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Abstract. Past studies have identified a variety of pathwaysl Introduction

by which carbon monoxide (CO) may be transported from

the surface to the tropical upper troposphere (UT); however,

the relative roles that these transport pathways play in deterBiomass burning and fossil fuel combustion have long been
mining the distribution and seasonality of CO in the tropical "€cognized as globally important sources of trace gases and
UT remain unclear. We have developed a method to auto@€rosols, especially in the tropics. Carbon monoxide (CO)
mate the identification of two pathways (“local convection” Plays a particularly influential role in global atmospheric
and “advection within the lower troposphere (LT) followed chemistry. CO is a byproduct of the incomplete combustion
by convective vertical transport”) involved in CO transport Of carbon-based fuels, and can also be produced by the ox-
from the surface to the UT. This method is based on the joinfidation of methane and non-methane hydrocarbons (Jacob,
application of instantaneous along-track, co-located, A-Train1999). CO is an ozone (D precursor (Daniel and Solomon,
satellite measurements. Using this method, we find that thd 998) and serves as the primary sink of the hydroxyl radical
locations and seasonality of the UT CO maxima in the tropics(OH) (Thompson, 1992). The lifetime of CO in the tropical
were strongly correlated with the frequency of local convec-troposphere is 1-2 months, which makes it a useful tracer for
tive transport during 2007. We also find that the “local con- Studying the mass transport of air originating in regions of
vection” pathway (convective transport that occurred within Biomass burning or fossil fuel combustion (Edwards et al.,
a fire region) typically transported significantly more CO to 2006).

the UT than the “LT advectionr> convection” pathway (ad- Previous studies based on observations and/or modeling
vection of CO within the LT from a fire region to a convective (Novelli etal., 1998, 2003; Edwards et al., 2006; Duncan et
region prior to convective transport). To leading order, the@l-, 2007a; Junhua Liu et al., 2010; Macdonald et al., 2011)
seasonality of CO concentrations in the tropical UT reflecteghave shown that CO seasonal and interannual variability in
the seasonality of the “local convection” transport pathwaythe troposphere is affected by many factors, which can pri-
during 2007. The UT CO maxima occurred over Central marily be divided into the categories of photochemistry and
Africa during boreal spring and over South America during fransport. These factors vary greatly among different geo-
austral spring. Occurrence of the “local convection” transportgraphic regions.

pathway in these two regions also peaked during these sea- Edwards etal. (2006) used five years of CO data from MO-
sons. During boreal winter and summer, surface CO emissioff!TT to show that the interannual variation of tropospheric
and convection were located in opposite hemispheres, whic/F© in the Southern Hemisphere (SH) correlates well with
limited the effectiveness of transport to the UT. During thesethe El Nifo-Southern Oscillation (ENSO) precipitation in-

seasons, CO transport from the surface to the UT typicallydex. Duncan et al. (2007a) evaluated the global budget of
occurred via the “LT advectior> convection” pathway. CO from 1988 to 1997 using a chemical transport model and

found that emissions were largely constant during this pe-
riod, as increases in Asia were offset by decreases elsewhere.
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Junhua Liu et al. (2010) used model simulations to interpret 30°S ~ 30 °N Land Area
the spatial and temporal variations of CO in the lower tropo- el ' ' ' ' E
sphere (LT) and upper troposphere (UT), and suggested that 2 C ]
prevailing subsidence during the peak fire season over South S8 -
America (July—August) may trap CO near the surface un- E ¢ ]
til convection associated with the inter-tropical convergence 8 8 B
zone (ITCZ) moves into the fire region during September and g 78F _'
October. Macdonald et al. (2011) investigated the relative in- 5 F ]
fluences of trans-Pacific transport and emissions from North N 76 - 3
American forest fires on CO concentration at a high eleva- . 180 c DJF MAM  JJA SON =
tion site using 5yr of in-situ data. They argued that although £ 1 E E
trans-Pacific transport plays a role during boreal winter and sk E
spring, biomass burning is the most important contributor to g 174 = E
periods of elevated CO concentration during summer. O n2p =
Transport of CO from the surface to the UT has also £ 170 E
been studied extensively using data from field campaigns, > 168 3
satellites, and numerical modeling simulations. Thompson et IS 166 |- 3
al. (1996), Pickering et al. (1996), and Andreae et al. (2004) T ok DIF  MAM  JJA  SON 1
have shown that local deep convection over fire regions can E r ]
transport large amounts of CO to the UT. This “local con- E o2l -
vection” pathway is especially strong when the convection 8 - .
occurs in the form of pyrocumulonimbus clouds. CO may 2010 7
also be transported from a fire region to a convective region § 0.08 - B
within the LT and then transported to the UT by deep convec- E : ]
tion (Folkins et al., 1997; Andreae et al., 2001). This “LT ad- o 0.06 — —
vection— convection” pathway is consistent with observa- © DIF MAM __ JJA __ SON

tions that UT CO centers are often located above convective

regions rather than fire regions. This pathway may be particFig. 1. Seasonal averages of MLS CO at 215hPa (top), CloudSat
ularly relevant because fires typically occur during dry sea-cloud water content (CWC) vertically integrated above 6 km (mid-
sons when local deep convection is infrequent. The existenclgleé' and C?g@ESDz;“l\rlf)age co SmiSSi‘k’)” (g%té%m')\l over tk?e tzrggi;a'

H : H and area —. urin ecembper —Novembper .
and local importance of each of the two convectlon-lnducedThe MLS CO values at 215 h?Da have been scaled by 0.5 to compen-
transport pathways have been clearly demonstrated by pre- -

. . . . . Sate for the high bias.
vious case studies (e.g., Pickering et al., 1996; Folkins et
al., 1997; Andreae et al., 2001, 2004; Williams et al., 2002);
however, the roles and relative importance of the two path-
ways in determining the geographic and seasonal distribu- Relationships between the seasonal cycle of CO concen-
tions of CO in the tropical UT have not yet been comprehen-tration in the UT and the seasonal cycles of surface emission
sively evaluated. and convection are not straightforward. Emissions of CO at

Schoeberl et al. (2006) used satellite observations to dethe surface peak during boreal fall and winter, and convec-
scribe a semi-annual cycle of CO in the UT and lower strato-tive activity over the tropical land area betweerf $SOand
sphere (LS) with peaks in boreal spring (March—May) and30° N peaks during boreal summer and winter (Fig. 1). Mean
fall (September—November). They suggested that these se&O concentration in the UT peaks during boreal fall, when
sonal peaks of CO were related to seasonal peaks in biomag®nvective activity is at a minimum. Furthermore, the mean
burning in Asia, Africa, and South America. Liu et al. (2007) concentration of CO in the UT is higher during boreal spring
compared the geographic and seasonal distributions of tropithan during summer, even though surface CO emission and
cal deep convection with those of CO and water vapor in theconvective activity are both higher during summer than dur-
UT, and suggested that the elevated concentrations of CO iimg spring. The lack of correlations among peaks in mean CO
the UT observed during boreal spring and fall may have beerconcentration in the tropical UT and peaks in surface emis-
caused by the spatiotemporal coincidence of biomass burnsion and convective activity highlights the potential impor-
ing emissions and deep convective activity over Africa andtance of transport pathways.
South America during these seasons. These previous studies Duncan et al. (2007b) studied troposphere-to-stratosphere
(Schoeberl et al., 2006; Liu et al., 2007; Junhua Liu et al.,(TST) transport of CO and evaluated the impacts of
2010) suggest that spatial overlap between surface emissidoiomass burning pollution on the composition of the tropical
and deep convective activity enhances CO transport from théropopause layer (TTL) and lowermost stratosphere (LMS).
surface to the UT. They found that two TST pathways (slow ascent through
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the TTL and quasi-horizontal exchange into the LMS) are The Aura MLS detects CO in the UT/LS region by mea-
of similar importance for the transport of biomass burning suring thermal emission at 240 GHz with a limb-viewing
pollution. By contrast, our study focuses on the pathwaysgeometry (Pumphrey et al., 2007; Livesey et al., 2008).
that transport CO from the surface to the UT (215 hPa, be-The vertical resolution of the CO retrieval is approximately
low TTL) and how their seasonal variations influence the4km in the UT/LS, and the horizontal resolution is approx-
seasonal variation of UT CO over two important biomassimately 5km across-track and 300-400 km along-track. We
burning regions. Junhua Liu et al. (2010) used GEOS-Chenuse Level 2 CO derived according to the MLS Version 2.2
model simulations to evaluate CO transport in the GEOS-4(v2.2) retrieval algorithm and screen the data as recom-
and GEOS-5 assimilated meteorological fields and to idenmended by Livesey et al. (2007). The valid CO data in the
tify causes of discrepancies between observations and simWJT are provided at 215, 147, and 100 hPa. The MLS v2.2 CO
lations. data has a systematic factor-e® high bias at 215 hPa, but
This study develops a method using co-located satellitethe morphology is generally realistic (Livesey et al., 2008).
measurements to automatically identify the two convection-We have also performed the pathway analysis using MLS
induced CO transport pathways, and uses this method t&ersion 3.3 (v3.3) data. This version has eliminated the high
study the relative importance of these two pathways to seapositive bias at 215hPa, but the ability of the retrieval to
sonal variations of CO in the tropical UT. Although CO separate clouds and CO is considerably worse than in v2.2
concentration can be influenced by multiple transport path-{Livesey et al., 2011). Our results using v3.3 are similar to
ways simultaneously, the two transport pathways definedhose using v2.2; accordingly, we only present results based
here broadly represent long-range transport of CO from theon MLS v2.2 CO data in the following sections.
surface to the UT, such as that associated with the ITCZ. TES is an infrared Fourier transform spectrometer with
Previous studies have used data from A-Train (L’Ecuyer anchigh spectral resolution (0.1 cth) and a wide spectral range
Jiang, 2010) satellites to study CO transport (e.g., Fu et al.(650-3050 cm?) (Beer et al., 2001; Beer, 2006). The foot-
2006; Park et al., 2007; Barret et al., 2008; Halland et al.,print of each TES nadir observation isx38 km (Beer, 2006).
2009; Junhua Liu et al., 2010; Jin et al., 2011). Here, weTES retrievals of CO are primarily sensitive to CO concentra-
build upon these previous studies by presenting and applyingions in the 700-200 hPa pressure range and have been found
an automated detection mechanism for the two CO transpottio be consistent with measurements made by the Measure-
pathways described above. This method streamlines the idemaents of Pollution in the Troposphere (MOPITT) satellite
tification of CO transport pathways by intelligently combin- instrument (Luo et al., 2007b) and aircraft data (Luo et al.,
ing instantaneous along-track observations of CO in the UT2007a; Lopez et al., 2008). TES cannot reliably retrieve CO
from the Aura Microwave Limb Sounder (MLS), observa- inthe presence of clouds (Halland et al., 2009). We use V004
tions of convective clouds from the CloudSat radar, and COof the level 2 TES data (FQ87) and screen the data accord-
emissions derived from Moderate-resolution Imaging Spec-ing to the recommended guidelines (Osterman, 2009).
troradiometer (MODIS) fire data, as described in Sects. 2 CloudSat carries the first space-borne 94-GHz cloud pro-
and 3. We apply the method to quantify the frequency of oc-filing radar (CPR) to measure vertical structures of cloud and
currence of each transport pathway with respect to the majoprecipitation (Stephens et al., 2002). Each CPR profile has
centers of elevated CO in the tropical UT, as presented ira vertical resolution of~500 m, but the measurements are
Sect. 4. We are then able to evaluate the relative importanceeported on an increment ef240 m with 125 vertical lay-
of the two pathways in determining the seasonality of UT COers. The footprint for a single profile is approximately 1.3 km
over the selected domains, and to reconcile the mismatch beacross-track by 1.7 km along-track, with along-track sam-
tween the seasonal cycle of UT CO and the seasonal cyclegling spaced every 1.1 km (CloudSat Project, 2008). CWC
of surface CO emissions and convective activity, as shown irrepresents the sum of cloud ice water content (IWC) and lig-
Sect. 5. The main conclusions of this work are summarizeduid water content (LWC) observed by CloudSat.
and discussed in Sect. 6. CO emission at the surface is obtained from the Global
Fire Emission Database version 3 (GFED3) which has re-
cently been released (van der Werf et al., 2010). This gridded
data is provided at 0.5 0.5° spatial resolution and monthly

o . . mporal resolution, and incl m r nd fire emis-
The seasonal distributions of CO concentration are descnbe&e. porai reso ution, a d includes burned area and € emis
Sions. Emissions of fire-generated trace gases are derived by

according to satellite observations taken by the Aura MLS forcombining information on burned area with MODIS fire hot

the upper troposphere and the Aura Tropospheric Em'ss.'or%pots (Giglio et al., 2006, 2010), biogeochemical model esti-
Spectrometer (TES) for the lower troposphere. The location 7 .
. .~ mates of fuel burned, and emission factors for each species.

satellite observations of cloud water content (CWC) taken b?/The approach used to derive daily CO emission from GFED3

the CloudSat millimeter-wavelength cloud radar. monthly emissions is described by Mu etal. (2011).

2 Datasets
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3 Methodology co-located with deep convection, but the co-located surface
CO emission is zero. The effectiveness and validity of this
We select South America (26-12 N, 88-32 W) and Cen-  method for identifying CO transport pathways is demon-
tral Africa (20°S-20 N, 16 W-4C°E) as our domains. strated in the following section, which describes a detailed
These are two of the most important tropical biomass burn-case study.
ing regions and coincide with the locations of UT CO max-
ima in the tropics. CO has a relatively long lifetime in the A case study
UT. We evaluate the change of CO concentration in the UT
by calculating the difference between instantaneous CO med-igure 2a shows the spatial distributions of surface CO emis-
surements at 215 hPa and monthly mean values interpolatesion and MLS instantaneous, along-track measurements of
from a # latitude x 8° longitude grid to the observational CO concentration in the UT (215 hPa) on 12 January 2007.
location and level. The threshold of CO increase is 20 ppbv,The strongest CO emission was located over northern Africa,
which coincides with the estimated precision of MLS CO while moderate CO emission occurred in northern South
at 215hPa (Livesey et al., 2007). If the calculated changeAmerica and southern Brazil. The MLS detected high CO
in UT CO exceeds 20ppbv, it is defined as an increase otoncentrations over the South American continent and south-
CO in the UT. We use vertically integrated CloudSat CWC ern Africa, south of the primary CO emission region in
above 6 km (iICWGC6 km) to represent convective activity. Africa (Fig. 2a). The southward displacement of the UT CO
The threshold for iCWG@6 km is 100 mgm?, which is ap- maximum relative to the surface emission region may sug-
proximately the median value of all the iICW&km over  gest that CO was not directly transported to the UT by local
the selected South America and Central Africa domains. Ifconvection.
the observed iCW@® km exceeds this value 100 mgH#j it To illustrate how CO transport pathways affect the UT CO
is defined as deep convective activity. To justify the use ofconcentration over Central Africa, we choose a vertical cross
CloudSat CWC as an indicator of deep convection, we havesection along the MLS track which is parallel to the CloudSat
compared it with the TRMM cloud feature database (Liu track indicated by the blue line (Fig. 2a). This cross section
et al., 2008) and ISCCP D2 deep convective cloud amounts along the Aura satellite descending track fron? ROto
data (Rossow and Schiffer, 1999). The spatial distributions20° S; the starting and ending points are indicated by A and
of deep convection averaged over periods of 8 days or longeB, respectively (Fig. 2a and b). CO emission was occurring
are nearly identical among these three datasets. Cirrus clouddong this track from 12N to nearly 3 S, while the increase
that are not associated with convection typically have a muctof CO (>20 ppbv) at 215 hPa was mainly located in the SH
smaller CWC (Sibm et al., 2003) than the convective anvils between the equator and14. CO increases in the UT oc-
captured by our CWC threshold. Thus, CloudSat CWC iscurred with co-located deep convection and surface emission
appropriate for identifying convective activity in this work. at latitudes between°S and 3 S, suggesting CO transport
During the year 2007, Aura MLS and CloudSat measure-from the surface to the UT via the “local convection” path-
ments are separated by only 7-8 min in time, but their meaway. CO increases between 53-8 and 13-14S were co-
surement tracks are separatecN800 km at low and middle  located only with deep convection, suggesting CO transport
latitudes (Savtchenko et al., 2008). Thus, MLS and CloudSavia the “LT advection— convection” pathway. The distinc-
measurements are not exactly co-located for tropical cloudstion between these two pathways is dependent upon the dis-
however, because mesoscale convection is typically 100 kntribution of surface CO emission. Our automated detection
or more in size (Houze, 2004) and CO is a long-lived tracer,method captures the occurrence of these pathways, as indi-
CloudSat observations are likely to be indicative of the con-cated by the red (“local convection”) and blue (“LT advection
vective conditions affecting UT CO along the MLS track. — convection”) markers (Fig. 2b).
We co-locate CloudSat CWC with MLS CO measurements As validation of our automated detection method, we in-
by averaging CWC in boxes of &long-track and 1across-  tegrate seven-member back trajectory ensembles from each
track centered on the MLS measurement locations (approx215 hPa observation along this MLS track. Each ensemble
imately matching the MLS footprints). To co-locate GFED3 consists of one trajectory initialized from the center of the
daily CO emission with MLS observation, we first identify MLS footprint, four trajectories initialized at offsets #0.5
the 0.5x 0.5° grid box that contains the center of the MLS in latitude and longitude, and two trajectories initialized at
footprint, then check for surface CO emission within any of +2 K in potential temperature. The initial potential tempera-
a 5x 5 set of grid boxes centered on the co-located grid boxtures are calculated according to MLS retrievals of tempera-
(i.e., 2.5x 2.5 resolution). ture at 215 hPa. The trajectories are calculated using a modi-
The “local convection” pathway is identified when an in- fied version of the Goddard Fast Trajectory model (Schoeberl
crease of CO in the UT is detected simultaneously co-locateénd Sparling, 1995; Wright et al., 2011), driven by winds and
with non-zero surface CO emission and deep convection. Théeating rates from NASA's Global Modeling and Assimila-
“LT advection — convection” pathway is identified when tion Office (GMAQO) Modern-Era Retrospective Analysis for
an increase of CO in the UT is detected simultaneouslyResearch and Applications (MERRA) reanalysis (Rienecker
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Fig. 2. (a) Spatial distributions of GFED3 surface CO emission and MLS instantaneous along-track measurements of CO concentration at
215hPa on 12 January 2007. The solid blue line indicates the CloudSat track parallel to the MLS track selected for the case study discussec
in Sect. 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 (24S-12 N, 88—-32 W) and Central Africa (20S-20 N, 16° W—4(® 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 redQcgd Tine

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”.

et al., 2011). The initial isentropic positions of the trajecto- than trajectory pressures or (2) less than 350 hPa. This sec-
ries are calculated according to the corresponding Aura MLSond threshold accounts for persistent low biases in infrared
retrievals of temperature at 215 hPa. Trajectories are initial-estimates of cloud top height (Sherwood et al., 2004) and
ized at the MLS observation (1 trajectory per ensemble), ais more in line with the representation of convection in the
+0.5 in latitude and longitude (4 trajectories per ensemble),automated method (vertically-integrated CWC above 6 km).
and at+2 K in potential temperature (2 trajectories per en- Convective intersections within 250 km of the trajectory ini-
semble), and were integrated backward in time for one dayialization point are considered local.
or until a convective source was identified. The results of the trajectory simulations are in good agree-
We identify convective sources for each trajectory us-ment with the results of the automated detection mechanism
ing two independent representations of convection: three{Fig. 3). The CO transport pathway identified by the auto-
dimensional convective cloud fraction from the MERRA re- mated method matches the pathway followed by the majority
analysis (Rienecker et al., 2011) and cloud top pressure fronof trajectories in 24 out of 27 cases according to both repre-
the International Satellite Cloud Climatology Project (IS- sentations of convection. For the other three cases, the auto-
CCP) DX dataset (Rossow et al., 1996; Rossow and Schifmated method is only in disagreement with one of the two
fer, 1999). The MERRA cloud product is generated by thetrajectory estimates (i.e., the two trajectory estimates also
reanalysis model, and is provided as three-hour averages aflisagree with each other). At 1.48, the automated method
a 1.25x 1.25 grid. Convective cloud top pressures are esti- identifies “local convection”; 71 % of the trajectories in this
mated using a linear interpolation in In(p). We use 3-hourly ensemble intersect with local ISCCP cloud tops, while none
ISCCP DX data from Meteosat-7 and Meteosat-8 for Centralintersect with local MERRA cloud tops. Both ISCCP and
Africa, and from GOES-11 and GOES-12 for South Amer- MERRA indicate that the convective sources for some of
ica. We bilinearly interpolate cloud top pressures to the tra-these trajectories were located to the east of the MLS satel-
jectory points from the gridded datasets, and identify con-lite track (in the same direction as the CloudSat track), but
vective intersections when cloud top pressures are (1) lesenly ISCCP indicates that these sources were within 250 km

www.atmos-chem-phys.net/12/4683/2012/ Atmos. Chem. Phys., 12, 46&38 2012
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Fig. 3. Results of the trajectory analysis of CO transport for the case study shown in K&).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 advectiortonvection”), and the pathway identified by

each trajectory is indicated by the color of the line and terminating circle (if &by)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 locgtpasadib).

of the trajectory starting points. The automated method doegrain automated method; and ISCCP DX and MERRA in the
not identify convective transport at 89% or 10.39S.86%  trajectory analysis), and find that the results are qualitatively
of the 8.92 S ensemble intersects with local ISCCP cloud robust. We have also performed trajectory analyses for 11
tops and 14 % intersects with local MERRA cloud tops, other MLS tracks through Central Africa and South America
while 86 % of the 10.39S. Comparison of Figs. 2 and 3a—b on 12 January 2007, with similar results.

suggests that these discrepancies are related to slight differ- This case study shows that the two CO transport pathways
ences in the distributions of convection among these threean be successfully diagnosed through the joint use of Aura,
datasets. For instance, it appears ISCCP indicates that th@loudSat, and MODIS measurements at synoptic scales. Our
cluster of convection between the equator 18 S extends  detection criteria capture the relationships between surface
slightly further southward (Fig. 3a) than observed by Cloud- CO emission, convective activity, and changes in UT CO that
Sat (Fig. 2) or simulated by MERRA (Fig. 3b). Meanwhile, are associated with these transport pathways. We now apply
MERRA simulates a cluster of convection to the east of thethis method to identify geographic and seasonal variations in
MLS track at 10.39S (Fig. 3b) that ISCCP indicates is lo- the relative frequencies of occurrence of the two CO trans-
cated further east (Fig. 3a) and CloudSat does not observeport pathways over Central Africa and South America be-
Overall, our automated method performs well in compari- tween December 2006 and November 2007.

son to the more computationally-expensive trajectory anal-

ysis. Discrepancies between the automated method and ei-

ther trajectory ensemble are similar to discrepancies between

the two trajectory ensembles, suggesting that uncertaintieg Seasonal distribution of CO transport pathways
associated with the representation of convection are intrin-

sic to any study of convective transport in these regions. Weig ,res 4-7 show the seasonal mean geographic distribu-
have applied multiple represen.tatmns of convection in d'ﬁer'tions of CO emission, convective activity, and CO in the
ent contexts (CloudSat CWC in the along-track automated + (681 hPa) and UT (215hPa) during the period Decem-
method; CloudSat CWC, the TRMM cloud feature databas€,er 500g_November 2007. The frequencies of occurrence of
and ISCCP D2 deep convective cloud amount in a coarseg,q gifferent CO transport pathways are computed for each

Atmos. Chem. Phys., 12, 46834698 2012 www.atmos-chem-phys.net/12/4683/2012/
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(b) TES CO in the lower troposphere (681 hPa), &)dsFED surface CO emission (color shading) and CloudSat CWC vertically integrated
above 6 km (contours). The CWC contour interval is 100 mignThe two selected analysis domains are outlined in red: South America
(24° S-12 N, 88—-32 W) and Central Africa (20S-20 N, 16° W—4(° E). The two panels at the top show the spatial distributions of the
relative frequency (percentage) of each transport pathway for eact? &rid box in the two analysis domains: “local convection” (left),
“LT advection— convection” (right).

domain. The boundaries of the two domains are denoted byo the convective regions, then transported by deep convec-
red boxes in each figure. tion to the UT.

During boreal winter, the strongest emission of fire- The topmost panels of Fig. 4 show the spatial distributions
generated CO occurred in the savanna region of northerof the relative frequency of each transport pathway in the
Africa (Fig. 4c). Deep convective activity was most pro- two domains. The relative frequency is calculated as the per-
nounced over southern Africa, South America, and Indonecentage of each transport pathway normalized by the total
sia, away from the strongest fire regions. In the LT (Fig. 4b),number of CO increase cases within eacHatitude x 8°
high CO concentrations were mainly located over the Gulflongitude grid box. Burning was strongest between the equa-
of Guinea and Central Africa, to the south of the primary COtor and 10 N in Africa; CO increases in the UT over north-
emission region at the surface. The center of elevated CO irrn Africa (0—18 N) were primarily attributable to the “lo-
the UT over Central Africa was co-located with convective cal convection” pathway. The “LT advectioh convection”
activity, also to the south of the primary CO emission region pathway was dominant in southern tropical Africa (8%30,

(Fig. 4a). Over South America, the CO maximum in the UT suggesting that CO from the primary burning regions north of
was located over the Amazon, to the southeast of the largegshe equator experienced southward cross-equatorial advec-
surface emissions. The displacement of CO maxima in thdion to the convective region, followed by deep convective
UT relative to surface emission regions and the co-location ottransport to the UT. Over South America, the “LT advection
these maxima with convective activity suggest that CO was— convection” pathway occurred over a large area within
advected southward within the LT from the emission regionsthe analysis domain, while the “local convection” pathway

www.atmos-chem-phys.net/12/4683/2012/ Atmos. Chem. Phys., 12, 46838 2012



4690 L. Huang et al.: Geographic and seasonal distributions of CO transport pathways

N
a
=)
=}

N
=]
B
3

=
(5]
Percent of LT-adv-conv cases (%)

w
=3

H
o
Percent of Loc-conv cases (%)

)
IN

o
=
N

o
o

30E 7 90w 60W 30W 0 30E

2007 MAM
(a) MLS 215hPa CO - N
S @ S S <

0w 60W 30W

40N
20N\

CO emission (g CO/m?*mon) TES 681hPa CO (ppbv) MLS 215hPa CO (ppbv)

10* 10% 10%? 10" 10° 10' 10% 35 65 95 125 155 18535 55 75 95 115 135

Fig. 5. As in Fig. 4, but for March—May 2007.

was mainly confined to the northwestern and southeasterto boreal winter, as shown in the top left panel. Over South
corners. These results suggest that “LT advectiononvec-  America, UT CO concentrations were lower during boreal
tion” was the dominant pathway for transporting CO to the spring than during boreal winter (austral summer). This co-
UT over South America between December 2006 and Februincides with a reduction in the occurrences of both convective
ary 2007. pathways. The reduction in the occurrence of the “LT advec-
During boreal spring (Fig. 5), CO emission was the tion — convection” pathway is more pronounced than that
strongest in Southeast (SE) Asia, and was relatively weak irof the “local convection” pathway.
Central Africa, Central America and northern South Amer- During boreal summer (Fig. 6), UT CO concentrations
ica (Fig. 5c). Deep convection was prevalent over equatowere highest over SE Asia, with a broad center of high CO
rial Africa, South America, Central America and tropical extending from India in the West across southern China to
Asia, all regions where CO emission occurred. In the LT the western Pacific Ocean in the East (Fig. 6a). CO over SE
over West Africa and SE Asia (Fig. 5b), high CO centers Asia is largely attributable to fossil fuel emissions (Duncan
were collocated with surface emission, suggesting that CCet al., 2007a; Jiang et al., 2007), which are not represented in
was transported directly from the boundary layer to the LT.the GFED3 CO emission dataset. Given this limitation of the
The largest CO concentrations in the UT were located oveiGFED3 data, we instead focus our analysis on South Amer-
the Gulf of Guinea and Central Africa (Fig. 5a). This center ica and Africa, where emissions of fire-generated CO are
of high UT CO had a greater geographic overlap with bothstrongest (Fig. 6¢). Most deep convective activity in these re-
high CO in the LT and areas of strong convection relativegions during boreal summer occurred over Central America
to that observed during the winter season (Fig. 4). Furtherand northern tropical Africa.
more, greater overlap between convective activity and the fire A center of high CO is apparent in the LT over the strong
source regions during boreal spring increased the occurrencaurface emissions in southern Africa (Fig. 6b), but not in
and spatial coverage of the “local convection” pathway overSouth America. The daytime boundary layer and aerosol
the tropical southern African continent 28—2 N) relative ~ plumes are generally deeper over Africa (3—4.5 km, Labonne
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Fig. 6. As in Fig. 4, but for June—August 2007.

etal., 2007) than over South America (Martin et al., 1988; Fulent over the southeastern part of the continent (164
et al., 1999). Smoke layers in the Amazon basin have beewhile the “LT advection— convection” pathway was preva-
observed to reach 3km in fire areas (Andreae et al., 2004)lent over northern South America®(3—12 N, top panel of
but the daytime boundary layer outside of active fire areagrig. 6). The lack of a strong center of high CO in the UT
is generally shallower than 2km (800 hPa) during this sea-over South America may be due to the relative weakness of
son. TES is sensitive to CO between 700 hPa and 200 hPeonvective activity, as shown in the bottom panel of Fig. 6.
(Lopez et al., 2008). Because the boundary layer is deeper During boreal fall (Fig. 7), the strongest surface CO emis-
over Africa than over South America, high CO concentra- sions occurred in South America and southern Africa, with
tions emitted over Central Africa are therefore more likely to moderate CO emissions in northern Australia (Fig. 7c). Deep
be detected by TES. Extensive cloudiness over South Amereonvective activity was centered over northern South Amer-
ica may also play a role by reducing the TES sampling rate. ica, Central Africa, and SE Asia. The largest CO concentra-
High concentrations of CO in the LT and UT over equato- tions in both the LT (Fig. 7b) and UT (Fig. 7a) were located
rial western Africa suggest that CO originating in fires over over South America, suggesting that vertical transport of CO
southern Africa was transported by LT advection to Westwas locally strong. Indeed, the “local convection” pathway
Africa, then lifted to the UT by convection associated with was dominant over much of South America during this sea-
the African monsoon circulation. The “local convection” son (4-24 S, top panel of Fig. 7). A secondary center of high
pathway was only prevalent in equatorial southern Africa (2—UT CO was observed over Central Africa. The “local con-
10° S). The locations of strongest CO emissions and deepection” pathway was not as prevalent over Central Africa as
convective activity are in opposite hemispheres relative toover South America. In contrast to South America and Cen-
boreal winter (Fig. 4). This change causes a similar revertral Africa, CO remained low in the LT and UT over northern
sal in the preferred hemispheric locations of the “local con-Australia despite strong surface emission. CO emissions ap-
vection” and “LT advection— convection” pathways. Over pear to have been largely confined to the boundary layer in
South America, the “local convection” pathway was preva- this region.
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Fig. 7. As in Fig. 4, but for September—November 2007.

5 Discussion et al. (2010) used model simulations to show that seasonal
changes in the biogenic source (from isoprene) do play an

The lifetime of CO in the troposphere is largely determined IMPortantrole in the seasonality of UT CO over South Amer-
by the concentration of OH, its main sink (Levy I, 1971: ica; however, biomass burning is the largest source of CO to

Thompson, 1992). The levels of tropospheric hydroxyl rad-the UT in burning regions dgring the biomass burning_ sea-
icals are strongly correlated with solar ultraviolet radiation SONS (November—February in the NH, June—October in the

(Rohrer and Berresheim, 2006) and have different seasonat!!)- Therefore, the seasonal variations of CO in the tropi-
cycles at various latitudes. The lifetime of CO in the tropo- €&l UT are likely to be largely determined by the convective

sphere is longer during local winter than during local Sum_tran_sport of CO generated by biomass bu_rmng. )

mer, especially in the middle and higher latitudes (Duncan et Figures 4-7 suggest that the seasonality of tropical mean

al., 2007a). Because this work focuses on the tropical $20 UT CO concentration (258_,25) N) is controlleq to leading
20° N) UT (215 hPa), seasonal changes in CO lifetime areorder by seasonal changes in the centers of high UT CO over
therefore much less than those in the mid-latitudes. Central Africa and South America. Seasonal changes in the

Biomass burning represents the largest source of CO in th@athways that transport CO from the surface to the UT over
tropics during burning seasons, especially in the SH; duringn€Se W regions therefore appear to play key roles in deter-

other seasons, oxidation of Gtnd biogenic non-methane mining the seasonal cycle of UT CO in the tropics.

hydrocarbons (NMHC) may be more important (e.g., Logan During our analysis period, CO emission over Central
etal., 1981: Holloway et al., 2000; Duncan et al., 2007a; Jun_Afrlca peaked during boreal winter, while convective activ-

hua Liu et al., 2010). The seasonal variations of CO produciy Was nearly constant throughout the year (Fig. 8a, bot-

tion from biogenic sources and Gléxidation at the surface [©©M Wo panels). Meanwhile, CO concentrations in the UT
and in the LT are also relatively small compared to the sealP€aked during boreal spring and fall (Fig. 8a, top). The sea-

sonal variations of biomass burning in the SH (Duncan e,[sonal cycle of average CO increase reflects a combination of
al., 2007a; Junhua Liu et al., 2010). In the UT, Junhua Liuthe two pathways; however, the “local convection” pathway
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Fig. 8. Seasonal variation of: (top panel) MLS CO at 215hPa (scaled by 0.5); (second panel from top) average CO increase associated
with the “local convection” pathway (red line), with the “LT advectiesn 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 6 km;
and (bottom panel) GFEDS3 surface CO emission(&rCentral Africa (20 S-2C N, 16> W—-4(° E) and(b) South America (24S-12 N,

88-32 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.

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 con- 70¢ :

vection” transport events (Fig. 8a, third panel from top) was 2 [ | *local conv ]
similar to that of UT CO concentration. This result suggests S 65 | « LT adv->conv ]
that the seasonal prevalence of the “local convection” path- < I ]
way plays a key role in the seasonal variation of UT CO over £ 6or E
Central Africa. During boreal winter and summer, the pri- 5 551 1
mary fire regions and the convectively active regions were lo- s f I 1
cated in opposite hemispheres. Accordingly, the “local con- qé 50} -
vection” transport pathway occurred infrequently, leading to 5—5 ; 1
lower concentrations of CO in the UT. o 4571 I ! ]
CO emission over South America peaked during austral © a0t ‘ ‘ ]
spring, while deep convection peaked during austral sum- Central Africa South America

mer and fall (Fig. 8b, bottom two panels). CO concentrations ) ) .

in the UT decreased monotonically from austral summer tofig- 9. Annual mean increases in CO concentrations at 215 hPa as-

winter, followed by a peak during austral spring. As with sociateq with the “local convection” (red) and “LT advectien

Central Africa, the seasonal variation of UT CO over South convection” (blue) CO transport pathways. Error bars encompass
. ’ . : . +2 standard errors of the mean.

America was consistent with that of the number of “local

convection” transport events, which again transports more
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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 advectienconvection” transport events, respectively; third and fifth
columns indicate the average CO increase associated with “local convection” and “LT advectionvection”, respectively; sixth column
indicates the average CO increase associated with the combination of both pathways; seventh column indicates the difference between th
average CO increase associated with “local convection” and the average CO increase associated with “LT adveatieection”. The

numbers in the parentheses at2 standard errors of the mean.

Domain local convection LT advection meanACO meamnACO
convection combined (ppbv) difference (ppbv)
numof meamACO numof meam\CO
events (ppbv) events (ppbv)
South America 382 62.044.5) 1752  45.6£1.0) 48.5 ¢£1.2) 16.4
Central Africa 323 52.543.0) 1179  43.74£1.2) 45.6 (£1.1) 8.8

CO per event than the other pathway during all seasons. Almuch higher (3-5 times) than the total number of “local con-

though the seasonal pattern of the number of “LT advectionvection” events identified by our method, the average CO in-
— convection” transport events is similar to that of UT CO, crease is significantly lower (as also shown in Fig. 9). These
the number of “LT advectior> convection” transport events results indicate that the “local convection” pathway more ef-

peaks in austral summer rather than austral spring. The sediciently transports CO from the surface to the UT, and they

sonality of UT CO over Central Africa and South America provide an explanation of the greater influence that this path-
does not coincide with the seasonalities of surface CO emisway exerts on the seasonal cycles of UT CO over Central
sion or convective activity. Figure 8 suggests that it primarily Africa and South America.

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 6 Conclusions

shown) when MERRA reanalysis data is used to eliminate

cases with UT convergence (the presence of which might in V& have presented a method that provides an automated

dicate advection from remote sources in the UT rather tharidentification of two pathways that transport CO from the

local convective lofting), suggesting that the relationship be-Surface to the UT through a joint use of several A-Train
tween “local convection” and UT CO is not qualitatively in- satellite measurements (mcluo_llng Aura_MLS CO, Cloud-
fluenced by advection of CO in the UT. Sat CWC, and GFED CO emission derived from MODIS

Figure 9 shows the annual average increase of CO confire counts data). We have shown a case study that demon-

centrations at 215 hPa associated with the “local convection’Strates the.effecu.veness and validity of this T“e‘hOd based
and “LT advection— convection” transport pathways. Over ©n comparison with the results of a back trajectory analy-

Central Africa, the average increase of CO due to transporB'S: This method allows us to objectively identify CO trans-
by “local convection” is approximately 513 ppbv (11—30 %) port pathways and provides a statistical description of the

higher than that due to transport by “LT advectienconvec- geographic and seasonal variations in these transport path-
tion”. Over South America. the increase of UT CO associ-Ways. Seasonal UT CO distributions from December 2006 to
ated with “local convection” is about 11-22 ppbv (24—48 %) November 2007 (Figs. 4—7) show that the primary centers of
higher than that associated with “LT advectien convec- high UT CO were located over Central Africa during boreal
tion”. These results suggest that the “local convection” path-SPring and over South America during austral spring. In both
way is more effective at transporting CO from surface to theOf these regions, the seasonal cycle of UT CO coincided with

UT than the “LT advectior- convection” pathway, and pro- the seasona! cycle of the frequency of the “local convectign“
vide a reasonable explanation for the similarity between theP@thway. This appears to be because the “local convection”
seasonal cycles of UT CO and the occurrence of the “localP@tway is significantly more effective at transporting CO to
convection” pathway. The enhancement of CO increases ovef€ UT than the “LT advectior- convection” pathway. Con-
South America relative to those over Central Africa may be VECtVe activity and, to some extent, surface CO emissions

due to higher surface emissions and a more rapid advanc¥eré stronger during bqreal winter and summer than dur-
of convection into the primary fire regions during the tran- N9 Poreal spring and fall; however, CO emissions were gen-

sition from dry season to wet season (Horel et al., 1989: Ljerally located in the opposite hemisphere from convection

and Fu, 2006). Table 1 presents the annual statistics of thduring boreal winter and summer. Consequently, CO was

two transport pathways in both analysis domains. AlthoughtYPically transported via the “LT advectior- convection”
the total number of “LT advectior> convection” events is  Pathway over Central Africa during boreal winter and over
South America during austral summer. The “LT advection
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or more. This threshold is necessary due to the uncertaintie&ndreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank, G.
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