
ACPD
11, 32423–32453, 2011

Geographic and
seasonal

distributions of CO
transport

L. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 11, 32423–32453, 2011
www.atmos-chem-phys-discuss.net/11/32423/2011/
doi:10.5194/acpd-11-32423-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Geographic and seasonal distributions of
CO transport pathways and their roles in
determining CO centers in the upper
troposphere
L. Huang1, R. Fu1, J. H. Jiang2, J. S. Wright1, and M. Luo2

1Jackson School of Geosciences, The University of Texas at Austin, Austin, TX, USA
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

Received: 19 October 2011 – Accepted: 28 November 2011 – Published: 9 December 2011

Correspondence to: L. Huang (leih@utexas.edu)

Published by Copernicus Publications on behalf of the European Geosciences Union.

32423

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/32423/2011/acpd-11-32423-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/32423/2011/acpd-11-32423-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 32423–32453, 2011

Geographic and
seasonal

distributions of CO
transport

L. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Past studies have identified various pathways along which carbon monoxide (CO) in the
tropical upper troposphere (UT) may have been transported from the surface. However,
the roles that these transport pathways play in determining the locations and season-
ality of CO in the tropical UT remain unclear. In particular, UT CO peaks during the5

spring and fall seasons when surface CO emission and deep atmospheric convection
are moderate relative to those observed during winter and summer. We have devel-
oped a method to automate the identification of three pathways that transport CO to
the UT, which makes joint use of several A-Train satellite measurements. We use this
method to show that the locations and seasonality of the major UT CO centers in the10

tropics during 2007 were largely determined by local convective transport. On average,
the “local convection” pathway, in which convection occurred within a fire region, trans-
ported significantly more CO to the UT than the “LT advection→ convection” pathway,
in which CO was advected within the lower troposphere from a fire region to a convec-
tive region prior to convection. To leading order, the seasonality of CO concentrations15

in the tropical UT followed the seasonality of the “local convection” transport pathway.
The centers of highest CO peaked over Central Africa during boreal spring and over
South America during austral spring, when the “local convection” transport pathway
was most prevalent. During boreal winter and summer, surface CO emission and con-
vection were located in opposite hemispheres, limiting the effectiveness of transport20

to the UT. In these seasons, CO was mainly transported to the UT via the “LT advec-
tion→ convection” pathway, in which CO was advected within the lower troposphere
from fire source regions in the winter hemisphere to convective regions in the summer
hemisphere, or via the “UT advection” pathway, in which UT CO was redistributed from
the summer hemisphere to the winter hemisphere.25
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1 Introduction

Biomass burning and fossil fuel combustion have long been recognized as globally im-
portant sources of trace gases and aerosols, especially in the tropics. Carbon monox-
ide (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 pro-5

duced 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 tropo-
sphere 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.,10

2006).
CO transport has 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 from the surface to the upper troposphere15

(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 re-
gion 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 ad-
vection→ convection” pathway is consistent with observations that UT CO centers are20

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. CO increases in the UT may also result from advection of
CO within the UT, unassociated with local convection (e.g., Ray et al., 2004). This
“UT advection” pathway could promote high CO concentrations in regions of strong25

UT convergence. The existence and local importance of each of these three transport
pathways has been clearly demonstrated by previous case studies; however, the roles
and relative influences of these pathways in determining the geographic and seasonal
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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 cy-

cle of CO in the UT and lower stratosphere 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.5

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 ele-
vated 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. Peak10

CO concentrations in the UT over South America lag the peak in fire emissions by
1–2 months, suggesting that prevailing subsidence during the peak fire season (July–
August) may trap CO near the surface until convection moves into the fire region during
September and October (Liu et al., 2010). These studies suggest that spatial overlap
between surface emission and deep convective activity enhances CO transport from15

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. Emis-
sions 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 and20

winter (Fig. 1). Mean CO concentration in the UT peaks during boreal fall, when con-
vective 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 in25

surface emission and convective activity highlights the potential importance of trans-
port pathways. To our knowledge, the influences of seasonality in the distribution of
transport pathways on the seasonality of CO concentration in the tropical UT have not
yet been clearly identified or addressed.
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This study aims to clarify these influences. Multiple A-Train satellite datasets are
used to determine the relative importance of each transport pathway to centers of ele-
vated CO in the tropical UT and their seasonal variations. 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; Jin et al.,5

2011). Here, we build upon these previous studies by presenting and applying an au-
tomated detection mechanism for the three different CO transport pathways described
above. This method streamlines the identification of CO transport pathways by intelli-
gently combining observations of CO in the UT from the Aura Microwave Limb Sounder
(MLS), observations of convective clouds from the CloudSat radar, and observations10

of CO emission derived from Moderate-resolution Imaging Spectroradiometer (MODIS)
fire data, as described in Sects. 2 and 3. We apply the method to quantify the relative
frequency of occurrence of each transport pathway with respect to the major centers of
elevated CO in the tropical UT, as presented in Sect. 4. We are then able to determine
which transport pathways are primarily responsible for the major centers of elevated15

UT CO in the global tropics, and to reconcile the apparent mismatch between the sea-
sonal cycle of UT CO and the seasonal cycles of surface CO emissions and convective
activity, as shown in Sect. 5. The main conclusions of this work are summarized and
discussed in Sect. 6.

2 Datasets20

The seasonal distributions of CO concentration are described according to satellite
observations taken by the Aura MLS for the upper troposphere and the Aura Tropo-
spheric 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.25

The Aura MLS detects CO in the UT and lower stratosphere region by measuring
emission at 240 GHz. The vertical resolution of the CO retrieval is approximately 4
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km, and the horizontal resolution is approximately 7 km across-track and 300–400 km
along-track. We use Level 2 (orbital) CO derived according to the MLS Version 2.2
retrieval algorithm. Version 2.2 CO has a high bias of approximately 100 % at 215 hPa
(Livesey et al., 2008); we scale the measured CO concentrations at 215 hPa by 0.5
to compensate for this bias. The footprint of each TES nadir observation is 5×8 km5

(Beer, 2006). The TES retrieval of CO profiles in the tropics is primarily sensitive to
CO concentrations between 700 hPa and 200 hPa, with a retrieval uncertainty of about
10–20 % (Luo et al., 2007a, 2007b). TES cannot reliably retrieve CO in the presence
of clouds.

CloudSat measures vertical profiles of cloud ice water content (IWC) and liquid water10

content (LWC) in the troposphere (Stephens et al., 2002). During 2007, the A-Train
orbital configuration ensured that CloudSat observed a given location less than 6 min
prior to MLS and less than 14 min prior to TES. CWC represents the sum of IWC and
LWC. Measurements of CWC are provided at a vertical resolution of approximately
500 m (Stephens et al., 2002), with a horizontal resolution of 1.7 km along-track by15

1.3 km across-track.
CO emission at the surface is obtained from the Global Fire Emission Database

version 2.1 (GFED v2.1) (van der Werf et al., 2006; Randerson et al., 2007). This
data is provided at 1◦×1◦ gridded horizontal resolution for the period January 1997–
December 2007, and comprises burned area, fuel loads, combustion completeness,20

and fire emissions. Emissions of fire generated trace gases (e.g., CO, CH4, and NOx)
are derived by combining information on burned area with MODIS fire hot spots (Giglio
et al., 2006), biogeochemical model estimates of fuel burned, and emission factors
for each species. We used fire emissions from the GFED v2.1 re-sampled to monthly
intervals using MODIS fire counts for the seasonal distributions, and re-sampled to25

8-day intervals for pathway identification (Giglio et al., 2003).
The horizontal resolutions of MLS, TES, and CloudSat observations are homoge-

nized by averaging the MLS, TES, and CloudSat data over 4◦ latitude×8◦ longitude
grid boxes. The observations are further averaged over 8-day periods to match the
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temporal resolution of the CO emission data.
We use three-dimensional wind velocities from the National Centers for Environ-

mental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanaly-
sis (Kalnay et al., 1996) at 12 pressure levels between 1000 and 100 hPa for illustrative
purposes. The daily wind data cover the same period as the MLS observations, and5

are averaged over the same 8-day period at the reanalysis horizontal resolution of
2.5◦ ×2.5◦.

3 Methodology

CO has a relatively long life-time in the UT. Accordingly, we diagnose the influence of
transport fluxes on UT CO concentration by evaluating the change in mean CO con-10

centrations at 215 hPa between two consecutive 8-day periods. Vertically integrated
CloudSat CWC above 6 km is used to represent the strength of deep convective activ-
ity during the 8-day period.

We automate the identification of different pathways that transport CO to the UT ac-
cording to the following judgment criteria, which are based on observed distributions15

of surface emission from the GFED database, deep convective activity from CloudSat,
and changes in UT CO concentration from MLS. The “local convection” pathway is
identified when an increase of CO in the UT is detected and simultaneously co-located
with surface CO emission and deep convection during an 8-day period. The “LT advec-
tion→ convection” pathway is identified when an increase of CO in the UT and deep20

convection are simultaneously detected without co-located surface CO emission dur-
ing an 8-day period. The “UT advection” pathway is identified when an increase of
CO in the UT is detected in the absence of co-located deep convection during an 8-
day period. The effectiveness of this method for identifying CO transport pathways is
demonstrated by the following two case studies.25
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3.1 A boreal winter case

Figure 2 shows the spatial distributions of CO surface emission, convection, and CO
concentration in the UT (215 hPa) during the 8-day period of 9–16 January 2007. The
strongest CO emission was located over Northern Africa (Fig. 2a). Deep convective
activity was most pronounced over Central Africa south of the equator, South America,5

and Indonesia, away from the strongest fire regions. The center of elevated CO in
the UT over Central Africa was co-located with convective activity, southward of the
primary CO emission region in Africa (Fig. 2b). The center of elevated CO in the UT
over the Indian Ocean and southern tip of the Indian subcontinent was also co-located
with convection southwestward of the strongest emission region. The displacements10

of high CO centers in the UT relative to surface source regions and the co-location of
these centers with convective activity suggest that CO was advected southward within
the LT to the convective regions, then transported by deep convection to the UT.

To illustrate how CO transport pathways affect the UT CO center over Southern
Africa, we choose a vertical cross section from 30◦ S to 30◦ N centered on 20◦ E15

(Fig. 2c). This cross section is 8◦ wide in longitude, covering 16–24◦ E. The change
in CO concentration is calculated as the difference between the 9–16 January mean
and the 1–8 January mean. Strong CO emission extended from 5◦ S to nearly 15◦ N,
while deep convection was located in the Southern Hemisphere between 15◦ S and the
equator. CO increased in the UT at latitudes between 20◦ S and 15◦ N, with southerly20

meridional wind prevailing in the UT between 5◦ S and 20◦ N. The center of increased
UT CO was co-located with deep convection, away from the emission region in the
opposite hemisphere. This suggests that CO was advected in the LT from the emis-
sion region to the deep convection region, lifted to the UT, and advected northward.
Thus, over Central Africa, CO appears to have been transported to the UT via the25

“LT advection→ convection” and “local convection” pathways. The distinction between
these two pathways is dependent upon the distribution of surface CO emission. Over
Northern Africa, CO appears to have been transported via the “UT advection” pathway.
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Our automated detection method appears to capture these pathways: between 16◦ S
and 8◦ S, the increase of CO at 215 hPa was identified as “LT advection→ convection”;
between 8◦ S and the equator, the increase of CO at 215 hPa was identified as “local
convection”; southward of 16◦ S and northward of the equator, the increase of CO at
215 hPa was identified as “UT advection”.5

To further validate these results, we integrated a seven-member back trajectory en-
semble from each 215 hPa MLS observation in this region during 9–16 January 2007.
Trajectories were calculated using a modified version of the Goddard Fast Trajectory
model (Schoeberl and Sparling, 1995; Wright et al., 2011), driven by winds and heat-
ing rates from NASA’s Global Modeling and Assimilation Office (GMAO) Modern-Era10

Retrospective Analysis for Research and Applications (MERRA) reanalysis (Rienecker
et al., 2011). The initial isentropic positions of the trajectories were calculated us-
ing the corresponding Aura MLS observations of temperature at 215 hPa. Trajectories
were 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 (215

trajectories per ensemble), and were integrated backward in time for 8 days or until
a convective source was identified.

The results of the trajectory simulations are in good agreement with the results of the
automated detection mechanism (Table 1). The CO transport pathway identified by the
automated method matches the pathway followed by the majority of trajectories in nine20

out of eleven cases, with two locations of mild disagreement. The automated method
identifies “UT advection” for the 16–20◦ S bin whereas the trajectory analysis identifies
“LT advection→ convection”, and the automated method identifies “local convection”
for the 0–4◦ S bin whereas the trajectory analysis identifies “UT advection”. In both of
these cases, a large minority of the trajectories agrees with the automated diagnosis25

(41 and 44 %, respectively), indicating that they represent situational ambiguity rather
than failures of the automated method. These mismatches do highlight the shortcom-
ings of the automated method, however. In particular, the method makes concrete,
binary judgments based on the presence or absence of convection and the presence
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or absence of CO emission. As a result, it does not provide information on the com-
plexity of the distribution of CO transport pathways within each grid box. Convection is
strongly variable in space and time, and the method may sometimes identify a promi-
nent CO transport pathway rather than the dominant one. On the other hand, the
automated method is much less computationally expensive, and the impacts of these5

shortcomings on the bulk statistics are likely to be minor. Misidentification due to the
use of spatial and time mean quantities is unlikely to occur except in borderline cases,
for which either identification is reasonable. The distribution of CO transport pathways
at finer time and space scales is beyond the scope of this work.

3.2 A boreal spring case10

30 March–6 April 2007 is chosen for the second case study because the distributions
of CO emission, convection and UT CO centers during this 8-day period strongly re-
semble the seasonal means for boreal spring. CO emission during this period was
strongest in Southeast Asia, and was relatively weak in Central Africa, Central Amer-
ica, and South America (Fig. 3a); however, the largest concentrations of UT CO were15

located over Central Africa and the Gulf of Guinea (Fig. 3b). This center of elevated
UT CO concentration was largely co-located with both surface CO emission and deep
convective activity. CO was low in the UT over Southeast Asia despite strong sur-
face emission, likely due to the absence of strong co-located convective activity. As in
the first case study (Sect. 3.1), we explore a cross section along 20◦ E (Fig. 3c). CO20

emission along this cross-section extended from 10◦ S to 15◦ N and overlapped with
deep convection between 10◦ S and 5◦ N. Increases of CO throughout the troposphere
were co-located with deep convection, rising motion, and surface emission over Cen-
tral Africa, suggesting that CO was transported from surface sources to the UT by the
“local convection” pathway. Our automated method also diagnosed “local convection”25

as the dominant CO transport pathway between 8◦ S and 8◦ N.
These two case studies show that the three different CO transport pathways can

be successfully diagnosed through the joint use of Aura, CloudSat, and MODIS
32432
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measurements at synoptic scales. Our detection criteria capture the relationships be-
tween CO surface emission, convective activity, and the distribution of CO in the UT that
are associated with these transport pathways. We now apply this method to identify
geographic and seasonal variations in the relative frequencies of occurrence of differ-
ent CO transport pathways over Central Africa and South America between December5

2006 and November 2007.

4 Seasonal Distribution of CO Transport Pathways

Figures 4–7 show the seasonal mean geographic distributions of CO emission, convec-
tive activity, and CO in the LT (681 hPa) and UT (215 hPa) during the period December
2006–November 2007. The occurrence frequencies of different CO transport pathways10

are computed for two centers of elevated UT CO in the tropics: South America (24◦ S–
12◦ N, 88–32◦ W) and Central Africa (20◦ S–20◦ N, 16◦ W–40◦ E). The boundaries of
these focus regions are denoted by red boxes in each figure.

The boreal winter seasonal mean spatial patterns of CO surface emission, convec-
tive activity, and CO concentration in the LT and UT over Africa and South America15

(Fig. 4) are similar to those of the boreal winter case study (Fig. 2). In particular, the
primary fire regions and the centers of high UT CO were located in opposite hemi-
spheres.

The topmost panels of Fig. 4 show the spatial distributions of transport pathways
in the South America (left) and Central Africa (right) domains. Burning was strongest20

between the equator and 10◦ N in Africa; however, due to the lack of convective ac-
tivity, CO concentration increases in the UT over Northern Africa (4–20◦ N) were pri-
marily attributable to the “UT advection” pathway. The “local convection” pathway was
dominant over the continent in the equatorial region (8◦ S–4◦ N), while the “LT advec-
tion→ convection” pathway was dominant in Southern Tropical Africa (8–20◦ S). These25

results suggest that CO from the primary burning regions north of the equator ex-
perienced southward cross-equatorial advection to the convective region, transport
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to the UT by deep convection, and eastward and northward advection within the
UT. Over South America, the highest seasonal mean concentrations of UT CO oc-
curred to the southeast of surface emission region, over the Amazon. The “LT ad-
vection→ convection” occurred over a large area within the South America analysis
domain, while the “local convection” pathway was mainly confined to the northwest-5

ern and southeastern corners. These results suggest that “LT advection→ convection”
was the dominant pathway for transporting CO to the UT over South America between
December 2006 and February 2007.

During boreal spring (Fig. 5), the largest CO concentrations in the UT were located
over the Gulf of Guinea and Central Africa. This center of high UT CO had a greater10

geographic overlap with both high CO in the LT and areas of strong convection rela-
tive 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 spatial coverage of the “local convection” pathway over the tropi-
cal African continent (12◦ S–12◦ N) relative to boreal winter. The “UT advection” path-15

way was prevalent over Northern Tropical Africa, while the “LT advection→ convection”
pathway was prevalent over Southern Tropical Africa. Over South America, concentra-
tions of CO in the UT were lower during boreal spring than during boreal winter (austral
summer). This may result from reductions in the frequencies of the “local convection”
and “LT advection→ convection” CO transport pathways.20

During boreal summer (Fig. 6), UT CO concentrations were highest over Southeast
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 Southeast Asia
is largely the result of fossil fuel emissions (Jiang et al., 2007), however, which are
not represented in the GFED CO emission dataset. Given this limitation of the GFED25

data, we instead continue to focus our 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.
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A center of high CO is apparent in the LT over the strong surface emissions in South-
ern Africa (Fig. 6b), but not over South America. The daytime boundary layer and
aerosol plumes are generally deeper over Africa (3–4.5 km, Labonne et al., 2007) than
over South America (Martin et al., 1988; Fu et al., 1999). Smoke layers in the Ama-
zon basin have been observed to reach 3 km in fire areas (Andreae et al., 2004),5

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. Because the boundary layer is deeper over Africa than over South America,
high CO concentrations emitted over Central Africa are more likely to be detected by
TES. Extensive cloudiness over South America may also play a role by reducing the10

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 prevalent only in a small equatorial15

region over the African continent (4◦ S–4◦ N). The locations of strongest fire-generated
emissions and strongest deep convective activity are in opposite hemispheres relative
to boreal winter (Fig. 4). This change causes a similar reversal in the preferred hemi-
spherical locations of the “UT advection” and “LT advection→ convection” pathways.
Over South America, the “local convection” pathway was confined to the northwestern20

corner. The lack of a strong center of high CO in the UT over South America may be
due to the relative infrequency of CO transport events relative to Central Africa (290 in
South America; 360 in Central Africa).

During boreal fall (Fig. 7), the strongest surface emissions occurred in South America
and Southern Africa, with a somewhat weaker center of fire-generated CO in North-25

ern Australia (Fig. 7c). Deep convective activity was centered over Northern South
America, Central Africa, and Southeast 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
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dominant over South America during this season. A secondary center of high UT CO
was observed over Central Africa. The “local convection” pathway was not as prevalent
over Central Africa as over South America, and “UT advection” played a more central
role in this region. In contrast to South America and Central Africa, CO remained low in
the LT and UT over Northern Australia despite strong surface emission. CO emissions5

appear to have been largely confined to the boundary layer over this region.

5 Discussion

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 that10

transport CO 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 our analysis period, CO emission over Central Africa peaked during boreal
winter, while convective activity was nearly constant throughout the year (Fig. 8a, bot-
tom). Meanwhile, CO concentrations in the UT peaked during boreal spring and fall15

(Fig. 8a, top). The seasonal variation of the occurrence frequency of the “local convec-
tion” pathway (Fig. 8a, middle) 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 in20

opposite hemispheres. Accordingly, the “local convection” transport pathway occurred
infrequently, leading to lower concentrations of CO in the UT. CO emission over South
America peaked during austral spring, while deep convection peaked during austral
summer and fall (Fig. 8b, bottom). CO concentrations in the UT decreased monotoni-
cally from austral summer to winter, followed by a peak during austral spring. As with25

Central Africa, the seasonal variation of UT CO over South America was consistent with
that of the occurrence frequency of the “local convection” pathway. The seasonality of
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the UT CO over Central Africa and South America does not follow those of CO surface
emission or convection. Figure 8 suggests that it primarily follows the seasonality of
CO transport by the “local convection” pathway.

Figure 9 shows the annual average increase of CO concentrations at 215 hPa asso-
ciated with the “local convection” and “LT advection→ convection” transport pathways.5

The “UT advection” pathway represents the redistribution of CO within the UT rather
than the introduction of new CO, so it is not considered here. Over Central Africa,
the average increase of CO due to transport by “local convection” is approximately
1–5 ppbv (10–50 %) higher than that due to transport by “LT advection→ convection”.
Over South America, the increase of UT CO associated with “local convection” is about10

1.5–7.5 ppbv (12–59 %) higher than that associated with “LT advection→ convection”.
These results suggest that the “local convection” pathway is more effective at trans-
porting CO from surface to the UT than the “LT advection→ 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 into15

the primary fire regions during the transition from dry season to wet season (Horel
et al., 1989, Li and Fu 2006).

6 Conclusions

We have presented a method that provides an automated identification of three path-
ways that transport CO to the UT. The method makes joint use of several A-Train satel-20

lite measurements, including Aura MLS CO, CloudSat CWC, and GFED CO emission
data derived from MODIS fire counts. Two case studies, one for boreal winter and one
for boreal spring, have demonstrated the effectiveness of our method for identifying CO
transport pathways.

Seasonal maps of the UT CO distribution from December 2006 to November 200725

(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
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these regions, the seasonal cycle of UT CO coincided with the seasonal cycle of the oc-
currence frequency of the “local 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 and convection were generally
located in opposite hemispheres during boreal winter and summer. During these sea-5

sons, the transport of CO to the UT occurred mainly via the “LT advection→ convection”
pathway, in which CO was advected from its source region in the winter hemisphere
to convective regions in the summer hemisphere, or via the “UT advection” pathway,
in which UT CO was redistributed from the summer hemisphere to the winter hemi-
sphere. The “local convection” pathway is significantly more effective at transporting10

CO to the UT than the “LT advection→ convection” pathway. Accordingly, the sea-
sonality of CO concentrations in the tropical UT follows the seasonality of the “local
convection” transport pathway.

Our results also indicate geographic and seasonal variations in the dominant CO
transport pathways, with strong dependences on surface climate conditions and circu-15

lation patterns. We must therefore be cautious about generalizing these results, which
are based on a limited time period. In future work, we will apply the method that we
developed for this study to a longer period to assess the climatological distribution of
transport pathways over the tropical continents, and we will use these results to exam-
ine variability at seasonal and interannual timescales.20
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Table 1. Validation of our automated detection method using back trajectories for the case
study described in Sect. 3.1 (9–16 January 2007 along 20◦ E). From left, columns indicate the
grid box for which a pathway was identified, the pathway identified by the automated method,
the pathway followed by the majority of trajectories, and the fraction of trajectories that agree
with the automated identification.

Grid box Identified pathway Trajectory pathway TrjFrac

28–24◦ S UT advection UT advection 100 %
24–20◦ S UT advection UT advection 94 %
20–16◦ S UT advection LT advection→ convection 41 %
16–12◦ S LT advection→ convection LT advection→ convection 79 %
12–8◦ S LT advection→ convection LT advection→ convection 86 %
8–4◦ S Local convection Local convection 67 %
4◦ S–0◦ Local convection UT advection 44 %
0–4◦ N UT advection UT advection 93 %
4–8◦ N UT advection UT advection 100 %
8–12◦ N UT advection UT advection 100 %
12–16◦ N UT advection UT advection 100 %
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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 GFED surface CO emission (bottom) over the
tropical land area (30◦ S–30◦ N) during December 2006–November 2007.
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(a) GFEDv2 CO emission (g CO/m2)
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Fig. 2. (a) GFED surface CO emission (color shading) and CloudSat CWC vertically integrated
above 6 km (contours). CWC contour interval is 100 mg m−3. (b) MLS CO concentrations at
215 hPa. (c) Zonal mean distributions of MLS and TES CO volume mixing ratio and CloudSat
cloud water content along an 8◦ cross-section centered at 20◦ E. Increases of CO are shown
as red solid contours and decreases as red dashed contours, with a contour interval of 5 ppbv.
NCEP/NCAR reanalysis meridional and vertical winds are shown as black arrows. The mag-
nitude of the vertical velocity is multiplied by 100 for clarity. The thin black horizontal line at
∼11 km indicates the boundary between MLS and TES CO. The black bold curve at the bottom
indicates normalized CO emissions along the cross section. Dots along the top of panel (c) indi-
cate the identified CO transport pathway: “local convection” (red), “LT advection→ convection”
(green), or “UT advection” (blue).
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Fig. 3. As in Fig. 2, but for the period 30 March–6 April 2007.
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Local convection

LT advection → convection

UT advection

Fig. 4. Seasonal (December 2006–February 2007) mean distributions of (a) MLS CO in the
upper troposphere (215 hPa), (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, 88–32◦ W) and Central Africa (20◦ S–20◦ N,
16◦ W–40◦ E). The two panels at the top show the spatial distributions of the dominant trans-
port pathway for each 8◦×4◦ grid box in the two analysis domains: “local convection” (red), “LT
advection→ convection” (green), or “UT advection” (blue). Grey dots indicate that no dominant
pathway could be identified.
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Local convection

LT advection → convection

UT advection

Fig. 5. As in Fig. 4, but for March–May, 2007.
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Fig. 6. As in Fig. 4, but for June–August, 2007.
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LT advection → convection

UT advection

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

32451

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/32423/2011/acpd-11-32423-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/32423/2011/acpd-11-32423-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 32423–32453, 2011

Geographic and
seasonal

distributions of CO
transport

L. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Winter Spring Summer Fall
0.0
0.2

0.4

0.6

0.8

1.0

1.2

C
O

 e
m

is
si

on
 (

g/
m

2 /m
on

)

50

100

150

200

250

300

In
te

gr
at

ed
 C

W
C

 (
m

g/
m

3 )

Winter Spring Summer Fall
0

5

10

15

20

25

P
at

hw
ay

 fr
eq

ue
nc

y 
(%

)

local conv
LT adv->conv

Winter Spring Summer Fall

70

80

90

100

21
5h

P
a 

C
O

 v
m

r 
(p

pb
v)

(a) Central Africa

Winter Spring Summer Fall
0.0
0.2

0.4

0.6

0.8

1.0

1.2

C
O

 e
m

is
si

on
 (

g/
m

2 /m
on

)

50

100

150

200

250

300

In
te

gr
at

ed
 C

W
C

 (
m

g/
m

3 )

Winter Spring Summer Fall
0

5

10

15

20

25

P
at

hw
ay

 fr
eq

ue
nc

y 
(%

)

local conv
LT adv->conv

Winter Spring Summer Fall

70

80

90

100

21
5h

P
a 

C
O

 v
m

r 
(p

pb
v)

(b) South America

Fig. 8. Seasonal cycles of (top) MLS CO at 215 hPa, (middle) the occurrence frequencies of
the “local convection” (red) and “LT advection → convection” (blue) CO transport pathways,
and (bottom) GFED surface CO emission (red) and CloudSat CWC vertically integrated above
6 km (blue) for (a) Central Africa (20◦ S–20◦ N, 16◦ W–40◦ E) and (b) South America (24◦ S–
12◦ N, 88–32◦ W) from December 2006–November 2007. Pathway frequencies represent the
occurrence frequency relative to all events (both transport and non-transport) in each region.
Error bars encompass ±2 standard error from the mean.
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Fig. 9. Annual mean increase of CO concentrations at 215 hPa associated with the “local
convection” (red) and “LT advection→ convection” (blue) CO transport pathways. Error bars
encompass ±2 standard error from the mean.
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