to 20 km and 180 m in the 

stratospheric region from 20 km to 30 km (Powell et al., 2011). The time period I used is 

from June 2006 to June 2012, for a total of 6 years. Because of their better SNR 

compared to the daytime measurements (Winker et al., 2009), only CALIPSO nighttime 
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measurements of aerosol extinction at 532 nm are used to analyze the geographical and 

vertical distribution of aerosols associated with the ATAL. The monthly vertical profiles 

of aerosol extinction are calculated based on each domain average, i.e., the average of all 

profiles detected within each domain box. Data screening is performed using extinction 

QC and extinction coefficient uncertainty according to the CALIPSO Level 2 data quality 

documents. Only aerosol extinction coefficients greater than zero and less than 1.5 are 

used in this study. 

5.2.2 HYSPLIT Model and Method 

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model 

is a complete system for calculating the air parcel trajectories as well as the advection, 

dispersion, and deposition of pollutants. It is mainly used for two applications: 

trajectories and air concentrations. A complete and detailed description of the model can 

be found in the literature (Draxler and Hess, 1997; Draxler et al., 2012). Gridded 

meteorological data at regular time intervals are required as the input data. In this study, 

the meteorological data used in the HYSPLIT (Version 4) are taken from the National 

Centers for Environmental Prediction (NCEP) / National Center for Atmospheric 

Research (NCAR) reanalysis (Kalnay et al., 1996), which are reformatted for HYSPLIT 

use. This dataset has a spatial resolution of 2.5° × 2.5° and a temporal resolution of 6 

hours on 17 pressure levels and the surface level. Since aerosol has a short lifetime about 

a week in the troposphere (Kaufman et al., 2002), I set a 5-day back-trajectory total run 

time. Three-dimensional 5-day back trajectories arriving at 17 km above mean sea level 

(AMSL) every 6 h (00, 06, 12, 18 UTC) during JJA are calculated for selected locations 

using the HYSPLIT trajectory model. 
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Trajectory clustering analysis, which is a multivariate statistical analysis, is used 

to divide the trajectory data into distinct transport groups, or clusters (Dorling et al., 

1992; Arimoto et al., 1999). During the clustering process, the cluster spatial variance, 

defined as the sum of the squared distances between the endpoints of the cluster’s 

component trajectories and the mean of the trajectories in that cluster, is calculated for 

every combination of trajectory pairs; then the total spatial variance (TSV), defined as the 

sum of all the cluster spatial variances, is calculated. The pair of clusters combined are 

the ones with the lowest increase in TSV. Typically, a different cluster is indicated by a 

30% change in TSV, and the final number of clusters is determined by the number of 

times when TSV change is greater than the 30% criterion (Draxler et al., 2012). The 

cluster trajectory analysis provides a means of exploring the aerosol transport pathways 

and evaluating the relative importance of different pathways associated with the ATAL. 

To determine the source region where the ATAL aerosols come from, potential 

source contribution function (PSCF) analysis is performed. This statistical method has 

been widely used to identify the sources of air pollution (e.g., Wang et al., 2004; Zhang et 

al., 2005). Ideally, the PSCF value for a single grid cell is calculated as follows: first, the 

number of endpoints that fall in the ijth cell is denoted as nij; second, the number of 

endpoints for the same cell having times of arrival at the sampling site with pollutant 

concentration higher than a criterion value is denoted as mij. The PSCF value for the ijth 

cell is then defined as: 

PSCFij =
mij

nij
 

Cells with high PSCF values are generally associated with the arrival of air 

parcels at a receptor site with pollutant concentration higher than a given value. Thus, 

these cells indicate areas that have high potential contributions to the pollution at a 
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receptor site. In this study, “aerosol extinction” observed by CALIPSO is used to replace 

the “pollutant concentration” and the criterion value is selected as the mean aerosol 

extinction of all CALIPSO observed samples. Due to the limited number of CALIPSO 

observations over a selected location, all observed samples that fall into the box of 4° 

latitude × 8° longitude centered on the selected location and vertically from 16 km to 18 

km are used. 

5.3 GEOGRAPHICAL AND VERTICAL DISTRIBUTION OF ATAL AEROSOL EXTINCTION 

In order to characterize the regional vertical profile of aerosol extinction at the 

tropopause level, eight domains are selected (Fig. 47): northern Africa (NAF, 15°W–

60°E, 15–35°N), West China (WCN, 70–105°E, 30–45°N), India (IND, 65–90°E, 10–

30°N), East China (ECN, 105–125°E, 20–45°N), West Europe (WEU, 10°W–50°E, 35–

60°N), Northwest Pacific (NWP, 135–170°E, 30–55°N), North Atlantic (NAT, 60–20°W, 

25–50°N), Whole Domain (WDO, 15°–45°N, 5°–105°E). Different colors represent 

different aerosol regimes: green boxes indicate desert regime areas, blue boxes indicate 

fossil fuel burning and industry regime areas, and purple boxes indicate oceanic regime 

areas. The WDO has the same coverage as the domain in Vernier et al. (2011)’s paper. 

Figure 48 shows monthly time series of the aerosol extinction profile averaged 

over the WDO domain from 06/2006 to 06/2012. The solid black curve indicates the 

mean tropopause height derived from the GEOS-5 data. To exclude the contamination of 

ice crystals associated with cirrus clouds or deep convection overshooting near the 

tropopause, CALIPSO particulate depolarization ratio (PDR) is used as a filter. Only 

aerosol extinction with PDR less than 0.05 is considered for average calculation. During 

JJA each year, the tropopause height is around 16 km, ~1–2 km higher than during other 

seasons due to the strong summer monsoon convection. An aerosol layer with extinction 
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of ~0.005 exists above the tropopause, between 16.5 km and 18.5 km, which is consistent 

with the findings in Vernier et al. (2011). Although there are aerosols with higher 

extinction occurring above the tropopause in other seasons, they are discrete and not 

vertically coherent. Another notable feature is the aerosol layer occurring during JJA 

above the tropopause appears disconnected from the aerosols below the tropopause, 

except in year 2009 and 2011. This may be due to the detection sensitivity of CALIPSO. 

Aerosols cannot be effectively detected when they are inside the clouds (CALIPSO, 

2011). During JJA in 2009 and 2011, aerosol extinction is nearly evenly distributed from 

~13 km to 18 km, which is mainly due to two volcanic eruption events. After the eruption 

of Sarychev volcano, located in the Kuril Islands to the northeast of Japan, on June 12, 

2009, a huge amount of ash and ~1 Tg of sulfur dioxide (SO2) was injected into the 

UTLS, making it among the 10 largest stratospheric injections in the last 50 years 

(Haywood et al., 2010). The volcanic plume circumnavigated the Northern Hemisphere 

for ~6 months and was observed by CALIPSO during July–August 2009 (Vernier et al., 

2011). Similarly on May 21, 2011, Grimsvötn volcano erupted in Iceland and the initial 

volcanic plume reached a height ~20 km (Tesche et al., 2012). These volcano eruptions 

injected large amounts of ash and SO2 into the UTLS, which can result in an increase of 

sulphate aerosols and an enhancement of aerosol extinction detected by CALIPSO. 
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Fig. 47 Eight domains selected for analysis of regional aerosol extinction distribution. 
Red box indicates the whole domain, green boxes indicate desert regime areas (northern 
Africa, West China), blue boxes indicate fossil fuel and industry regime areas (India, East 
China, West Europe), and purple boxes indicate oceanic regime areas (Northwest Pacific, 
North Atlantic). See text for the latitude and longitude range of each domain. 

Besides the WDO domain, I also analyzed other 7 aerosol regime areas. The 

results can be divided into two groups: areas with strong ATAL feature and areas with 

none or weak ATAL feature. Figure 49 shows the time series of aerosol extinction profile 

in IND and NAF. Both regions show a repetitively occurring aerosol layer at the 

tropopause level during JJA each year. Although the tropopause height has different 

seasonal variation between these two regions, most part of this aerosol layer is observed 

above the tropopause. The aerosol layer over IND appears more coherent and lasts longer 

than that over NAF, which may be due to the closer location of IND to the deep 

convective cores of the monsoon system. The impact of volcanic eruption is also shown 

over these two regions. In 2009 and 2011, aerosol extinction is larger in June–July at the 

tropopuase level than other non-volcanic years. Areas with none or weak ATAL feature 

are shown in Figure 50. The aerosol profile pattern over NAT is similar to that over 

WEU, so it is not shown here. Over these regions, aerosol extinction is generally not 
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coherent at 16–18 km during JJA in non-volcanic years. In other years, the volcanic 

plume can extend up to 18 km during JJA if there was an explosive eruption earlier. Both 

the 2009 and 2011 eruptions have distinct impacts on the aerosol extinction in the UTLS 

over these regions. 

 

Fig. 48 Monthly time series of the CALIPSO Level 2 aerosol extinction vertical profile 
from 10 km to 20 km during the period June 2006–June 2012 averaged over the WDO 
domain. Observed samples with particulate depolarization ratio greater than 5% are 
excluded to remove ice crystal contamination. The thin black solid line indicates the 
average altitude of the tropopause derived from the GEOS-5 data. Purple circles and 
dashed horizontal lines indicate the approximate locations of the ATAL. 
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Fig. 49 Same as Fig. 48, but over (a) IND domain; (b) NAF domain. 

 

Fig. 50 Same as Fig. 48, but over (a) ECN domain; (b) WCN domain; (c) WEU domain; 
(d) NWP domain. 

Figure 51 shows the geographical distribution of aerosol extinction averaged at 

16–18 km during JJA from 2006 to 2011. High aerosol extinction mainly occurs over the 
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continents in the Northern Hemisphere. In 2006, 2007, 2008 and 2010, aerosol extinction 

is high over northern Africa, India and Southeast Asia, consistent with the vertical 

extinction profile shown in Figure 49. There is also high aerosol extinction observed over 

Central America and the nearby eastern Pacific, but the locations are more discrete than 

the Asian regions. Moreover, in 2008, the aerosol extinction over North America and 

North Atlantic Ocean is much higher than over other regions, which is presumably 

related to the two volcanic eruptions in this summer. One is Mount Okmok, located at 

53°N, 168°W, which erupted on 12 July 2008 and the other is Kastaochi volcano, located 

at 52°N, 175°W, which erupted on 8 August 2008 (Bourassa et al., 2010). Both eruptions 

injected large amount of SO2 into the lower stratosphere. During the following weeks 

after the eruptions, an enhanced layer of stratospheric aerosol that extended throughout 

the Northern Hemisphere was observed, which is due to the transport and conversion of 

the volcanic SO2 to sulphate aerosols (Bourassa et al., 2010). In year 2009 and 2011, 

aerosol extinction was consistently high over the entire Northern Hemisphere. However, 

the highest aerosol extinction occurred over different regions: in 2009, extinction was 

highest over the west and northeast Pacific Ocean, North America and North Atlantic 

Ocean; while in 2011, the highest extinction was concentrated over northern Africa, 

Eurasia and northwest Pacific Ocean. This geographic difference may be attributed to the 

location and time differences of the volcanic eruptions. 
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Fig. 51 Geographical distributions of aerosol extinction coefficient averaged between 
16km and 18km during JJA from 2006 to 2011. The black box in each panel indicates the 
WDO domain (15–45°N, 5–105°E). 

5.4 TRANSPORT PATHWAYS AND SOURCE REGIONS OF ATAL AEROSOL 

The geographical distribution of aerosol extinction indicates India is an area with 

a strong ATAL feature as shown in Figures 49 and 51. Thus, I analyzed the frequency 

that CALIPSO detected sufficient aerosol samples with aerosol extinction larger than 10-3 

km-1 (figure not shown) within each 2.5° × 2.5° grid cell over the Indian region, and 

selected the location at 18.75°N, 73.75°E as the back-trajectory start point. 

First, back-trajectory analyses are performed without considering CALIPSO 

observations, by using only NCEP/NCAR 6-hour reanalysis data. The HYSPLIT model is 

run four times a day (at 0, 6, 12, and 18 UTC) for each day from June 1 through August 
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31, starting at the selected location. Each back-trajectory run is independent and a new 

output file is created for each run. Thus, there are 368 (92 days × 4) trajectories in total 

for each year. Then trajectory cluster analysis is applied to divide these trajectories into 

several clusters. The clustering results are shown in Figure 52. Different colors represent 

different cluster-mean trajectories and the percentage is calculated as the number of 

trajectories included in each cluster divided by the total number of trajectories. Each year, 

there are mainly four clusters with different fractions of trajectories. The cluster-mean 

trajectory represents the main aerosol transport pathway and the fraction of trajectories 

indicates the occurrence frequency of that pathway. The first pathway starts from the 

Middle East, passes through Central Asia to West China, and then turns clockwise to 

South Asia. The second pathway starts from eastern Afghanistan, reaches South Central 

China and then turns clockwise to India. The third pathway starts from West China, 

moves clockwise to East China and then turns southwestward. The fourth pathway starts 

from East China or nearby ocean and directly moves southwestward to India. Generally, 

the first pathway is the least frequent pathway (< 20%), while the other three pathways 

have comparable frequency. However, both the pathways and their occurrence frequency 

have interannual variation. For example, the start location of the third pathway moved 

southward to ~25°N in 2010 and its frequency (15.5%) is the lowest compared to other 

years. The occurrence frequency of the fourth pathway is greater than 30% in 2006, 2007, 

2009 and 2010, but lower than 18% in 2008 and 2011. The second and third pathways 

had comparable frequency in 2006–2008, while the third pathway occurred ~2 times 

more frequently than the second in 2009 and 2011. 



 131 

 

Fig. 52 Results of back-trajectory cluster analysis for daily trajectories during JJA from 
2006 to 2011 using only NCEP/NCAR reanalysis data as input. Each colored trajectory 
represents the mean trajectory of each cluster. The colored percentage indicates the 
fraction of the total trajectories included in each cluster. The large black dot indicates the 
back-trajectory start location (18.75°N, 73.75°E). 

The altitude (above ground level, AGL) information of the transport pathways are 

shown in Figure 53. Generally, the first and second pathways experience a descending 

route followed by ascending route, while the other two pathways experience only an 

ascending route. The first pathway starts at 14–15 km, descends to the lowest altitude 

(12–13 km) after about 60 hours and then ascends to ~17 km. The second pathway starts 

at 13–14 km, reaches the lowest altitude (12–13 km) after about 36 hours, earlier than the 

first pathway. The third pathway starts at 12–13 km, and then gradually ascends to ~17 



 132 

km. The average ascending speed is 30–40 m/hr. The fourth pathway starts at 14–15 km 

(year 2010 is an exception), 1–2 km higher than the third pathway, ascending to the end 

location with an average vertical speed of 17–25 m/hr. 

 

Fig. 53 Altitude (above ground level) of the cluster-mean trajectories shown in Fig. 52. 
Each colored trajectory represents the mean trajectory of each cluster. The large black dot 
indicates the back-trajectory start location (18.75°N, 73.75°E). Each back-trajectory is 
run for 5 days (120 hours). 

Second, I perform back-trajectory analyses using CALIPSO observations, i.e., the 

back-trajectory simulation is run only when there is an observation in the 4° latitude × 8° 

longitude × 2 km grid box centered on the selected location. From year 2006 to 2011, the 

number of valid CALIPSO observations is 24, 33, 31, 33, 32 and 26, respectively, and 
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179 in total. Then trajectory cluster analysis is applied to these 179 trajectories and the 

results are shown in Figure 54. 

There are mainly three pathways that may be responsible for aerosol transport 

associated with the ATAL (Fig. 54a). The first two pathways are similar to the 

corresponding pathways without considering CALIPSO observations, while the third 

pathway is similar to the fourth pathway discussed above. The occurrence frequency of 

the first pathway is ~20%, while the second pathway has nearly equal (~40%) occurrence 

frequency compared with the third. Regarding the altitude information of each transport 

pathway (Fig. 54b), similar to the trajectory analyses without considering CALIPSO 

observations, the first and the third pathways have comparable starting altitudes at 14–15 

km, while the second pathway starts at the lowest altitude among the three. The first 

pathway descends to ~12.4 km after 60 hours followed by ascending to the tropopause 

level. The second pathway reaches lowest altitude (~12.6 km) after 24 hours from starting 

altitude (~13.3 km) and then gradually ascends to ~17 km. The third pathway simply 

follows an ascending route. 

To evaluate the relative contribution to the ATAL aerosol extinction of the three 

transport pathways, I calculated the mean and standard deviation of the aerosol extinction 

samples observed by CALIPSO. Table 7a shows the statistics for “polluted” aerosol 

samples with extinction larger than 0.005 km-1, which is the mean value of all samples 

observed. The second and third pathways have more trajectories and higher mean 

extinction than those of the first pathway, suggesting higher importance of the latter two 

pathways to the ATAL aerosol extinction. Table 7b shows the statistics for “all” observed 

samples including clear air. Although the latter two pathways have more trajectories than 

the first pathway, both mean value and standard deviation of aerosol extinction are not 

much different among the three. 
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Fig. 54 (a) Same as Fig. 52, but for back-trajectory cluster analysis using both NCEP 
/NCAR reanalysis data and CALIPSO observations for all six years (2006–2011). (b) 
Altitude (above ground level) of the cluster-mean trajectories shown in (a). 

To investigate the source regions that are associated with the ATAL aerosols, 

PSCF analysis is performed. Since CALIPSO observations are quite limited, I select three 

regions that include the mean end points of the three back-trajectory clusters, 

respectively. The latitude range for each region is 20°–50°N, and the longitude range is 

the longitude of the mean end point ±15°. Figure 55 shows the distribution of end points 
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of all the back-trajectories starting with valid CALIPSO observations. The triangles 

indicate the locations of the three cluster-mean end points. The red and blue dots indicate 

end point locations of back-trajectories starting with “polluted” (extinction > 0.005 km-1) 

and “non-polluted” aerosol samples at the selected location (18.75°N, 73.75°E, large 

black dot), respectively. The three regions selected for PSCF analysis are indicated by the 

black boxes. The results are shown in Table 8. The PSCF value is 0.39 for region 1, 0.38 

for region 2 and 0.31 for region 3. Thus, region 1 and region 2 appear to be the more 

significant source regions among the three regions. 

Table 7 Statistics of the number of trajectories and aerosol extinction for (a) “polluted” 
samples; (b) all samples, which are observed by CALIPSO at the selected location. The 
number in the parenthesis indicates the toatal number of the specific samples. 

(a) extinction > 0.005 km-1 samples (N = 60) 

 Pathway 1 Pathway 2 Pathway 3 

num of trajectory 15 24 21 

mean ext (km-1) 0.014 0.016 0.018 

stddev ext (km-1) 0.010 0.010 0.013 

(b) extinction ≥ 0 samples (N = 179) 

 Pathway 1 Pathway 2 Pathway 3 

num of trajectory 36 73 70 

mean ext (km-1) 0.006 0.006 0.006 

stddev ext (km-1) 0.009 0.009 0.011 
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Fig. 55 Distribution of end points of all the back-trajectories starting with valid 
CALIPSO observations at the selected location (18.75°N, 73.75°E, large black dot). The 
triangles indicate the locations of the three cluster-mean end points. Red color represents 
“polluted” samples and blue color represents “non-polluted” samples. The three regions 
selected for PSCF analysis are indicated by the black boxes. 

Table 8 Results of potential source contribution function (PSCF) analysis for the selected 
three regions shown in Fig. 55. 

 region 1 region 2 region 3 

ext > 0.005 km-1 16 18 13 

ext ≥ 0 41 48 42 

PSCF 0.39 0.38 0.31 

5.5 CONCLUSIONS 

In this study, I have examined the geographical and vertical distributions of 

aerosol extinction associated with the ATAL, by using 6-year CALIPSO Level 2 aerosol 

profile data. My results are consistent with Vernier et al. (2011)’s findings. I further 

explored the transport pathways and source regions that are associated with the ATAL 
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aerosols, through back-trajectory cluster analysis using the state-of-the-art HYSPLIT 

model and potential source contribution function analysis. 

Among the selected 8 domains, coherent and distinct ATAL feature only occurs 

over 3 domains. Since the WDO domain covers most part of the NAF and IND domains, 

the ATAL feature shown over this region is actually contributed by the two sub-domains. 

An enhanced aerosol layer at the tropopause level repetitively occurs during JJA each 

year over both NAF and IND. Although the tropopause height has different seasonal 

variation between these two regions, most part of this aerosol layer is observed above the 

tropopause. The aerosol layer over IND appears more coherent and lasts longer than that 

over NAF, which may be due to the closer location of IND to the deep convective cores 

of the monsoon system. One notable feature is that volcanic eruption has a significant 

impact on the ATAL aerosols. In 2009 and 2011, aerosol extinction is larger in June–July 

at the tropopuase level than other non-volcanic years. Over other domains, aerosol 

extinction is generally not coherent at 16–18 km during JJA in non-volcanic years. In 

volcanic years, the volcanic plume can extend up to 18 km during JJA if there was a 

previous explosive eruption. Thus, the ATAL feature over these domains is weak or 

nonexistent. 

Regarding the geographical distribution of aerosols at the tropopause level during 

JJA, high aerosol extinction mainly occurs over the continents in the Northern 

Hemisphere. Aerosol extinction at 16-18 km is highest over northern Africa, India and 

Southeast Asia during JJA in nearly all years. Although Central America and nearby 

eastern Pacific appear as a high aerosol extinction region, the locations are more discrete 

than the Asian regions. In year 2008, 2009 and 2011, volcanic eruptions created a large 

disturbance in the concentration and distribution of aerosols in the UTLS, with 

geographic differences related to the location and time differences of eruptions. 
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According to the results of back-trajectory cluster analysis, there are mainly three 

pathways that may be responsible for aerosol transport associated with the ATAL. The 

first pathway starts from the Middle East, passes through Central Asia to West China, and 

then turns clockwise to South Asia. The second pathway starts from eastern Afghanistan, 

reaches the South Central China and then turns clockwise to India. The third pathway 

starts from East China or the nearby ocean and directly moves southwestward to India. 

These three pathways are included in the air parcel pathways which are found using the 

HYSPLIT model with NCEP/NCAR reanalysis data only. The occurrence frequency of 

the first pathway is ~20%, only half of the frequency of the second or third pathway. The 

first and the third pathways have comparable starting altitudes at 14–15 km, while the 

second pathway starts at the lowest altitude among the three. The first pathway descends 

to ~12.4 km after 60 hours followed by an ascent to the tropopause level. The second 

pathway reaches lowest altitude (~12.6 km) after 24 hours from its starting altitude 

(~13.3 km) and then gradually ascends to ~17 km. The third pathway simply follows an 

ascending route. Three major potential source regions are identified: (1) Middle East; (2) 

Central Asia; and (3) East China. Region 1 and region 2 appear to be the more significant 

source regions among the three regions. 

The transport pathways analyzed in this study are based on back-trajectory 

analysis, and I did not consider the relationship between deep convection and aerosol 

transport. However, many aerosol particles tend to be very effectively scavenged and 

removed by precipitation. How these aerosols survive the scavenging process and make it 

to the UTLS is still unclear. Moreover, I only selected one location for back-trajectory 

analysis, which has limited the available samples observed by CALIPSO. More locations 

within the ATAL region need to be studied in order to demonstrate the robustness of the 

above conclusions. Also, only NCEP/NCAR reanalysis data were used for the trajectory 
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analysis and whether there are significant differences between the results using different 

reanalysis data is still unknown. As discussed before, the detailed composition of the 

ATAL and its impact on climate change is also not clear. These unresolved issues will be 

the focus of future work. 
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Chapter 6 
General Conclusions 

This dissertation mainly focused on different transport pathways and their roles in 

determining the seasonal and interannual variations of fire-generated carbon monoxide in 

the tropical upper troposphere. In addition, the seasonal and diurnal variations of the 

vertical distributions of aerosol properties, and the transport pathways associated with the 

aerosol layer at the tropopause level over Asian area during boreal summer season are 

also investigated. The results discussed in this dissertation were mainly derived from the 

A-Train satellite observations, including Aqua MODIS, CloudSat cloud water content, 

CALIPSO aerosol product, and Aura MLS/TES data. Besides the observational data, 

several reanalysis datasets were used. Back-trajectory models are used to validate the 

effectiveness of the new pathway auto-identification method and to characterize the 

transport pathways associated with the ATAL. 

This dissertation is divided into four main chapters. Chapter 2 focused on the 

roles of transport pathways in determining the distribution and seasonality of CO in the 

tropical UT. A method was developed to provide an automated identification of two 

pathways that transport CO from the surface to the UT through a joint use of several A-

Train satellite measurements. A case study demonstrated the effectiveness and validity of 

this method based on comparison with the results of a back trajectory analysis. This 

method can be used to objectively identify CO transport pathways and provides a 

statistical description of the geographic and seasonal variations in these transport 

pathways. Seasonal UT CO distributions from December 2006 to November 2007 show 

that the primary centers of high UT CO were located over Central Africa during boreal 

spring and over South America during austral spring. In both of these regions, the 

seasonal cycle of UT CO coincided with the seasonal cycle of the frequency of the “local 
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convection” pathway. To leading order, the seasonality of CO concentrations in the 

tropical UT reflected the seasonality of the “local convection” transport pathway during 

2007, probably because the “local convection” pathway is significantly more effective at 

transporting CO to the UT than the “LT advection → convection” pathway. The UT CO 

maxima occurred over Central Africa during boreal spring and over South America 

during austral spring. Occurrence of the “local convection” transport pathway in these 

two regions also peaked during these seasons. During boreal winter and summer, surface 

CO emission and convection were located in opposite hemispheres, which limited the 

effectiveness of transport to the UT. During these seasons, CO transport from the surface 

to the UT typically occurred via the “LT advection → convection” pathway. 

Chapter 3 focused on the factors that affect the interannual variation of CO in the 

tropical UT. The dominant modes of the interannual variation of tropical UT CO are 

identified by using EOF analysis, and the field relationships between SST, convection, 

CO emission, and UT CO interannual variation are evaluated by using SVD analysis. The 

differences of circulation pattern and transport pathway between two types of El Niño are 

investigated by using reanalysis data and the pathway auto-identification method 

developed in Chapter 2. Results show that Indonesia is the most significant region, South 

America and Southern Africa are the secondary regions, in dominating tropical UT CO 

interannual variation. Over South America, CO emission anomaly is more significantly 

correlated with UT CO anomaly than convection anomaly, especially at 1-month time lag 

due to the long lifetime of CO in the troposphere. Over Central Africa, CO emission has 

little impact on UT CO interannual variation, while convective transport may play an 

important role. Over SE Asia, both CO emission and convective transport are important 

in determining the interannual variation of UT CO. Over the whole Tropics, UT CO 
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anomaly is more significantly correlated with CO emission anomaly than convection, 

with the largest correlation at a 1-month time lag.  

ENSO is the dominating climate condition that controls tropical UT CO 

interannual variation. The field relationship between UT CO, sea surface temperature, 

and deep convection is most significantly correlated with ENSO and the Indian Ocean 

Dipole. Transport pathway analysis suggests that the average mass of CO transported per 

event of “local convection” is the factor that accounts for UT CO interannual variation, 

instead of the actual number of “local convection” events. The average CO transported by 

the “local convection” pathway is larger when surface CO emission is higher. 

Chapter 4 focused on seasonal and diurnal variations of the vertical distributions 

of aerosol properties represented by CALIPSO new aerosol profile data for the period of 

five years. Results show that dust, smoke, and polluted dust are the most frequently 

detected aerosol types during all seasons. Dust is the dominant type, especially in the 

middle-upper troposphere, over most areas during boreal spring and summer; while 

smoke and polluted dust tend to dominate during biomass burning seasons. The seasonal 

variations of dust layer top height and dust contribution to all-aerosol extinction are 

positively correlated with the seasonal variation of dust occurrence frequency. Southeast 

Asia has the least seasonal variation of aerosol properties. The seasonal cycle of aerosol 

properties over West Australia is similar to that over biomass burning regime areas, 

despite its desert regime. In general, smoke is detected more frequently from the lower to 

middle troposphere; clean marine and polluted continental aerosols are detected more 

frequently, while polluted dust is detected less frequently, in the lower troposphere during 

nighttime than daytime. The all-aerosol extinction is generally larger and the aerosol 

layer top is detected at high altitudes more frequently during the nighttime. The diurnal 

changes of aerosol properties are similar within the same aerosol emission regime. Dust 
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extinction shows little diurnal variation except when dust is the dominant aerosol type. 

The results shown here contribute to an initial global 3-D aerosol climatology which will 

likely be extended and improved in the future. 

Chapter 5 focused on the transport pathways associated with the Asian 

Tropopause Aerosol Layer (ATAL), which was first discovered by Vernier et al. (2011) 

and also identified in the results shown in Chapter 4. During JJA, high aerosol extinction 

mainly occurs over the continents in the Northern Hemisphere. Aerosol extinction at 16–

18 km is highest over northern Africa, India and Southeast Asia during JJA in nearly all 

years. Although Central America and the nearby eastern Pacific appear as a high aerosol 

extinction region, the locations are more discrete than the Asian regions. In the years 

2008, 2009 and 2011, volcanic eruptions created large disturbances in the concentration 

and distribution of aerosols in the UTLS, with geographic differences related to the 

location and time differences of eruptions. 

By using 6-year CALIPSO Level 2 aerosol profile data and the NOAA HYSPLIT 

model, three major pathways were found. The first pathway starts from the Middle East, 

passes through Central Asia to West China, and then turns clockwise to South Asia. The 

second pathway starts from eastern Afghanistan, reaches South Central China and then 

turns clockwise to India. The third pathway starts from East China or the nearby ocean 

and directly moves southwestward to India. The occurrence frequency of the first 

pathway is ~20%, only half of the frequency of the second or third pathway. The first and 

the third pathways have comparable starting altitudes at 14–15 km, while the second 

pathway starts at the lowest altitude among the three. The first pathway descends to ~12.4 

km after 60 hours followed by ascending to the tropopause level. The second pathway 

reaches its lowest altitude (~12.6 km) after 24 hours from the starting altitude (~13.3 km) 

and then gradually ascends to ~17 km. The third pathway simply follows an ascending 
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route. Three major potential source regions were identified: (1) Middle East; (2) Central 

Asia; (3) East China. Region (1) and region (2) appear to be the more significant source 

regions among the three. 

The results presented in this dissertation are derived from the A-Train satellite 

observations. For the CO emission at the surface, I only used the GFED data derived 

from MODIS fire count data. However, the detection of fire by MODIS has many 

uncertainties due to the limitations of detection wavelength, field of view and 

atmospheric conditions. Whether there are large differences between the results using 

GFED and other emission data is still unknown. In future work, I plan to characterize the 

climatological distributions of CO transport pathways over the tropical continents by 

applying the pathway auto-identification method to a longer period and utilizing all 

available CO data, including those from other satellite measurements. Although ENSO 

was shown to have dominant impacts on the UT CO interannual variation, I only 

investigated the differences between two types of El Niño. The impacts of La Niña on 

CO transport and UT CO interannual variation, as well as the differences among different 

ENSO types, still need to be clarified. Both EOF and SVD analyses have identified other 

climate indices (e.g., PDO, QBO, AMO) as secondary factors affecting UT CO 

interannual variation, but the mechanisms are still not clear. These questions will need to 

address in my future studies.  

Many aerosol particles tend to be very effectively scavenged and removed by 

precipitation. How these aerosols survive the scavenging process and make it to the 

UTLS is still unclear. More locations within the ATAL region need to be studied in order 

to demonstrate the robustness of my conclusions. As discussed before, the detailed 

composition of the ATAL and its impact on climate change is not clear. These unsolved 

questions will be the focus of my future work.  
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Appendix A: Number of Aerosol Samples 

The profiles of total number of aerosol samples (after data screening) detected by 

CALIPSO over each region are shown in the Figures A1–A4, corresponding to the four 

aerosol regimes discussed in the main text of Chapter 4. Generally, CALIPSO detects 

more aerosol samples during nighttime than daytime, especially in the middle-upper 

troposphere, which is due to the solar impact on the aerosol detection sensitivity. Fewer 

aerosol samples are detected at high altitudes than near surface. 

 

Fig. A1 Vertical profiles of 5-year total number of aerosol samples detected by 
CALIPSO over (left) South America, (middle) southern Africa, and (right) Southeast 
Asia. From top to bottom are seasonal total numbers for boreal spring (MAM), summer 
(JJA), fall (SON) and winter (DJF), respectively. The red curve represents daytime 
observations, and the blue curve represents nighttime observations. 
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Fig. A2 Same as Fig. A1, but over (left) northern Africa, (middle) West China, and 
(right) West Australia. 
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Fig. A3 Same as Fig. A1, but over (left) India, (second column from left) East China, 
(third column from left) West Europe and (right) East U.S. 
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Fig. A4 Same as Fig. A1, but over (left) Northwest Pacific, (middle) North Atlantic, and 
(right) Central Atlantic. 
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