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Abstract. We use the GEOS-Chem chemistry-transportit is caused by the prevailing subsidence in the LT until con-
model (CTM) to interpret the spatial and temporal varia- vection moves south in September, as well as the low sensi-
tions of tropical tropospheric CO observed by the Microwavetivity of TES data in the LT over the African Plateau. The
Limb Sounder (MLS) and the Tropospheric Emission Spec-MLS data suggest that too much CO has been transported
trometer (TES). In so doing, we diagnose and evaluate transirom fires in northern Africa to the UT in the model during
port in the GEOS-4 and GEOS-5 assimilated meteorologicathe burning season, as does MOZAIC aircraft data, perhaps
fields that drive the model, with a particular focus on vertical as a result of the combined influence of too strong Harmattan
mixing at the end of the dry season when convection movesvinds in the LT and too strong vertical mixing over the Gulf
over the source regions. The results indicate that over Soutbf Guinea in the model.

America, deep convection in both GEOS-4 and GEOS-5 de-
cays at too low an altitude early in the wet season, and the

source of CO from isoprene in the model (MEGAN v2.1) is )

too large, causing a lag in the model's seasonal maximum of-  Introduction

CO compared to MLS CO in the upper troposphere (UT). . , i i
TES and MLS data reveal problems with excessive trans/\tmospheric carbon monoxide (CO) is produced from in-
port of CO to the eastern equatorial Pacific and lofting in complete combust|on_of fossn fuel and blgfuels, biomass
the ITCZ in August and September, particularly in GEOS- Purning, and from oxidation of atmospheric methane and
4. Over southern Africa, GEOS-4 and GEOS-5 simulationsOther hydrocarbons. It plays a critical role in controlling the
match the phase of the observed CO variation from the lowefXidative capacity of the atmosphere through reaction with
troposphere (LT) to the UT fairly well, although the magni- th€ primary tropospheric oxidant, the OH radial, and its ox-
tude of the seasonal maximum is underestimated considefdation provides a source or sink for ozone, depending on
ably due to low emissions in the model. A sensitivity run |€VelS of nitrogen oxides (e.g., Levy, 1971; Crutzen, 1973;
with increased emissions leads to improved agreement witfr09an et al., 1981). It also has an indirect radiative effect

observed CO in the LT and middle troposphere (MT), but the(Daniel and Solomon, 1998; Solomon et al., 2007). Carbon
amplitude of the seasonal variation is too high in the UT in monoxide has a lifetime on the order of weeks in the tropics,

GEOS-4. Difficulty in matching CO in the LT and UT im- considerably shorter than the inter-hemispheric_mixing time
plies there may be overly vigorous vertical mixing in GEOS- of about a year. It has b_een_used as a_tracer to diagnose trans-
4 early in the wet season. Both simulations and observation8°rt Pathways of pollution in the tropical troposphere (e.g.,
show a time lag between the peak in fire emissions (July andtaudt et al., 2001; Edwards et al., 2006). The life time of

August) and in CO (September and October). We argue that© in tlhe tropical troposphere is Ionger than the time-scale
for vertical transport by deep convection, so CO can also be

used as a tracer of vertical transport. In this study, we use the
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of CO in the tropical upper troposphere (UT) from 2005 to The MLS data show maxima at 215 hPa over regions with
2006. In so doing, we diagnose and evaluate transport in thbiomass burning that are associated with convective activ-
model in the biomass burning season, with a particular focusty (Liu et al., 2007). This is about the level with maxi-
on vertical mixing at the end of the dry season when convecimum outflow from convection, according to evidence from
tion moves over the source region. ozone profiles that show a minimum near 200 hPa (Folkins

Earlier work by Edwards et al. (2006) used MOPITT data et al., 1999, 2002), and according to a recent review of trans-
and the MOZART model to examine transport of CO in portin the tropical tropopause layer (TTL) by Fueglistaler et
the southern hemisphere in September-November. They disal. (2009). Above about 150 hPa, convective outflow decays
cussed export of CO from biomass burning regions in therapidly with increasing height, and vertical motions are in-
lower troposphere (LT), and showed the role of convectionfluenced by net radiative heating and the large scale flow, but
in the ITCZ in transporting CO to the UT using MOPITT considerable uncertainty remains in the profile of convective
data at 250 and 700 hPa, with a focus on the Indian Ocean. detrainment (Fueglistaler et al., 2009).

Our study uses upper tropospheric CO measurements from In this study we focus on vertical transport over the trop-
the Microwave Limb Sounder (MLS) instrument on the Aura ical continents, and exploit the spatial and temporal patterns
satellite, launched in July 2004 (Waters et al., 2006). Theevident in MLS CO in the UT that are clearly related to
vertical resolution of the MLS data~@ km) is higher than  upward transport of biomass burning emissions. The MLS
that of thermal infrared nadir sounding instruments such aslata, in combination with CO data for the LT, provide a
MOPITT, and data are provided at 215, 147, and 100 hPavaluable test of transport in global models. We demonstrate
(Livesey et al., 2008). The MLS CO measurements havethis using a state of the art global chemical transport model,
been used as a tracer of convection and large scale ascent GEOS-Chem, which is driven by assimilated meteorological
the UT and lower stratosphere (LS). Schoeberl et al. (2006fields from the Goddard Earth Observing System (GEOS)
identified a tape recorder in MLS CO data in the strato-developed by the Global Modeling and Assimilation Office
sphere, and suggested that the semi-annual cycle of CO iat NASA/Goddard littp://gmao.gsfc.nasa.ggvMe use the
the UT was determined by the seasonal variation of tropicalatest version of the GEOS fields, GEOS-5, and compare
biomass burning and convective detrainment; a model studyo results using GEOS-4 fields. The GEOS-4 fields have
confirmed this finding (Duncan et al., 2007). Liu et al. (2007) been used in many recent studies with GEOS-Chem, includ-
explored the spatial/temporal relationships among MLS CO,ing those focused on the tropics (e.g., Martin et al., 2007;
H»>O and deep convection, and argued that the CO maxima itsauvage et al., 2007b; Nassar et al., 2009).

March to May and September to November were caused by In the GEOS data assimilation system, as other current
co-location of deep convection and biomass burning emis-general circulation models, deep convection is a sub-grid
sions over Africa and Amazonia. Jiang et al. (2007) exam-process that needs to be parameterized. Transport of tracers
ined the influence of deep convection and surface emissionby convection and by advection are treated as separate oper-
on CO in the UT over Asia and the northern Pacific usingators in GEOS-Chem and other CTMs, even though they are
MLS CO and ice-water content (IWC) measurements. Theranherently related (Lawrence and Salzmann, 2008). GEOS-
have also been several studies focused on transport to the UZ uses the parameterization scheme of Zhang and McFar-
over Asia during the monsoon season using MLS CO data (Liane (1995) for deep convection and the Hack (1994) pa-
et al., 2005; Fu et al., 2006; Park et al., 2007, 2008, 2009)rameterization for shallow convection, while GEOS-5 uses
following the identification of a pronounced CO maximum the relaxed Arakawa-Schubert (RAS) scheme (Moorthi and
at 147 hPa in late summer over India and Tibet (Filipiak et Suarez, 1992). Folkins et al. (2006) explored the use of data
al., 2005). for CO, O3, and HNGQ to test the convective parameteriza-

Barret et al. (2008) assimilated MLS data in the MOCAGE tions in an earlier version of the GEOS-Chem model, driven
Chemistry Transport Model (CTM) to investigate the trans- by GEOS-3 and GEOS-4 fields. Convection in GEOS-3 was
port pathways affecting CO in the UT over Africa in also based on the RAS scheme, but with a different imple-
July 2006. They found that the CO maximum~a200hPa  mentation from GEOS-5. Folkins et al. (2006) compared the
around 10N is driven by deep convective uplift of air model averages for 20N—20° S to the mean of sparse air-
masses affected by biomass burning in southern Africacraft data and ACE-FTS satellite data, and to mean sonde
However, above~150hPa, they argue that the broad CO profiles for G. Their comparisons to ozone implied rela-
maximum over northern Africa is strongly influenced by the tively weaker deep convective outflow in the RAS scheme in
large circulation associated with the Asian summer mon-GEOS-3 than in the ZM scheme in GEOS-4. The data avail-
soon; pollution from S. E. Asia and India that is trapped in able at the time of their study was not sufficient to provide a
the Asian monsoon anticyclone is transported westward irthorough evaluation of the convective schemes.
the tropical easterly jet over northern Africa. These dynami- In the LT, we use CO retrievals from the Tropospheric
cal arguments are consistent with the findings of an analysi€mission Spectrometer (TES) to evaluate the GEOS-Chem
over the Mediterranean by Lelieveld et al. (2002). simulations (e.g., Rinsland et al., 2006). The TES instrument

is also on the Aura satellite. We evaluate model performance
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Fig. 1. Mean GFED v2 CO emissions (kiloton month) averaged fofa) July—October of 2005—200@) November 2005 to February 2006.
Time evolution of regional CO emissions (kiloton monfh averaged ovefc) South America(d) southern Africa ande) northern Africa.

by examining horizontal and vertical transport in the model.
Our results provide in-depth understanding of how dynamicssion Database (GFED) version 2 (van der Werf et al., 2006).
influences the CO re-distribution in the troposphere, and di-Emissions of CO and other tracers are derived by combining
agnose limitations of transport in the GEOS meteorologicalinformation on burned area for selected regions with fire hot
spot data (Giglio et al., 2006), fuel burned from a biogeo-
Sections 2 and 3 describe the model and satellite data. Ikhemical model, and emission factors for each species. We
Sect. 4, we show the spatial distribution and seasonal variaused the 8-day emissions which were derived by resampling
tion of CO observations and model simulations in the tropicsthe inventory to an eight-day mean using MODIS fire counts
in the LT and UT. In Sect. 5 we examine the influence of (Giglio et al., 2003http://www.ess.uci.edujranders). Fig-
transport on CO in the UT, and show the sensitivity of modelure 1 shows the GFED v2 CO emissions, for the main north-
CO to the different convection schemes. We also identifyern and southern dry seasons averaged over the years 2005—
the causes of discrepancies between model and observatiorZ)06. Africa is typically the single largest continental source

fields.

including deficiencies in transport and in sources of CO.

2 Model description

We use the GEOS-Chem version 8-02-04 global 3-D mode
with 4° x 5° horizontal resolution, driven by the GEOS
assimilated meteorological observations, versions GEOS-

(Bloom et al., 2005) and GEOS-5 (Rienecker et al., 2007)..

The native resolution of the GEOS-4 fields i8x1.25
with 55 vertical levels, and that of the GEOS-5 fields is
0.5’ x 0.667 with 72 vertical levels; we regrid to°4x 5°

for input to GEOS-Chem. A major difference between these

two meteorological fields is their convective parameteriza-
tion schemes, as noted above.
The emissions of CO in the GEOS-Chem model include

anthropogenic, biofuel, biomass burning, and biogenic emis
sions. The sources of anthropogenic emissions are summ
rized in the recent study of Nassar et al. (2009). Biofuel emis-

sions are from the inventory of Yevich and Logan (2003).

www.atmos-chem-phys.net/10/12207/2010/

Biomass burning emissions are from the Global Fire Emis-

of biomass burning emissions. The northern biomass burn-
ing season occurs primarily from November to February,
from the southern Sahel to abouit8. The southern biomass
burning season occurs primarily between June and Octo-
Iber, moving slowly from central and western Africa (south
of the equator) towards the south and east of the continent
Marenco et al., 1990; Giglio et al., 2006; Ito and Akimoto,

007).

South America is the other major burning region
in the southern hemisphere. Figure 1c—e shows the tempo-

ral variations of CO emissions averaged over these three re-
gions. The major fires start two months later in South Amer-

ica than that in southern Africa.
was a drought in southwest Amazonia in 2005 caused in part

In South America there

by anomalously warm sea surface temperatures in the north
tropical Atlantic (Marengo et al., 2008; Zeng et al., 2008),
and CO emissions from fires that year were almost twice

those in 2006. In southern Africa and northern Africa, the

a-_ . . . o
emissions have a smaller interannual variation.

We use the latest Model of Emissions of Gases and

Aerosols from Nature (MEGAN) (Guenther et al., 2006)
(version 2.1) to simulate isoprene emissions for each model

Atmos. Chem. Phys., 10, 1P2Z82-2010
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Fig. 2. Monthly variation of CO (ppb) from January 2005 to December 2006 at six tropical surface sites. Observations from the NOAA/GMD
are in black (Novelli et al., 2003), GEOS-Chem model simulations are shown in red (GEOS-5) and in green (GEOS-4).

grid (Guenther and Wiedinmyer, 2007; Sakulyanontvittaya In this study, we carried out simulations for January 2005
et al., 2008). This is a more recent version than that in thetco December 2006 with ©NOy-hydrocarbon chemistry
GEOS-Chem model described by Barkley et al. (2008), ver-driven by GEOS-4 and GEOS-5. The model runs were ini-
sion 2 (v2006). MEGAN computes emissions for plant func- tialized in January 2004. We also conducted CO-only sim-
tional types (PFTs) as a function of temperature, solar radiaulations with tagged sources and monthly mean of OH con-
tion, leaf area index (LAI), and leaf age. Fractional cover for centrations archived from the respective chemistry simula-
each PFT and vegetation-specific emission factors (EFs) ardons. The methyl chloroform lifetime with respect to re-
based on the MEGAN landcover data (PFT v2.0, EFs v2.0)moval by tropospheric OH is 5.9 years in our model driven
The hybrid algorithm, which combines several parameteri-by GEOS-5, and 5.5 years in our model driven by GEOS-4,
zations as described in Guenther et al. (2006) and Guenthexhich are consistent with lifetimes derived from analysis of
and Wiedinmyer (2007) and Guenther et al. (1995, 1999)data for methyl chloroform (e.g., Prinn et al., 2001, 2005). In
is applied in our standard model runs. This approach com-our tagged CO simulations, we use N€ncentration fields
putes variations of light and leaf area at 5 sub-layers within asaved from the respective chemistry simulations to calculate
canopy through a canopy model. We also adopted a simthe yield of CO from isoprene (Miyoshi et al., 1994; Dun-
plified parameterized canopy environment emission activ-can et al., 2007). Initial conditions were taken from a 1-year
ity (PCEEA) algorithm, described in detail in Guenther et spin-up starting in January 2004. Model time steps were set
al. (2006) and Guenther and Wiedinmyer (2007), in a sento 30 min for transport and convection and 60 min for emis-
sitivity run. Monthly mean LAI values are derived from sions and chemistry.
Moderate Resolution Imaging Spectrometer (MODIS) Col-  Figure 2 compares the CO simulations driven by GEOS-
lection 5 (Shabanov et al., 2005). We drive MEGAN with as- 5 (red), GEOS-4 (green) with observed monthly mean CO
similated surface air temperature and photosynthetically ac{black) from six tropical sites of the NOAA Earth System
tive radiation (direct and diffuse from the GEOS fields, and Research Laboratory, Global Monitoring Division (GMD)
with MODIS LAl). (Novelli et al., 2003). The simulations capture the observed
The lightning parameterization in the model is describedphase of the seasonal cycles, but are too low in winter-spring
by Murray et al. (2010). We use an updated profile for in the northern hemisphere sites (Guam and Barbados), as
the lightning NG source following the vertical distribu- found by previous studies using GEOS-Chem (Duncan et al.,
tion functions based on a cloud resolving model transporting2007; Kopacz et al., 2010) and other models (e.g. Shindell
gases with resolved small scale motions, as described by O#t al., 2006). At Christmas Island, the simulations display
et al. (2009). Approximately 6.3 TgN-ANOy are released a maximum in September that is not present in the observa-
globally. tions, while at Seychelles, in the Indian Ocean, the models
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underestimate the maxima in late 2005/early 2006, and in The MLS instrumentis a small radio telescope installed on
November 2006. At Ascension Island, the model simula-the front of the Aura Satellite. It continuously measures ther-
tions match the phase of the observed CO, but are too high imal emission from broad spectral bands (118—-2250 GHz) by
austral winter. 7 microwave receivers using a limb viewing geometry (Wa-
ters et al., 2006). MLS is radiometrically calibrated after ev-
. ery 25-s limb scan. It performs one scan every Jalng
3 Satellite data the Aura orbit. The MLS data used in this study are V2.2

Both TES and MLS are on the NASA EOS Aura satellite Level 2, and we screen the data as recommended by Livesey

L . et al. (2007). The data are provided on a fixed pressure grid
mission launched on 15 July 2004, in a near polar, sun-_. . .

. o : with 6 levels per decade, with valid CO data at 215, 147, and
synchronous, 705 km altitude orbit with equator crossing at100 hPa in the UT

1:45 pm local solar time and a 16-day repeat cycle. TES is Validation of V2.2 CO retrievals with aircraft data shows

an infrared Fourier transform spectrometer with high spec- T .
tral resolution (0.1cm!) and a wide spectral range (650— that the MLS CO is biased high by a factor-e at 215 hPa,

. but that the morphology is generally realistic (Livesey et al.,
3050cm!) (Beer et al., 2001; Beer, 2006). A global sur- 2 . o :
vey (GS) z)f(TES is obtained every other éay zgnd consist _008)' MUCh more limited aircraft data |mplles that MLS is
of 16 orbits (26 h) of nadir observations spaced “l&part lased high by about 30% at 1‘_17 hPa (L|vgsey et al.,. 2008).
with a footprint of 5.3x 8.3 kn?. Each orbit track in a GS is To compare GEOS-Chem with TES retrieved profiles, we

offset by 22. Near global coverage is obtained after approx- sampled the model profiles along the TES orbit track at the
imately 16 days with 8 GS observation time, and interpolated them to the 67 pressure

; ; N levels as logarithms of mixing ratios using the method de-
TES retrievals are based on the optimal estimation ap--"" .
proach (Rodgers, 2000) and are described in Worden e§cr|b_eq by Zhang_et_al' (2006). Since GEOS-Chem has poor
al. (2006) and Bowman et al. (2006), with error characteri- Predictive gapabllltyln the stratosphere, we replaced the sim-
zation described in Kulawik et al. (2006). We use Level 2, ulated profiles above the model tropopause with the TES re-
V003 TES data (FO94). The retrieved profiles are pro- trievals. To remove any artificial influence of the geographi-

vided on a 67-level vertical grid from the surface to 0.1 hPa,C2lly variable a priori used in the retrieval, we reprocess the

The number of statistically independent elements of the re-?rES profiles using a universal a priori, produced by averag-

trieval for CO, represented by the degree of freedom (DOF)Ing Fhe original TES a priori constraint for July 2006 in the
(Rodgers, 2000), has varied over time, as a result of the varigopical band (3_0N_t° 393 S_)' asin Na_ssar etal. .(2008)' T_he_
tion of TES instrument alignment. From 29 November 2005 proce_dure and_ Its |mpI|_cat|0ns of using the uniform a priori
to 2 December 2006, the TES optical bench was warmed uﬁre ghscus;ed in Kulawik et al. (.2008)' We smooth the quel
to improve the TES beam splitter alignment. The procedurepmfIIes using the TES averaging kernel (AK) and a priori

improved the measured signals, the total retrieval errors, anﬁ)rOfIIe to match the TES vert|c§1I resolutlon_. _
the retrieval precision for TES CO. The average DOFs be- 10 compare GEOS-Chem with MLS retrieved profiles, we

tween 30 N-30° S was 0.72 prior to the TES optical bench sampled the model profiles along the MLS orbit track at the
warm up and then increased to 1.45 after the warm up (Rinspbservation time, interpolated the model profiles to the high
land et al., 2006). The TES CO data were screened usin§eselution pressure grid (577 levels) and applied the MLS

the recommended data quality flags given in the TES Level 22Veraging kernel matrix to interpolate them to the MLS's
Data User's guide, version 4.0 (Osterman, 2007), and we alsg / Pressure levels (Livesey et al., 2007).
removed profiles for which the effective cloud optical depth
was greater than 3, or the cloud top pressure was less than o
750 hPa (Worden et al., 2007). 4 Spatial distribution of CO
The TES retrieval of CO (V002) was validated through
comparisons with aircraft observations, showing agreemenf"1 Lower troposphere

within 10%, within the TES retrieval errors (Luo et al., _. .
. ’ ' Figure 3 shows the spatial pattern of CO at 681 hPa for the
2007a; Lopez et al., 2008). TES V002 and V003 are VEYTES data and the GEOS-4 and GEOS-5 model results from

similar to each other for the tropics and mid-latitudes (Os—August 2005 to March 2006, with similar results from Au-
terman, 2007). The global patterns of TES CO are con5|stentust to December 2006 in Eia. 4. Over South America
with those measured by Measurement of Pollution in the Tro- g. < ’

posphere (MOPPIT) on the NASA Terra satellite (Luo et al., TES CO is highest in September and October of 2005 and in

2007b). The CO profiles retrieved from TES and MOPPIT Sep_tember of 2006, with §|m|Iar results in .the GEOS'A' sim-
- . ulation in both years, and in the GEOS-5 simulation in 2006.
agree within a few percent when compared appropriately, al-

. . L : : The CO maximum lags the peak in CO emissions (Fig. 1)
lowing for different a priori constraints and smoothing errors bv one month. The models underestimate CO over Brazil
(Luo et al., 2007b; Ho et al., 2009). y ' '

particularly in the months with highest CO, and overestimate
CO over the Andes, south of 18. Over southern Africa,

www.atmos-chem-phys.net/10/12207/2010/ Atmos. Chem. Phys., 10, 1P2Z82-2010
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Fig. 3. Lower tropospheric CO at 681 hPa from August 2005 to March 2006 from TES (left column), the model driven by GEOS-4 with
the TES averaging kernel (AK) applied, and the model wAK—TES difference (2nd and 3rd columns), the model driven by GEOS-5 with the
TES AK, and the model wAK-TES difference (the 4th and 5th columns).

there is a broad maximum from August to October in the mainly in August and September. This discrepancy is larger
TES data and the models, and there is a large underestimate GEOS-4 than in GEOS-5, and is larger in 2005 than in
in model CO. Kopacz et al. (2010) found similar underes-2006, when emissions of CO from fires over South America
timates in biomass burning regions in GEOS-Chem simula-were much lower than in 2005 (Fig. 1). The model overesti-
tions for May 2004 to April 2005, using GEOS-4. The results mate extends to the central Pacific, as shown by the compar-
of their multi-satellite inversion (AIRS, MOPITT and SCIA- ison at Christmas Island (A, 157 W) in Fig. 2.
MACHY) implied that emissions were too low by55% in Seasonal burning starts in northern Africa in November,
South America, by~85% in southern Africa, and by40%  and it causes the maximum in December and January over
in northern Africa. The underestimates were largely in thethe northeastern equatorial Atlantic. In January 2006, the
biomass burning season and were attributed to deficienciesiodels underestimate CO in the vicinity of the fires in West
in the GFED2 inventory. It is important to note that in the Africa, and overestimate CO over a small region in equatorial
tropics their results depended on which satellite data werefrica.
used. Chevallier et al. (2009) also found that GFED2 emis- The very high CO over Indonesia and the eastern Indian
sions from Africa are too low in an inverse study using MO- Ocean in 2006 was caused by increased biomass burning as-
PITT data and the LMDZ-INCA model, but to a lesser extent sociated with a drought induced by El Nino and the Indian
than Kopacz et al. (2010). Ocean Dipole (e.g. Logan et al., 2008; Rinsland et al., 2008;
Another distinctive discrepancy between the models andNassar et al., 2009). A model analysis of the TES observa-
observations is the overestimate of CO in the eastern tropicaions in this region in late 2006 using the GEOS-Chem model
Pacific within the Inter-tropical Convergence Zone (ITCZ), driven by GEOS-4 is given by Nassar et al. (2009).

Atmos. Chem. Phys., 10, 1220172232 2010 www.atmos-chem-phys.net/10/12207/2010/
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Fig. 4. Lower tropospheric CO at 681 hPa from August 2006 to December 2006 from TES (left column), the GEOS-4 model, and the
difference (model WAK-TES) (2nd and 3rd columns), the GEOS-5 model, and the difference (model wWAK-TES) (4th and 5th columns).

4.2 Upper troposphere the models, but appears in the observations only in February
and March, where it is a relatively weak feature.
Figures 5 and 6 compare the spatial pattern of CO at 215 hPa Both models show a similar spatial pattern to MLS for the
from the MLS data to the GEOS-4 and GEOS-5 model re-high CO over Indonesia and the Indian Ocean as it builds up
sults. We show MLS at 215hPa as it is close to the levelfrom September to November in 2006, and disappears in De-
of maximum convective detrainment (Folkins and Martin, cember. This was also shown in Nassar et al. (2009) using
2005; Fueglistaler et al., 2009). The color bar range forTES data for the lower and upper troposphere. Transport of
MLS CO is twice of that for model results because of the fire emissions to the UT in August are obvious in the GEOS-

factor of two high bias in the MLS retrieval at 215 hPa noted 4 simulation, but are much less apparent in the MLS data
above (Livesey et al., 2008). and in the GEOS-5 simulation. Neither simulation shows the

The GEOS-4 model shows a prominent maximum over thg®"ominent maximum in MLS CO over northern India in Au-
eastern tropical Pacific in August and September of 2005 tha_QUSt that is asspmated with the Ind|a.n monsoon as d|_scussed
is not present in the MLS observations. This maximum isin the Introduction, and as reported in MOPITT data in Kar
collocated with the overestimate of CO in the LT (Fig. 3). etal- (2004).

There is a similar, although much weaker, maximum in the
GEOS-5 results for 2005, and a much weaker feature in botr%
2006 simulations.

Over South America, MLS CO reaches its seasonal maxThe spatial and vertical distribution of CO in and near the
imum in October in 2005 and in September in 2006. Thesource regions depends on the position of strong vertical mix-
model CO maximum with GEOS-4 occurs about 1 monthing relative to the source distribution at lower altitudes, as
late in both years, and it persists until December in 2006.well as the influence of horizontal transport by the prevailing
With GEOS-5, the model maximum occurs 1-2 months lateyinds.
in 2005 and 3 months late in 2006. We explore the causes of |n this section, we examine the influence of transport
these discrepancies in Sect. 5. on CO in the two simulations based on the results for the

Over southern Africa, MLS CO is highest in September four major biomass burning regions and for the eastern Pa-
and October of 2005 and in August to October of 2006, withcific, where there is a major discrepancy with the observa-
a similar pattern in the two models. This is seen more clearlytions as shown in Fig. 7. We interpret the satellite data
in the regional time series discussed below. Both modelsvith the GEOS-Chem model and identify possible causes for
show a maximum in CO over the Gulf of Guinea, Nigeria, the discrepancies between model simulations and observa-
and Cameroon in November to January that is not apparertions. Furthermore, we use the satellite data to evaluate the
in the observations. This maximum persists into March ineffect of different convective parameterizations in GEOS-4

Influence of dynamics
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Fig. 5. Upper tropospheric CO at 215 hPa from August 2005 to March 2006 from MLS (left), the simulations driven by GEOS-4 (middle)
and GEOS-5 (right) with the MLS AKs applied. The color bar range of MLS is twice of that of model results because of the factor of two
high bias of the MLS retrieval at 215 hPa (Livesey et al. 2008). Difference plots are not shown because of concern over the absolute accuracy
of the CO retrieval.

and GEOS-5 on model performance. Tagged CO simulation$.1 South America
are also used to investigate the causes of these discrepancies. . _
This approach allows us to characterize important aspects of he left column of Fig. 8 shows observed and modeled time

transport in the GEOS-4 and GEOS-5 meteorological fields Series over South America at the two levels shown in Figs. 3—
and to determine deficiencies in the CO sources. 6, as well as comparisons with TES at an intermediate level,

422 hPa, and with MLS at 147hPa. The figure includes
model results at each level with and without application of
the averaging kernels.
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Fig. 6. Upper tropospheric CO at level 215 hPa from August to December 2006 from MLS (left), the simulations driven by GEOS-4 (middle)

and GEOS-5 (right) with the MLS AKs applied. See Fig. 5 for further details.

Application of the AK to the model results makes a par- N
ticularly large difference at 681 hPa before the TES benchzon|: :
warm-up in late November 2005. This is caused by the largezon *
effect of the prior information, because of the low sensi- N
tivity of TES at the lower altitudes with low DOFs at that o
time. TES has a higher sensitivity in the middle troposphere tos|i-
(~400-500 hPa) than in the lowest part of the tropospherezs
(e.g. Luo et al., 2007a). Application of the MLS AKs modi- sosfi--
fies the model results very little. a0s - - e - . s snsnbisnn B

Over South America, in both GEOS-4 and GEOS-5, CO
is highest at 681 hPa in August and September 2005, the&ig. 7. Location of the regions discussed in this study.
months with peak biomass burning emissions. ApplicationFrom left to right: East Pacific (812N, 122.5 W-77.5 W),
of the TES AKs delays the peak to September—October foiSouth America (8-20° S, 72.5 W-37.5 W), Gulf of Guinea
GEOS-4, a consequence of the sensitivity of TES to CO(4° S—# N, 22.5 W-7.5E), northern Africa (4S-& N, 7.5 E-
at higher altitudes, where CO peaks later (see panel for2-S E), southern Africa (18S-#4'S, 12.5E-37.5 E) and In-
422 hPa). GEOS-4 CO is highest in September and Octobefonesia (125-8 N, 87.5 E-122.5 E).
at 422 hPa and in September in 2006, matching the timing
of the TES data. However, the GEOS-4 maximum in CO
at 215 and 147 hPa is clearly a month late compared to thd ES data is larger for GEOS-5 than for GEOS-4. At 215 hPa
MLS data, and in 2006, the model peak stays h|gh for toothe GEOS-5 CO maximum is 1-2 months late in 2005, and
long. Application of the TES AKs to GEOS-5 at 681 hPa 3 months late in 2006.
induces too broad a maximum, again a consequence of the Figure 9 shows the seasonal variation of spatial patterns of
sensitivity of TES to CO at higher altitudes. The CO peak atthe vertical air mass flux, which is closely related to the sea-
422 hPain GEOS-5 is broader and 1-2 months later than thatonal variation of ITCZ, superimposed on the CO mixing ra-
for GEOS-4 in 2005, and in both years, the underestimate ofio. Results are shown from the LT to UT in GEOS-4 in 2005.
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S America (20S-0, 72.5W-37.5W) (Fig. 10). In contrast to GEOS-4, the migration is limited to

Mazepa | e ] %0 fHdgheal T, the equatorial region in October in the UT, and most of the
burning region lacks deep vertical mixing to transport surface
emissions to the upper levels. Thus, although the seasonal
CO maximum appears in October at 430 hPa as it does in
e W . GEOS-4, CO is much lower. At 226 hPa, the GEOS-5 model

200 {FERE T RSN T R sof e AR RARAN ; maximum in November is considerably smaller than that in
GEOS-4, and the GEOS-5 CO is higher in December than in

November.

Figure 11 shows the vertical profiles of mass flux associ-
ated with convection and large scale advection over South

- America in GEOS-4 and GEOS-5 from August to Decem-

B S ber in 2005. In GEOS-4 the convective mass flux increases
substantially between September and October, with a similar
increase in the total mass flux. However, in GEOS-5 both

CO ppbv

CO ppbv

CO ppbv

100 [ Y the convective and total mass fluxes increase more gradu-
b L L L J ally in this period. The convective mass fluxes over South
O T T T : America in both GEOS-4 and GEOS-5 are extremely small
250 by 200 hPa, and the GEOS-5 mass fluxes peak at lower al-
5 200 titudes than those of GEOS-4. Figure 11 implies that the
g 1% b dominant mechanism for vertical transport near 215hPa in
100/ both GEOS-4 and GEOS-5 is large-scale vertical advection

SOt L — T Lioei H Fee : rather than convection. The fact that convection detrains at
Jan 2005 Jul 2005 Jan 2006 Jul 2006 Jan 2007  Jan 2005 Jul 2005 Jan 2006 Jul 2006 Jan 2007 . . .
too low an altitude likely contributes to the one-month lag of
Fig. 8. Left: Time series of TES CO (681 and 422 hPa) and MLs the UT CO maximum in the model simulations compared to
CO (215 and 147 hPa) (black) and model results for GEOS-4 (redfe observations (Figs. 3-6). Compared to GEOS-4, the con-
and GEOS-5 (blue) over South America. The MLS CO values vective mass flux in GEOS-5 decays more quickly with in-
at 215hPa have been scaled by 0.5 and those at 147 hPa by 0.@reasing altitude, thus mixing by slow advection plays more
based on the validation shown in Livesey et al. (2008). Solid linesof a role. The lag in GEOS-5 is greater in part because con-
show the model results with the AKs applied, dashed lines showection decays at a lower altitude, and in part because con-
the model results without the AKs. Right: Time series of tagged yection moves southward later than in GEOS-4.
CO tracers over South America from individual sources: bhiomass |5 2005 the observed CO maximum occurs one month
burning in South America (red), southern Africa (green), northern later at 215hPa than at 681hPa, while in 2006, the ob-
Afrlca (blue) and Indonesia (orange), and the blogenlc.sogrce from erved CO maximum occurs in September from 681 hPa to
isoprene (purple). _Results are shown for GEOS-4 (solid lines) an§15hPa implying stronger vertical mixing in 2006 than in
GEOS-5 (dashed lines) at model levels 688, 430, 226, and 139 hPg; ! . .
2005. Convection may have been weaker in 2005 because
of the warmer sea surface temperatures in the north tropical
Atlantic (Marengo et al., 2008; Zeng et al., 2008).
During the boreal summer the ITCZ is located at its north- \We examined source attribution of CO in the UT using a
ernmost location north of the Equator. The ITCZ then shiftstagged CO simulation. Figure 8 (right column) shows time
southwards, and deep convection moves over South Americgeries of tagged CO tracers from individual sources, includ-
in October, reaching about 38, and intensifies into aus- ing biomass burning sources from South America, south-
tral summer (Manabe et al., 1974; Fu et al., 2001; Panarellern Africa, northern Africa and Indonesia, and the biogenic
and Dapena, 2009). Fu et al. (1999) suggests that the onseburce from isoprene over South America, for GEOS-4 (solid
of wet season over the South America starts around Octolines) and GEOS-5 (dashed lines). In the LT, CO from local
ber, induced by the systematic buildup of planetary bound-hiomass burning dominates over South America from Au-
ary layer (PBL) moisture, with the release of the latent heatgust to October in 2005, and to September in 2006. In the
flux. This behavior is seen in the maps of vertical mass fluxMT and UT, with GEOS-4, the local biomass burning con-
in Fig. 9, and maps of the convective mass flux alone havaribution dominates from August to October in 2005, and in
similar spatial patterns (not shown). The timing of the CO August and September in 2006, after which it is exceeded by
maximum changes from September at 688 hPa to October ahe contribution from isoprene oxidation. As the wet sea-
430hPa and to November at 226 hPa, following the southson progresses southward over the continent, fires are ex-
ward migration of the upward mass flux. tinguished (Fig. 1) and vertical mixing increases rapidly, as
GEQOS-5 has a relatively slow and gradual southward mi-shown above. However, the source of CO from isoprene ox-
gration of the upward mass flux from August to Decemberidation persists throughout the year, and thus its influence on
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Fig. 9. Spatial patterns of the vertical air mass flux (contours in"Pa superimposed on the CO mixing ratio (colors, in ppb) from August
to December 2005 at 688 (bottom), 430, and 226 (top) hPa in the model driven by GEOS-4. The contour level3.@5e0( 0.05, 0.12,

0.2) for 688 and 430 hPa and-0.05, 0, 0.03, 0.06, 0.12) for 226 hPa. Positive values are upward fluxes (solid lines), negative values are
downward fluxes (dashed lines).

COinthe UT increases and becomes dominant from Novemdirect CO source (Duncan et al., 2007). In the on-line simu-
ber onwards (and December in GEOS-5) as the upward aitation, CO is produced from degradation products of isoprene
mass flux increases from month to month. oxidation. Nevertheless, the tagged runs give very useful in-

In the GEOS-5 simulation, much less CO from biomassformation on source apportionment, and aid in understanding
burning is transported to the MT and UT because of weakeithe results shown in Fig. 8 (left column).
vertical mixing. The CO source from isoprene is similar  The comparison of TES and model CO in the LT (Figs. 3—
to that from biomass burning in the MT, and exceeds it in4) show that model CO is too low in eastern Brazil, where
the UT, providing the dominant contribution to the seasonalbiomass burning is a major source, but CO is somewhat high
maximum that persists into December in 2005, and doesn western South America where the isoprene emissions are
not occur until December in 2006. Clearly, deficiencies in highest, as shown in Fig. 13. These discrepancies of the spa-
sources of CO, as well as in vertical transport, contributetial pattern of CO over South America are caused by an un-
to the discrepancies in the timing of model at 215 hPa overderestimate of emissions from biomass burning (Kopacz et
South America. al., 2010), and we infer that the overestimate in the west of

There is a weak secondary maximum in CO over Souththe continent is caused by an overestimate of isoprene emis-
America in the UT in February to April 2006. The tagged sions. The simulated CO using the PECCA algorithm is on
runs show that CO from biomass burning in northern Africa average 5% (5-10 ppb) lower than the standard runs using
contributes significantly to this feature, with the remainder the hybrid algorithm. However, this decrease is not enough
from isoprene oxidation. In the UT, the isoprene source ofto counteract the overestimate of isoprene emissions in our
CO includes transport of emissions from Africa. model.

We note that CO in the tagged simulation does not exactly The discrepancy in the timing of the CO maximum at
match CO in the on-line chemistry simulation, because the215 hPa could also be influenced by the underestimate in the
treatment of the source of CO from isoprene (and other hy-GFED2 biomass burning emissions implied by the inversion
drocarbons) is necessarily simplified, and it is treated as a&tudy of CO sources (Kopacz et al., 2010). As noted above,
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Fig. 10. Spatial patterns of the vertical air mass flux (contours in"Pa superimposed on the CO mixing ratio (colors, in ppb) from August
to December 2005 in the model driven by GEOS-5. See Fig. 9 for further details.

- Kopacz et al. (2010) found that CO emissions were too low
— by 55% in South America, by 85% in southern Africa, and by
— oct 1 ~40% in northern Africa. However, their simulations with a
— bec | posteriori sources led to overestimates of CO over northern
Africa when compared to SCIAMACHY and MOPITT data,
and to MOZAIC data in November to February. We con-
ducted a sensitivity study where we multiplied the CO emis-
sions by monthly scaling factors from Kopacz et al. .(2010)
at each grid from the results of the inversion study only over
South America and southern Africa. The scaling factors
vary seasonally, with maxima in September and October over
southern Africa and in October over South America. Results
for GEOS-4 show that modeled CO with increased emissions
is somewhat high from 681 hPato 215 hPa in July to Novem-
ber, with the biggest increase in October as shown in Fig. 14.
For GEOS-5, the simulation with increased emissions agrees
Convective Mass Flux (Pa/s) Vertical Mass Flux (Pa/s) well with TES data in the LT and MT. We caution, however,
that the scaling factors are from an inversion using GEOS-4

Fig. 11. Vertical profiles of convective air mass flux (left) and the meteorological fields, and the better agreement with GEOS-
total air mass flux (right, sum of convection and advection) in Southg may be fortuitous. The discrepancy in the timing of the

America from August to December 2005. The top panels are for the : :
. nal maximum ween h models an rvation
model driven by GEOS-4 and the bottom panels are for the modeFeaSO al maximum between bot odels and observations

driven by GEOS-5. remains af[ 2_15 hPa and 147 hPa. As might be expv_ected, _the
higher emissions exacerbate the problem of excessively high
CO over the eastern tropical Pacific in July to September, and
over the Andes, although the model matches CO over eastern
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South America (72.5W-62.5W, 4S-12S), October 2005
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Fig. 12. Vertical profiles of CO (top), total air mass flux (middle), & '*°f 1 1
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Brazil (Fig. 15). This was also found in the a posteriori sim-

ulations of Kopacz et al. (2010), compared to MOPITT data.Fig. 14. Time series of TES CO (681 and 422 hPa) and MLS CO
(215 and 147 hPa, scaled as in Fig. 8) (black) with (left) GEOS-

5.2 East Pacific 4, (right) GEOS-5 model results over South America. The standard
simulation is in red, and the simulation with adjusted emissions (see

is in blue.
As shown in Figs. 3 and 4, both GEOS-4 and GEOS—SteXt) 'sin blue

overestimate CO over the East Pacific region in August and

September. The overestimate is worse in 2005 due to MUClEQS.4, transporting too much CO to the east Pacific where
higher emissions in South America. In the UT, the overesti-j; is |ofted to the UT in the ITCZ.

mate in August 2005 persists over the East Pacific, particu- Figure 16 shows that the profiles of vertical mixing over

larly north of the equator where deep convection is locatedyne East pacific are substantially different in GEOS-5 and
in the model with GEOS-4, but it is less of a problem in G54 The upward mass flux is larger in GEOS-4 than in
GEOS-5. In September 2005, model CO with both GEOS-GEgs.5 from about 600 to 300 hPa, and the CO in GEOS-

4 and GEOS-5 is higher over the Eastern Pacific than ovey o, ~oeds that in GEOS-5 from about 500 to 200 hPa as a
South America, while the MLS data show a maximum Overconsequence.

the continent.

The bi-polar pattern with overestimates over the East Pa5.3 Africa
cific and underestimates over South America in both the
model simulations in August 2005 in the LT suggests thatThe dominant meteorological features in the troposphere
the south-easterly winds blowing from the burning region over Africa include the seasonal migration of the ITCZ,
of South America may be too strong in both GEOS-5 andthe Harmattan flow, the African Easterly Jet (AEJ) (e.qg.,
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Fig. 15. Lower tropospheric CO at 681 hPa from July to October 2006 from TES (left), the GEOS-4 simulation with modified emissions
with the TES AKs applied (center), and the difference (modified model wWAK-TES) (right).

Thorncroft and Blackburn, 1999) and the trade winds. Thesdhe north-easterly Harmattan winds converge betwe&m10
features have a complex influence on the redistribution of CGand 18 N, where the ITCZ is located. The Harmattan winds
from its biomass burning region in the respective winter sea-become stronger and move equatorward near 700 hPa, and

sons of the two hemispheres, as discussed below. merge with the southeasterly trade winds arouh 5There
is a region of strong upward mass fluxes in the MT (430 hPa)
5.3.1 Southern Africa primarily north of the Equator that lofts CO from the fires to

the MT and UT. Several studies discuss these transport path-
Over southern Africa, the model simulations are lower thanways during the West Africa monsoon season, in the context
observations, because of the low surface emissions in thef interpreting ozone and CO observations (Sauvage et al.,
model. The model simulations driven by both GEOS-4 and2005, 2007a), including MLS CO data (Barret et al., 2008,
GEOS-5 match the phase of the observed CO variation fron2010). Barret et al. (2008) attribute the CO maximum over
681 to 215 hPa fairly well, although the magnitude of the northern Africa at 215 hPa (in July 2006) mainly to convec-
maximum is underestimated considerably (Fig. 17). Bothtive uplift of CO-rich air from biomass burning in southern
simulations and observations show a time lag between théfrica following these transport pathways. A continental an-
peak in fire emissions (July and August) and in CO (Septemdicyclone develops over the region of the fires in southern
ber and October), as observed in Edwards et al. (2006) usingfrica and a mid-tropospheric cap persists as a result of the
MOPPIT CO and MODIS fire count data. They conjectured subsiding air at the center of the anticyclone, inhibiting the
that the lag might be caused by smoldering fires at the end oflevelopment of convection beneath (Fig. 18) (Karoly and
burning season. We address the reasons for the lag below, afincent, 1998). Thus in August (and also in July), a large
ter an analysis of the prevailing meteorology. To illustrate theamount of CO is trapped in the LT over southern Africa,
pathway of CO-laden air we show in Fig. 18 its distribution while in the MT and UT, a CO maximum appears to the north
along with the wind fields and vertical air mass flux in August of the Equator over the continent where is it lofted in the
and September of 2005, a year with a typical summer mondTCZ. A similar CO maximum is evident in the MLS data
soon pattern. Southeasterly trade winds prevail over southerat 215 hPa in 2005, except it is slightly south of the equator
Africa at lower altitudes, and transport CO from the fires to (Fig. 5).
the Gulf of Guinea. The low-level monsoon westerlies and
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Solid lines show the model results with the AKs applied, dashed
Fig. 16. Vertical profiles of CO (top), total vertical mass flux (mid-  |ines show the model results without the AKs. Right: Time series
dle), and convective mass flux (bottom) in August 2005 over thef tagged CO tracers over southern Africa from individual sources:
East Pacific (0-12°N, 77.5 W-122.8 W) for simulations driven  piomass burning in South America (red), southern Africa (green),
by GEOS-4 (dashed) and GEOS-5 (solid). Mass flux is iNPas  northern Africa (blue) and Indonesia (orange), and the biogenic
COisin ppb. source from isoprene (purple).

In September 2005, with the southward shift of the ITCZ, is relatively low at the surface~900 hPa over the African
the region with upward mass flux propagates south in the MTplateau). The maximum in the MT is 1-2 months later than
bringing more CO to the higher altitudes south of the Equa-that at 700 hPa, because of the delay in lofting of African
tor. Meanwhile, with the northwest propagation of the conti- emissions, combined with the maximum in transport of fire
nental anticyclone, recirculation of CO over central Africa emissions from South America in October (Fig. 17). The
occurs between 0 and 48, contributing to the high CO influence of CO in the MT on the retrieval at 700 hPa con-
south of the equator in the UT as observed in the MLS datdributes to the delay in the satellite CO in the LT relative to
(Fig. 5). In October, the region with strong upward mass fluxthe peak in the emissions. Figure 19 shows the mean ver-
migrates to southern Africa, lofting the remaining high CO tical mass fluxes over southern Africa. There is subsidence
from the fires, which are mostly extinguished. The taggedto a lower level in September and October in GEOS-5 than
CO runs show that transport from South America by sub-in GEOS-4 in 2005. The region of upward air mass flux has
tropical westerlies in the MT and UT also contributes to the moved further south in GEOS-4 than in GEOS-5 in Septem-
CO maximum in September and October (Fig. 17, right col-ber (not shown), and as a result of differences in the spa-
umn). Returning to the question of the delay in the CO max-tial pattern and the stronger upward fluxes of air in GEOS-4,
imum compared to the earlier peak in emissions, we argugnore CO is lofted to the MT and UT in GEOS-4 than in
that it is caused by the factors discussed above. First, sudSEOS-5. This is responsible for the lower CO in the UT
sidence over southern Africa allows CO to build up in the in the GEOS-5 simulation compared to that with GEOS-4
LT until convection moves south starting in September. Sec{Fig. 5).
ondly, TES (and MOPITT) retrievals at700 hPa have broad The situation is more complex in 2006, an El Nino
averaging kernels, extending into the MT, and sensitivity year with very high fire emissions from Indonesia that are
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Fig. 18. CO mixing ratio (ppb) overlaid with horizontal wind vectors in August (left) and September (right) 2005 at 854, 688, 430, and
226 hPa for the GEOS-4 model. The vertical air mass flux (‘Iiaiiss shown by contours:<0.05, 0, 0.05, 0.12, 0.2) for 854, 688, and

430 hPa, and-0.05, 0, 0.03, 0.06, 0.12) for 226 hPa. Positive values are upward fluxes (solid lines), negative values are downward fluxes
(dashed).

transported westwards towards Africa (Figs. 4 and 6). Theran September in both GEOS-4 and GEOS-5. The upward
is a broad CO maximum from August to October in the LT air mass flux over Africa is higher in 2006 than in 2005 in
and MT that extends into November in the UT over southernOctober (Fig. 19), while the contribution from South Ameri-
Africa (Fig. 17, left column). The tagged CO runs show that can emissions is lower (Fig. 17, right column), so there is not
transport of the emissions from Indonesia provides a signif-much interannual variation of CO in the UT.

icant contribution to the peak over Africa in September to  The tagged runs show that the secondary maximum in Jan-
November, exceeding the contribution from Africa itself in uary to February in the LT and MT is caused by fire emissions
the UT in GEOS-5. The relative minimum in this contribu- from North Africa. The later maximum in the UT (February
tion in October reflects changes in the winds over the Indiarnto April) is also from North African fires, with a significant
Ocean in that month (not shown). By 147 hPa, emissionscontribution from fires in Indonesia in 2005. Model CO is
from Indonesia are the dominant contribution to the peaksystematically low in the LT and MT outside the southern

Atmos. Chem. Phys., 10, 1220172232 2010 www.atmos-chem-phys.net/10/12207/2010/



Junhua Liu et al.: Analysis of CO in the tropical troposphere using Aura satellite data 12223

GEOS-4 S Africa (16S-4S,12.5E-37.5E)
100 T T T T GEOS-4 GEOS-5
2005 2005 — 180 F1a7 hPa ' ' 7 10 a7hea’ ' ]
= 8 120f 1 120f E
200 — Sep o 100 4 100} E
8 ® w ] @ w ;
] 60 1 eof E
— Dac 40b L 1 ! £ 40 L L 1
4007 200[T515hpPa | ' ' 20075 15hPg | ' '
__ 600 g 150 F 4 1s0f ]
g L S 100f 1 100, 1
< 10001 ! I L © w
0:3': 500 1 1 1 H 50 b 1 1 1
I " T 200 [T T T T A 200 T T T A
&) 100 2006 2006 422hPa 422hPa
2 2 150F 1 s ]
Q
|
200 8 1oofs 1 toof= M 1
500 L L L 50 b 1 L 1 H
400 F 300 Fegihpa | ' ' 7 30 eginpa | ' ' 7
L 5 20F 250 F E
600 | 2 200f i1 200f 3
. 8 e M 1 ok M ]
L ] C : 100 =< 1 1o0f= E
1000 . > L 50 b . X . 4 sob . . . J
-0.1 0.2 0.1 0.0 0.1 0.2

Jan 2005 Jul 2005 Jan 2006 Jul 2006 Jan 2007 Jan 2005 Jul 2005 Jan 2006 Jul 2006 Jan 2007
Vertical Mass Flux (Pals)

Fig. 19. Vertical profiles of total air mass flux (convection and ad- Fig. 20. Time series of TES CO (681 and 422hPa) and MLS CO
vection) in southern Africa from August to December in 2005 (top) (215 and 147 hPa, scaled as in Fig. 8) (black) with (left) GEOS-

and 2006 (bottom). The left panels are for GEOS-4 and the right4 (right) GEOS-5 model results over southern Africa. The standard
panels are for GEOS-5. simulation is in red, and the simulation with adjusted emissions (see

text) is in blue.

burning season, particularly in the GEOS-4 simulation (byin reasonable agreement, with a more prominent seasonal cy-
~10-25 ppb). cle in the data and models.

The GEOS-4 simulation with increased emissions im- Aircraft data from West Africa allow independent evalu-
proves agreement with observed CO in the LT and MT ination of the CO profile at the peak of the burning season.
July to October, as shown in Fig. 20 (left). However, CO Figure 22 shows CO vertical profiles over Lagosib 3° E)
is too high at 215 hPa in September and October. The diffifrom the MOZAIC program (Nedelec et al., 2003; Barret et
culty of matching CO in both the LT and UT suggests that al., 2008; Williams et al., 2009). The data are primarily for
convection may detrain at too high an altitude over Africa in 2002—2004, and are compared to the mean of the model for
GEOS-4 in these months. The GEOS-5 simulation with in-2005 and 2006. Despite the different years represented by the
creased emissions provides better agreement with observasbservations and model, both CO profiles exhibit a dramatic
CO from the LT to UT, especially at 215 hPa (Fig. 20, right). decrease between 800 and 600 hPa, particularly in December
As discussed above, convection in GEOS-5 ends at a loweand January. GEOS-5 gives a better simulation than GEOS-4
altitude than that in GEOS-4. Over southern Africa, vertical of the high CO in the boundary layer. However, model CO is
mixing in GEOS-5 may be more realistic, with the discrep- too high from 500 to 200 hPa by about 25% (GEOS-4) and
ancies between model and observations caused primarily b40% (GEOS-5) in January, and much too low in boundary

deficiencies in the GFED2 emissions. layer. The transport patterns in the model suggest that the
sharp decrease near 700 hPa is caused by the northeasterly
5.3.2 Northern Africa Harmattan winds in the LT, and the blocking Saharan anticy-

clone at higher altitudes which prevents vertical mixing over
Over northern Africa, the observed CO has a biannual patthe source regions as shown in Fig. 23. The influence of these
tern, with the primary CO maximum occurring in boreal win- transport patterns on CO was first discussed by Jonquieres et
ter and a secondary maximum in summer (Fig. 21). Bothal. (1998) who analyzed exploratory aircraft data from this
GEOS-4 and GEOS-5 match the phase and magnitude of theegion, and by Sauvage et al. (2005).
CO variation from 681 to 422 hPa fairly well. The models Figure 23 shows the transport patterns in February of 2005
also have a high bias 0f20% in early 2005 in the LT and and 2006. With the southward propagation of the ITCZ in
MT, during the burning season. At 215hPa, MLS does notthis season, the Harmattan winds become stronger and pene-
show a strong seasonal cycle, while it is pronounced in thdrate to the Equator. The winds sweep up CO from the burn-
models. There is a deep early summer minimum at 215 hP#ng region and transport it over the Gulf of Guinea to the
in the GEOS-5 simulation, less so in the GEOS-4 results. A TCZ where itis lofted by convection. By 200 hPa, the winds
the upper level, 147 hPa, the models and MLS data are agaiaver the equatorial region change direction to south-westerly
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MT during boreal summer (Fig. 21) is caused by the collo-
cation of the upward mass flux and high CO accumulated by
transport of CO-laden air from the southern biomass burn-
ing by the strong southeasterly trade winds. B%40 hPa,
Fig. 21. Left: Time series of TES CO (681 and 422hPa) and the maximum has shifted to Octobe_r/November as a result
MLS CO (215 and 147 hPa, scaled as in Fig. 8) in (black) and©f transport of CO from South America as well as southern
model results for GEOS-4 (red) and GEOS-5 (blue) over northernAfrica. Model CO is lower in the UT in GEOS-5 than in
Africa. Solid lines show the model results with the AKs applied, GEOS-4 in May to September because of less upward trans-
dashed lines show the model results without the AKs. Right: Timeport of CO from southern Africa. The underestimate of CO
series of tagged CO tracers over northern Africa from individual in June-July and the overestimate in December to February
sources: biomass burning in South America (red), southern Africagt 215 hPa causes the models to have a pronounced seasonal
(green), northern Africa (blue) and Indonesia (orange), and the biogycle, while there is none in the MLS data. The influence of
genic source from isoprene (purple). CO from fires in southern Africa burning decreases with in-
creasing altitude, and CO from Indonesian fires becomes an
. ) ) important source by 140 hPa (Fig. 21). Barret et al. (2008)
and transport CO rich air back across West Africa above theqqests that westward transport of polluted air masses from
burning region and beyond, towards the Middle East. Thispgja py the tropical easterly jet also contributes to CO above
unique transport pattern over the northern Africa implies that| 50 hpa over northern Africa in summer. Increasing the CO

CO accumulation in the UT above the fire region is mainly gq,;rces in the southern continents causes an overestimate of
determined by the strength of Harmattan wind in the LT and - gver northern Africa in July—September in the MT, max-
the vert.ical mixing pver_ the Gulf of Guinea. Thus, the CO imizing at 3545 ppb in August, and in September—October
overestimate seen in Figs. 5, 21 and 22 may result from the,; 545 hPa, in the GEOS-4 simulation (not shown); in the
combined influence of too strong Harmattan winds in the LT 50 5.5 run. the higher emissions lead to an improved sim-
and too strong vertical mixing over the Gulf of Guinea in | |ation in the, MT.

the model. These deficiencies in transport are also responsi- \yhile the mechanisms transporting CO from the fires in
ble for the low CO in the boundary layer and the excess CO,rthern Africa in boreal winter are well understood, the

above, compared to the MOZAIC data. _ MLS data imply that the upward transport to the UT in the
As shown in Figs. 21 and 23, the primary CO maximum model s too strong in January and February, perhaps as a
during boreal winter in 2005 is much larger than that in 2006 eyt of too strong Harmattan winds transporting CO to the
in the UT (particularly at 147 hPa) in both the model and |Tcz. The data show highest CO over the Gulf of Guinea and
observations. This is caused by higher emissions in Januarynjigeria in February in 2005, as do the GEOS-4 and GEOS-
February 2005 than in 2006 (Fig. 1), as well as by enhanced; simylations, but the model peaks are about 30% too high:

vertical mixing over the Gulf of Guinea in the UT in Febru- j, 2006, the data shows a small peak in March, while in the

ondary CO maximum over the northern Africa in the LT and

100 F

OH v by b a by ay = =
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Fig. 23. CO mixing ratio overlaid with horizontal wind vectors in February 2005 and 2006 at 854, 688, 430, 226 and 139 hPa in for GEOS-4
simulations. The vertical air mass flux (FTa1$ is shown by contours:<0.05, 0, 0.05, 0.12, 0.2) for 854, 688, and 430 hPa, ar@ld5, O,

0.03, 0.06, 0.12) for 226 hPa. Positive values are upward fluxes (solid lines), negative values are downward fluxes (dashed).

5.4 Indonesia on the difference between the CO maximum in October—

November 2006 and the CO base-line during the previous
The GEOS-4 and GEOS-5 simulations are very similar18 months. At 215 hPa, the models match the base-line, but
throughout the troposphere (Fig. 25). Atthe two lower levels,the rapid increase in CO in October in both models is much
both simulations match the observed interannual variabilitylarger than that in the observations, and we argue that this
and the timing of the CO maximum over Indonesia in 2006, may result from too strong convection in the GEOS fields.
although the peak is too narrow with a rapid decrease in CONassar et al. (2009) suggest that deep convection in GEOS-4
after October. Nassar et al. (2009) also found that modektarts to increase in October over the Indonesia region about
CO in this region was too low in November in the LT. Their a month too early, based on their examination of data for
analysis of rainfall data implied that the GFED2 emissionsoutgoing long-wave radiation (OLR). At 147 hPa, CO from
decrease too rapidly in November at the end of the dry seaboth models is in good agreement with the observed CO
son. peak between September and November of 2006, but there
In the UT, with the concern over the absolute accu-is a systematic overestimate in the previous 18 months, so
racy of the MLS CO retrievals, we focus our analysis that the relative increase over the base-line is too small in
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Fig. 25. Time series of TES CO (681 and 422 hPa) and MLS CO
6 . . d Ui (215 and 147 hPa, scaled as in Fig. 8) (black) and model results
Discussion and conclusions for GEOS-4 (red) and GEOS-5 (blue) over Indonesia. Solid lines

) ) show the model results with the AKs applied, dashed lines show the
In this study we used the GEOS-Chem model to interpretyodel results without the AKs.

MLS and TES observations of the spatial and temporal vari-
ations of CO in the tropical troposphere for 2005 and 2006.
Comparisons of the satellite observations and GEOS-Chendeficiencies are caused by two major factors: deep convec-
simulations, as well as analysis of the model meteorologytion decays at too low an altitude in the UT, and the source
and of tagged CO simulations, provide a detailed understandef CO from isoprene in the model is too large in the wet sea-
ing of the interplay of convection and large scale ascent, ason. The greater lag in GEOS-5 is in part because convection
well as long-range transport, on CO emissions and thus omlecays at a lower altitude, and in part because convection
the model CO distribution. Our analysis also reveals flawsmoves southward later than in GEOS-4. The CO peak from
in aspects of tropical transport in the GEOS-4 and GEOS-Siomass burning at 147 hPa persists longer than the observed
meteorological fields, and in the isoprene emissions in theMLS peak, resulting from the dominant influence of slow
model, as well as successes. large scale ascent in transporting this highly seasonal source
The GEOS-Chem simulations capture many features ofn the tropical tropopause layer (TTL).
the morphology and seasonal variation of CO in the LT, al- Our evaluation of the CO simulations implies that isoprene
though the models underestimate CO in the biomass burningmissions from South America in MEGAN v2.1 as driven
season in eastern Amazonia and southern Africa, and in outby the GEOS meteorological fields are too high for much of
flow to the Atlantic and Indian Oceans from these regions;the year. The TES data shows a localized overestimate in
conversely the models overestimate CO over western Soutmodel CO over western South America that is present from
America, south of 19S, and over the equatorial eastern Pa- August to April, somewhat to the south of the geographic
cific in August and September. In the UT, the seasonal maxpeak in isoprene emissions (Figs. 3 and 4). The overesti-
imum in model CO with GEOS-4 over South America oc- mate is smallest, or missing, in May-July (not shown), when
curs ~1 month later than the MLS maximum in 2005 and the isoprene emissions from South America in the model are
2006, and with GEOS-5 it occursl-2 months late in 2005 smallest. Barkley et al. (2008) concluded from an analysis
and~3 months late in 2006. Our analysis shows that theseof satellite data for formaldehyde (HCHO), a degradation
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product of isoprene oxidation, that isoprene emissions arever southern Africa in GEOS-5 at the end of the dry season
very low in May—July. The MLS data also provide convinc- may be more realistic than that in GEOS-4, as the sensitivity
ing evidence that the isoprene emissions in the model are toaun with increased emissions shows better agreement with
high, as they are responsible for the local maximum in CO atobserved CO throughout the troposphere.
215 hPa over South America from November to March thatis Over northern Africa, both models match the phase and
present in the model simulations but not in the observationgnagnitude of the CO variation rather well except at 215 hPa,
(Figs. 5 and 6). The isoprene source of CO also causes tha@here MLS does not show a seasonal cycle, while there is
lag of the CO seasonal maximum in the model UT compareda winter maximum and a summer minimum in the models.
to that in the MLS data as shown by the tagged CO result®ur analysis implies that the CO maximum in the UT above
(Fig. 8). We note that an earlier MEGAN inventory (v2) also the fire region is mainly determined by the strength of low-
appeared to give too high emissions in Amazonia when im-evel north-easterly Harmattan winds in the LT, vertical mix-
plemented in GEOS-4, based on comparisons with aircrafing over the Gulf of Guinea in the ITCZ, and transport back
and tower measurements of isoprene in that region (Barkleyver north Africa in south-easterly flow in the MT and UT.
etal., 2008). The MLS data show that the models transport CO too vig-
Increasing the CO emissions over South America andorously to 215hPa in January and February, either because
southern Africa following the results of the inverse analy- the Harmattan winds are too strong, or in addition because
sis of Kopacz et al. (2010) was no panacea; while modelthe convection is too strong; the MOZAIC data support this
CO matched the TES data in eastern Brazil, it was much to@rgument. The secondary maximum in the MT during boreal
high in western South America and in the eastern Pacificsummer is caused by the collocation of the ITCZ and high
The discrepancy in the timing of the seasonal maximum be-CO accumulated by transport from fires in southern Africa
tween model and observations over South America remain®y strong southeasterly trade winds. The sensitivity run with
at 147 hPa in both years. The inversion results of Kopacz eincreased emissions from southern Africa degrades the sim-
al. (2010) were dominated by AIRS data, and their compari-ulation over northern Africa in the MT, at least in GEOS-4.
son of the model results with a posteriori emissions to MO-We chose not to adjust the emissions over northern Africa
PITT data also showed substantial overestimates in westerbased on the results of Kopacz et al. (2010) (an increase of
South America and the eastern Pacific. Their inversion usingl0%) as it would clearly have exacerbated the discrepancies
MOPITT data only showed similar problems but of a smaller in the simulation of MLS and TES CO.
maghnitude. Over Indonesia, our analysis of vertical mixing in late
Both the TES and MLS data revealed problems with ex-2006 using the MLS data substantiates the conclusions of
cessive transport of CO to the eastern equatorial Pacific antllassar et al. (2009) who relied on TES data only, and analy-
lofting in the ITCZ in August and September, particularly in sis of OLR data. They inferred that convection was too strong
GEOS-4. These are the months with maximum fire emis-in GEOS-4 in October 2006, when the MLS data shows an
sions in South America and strong tropical south-easterlie®verestimate in CO with both GEOS-4 and GEOS-5. Using
in the lower troposphere in South America. Weaker easterljthe MLS data at both 147 and 215hPa, we infer that there
winds and weaker convection in the ITCZ in GEOS-5 resultis insufficient vertical mixing above 200 hPa in the model in
in a better simulation compared to GEOS-4 in this region,October and November 2006.
but for both models the results are worse when the surface The GFED3 biomass burning inventory has recently been
emissions are increased in the sensitivity run. It is unclear ifreleased (van der Werf et al., 2010). It uses a new data set for
the high bias in CO in the eastern Pacific is caused primarilyarea burned (Giglio et al., 2010) as well as many improve-
by overly strong easterlies, overly strong lofting of air in the ments in the estimates for fuel consumption. The GFED3 CO
ITCZ, or a combination. emissions for South America arel5% smaller than those
The models were more successful in matching the phase dfom GFED2 in 2005 and similar in 2006; for Southern
the observed CO variation throughout the troposphere oveAfrica, they are similar to GFED2 in 2005, and 5% higher
southern Africa. Isoprene does not contribute significantly toin 2006; and for northern Africa, they arel5% lower than
the seasonality of CO in the UT in this region. Its emissionsthose in GFED2 in both years. The similarities between the
are much smaller than those over South America, and varnytGFED3 and GFED2 CO emissions in the tropics imply that
less with season. The sensitivity run with increased emisthe use of GFED3 emissions would not change the conclu-
sions led to improved agreement with the magnitude of ob-sions of our study. Clearly, difficulties remain in reconciling
served CO in the biomass burning season in the lower andottom-up and top-down estimates of CO emissions in the
middle troposphere, but caused an overestimate at 215 hReopics even with these improved estimates of biomass burn-
in the GEOS-4 simulation. The difficulty in matching CO in ing emissions.
the LT and UT implies there may be overly vigorous vertical ~ Our results have implications for the inverse methodology
transport early in the wet season. Comparison of the prothat has been widely used for constraining regional sources
files of air mass fluxes indicate that convection detrains at af CO (e.g. Arellano et al., 2004; Petron et al., 2004; Muller
lower altitude in GEOS-5 than in GEOS-4. Vertical transport and Stavrakou, 2005; Arellano and Hess, 2006; Chevallier
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