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Abstract. We used the GEOS-Chem chemistry-transportThe mean tropical vertical velocities from both models are
model to investigate impacts of surface emissions and dylower than those inferred from MLS CO above 100 hPa, par-
namical processes on the spatial and temporal patterns dicularly in GEOS-5, with mean downward, rather than up-
CO observed by the Microwave Limb Sounder (MLS) in ward motion in boreal summer. Thus the models’ CO max-
the upper troposphere (UT) and lower stratosphere (LS)ima from SH burning are transported less effectively than
Model simulations driven by GEOS-4 and GEOS-5 assim-those in MLS CO above 147 hPa and almost disappear by
ilated fields present many features of the seasonal and inte00 hPa. The strongest peaks in the CO tape-recorder are in
annual variation of CO in the upper troposphere and lowerate 2004, 2006, and 2010, with the first two resulting from
stratosphere. Both model simulations and the MLS data shownajor fires in Indonesia and the last from severe burning in
a transition from semi-annual variations in the UT to annual South America, all associated with intense droughts.
variations in the LS. Tagged CO simulations indicate that the
semi-annual variation of CO in the UT is determined mainly
by the temporal overlapping of surface biomass burning from
different continents as well as the north-south shifts of deepl Introduction
convection. Both GEOS-4 and GEOS-5 have maximum up-
ward transport in April and May with a minimum in July It is well known that air enters the stratosphere in the trop-
to September. The CO peaks from the Northern Hemispherécs, driven by the adiabatic upwelling of the Brewer-Dobson
(NH) fires propagate faster to the LS than do those from thecirculation (Brewer, 1949; Dobson, 1956; Holton et al.,
Southern Hemisphere (SH) fires. Thus the transition from al995). The seasonal variations in the mixing ratio of long-
semi-annual to an annual cycle around 80 hPa is induced bived gases are conserved during their slow upward trans-
a combination of the CO signal at the tropopause and theport in the stratosphere as first observed in water vapor by
annual cycle of the Brewer-Dobson circulation. In GEOS-5, Mote et al. (1995), who termed this phenomenon an atmo-
the shift to an annual cycle occurs at a lower altitude thanspheric tape recorder. The signature in water vapor is primar-
in MLS CO, a result of inadequate upward transport. We de-ily determined by its seasonally varying entry values at the
duce vertical velocities from MLS CO, and use them to eval-tropopause (the tape head) which are controlled by temper-
uate the velocities derived from the archived GEOS meteo-ature. Tape recorders have been found in other trace gases
rological fields. We find that GEOS-4 velocities are similar with lifetimes longer than months, such as £@ndrews
to those from MLS CO between 215hPa and 125 hPa, whileet al., 1999), driven by seasonal changes in photosynthesis,
the velocities in GEOS-5 are too low in spring and summer.and HCN (Pumphrey et al., 2008; Li et al., 2009; Pomm-
rich et al., 2010), driven by the seasonal changes in biomass
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burning. Schoeberl et al. (2006) identified a tape recorder ithe CO maximum at 215 hPa resulting from these fires oc-
CO using satellite measurements from the Aura Microwavecurs in January and February. Our analysis of transport of
Limb Sounder (MLS). In this study, we use a global model CO from biomass burning on each continent and the imprint
to interpret the processes resulting in the observed spatialef CO around 200 hPa in Liu et al. (2010) help us charac-
temporal variability of the CO tape recorder in the upper tro-terize the initial conditions of CO tape recorder around the
posphere and lower stratosphere (UTLS), taking advantagépe head, and the transport characteristics of the GEOS-4
of the multi-year record now available. We use the CO tapeand GEOS-5 fields from the lower to the upper troposphere
recorder pattern in MLS data to deduce an independent conat the end of the burning season.
straint on vertical velocities in the UT and to provide a quan- Our work here provides a detailed understanding of the
titative evaluation of vertical transport in the UTLS in the mechanisms responsible for the spatial and temporal patterns
GEOS-4 and GEOS-5 assimilated meteorological fields.  of CO within the UTLS. We derive an independent constraint
Schoeberl et al. (2006) showed that the structure of the CQn the vertical velocities in the UT based on MLS CO tape
tape recorder is closely linked to its seasonal variations in theecorder pattern and use it to evaluate vertical transport in
UT, using MLS data from August 2004 to December 2005.the GEOS-4 and GEOS-5 fields in this region. Section 2 of
They attributed the peaks in February—April and September-this paper introduces the data and models used in this study.
October to biomass burning. Duncan et al. (2007a) examine&ection 3 evaluates the spatial and vertical distribution of CO
how the spatial and temporal variations in CO sources as welin the models using MLS data, presents our analysis of the
as troposphere-to-stratosphere transport (TST) impact th€O tape recorder, and evaluates vertical transport in UTLS.
composition of the UTLS in a model study. Their chemical Our results are discussed in Sect. 4.
transport model (CTM) was driven by meteorological fields
from the GEOS-4 general circulation model (GCM) and used
a climatological inventory for biomass burning emissions ap-
propriate for the 1980s (Lobert et al., 1999; Duncan et al.,2 1 Satellite data
2003). They demonstrated that the seasonal oscillations i’
UTLS CO result from the combined influence of a semian-rq \Ls instrument is a small radio telescope installed on

nual cycle in CO from biomass burning and an annual cy-ihe front of the Aura satellite, which was launched on 15
cle in vertical transport, with their conclusions deduced Pri- 3uly 2004, in a near polar, sun-synchronous orbit with an
marily from model simulations. Liu et al. (2007) compared ¢qator crossing at 01:45 a.m. and 01:45 p.m. local solar time
satellite datasets for thin clouds, water vapor and CO neapnq 5 16-day repeat cycle. It continuously measures thermal
the tropical tropopause and concluded that the spatial andmission from broad spectral bands (118-2250 GHz) with 7
temporal patterns of CO were determined by the influence ofi-rowave receivers using a limb viewing geometry (Wa-
seasonal variations of biomass burning and deep convectioRg, et 4. 20086). It performs one scan every Bbng the
Randel et al. (2007) noted a large annual cycle in CO abovey,ra orhit. MLS has high temporal and spatial sampling in
the tropical tropopause and attributed it to the strong annuaje 1ropics. We use the recently released MLS Version 3.3
cycle in upwelling. , , data ranging from August 2004 to February 2012, and apply
Our study complements and extends previous studies O, screening procedures recommended in the Users’ Guide
the CO tape recorder using the multi-year MLS record | jyesey et al., 2011). These include the use of a cloud ice-
(Livesey et al., 2011) and simulations with the GEOS-Chemy 1o content (IWC) filter to avoid cloud-contaminated pro-
CTM driven by both GEOS-4 and GEOS-5 assimilated Me-fieg The data are provided on a fixed pressure grid with
teorological fields. In the present work, we build on our ear-g |ayels per decade, with valid CO data at 215, 147, and
lier study of transport 'of tropical CO from the lower to the 100 hpa in the UT, 68, 47, 31 and 21 hPa in the stratosphere.
upper troposphere using TES and MLS data and the samepg yertical resolution of the CO product is 3.5-5 km (215—
CTM (Liu et al,, 2010). In that work, we examined the in- 51 hpay Comparisons with aircraft CO observations indi-
terplay of the seasonal variation of biomass burning and thecated that the earlier version of MLS CO (v2.2) was biased
north-south shift of the deep convection and its influence OMhigh by a factor of- 2 at 215 hPa (Livesey et al., 2008). This
CO during and immediately after the biomass burning seasof;,g has peen largely eliminated in v3.3 CO data (Livesey et
on each continent. Although fires peak in July to Septem-y; '5012). Livesey (2011) suggested possible seasonal biases

ber in the southern tropics, the seasonal maximum of COut o at 46 hPa. We discuss this in more detail in Sect. 3.2.
at 215 hPa occurs in October, when deep convection moves

southward over the burning regions. Over South America,2.2 Model description

we found that deep convection decays at too low an altitude

early in the wet season, especially in the GEOS-5 meteoroWe use the GEOS-Chem global 3-D model (version 8-02-04,
logical fields, and that this was one of the reasons causindttp://www.geos-chem.orpdriven by the GEOS assimilated
the 1-2 month lag in the modeled seasonal maximum in COmeteorological observations, GEOS-4 (Bloom et al., 2005)
Biomass burning in northern Africa peaks in December, butand GEOS-5 (Rienecker et al., 2007). The native resolution

2 Data and models
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of the GEOS-4 fields is1x 1.25 with 55 vertical levels, ——MLS ——GEOSS GFEDS — — -GEOSS, GFED2 ——GEOS
and that of the GEOS-5 fields is 0.5 0.667 with 72 ver- -
tical levels; we regrid to 2x 2.5° for input to GEOS-Chem. af
The vertical resolution of both GEOS-4 and GEOS-5 fields &
is ~1km in the UTLS. A major difference between these C
two meteorological fields is their convective parameteriza- &=
tion schemes. GEOS-4 uses the parameterization scheme r
Zhang and McFarlane (1995) for deep convection and the

Hack (1994) parameterization for shallow convection, while

GEOS-5 uses the relaxed Arakawa-Schubert (RAS) schemg
(Moorthi and Suarez, 1992) as discussed in detail by Ott e‘8&
al. (2011). In this study, we conducted tagged CO simulations

(Duncan et al., 2007b) for January 2004 to December 201(

driven by GEOS-5. For GEOS-4, the simulation spans three

years and ends in December 2006, limited by the availabil-
ity of the meteorological fields in the GEOS-Chem model. .
The GEOS-4 and GEOS-5 simulations (for 2004—2008) use '°f
the same emissions as described in Liu et al. (2010), includ
ing the Global Fire Emissions Database version 2 (GFED2)

20

80

emissions for biomass burning (van der Werf et al., 2006). 6"2;04 ; 5008
The GFED2 emissions have been used in many recent stud-

ies with GEOS-Chem, including those focusing on the trop-Fig- 1. Temporal variation of monthly mean MLS CO and model

1 | |
2006 2007 2008

ics (e.g., Sauvage et al., 2007; Nassar et al., 2009; Liu et aI.Cf? :;)Xi”%%“r?s zonzllééa;]/gragBeld Oﬁ’er lsl'd tlc_’ 10 Nhat ZWSP&L,
2010). We also conducted a simulation with the tagged modeF rhra, aan a. black solid ines show obser-

. . - ; vations. Red solid lines show model results from GEOS-5 using
driven by GEOS-5 using the latest version of the inventory,

. GFEDS3 emissions and red dashed lines show those using GFED2
GFED3 (van der Werf et al., 2010), and this extended the o ! v ol

emissions. Blue lines show model results from GEOS-4 using
model results to December 2010. The GFED2 and GFED35FED?2 emissions.
emissions for CO are similar, in terms of the seasonal and in-
terannual variation from 2004 to 2008 over the tropics. The
only major difference is over northern Africa, in which the  To compare GEOS-Chem model output with the MLS re-
peak emissions are about 40 % smaller in 2007 in the GFED3rieved profiles, we sample the model profiles along the MLS
inventory. GFED3 also has slightly lower peak emissions inorbit track at the observation time, and interpolate the model
N. Africa during the other years and in Indonesia in borealprofiles to the MLS'’s 37 pressure levels. The resulting pro-
spring 2005. The GFED3 emissions are slightly higher overfiles are vertically smoothed with the averaging kernels for
southern Africa during its burning season from 2004 to 2008,MLS V3.3.
and are~ 20 % higher over South America in 2005. Emis-
sions from biomass burning in the model are released in the
boundary layer. 3 Results

Unlike many GEOS-Chem tropospheric studies that use
reduced vertical resolution in the stratosphere, the simula3.1 CO morphology in the UTLS
tions in this study use the model levels at their native vertical
resolution. All model simulations have horizontal resolution Figure 1 compares the temporal variation of monthly mean
of 2° x 2.5 and used monthly mean fields of OH archived CO zonally-averaged over 18-1G N from 215hPa to
from the respective ©NOy-hydrocarbon chemistry simula- 68 hPa, as observed by MLS (black solid line) and as sim-
tions, preceded by a three-year spin-up (Liu et al., 2010). Thailated by the model driven by GEOS-4 (blue solid line) and
primary chemical loss of CO is through reactions with OH GEOS-5 (red dashed line) using GFED2 emissions; the fig-
radicals. As a result, the average lifetime for CO in the UT isure also shows results using GFED3 emissions for GEOS-
about 85-120 days in GEOS-4 and 70-85 days in GEOS-55 (red solid line). Each CO monthly mean include9500
The chemical production and loss rates of CO in the strato-observations. The precision of individual observations is 15—
sphere were archived from simulations of the Global Mod- 20 ppb from 68 hPa to 215 hPa. Thus averaging500 ob-
eling Initiative (GMI) Combo model, which includes a com- servations for 1ON-10° S improves the precision of the
plete treatment of stratospheric photochemistry (e.g., Allenmonthly means te- 0.1-0.2 ppb, much smaller than the vari-
et al., 2010). The CO lifetime in the stratosphere increasesbility observed in MLS CO~ 10 ppb). Although the model
slowly with height and reaches a maximum of about 120 daysesults are biased low by 10 ppb for most of the six years
in GEOS-4 and 130 days in GEOS-5 at 60 hPa. at 215 hPa, they match the observed CO seasonality in phase
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GEOS-Chem_ak CO GEOS-Chem_ak CO

120°E 120W  60°W 0° 60°E 120°E 120°W  60°W o° 60°E

Fig. 2. Spatial patterns of monthly mean CO mixing ratios at 215 hPa, 147 hPa, 100 hPa and 68 hPa for February 2005 during the Northern
Hemisphere biomass burning season from MLS (left), the GEOS-Chem model simulations driven by GEOS-4 (middle) and GEOS-5 (right)
using GFED2 emissions with the MLS AKs applied.

and amplitude reasonably well, with a semi-annual cyclein February 2005, during the northern biomass burning sea-
(r =0.71 for GEOS-4, = 0.65 for GEOS-5). The ampli- son; the model results with GFED3 are similar. Both models
tude of the models’ seasonal variations becomes progresshow CO maxima at 215 hPa over South America, northern
sively smaller from 215 hPa to 68 hPa, in contrast to the ob-Africa and Indonesia as observed in the MLS data. However,
served pattern. The phase of the seasonal variation resembld®e data show that the primary CO maximum is from Africa,
that in the observations at 100 hPa, but by 68 hPa the modelshile in the GEOS-4 model it is from Indonesia, and in the
peak 2—3 months later in 2005 and fail to simulate the ob-GEOS-5 model the maxima from Indonesia and Africa are
served peak in January—February. There is an annual cycle iroughly equivalent. The weak maximum over South Amer-
both the observations and the models at 68 hPa. The modéta is caused mainly by the accumulated emissions from iso-
results show broader CO peaks and troughs than observed gsene oxidation with a smaller contribution from biomass
well as much smaller amplitudes in their seasonal variationburning in the northern part of South America (Liu et al.,
Both models underestimate the observed CO at 100 hPa, e2010, Fig. 8). The maximum over Africa is caused by lofting
pecially during boreal winter-spring with a mean low bias of emissions from fires in northern Africa in the intertropi-
of 16 ppbv for GEOS-4 and 22 ppbv for GEOS-5. Clearly cal convergence zone (ITCZ), as discussed in detail in Liu et
much less CO has been lofted to 68 hPa in GEOS-5 than iral. (2010), while the maximum over Indonesia is caused by
GEOS-4, implying insufficient vertical transport in GEOS- lofting of biomass burning emissions from that region. These
5. We return to this issue in more detail in Sect. 3.2. TheCO maxima are collocated with intense convection south of
GEOS-5 simulation with GFED3 emissions shows a smallthe Equator, which is characterized by high IWC in the MLS
reduction in CO from January to May compared to the simu-data (top panel of Fig. 3). Previous studies showed that re-
lation with GFED2 emissions, and little difference the rest of gions with large IWC are collocated with regions of low out-
the year (Fig. 1, red dashed lines). This results mainly fromgoing longwave radiation (OLR) and suggested that the IWC
the smaller emissions from northern Africa in GFED3. data are an indicator of convective strength, as stronger con-
Figure 2 shows the spatial distribution of monthly mean vection produces more condensates and larger cloud parti-
CO from MLS and from the model simulations with GFED2 cles (e.g., Su et al., 2006; Jiang et al., 2009). From 146 hPa
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mate throughout the UT over Southeast Asia and northern
Africa. GEOS-4 simulates only a very weak CO maximum
at 100 hPa.

Although the model CO is too low throughout the UT over
southern and eastern Asia, this is not caused simply by errors

60N
30N

0

30s| in the model emissions, as the underestimate relative to satel-
osl. \ c- L , lite observations is much less in the lower troposphere in this
180  120W  60W 0 60E 120E 180 region as found in our earlier work (Liu et al., 2010). The
B MLSIWE, 2005 Jl, 215 hPa MLS data shows that there is strong uplift of CO to 100 hPa
N o 3 = 4 in July between 10N and 30 N which is lacking in GEOS-

4 and underestimated in GEOS-5 (Fig. 4, center panel). The
MOZART model, driven by NCEP meteorology, is more suc-

1 ey S cessful at matching this aspect of transport to the UTLS (Park
30S; # . j 9 ' “ etal., 2009).

i ‘ - The MLS data shows a smaller maximum over northern
Africa at 215hPa in July (Fig. 5). Previous studies suggest
that this maximum atv 200 hPa around 2NN is driven by
deep convective uplift of CO from biomass burning in south-
ern Africa (Barret et al., 2008; Liu et al., 2010). There is a
large underestimate in both models, caused by an underesti-
mate of emissions of CO from southern Africa, as well as by

60N
30NE

0

0S| deficiencies in vertical transport (Liu et al., 2010). We con-
60S 1 hL . L ducted a sensitivity run by multiplying the CO emissions by
180w By 0 60E  120E 180 the monthly scaling factors derived from the inverse study by
: L Kopacz et al. (2010) over South America and southern Africa

< 1.00 3.25 5.50 7.75 10.00

(asin Liu et al., 2010). The results with increased emissions
Fig. 3. MLS ice water content (IWC) (g m?) at 215 hPa in Febry-  improved the simulation of the CO peaks during the south-
ary (top), July (middle) and October (bottom) 2005. ern hemispheric burning seasons in 2005 and 2006. However
the sensitivity run shows little effect on the spatial and tem-
poral propagation of the CO maxima. Thus increasing the
to 100 hPa, the modeled CO maxima, especially in GEOS-emissions does not significantly improve the simulation of
5, show a much larger decrease than those in the MLS CCthe CO tape recorder pattern.
However, from 100 hPa to 68 hPa, MLS CO decreases more The CO from the southern fires is transported across the
than does the model CO in both simulations. Carbon monoxAtlantic in the equatorial easterlies, as shown in MLS data
ide is relatively well mixed in the tropics at 68 hPa (Fig. 2). (Fig. 5; figure 18 in Liu et al., 2010). Above 150 hPa, CO
Figure 4 (top) shows the pressure-latitude cross-section obver northern Africa is influenced by westward transport of
zonal mean CO in February 2005, highlighting the vertical pollution from S.E. Asia and India lofted by the Asian sum-
gradient in tropical CO in the MLS data and model simula- mer monsoon (Lelieveld et al., 2002; Liu et al., 2010). The
tions. In the MLS data, CO shows an apparent pipe-like maxtagged CO results show that outflow from the Asian mon-
imum in the tropics from 200 hPa to 100 hPa, with a strongersoon anticyclone extends southwestward across the Indian
vertical gradient above 100 hPa than below. In the modelsQcean and merges with the SH subtropical westerlies around
the horizontal gradients are more diffuse in the UT and thethe anticyclone located northwest of Australia in the southern
vertical gradient of CO is stronger below 100 hPa and weaketndian Ocean. This inter-hemispheric transport pathway was
above 100 hPa than that in MLS CO as was evident in thediscussed in detail in the context of stratospheric ozone by
maps (Fig. 2). Hitchman and Rogal (2010). The MLS data show CO trans-
Figure 5 shows the spatial distribution of CO in July 2005, port in the westerlies over the Indian Ocean at 15-20a
during the Asian monsoon season. At 215 hPa, the MLS datéeature largely lacking in the models’ westerly flow. These
show that the dominant maximum is over Asia. It is associ-transport pathways give rise to a C-shaped CO maximum at
ated with the monsoon circulation and is collocated with in- 100 hPa. However, because of the much weaker uplift of CO
tense convection as shown in Fig. 3 (middle panel). Previousver the Asian anticyclone, as well as the underestimate of
studies suggested that the Asian monsoon circulation proemissions from Africa, both models show large underesti-
vides an effective pathway for surface emissions from Asiamates over the tropics and also fail to simulate the C-shaped
to enter the global stratosphere, and the MLS data show excO maximum. The CO minimum over the equatorial Indian
tremely high CO up to 100 hPa (e.g., Park et al., 2009; RandeDcean is caused by lofting of clean boundary layer air by
et al., 2010). However, both models show a large underestieonvection.
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Fig. 4. Pressure-latitude cross-section of zonal mean CO mixing ratios from MLS (left), the GEOS-Chem simulations driven by GEOS-4
(middle) and GEOS-5 (right) using GFED2 emissions with the MLS AKs applied in (top) February, (middle) July and (bottom) October 2005.

GEOS-Chem_ak CO GEOS-Chem_ak CO

60°E 120°E 120°W 60°W o 60°E 120°E

Fig. 5. Spatial patterns of monthly mean CO mixing ratios at 215 hPa, 147 hPa, 100 hPa and 68 hPa for July 2005 during the Asian monsoon
season from MLS (left), the GEOS-Chem simulations driven by GEOS-4 (middle) and GEOS-5 (right) using GFED2 emissions with the
MLS AKs applied.
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MLS CO GEOS-Chem_ak CO GEOS-Chem_ak CO
GEOS-5

s

0° 60°E 120°E 120°W 120°E 60°E 120°E

Fig. 6. Spatial patterns of monthly mean CO mixing ratios at 215 hPa, 147 hPa, 100 hPa and 68 hPa for October 2005 during the Southern
Hemisphere biomass burning season from MLS (left), the GEOS-Chem simulations driven by GEOS-4 (middle) and GEOS-5 (right) with
the MLS AKs applied.

Results for October 2005, during the southern biomasghe seasonal variation of the biomass burning emissions and
burning season, are shown in Fig. 6. Clearly, both modelgo seasonal north-south shifts of regions with strong vertical
underestimate the two major CO maxima over South Amer-transport.
ica and southern Africa and the smaller peak over the eastern
Indian Ocean that are evident in the MLS data. The pressure3.2 CO tape recorder
latitude cross-sections show that October is the first month
with more CO from the Southern Hemisphere (SH) than fromFigure 7 shows the tape recorder in CO (as a zonal mean for
the Northern Hemisphere (NH) evident in MLS CO (Fig. 4, 10°S to 10 N). A 4-yr mean (2005-2008) was subtracted
lower panels). Insufficient CO is transported into the UTLS, from the monthly mean time series at each level for MLS data
and our earlier work showed that this is a combination ofand the two GEOS-5 model simulations. For GEOS-4, we
an underestimate of biomass burning emissions and of defitemoved a reconstructed 4-yr mean calculated by multiplying
ciencies in vertical transport (Liu et al., 2010). We evaluatedits 2-yr mean by the ratio of the 4 and 2-yr means in GEOS-5
the models with data from the Tropospheric Emission Specusing GFED2 emissions.
trometer (TES) in the lower troposphere as well as with MLS ~ Generally, the models capture the main features shown
data in the UT and found that the models were biased low inn the MLS data, although there are differences in detail
the lower troposphere and around 215 hPa over both SoutfFig. 7). The observations and simulations have a semiannual
America and southern Africa. The run with GFED3 emis- cycle around 200hPa and a strong annual cycle above
sion shows little difference in tropical zonal mean CO mix- 80 hPa. Both MLS observations and model simulations show
ing ratios over this season. As in February, MLS CO showsstrong inter-annual variation during the Northern and South-
a smaller decrease from 215 hPa to 100 hPa and a greater den Hemisphere fire seasons, as also shown in Fig. 1. The
crease from 100 hPa to 68 hPa than do the model simulationstrongest CO peak occurs in the boreal autumn of 2006,

In general, the GEOS-Chem simulations capture the maircaused largely by emissions from intense fires in Indonesia
features of the CO morphology in the UTLS during different (Fig. 8b). In late 2004 and 2010, the MLS data show two
seasons (albeit with biases), and these are closely related @her large peaks with nearly the same magnitude as that

in late 2006, particularly at 147 hPa and 100 hPa. Maps of
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a) MLS CO deviation(108-10N) overestimate of the peaks in early 2005 (b ppb over N.
o@D @ ‘ 1 1 | ® Africa and~ 4-5 ppb over Indonesia) compared to the results
oIy #4 I | (, ‘ l : ’ / ( with GFED2 emissions (Fig. 7).
' ‘ Vi $ ‘ To understand the causes of the observed spatial-temporal
— TR T T T TTREETT pattern in CO, we first examine the CO sources and verti-
" GEOS:5 CO deviation({0S-10N, GFEDS) cal transport around 215hPa. This is about the level with
ST j ‘ ‘ j maximum outflow from convection (e.g., Fueglistaler et al.,
- 2009). The CO signals near 200 hPa provide the boundary
222-_’ AR 4

Hesp- -} -t -

condition (or the tape head) for CO entering the UTLS. Fig-
_ ure 9 shows time series of tagged CO tracers for a model

|
| |
| |
| |
| |
| |
I |
| |
L I

g

2
g 2005 2006 2007 2008 2009 2000 20M level at 215hPa over the tropics from individual sources,
K ‘ ‘ ‘GEOS-SCOd‘eviation(1os-‘10N,GFED2)‘ including biomass burning sources from the various conti-
7o ] ! ! ; ; . nents, the biogenic source from isoprene oxidation, and the
100~ . sources from fossil fuel combustion, for GEOS-4 (black solid
! Y ‘ ' B i lines), GEOS-S_using GFED2 e_mi_ssions (red (_jas_hed lines),
2005 2006 2007 2008 2009 2010 2011 and GEOSS5 using GFED3 emissions (red solid lines). The
) GEOS-4 CO deviation(10S-10N) source of CO from isoprene oxidation persists throughout the

year and has little seasonal or interannual variation. Isoprene
emissions are larger in GEOS-5 than in GEOS-4 (not shown),
! ‘ - and the associated CO in GEOS-4 exceeds that in GEOS-
200l L. i : J = 5 by about 20% as a consequence (Fig. 9f). The source of
2005 2006 2007 2008 2009 2010 2011 . . . .
T e I N | CO from oxidation of CH is about 30 ppb in both GEOS-4
Tomeome and GEOS-5, and seasonally and interannually invariant (not
Fig. 7. Temporal variation of monthly mean CO deviations, zonally- Shown). The CO from fossil fuel use persists all year, vary-
averaged over the tropics (18 to 10 N), for (a) MLS observations  ing seasonally and reaching a maximumi(7 ppb) in boreal
from August 2004 to February 2012 from 200 hPa to 50 hPa, modewinter and a minimum-{ 10 ppb) in boreal autumn (Fig. 9e).
simulations driven by GEOS-5 wiifip) GFED3 emission endingin  Duncan et al. (2007a) found a similar seasonality for this
December 2010(c) GFED2 emissions ending in December 2008, source in their GCM study. The fossil fuel CO from Asia
and(d) GEOS-4 ending in December 2006. The 4-yr mean (2005j5 the |argest major contribution to this seasonal variation

to 2008) is subtracted from the time series at each level. The '®in the models (not shown). The tropical CO minimum from

constructed 4-yr mean of GEOS-4 is calculated from GEOS-4 2-yrg, i fe] occurs during the Asian monsoon season, when
zonal mean multiplying the ratio of GEOS-5 4-yr and 2-yr zonal .
means. pollutants are trapped north of AN in the lower layer and
vertically transported to higher levels above the tropopause
(Fig. 5, e.g., Park et al., 2009). Figure 9 shows that fossil fuel
emissions provides the dominant contribution to CO to the
CO show that the peak in late 2004 was mainly caused bynner tropics in northern summer, and the underestimate in
emissions from fires in both Indonesia and South Americathis season evident in Fig. 1 is clearly related to the mod-
while the peak in late 2010 arose mainly from fires in Southels’ transport problems over Asia discussed above. The max-
America (Fig. 8a and d). Several recent studies discussed thenum in the fossil fuel source occurs in boreal winter, when
severe drought in 2010 in South America (and associated indeep convection moves southward to the tropics and trans-
tense fire activity) and attributed it to the combined influenceports more CO emissions from S.E. Asia to the tropics below
of a strong El Nino in 2009 and early 2010 and an extremelythe tropopause.
warm tropical North Atlantic in 2010 (Chen et al., 2011; Fer- Emissions from biomass burning on the different conti-
nandes et al., 2011; Lewis et al., 2011). The model simula-nents display characteristic seasonal cycles in the UT, with a
tions capture the observed CO maximum in late 2006 and arenaximum in late boreal winter resulting from fires in north-
slightly too low for the 2004 maximum, but the results us- ern Africa and in boreal summer-autumn from fires in south-
ing GFED3 emissions are significantly too low for late 2010 ern Africa and South America (Fig. 9a—d). Thus the temporal
(Fig. 7). We showed in Liu et al. (2010) that there is insuf- overlap from these continents generates much of the semian-
ficient upward transport over South America in GEOS-5 atnual cycle in CO at 200 hPa in Fig. 7. The contributions from
the start of the wet season, and this, combined with too lowfires in southeast Asia are not shown in Fig. 9, as they are
emissions, probably explains the discrepancy. always less than 3 ppb.

During the northern burning season, the largest CO posi- The strong inter-annual variation of tropical mean CO
tive anomaly occurs in 2005, a result of emissions from firesduring the southern biomass burning season is controlled
in northern Africa and Indonesia as shown in Fig. 2. Useprimarily by the interannual variation of fires in Indonesia
of the GFED3 emissions leads to a small reduction in theand South America, which are both strongly influenced by
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a) MLS CO Oct. 2004, 147 hPa b) MLS CO Oct. 2006, 147 hPa

Fig. 8. Spatial patterns of MLS monthly mean CO mixing ratios at 147 hPa for October 2004, 2006, 2009 and 2010 during the Southern
Hemisphere biomass burning season.

: climate related dynamic variability. Previous studies showed
S. America - that fires are most severe in Indonesia during drought con-
/\ ditions (e.g., Van Nieuwstadt and Sheil, 2005), which are

Oct

generally associated with El Rib events (e.g., Ropelewski
and Halpert, 1987; Curtis et al., 2001). Several recent stud-
ies suggest that droughts in Indonesia are also affected by
the phase of the Indian Ocean Dipole (IOD). For example,
the huge fires in Indonesia in late 2006 were attributed to the
combined strength of El Kb and a strongly positive phase
of the 10D (e.g., Field and Shen, 2008; van der Werf et al.,
2008; Field et al., 2009; Nassar et al., 2009). In both late
2004 and 2009, two other El No periods, the IOD was in a
neutral phase as inferred from the Dipole Mode Index (DMI)
(Fig. S1). Thus, CO emissions from Indonesian fires in these
two years were much smaller than in 2006, even though the
2009 El Nino was slightly stronger than that in 2006. As a
result, there are much smaller peaks at 215 hPa in 2004 and
laaperivpnt 2009 than in 2006 (Figs. 8 and 9). The CO emissions from
— 2222’:‘,?;?32: South American fires were at a minimum in late 2009, and
thus the tropical mean CO is much smaller in late 2009 than
bt that in late 2004 (Fig. 7). As discussed above, the late 2010
Year peak is mainly caused by CO from fires in South America.
Fig. 9. Temporal variation of modeled monthly mean CO mixing Adoption of the GFE.D3 em.ISSIOnS |mpr0\{ed the underestl_
ratios zonally-averaged over the tropics {Bto 10 N) at 215 hPa mate of the CO maximum in !ate 2,006 with GFED2 emis-
from surface biomass burning a) South America (0-20S, 72.5-  Sions by~5ppb, but led to little difference compared to
37.5 W), (b) southern Africa (16-%S, 12.5-37.5E), (c) north- results with GFED2 emissions during the southern biomass
ern Africa (£ S-& N, 7.5-22.58 E), and(d) Indonesia (125-8 N, burning season in other years.
87.5-122.8E) at 215 hPa, showing the boundary condition for CO  The interannual variation of tropical zonal mean CO dur-
entering the stratosphere. Palie) shows the CO variation from ing the northern biomass burning season is affected mainly
fossil fuels/industry. The bottom pang) shows the CO variation  py fires in northern Africa and Indonesia. We note that the
from oxidati_on of isoprene.'Re_d solid lines show mode_l results from gjmulations with GEED?2 exaggerate the contribution of the
GEOS-5 with GFED3 emissions and red dashed lines show rejnqonesian fires in early 2005, as shown in Fig. 2, probably

sGuété;v‘_th GFED2 emissions. Black lines show model results froma result of too high emissions. The run with GFED3 shows

€O from source regions {ppb)

= 1 1 1
2004 2005 2006 2007
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Fig. 10.Monthly variation of the tropical (10S—1@ N) vertical velocity atfa) 215 hPa(b) 100 hPa, andc) 68 hPa. The lower panels show
the profile of the seasonal mean vertical velocity duidgboreal winter-spring (December to May) a(&) boreal summer-fall (June to
November). Red lines show model results from GEOS-5 and black lines show those from GEOS-4.

20 T T

NMARLLASEALSR bAAAE AN A AMANARSLALAAL MR KN a reduction ot~ 4-5 ppb in zonal mean CO from Indonesia
0 ! ! ! : for this period. The simulations with GFED3 emissions show

0 a ~2-5ppb decrease in zonal mean CO originating from
- northern Africa fires during January and February between
2005 and 2008 compared to those with GFED2 emissions
(Fig. 9). In 2005, the smaller GFED3 emissions from north-
ern Africa fires reduce the model overestimate with GFED2
emissions, but in other years they exacerbate the model un-
derestimates.

Propagation of the tape recorder signal depends on vertical
transport in the models. Figure 10a shows the monthly vari-
ation of the tropical zonal mean vertical velocity at 215 hPa.
This is calculated from the upward air mass flux associated
with convection and with vertical advection (the pressure ten-
dency) in the CTM. We compute vertical velocities from the
air mass flux. The CTM is driven by 6-h-time-averaged hori-
zontal winds from the GEOS data assimilation system (Paw-
son et al., 2007) and advection is calculated in the CTM by
a conservative flux-form upstream-based transport scheme
(Lin and Rood, 1996). Both GEOS-4 and GEOS-5 have a
strong seasonal cycle with the maximum upward mass flux in
T April and May, a relatively weak secondary peak in Novem-

ber and December, and a minimum in July to September. The

Fig. 11. Temporal variation of monthly mean MLS CO and model yertical velocities in the CTM driven by GEOS-4 are approx-
CO deviations zonally-averaged over the tropics®>@610 N) at imately twice those using GEOS-5 at 215 hPa.
215hPa, 147 hPa, 100hPa, 68 hPa and 46 hPa. Black lines show Figure 11 shows the CO tape recorder for the MLS re-

MLS observations. Red solid lines show model results from GEOS-trievaI levels to facilitate detailed evaluation of the models
5 with GFED3 emissions and red dashed lines show those wit 0 o ’

GFED2 emissions. Blue lines show model results from GEOS-4r.]The model simulations and observations agree reasonably
Arrows illustrate the vertical transport of the CO maximum from Well at 215 and 147 hPa, with clear semi-annual cycles. At
Southern Hemisphere biomass burning and from Northern Hemi-L00 hPa, a semi-annual cycle exists in the data, but in the
sphere biomass burning. simulations the peak late in the year is very weak or missing.
At 68 hPa a pronounced annual cycle is present in the data

with a maximum in January-February, extending into May in

CO (ppb)

1 1
2007 2008

1
2004 2005
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2005, while the simulations display much smaller amplitude,similar results for the two models, implying that the models’
and the peak is about 3 months late. Clearly the seasonal vartape recorder pattern abovel50 hPa depends more on the
ation starts changing to an annual cycle at too low an altitudephase than on the magnitude of the vertical transport.
in the models. Between 68 hPa and 46 hPa, the annual cycle The lower panels of Fig. 10 show that the vertical pro-
in MLS CO changes phase from a minimum in August to file of the seasonal mean vertical velocity has a minimum
November to a maximum in these months at 46 hPa. Such around 70-80 hPa, causing the maximum lag of the models’
change is absent in the phase of the model simulations, witlfCO peak to occur from 100 hPa to 68 hPa. The transport min-
a relatively weak annual cycle and a CO maximum in Marchimum occurs at a lower altitude in June to November, with
to June at both levels. The CO data from the infrared At-mean velocities close to zero in GEOS-5, and this, coupled
mospheric Chemistry Experiment-Fourier Transform Spec-with the seasonality in the vertical velocity in the UTLS (top
trometer (ACE-FTS) (Boone et al., 2005) have a high signal-panels), causes the much slower and less effective propaga-
to-noise ratio at 46 hPa, allowing independent evaluation oftion of the October maximum from SH fires (e.g., in 2006)
MLS CO at this level. Similar to the model simulations, the than the peaks in February—March (e.g., in 2005 and 2007).
ACE-FTS data for CO have the same phase at 46 hPa as at The transport time from 215 hPa to 100 hPa is about 20-50
68 hPa, and have a much smaller amplitude than the MLSJays in the GEOS-4 model and 48-80 days in the GEOS-
data at 46 hPa (K. Walker and H. Pumphrey, personal com5 model, shorter than the CO chemical lifetimes of about
munication, 2011). Given these differences at 46 hPa, we dd.00 days and 80 days respectively. The transport time from
not use the MLS data for higher altitudes. We note that the1l00 hPa to 68 hPa is about 58 days in GEOS-4 and 94 days
ACE-FTS data are less useful for analysis of the CO tapen GEOS-5 in December—May, becoming comparable to the
recorder because they have sparse temporal sampling in treeasonal mean chemical lifetime of 93 days and 88 days re-
tropics and several months with no observations, in largespectively at least for GEOS-5. The transport time in June—
part because of the satellite orbit (Bernath, 2006). Thus theyNovember is about 166 days and 228 days in GEOS-4 and
cannot capture the details of the semi-annual cycle at 215 hP&EOS-5, longer than its chemical lifetime. Thus the CO mix-
evident in the MLS data. ing ratios in both models are influenced by both photochem-
Figure 11 also highlights the different propagation ratesical and transport processes by around 68 hPa, especially in
of the CO signal from fires in the NH and SH evident in boreal summer, and the tape recorder is no longer dominated
the MLS data. From 147 hPa to 68 hPa, the CO peak fromby transport processes alone.
NH fires shows a lag of 0—2 months, while that from the SH
fires shows a lag of 3—4 months. Both peaks show a sloweB.3 Vertical velocity derived from daily MLS CO fields
propagation from 100 hPa to 68 hPa than from 147 hPa than
100 hPa. The difference in the phase lags for CO peaks thabchoeberl et al. (2008) used 15yr of satellite measure-
originate in late winter and in early autumn increases withments of tropical HO to estimate the vertical velocities in
height, and around 68 hPa, the two peaks coalesce and titee UTLS by correlating the $O phase lag between two
semi-annual cycle shifts to an annual cycle. Thus, the singleadjacent levels. Their empirically deduced vertical transport
peak in the MLS data in January—May at 68 hPa is caused byates represent the net effects of the vertical and horizontal
the superposition of the CO maxima from fires in the NH andeddy transport as well as the mean large-scale vertical trans-
SH due to the different propagation rates, with a faster ascenport. We adopted their method and deduced the vertical as-
rate in boreal winter. cent rate of the CO extrema in Fig. 11 using the MLS obser-
Figure 10b and ¢ show the monthly variation of the verti- vations. Figure 12a shows the daily tropical zonal mean MLS
cal velocities in the CTM at 100 hPa and 68 hPa. Both mod-CO deviations from 215 hPa to 21 hPa. The general patterns
els show a similar seasonal cycle with annual and semiannuadf vertically propagating CO maxima and minima are obvi-
harmonics as shown at 215 hPa, with a maximum in Marchous. To extract vertical velocities from the CO extrema, we
to May and minimum in July to August. The vertical ve- first isolate the pattern of vertically propagating CO devia-
locities calculated from the air mass divergence scheme irtions from other patterns including the measurement noise.
the CTM are larger in December to May, consistent with theWe performed an extended empirical orthogonal function
extra-tropical wave-driven pump theory (Holton et al., 1995) (EOF) analysis on the daily time-height series in Fig. 12a
and also consistent with seasonal variation of vertical velocto extract the vertical propagation of CO peaks driven by the
ities deduced from radiative heating rates calculated fromseasonal cycle of upwelling. Unlike the standard EOF analy-
observed water vapor and ozone using a radiative transfesis, the extended EOF technique extracts the temporal evolu-
model (Yang et al., 2008). The vertical velocities in GEOS-5 tion of the spatial pattern. Further details about this method
are much smaller than those in GEOS-4 in all seasons frontan be found in analyses of stratospheric winds (Fraedrich et
215hPa to 68 hPa (Fig. 10). Thus much less CO is loftedal., 1993; Mote et al., 1995; Wang et al., 1995).
to 68 hPa in GEOS-5 than in GEOS-4, even though the two In our analysis, we first generate an extended matrix by
models have similar CO at 215 hPa (Fig. 1). However, the COapplying a moving window to the raw time-height matrix at
tape recorder, which is normalized by the mean value, showslaily time steps with a maximum lag of 6 months; we then
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Fig. 12.(Top) daily MLS tropical (10 S—1C@ N) CO and (bottom) its reconstruction from the first three EEOF from August 2004 to Febru-
ary 2012.

carry out a standard EOF analysis on the extended matrievels by the lag-time with the highest correlation; it is as-
to obtain the time development of the vertical structure. Thesigned to the mid-point of two levels. We follow the filtering
first two EOFs show a seasonal cycle containing the annuatriteria used by Schoeberl et al. (2008) and we remove oc-
and semi-annual harmonics simulating the propagation ofturrences of maximum correlation between two levels above
CO maxima in spring and autumn. Together they account forL00 hPa of less than 10 days.
45 % of the total variance. The third and fourth EOFs show We show in Fig. 13 the profile of vertical velocities de-
the temporal evolution of spatial patterns for a semi-annualduced from MLS CO from 2005 to 2008 along those derived
and bi-annual cycle and account for 15% and 12 % of thefrom the archived GEOS-4 and GEOS-5 fields at pressures
total variance respectively. We calculate a normalized con-greater than 68 hPa. We do not show results for higher alti-
volution of the first three EOFs with their respective tempo- tudes because of lack of confidence in the CO seasonal cycle
ral coefficients to reconstruct an altitude-temporal pattern ofat 46 hPa in the MLS data, and because of potential effects of
MLS CO (Fig. 12b). In the resulting plot, the ascending min- photochemical loss of CO. We also note that the vertical ve-
ima and maxima of CO retain their identity from200hPa locities derived in this way provide information over a broad
to 20 hPa. vertical extent, because of the low vertical resolution of the
We deduce the vertical velocity directly by calculating the MLS CO product, and thus we show the vertical velocities as
phase-lagged correlation coefficients between two adjacerars in Fig. 13. The mean vertical velocities were calculated
levels following the method used in Schoeberl et al. (2008).by averaging the daily derived vertical velocities for each 3-
The calculation uses the reconstructed daily MLS data amonth season from 2005 to 2008 860 data points). The
7MLS levels from 215hPa to 21 hPa with a vertical reso- horizontal error bars show one standard deviation of uncer-
lution of ~2.4km shown in Fig. 12b. Niwano et al. (2003) tainty for the derived seasonal mean vertical velocities. The
argued that using data with half the wave length of thelargest uncertainty occurs in spring from 215 hPato 100 hPa.
tape recorder is enough to deduce the vertical velocity. WeResults from sensitivity tests using different lengths for the
therefore chose a moving window of 6 months to calcu-moving window show that the derived vertical velocities in
late the temporal lagged correlations, which corresponds t@pring over these levels are most sensitive to the chosen win-
about one to one-half of the temporal wavelength of the tapedow length.
recorder signal from 215hPa to 21 hPa. For each temporal The seasonality of the vertical velocities inferred from
window we calculate the correlation coefficients between theMLS CO is reasonable, with a faster ascent rate in winter-
data at the lower level and the phase-shifted data at the uppeipring at pressures greater than 100 hPa. The mean vertical
level with one day increments up to 10 months, and identifyvelocity derived for 100—-68 hPa in June-November exceeds
the lag time with the highest correlation. The vertical veloc- that in boreal winter, which is in conflict with results from
ity is then calculated by dividing the distance between twoprevious studies (e.g., Mote et al., 1995; Rosenlof, 1995;
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Fig. 13. Comparison of seasonal mean profiles of vertical velocity deduced from reconstructed MLS CO mixing ratios (solid circles with
vertical and horizontal bars color coded by season: green, spring; red, summer; orange, autumn; blue, winter) and those for the assimilatec
meteorological fields, GEOS-4 (left), and GEOS-5 (right); the same color code is used for the seasons. The vertical bars show the pressure
range of the two levels used to derive the vertical velocities from MLS CO. The horizontal error bars show one standard deviation of the
seasonal mean vertical velocities, and are offset slightly for clarity- A80 hPa the derived vertical velocity for autumn overlaps that for
summer. The black dot shows the tropical annual mean vertical velocity deduced from ML 8\Vtbte et al., 1998). The squares show the
seasonal mean vertical velocity deduced from radiative heating rates (Yang et al., 2008). The pentagon shows the vertical velocity deducec
from CO, in summer (Park et al., 2010).

Schoeberl et al., 2008; Yang et al., 2008). This is probably e 7T T T Ty —88sAm

] — BB S.Af.

caused by the influence of chemical loss of CO at 68hPair 1of : 68hPa | — BanAr
boreal summer and fall as discussed above. Thus, we argL_ 4 M = tsoprene
that this method is most useful for deriving vertical velocities ‘;“g A | E
in the UT, which is a key advantage of using CO as a traceig N ! ]
of transport. F ;
Previous studies based om® focus on levels above 2 ~ ><C o - ]
100 hPa because that is where the tape head is set by tt o6 Juoe " Janoe " Juios  Jamor
tropopause temperature (Mote et al., 1995, 1998). The GMI
and GEOS-Chem CTMs do not transpors® the HO Fig. 14.Month|_y mean of tagged CQ tracers over th_e tropics @1
fields are provided with the meteorological fields, and aFo 11° N) from |nd|V|dua_I sources: biomass burnlr_lg in South Amer-
zonal mean climatology is used in the stratosphere. The assd (re.d)’ Soumern Af”.ca (gfee”)* northem. Africa (blu.e) a.md In-
1. donesia (orange): the biogenic source from isoprene oxidation (pur-
cent rates callc_ulated from CO ared.8mms ,m DJF 'and ple), methane (black, adjusted by 10 ppb) and the source from fossil
~0.54mms-~in SON'for 147 to 100 hPa, which are in réa- fe (pink) combustion for GEOS-4 at 70 hPa.
sonable agreement with those deduced from other long lived
tracers around 100 hPa using £Q@Park et al., 2010) and
H>0O (Mote et al., 1998), as well as those deduced from ra-
diative heating rates (Yang et al., 2008), see Fig. 13. models for 10N-10° S are extremely low above 100 hPa
The mean vertical velocities derived from MLS CO be- in June-November. This is particularly evident in GEOS-5,
tween 215hPa and 100hPa are similar to those derivegyith mean downward, rather than upward motion in boreal
from the archived GEOS-4 fields. The vertical velocities for summer as discussed further below. As shown in Fig. 1, the
GEOS-5 are lower than those for GEOS-4, and they areCO maximum from fires in the SH is much less than that
also lower than those derived from MLS in boreal spring in MLS CO above 147 hPa in both model simulations. This
and summer. The vertical velocities derived from MLS CO, maximum almost disappears by 100 hPa due to the extreme|y
along with those derived from # shown in Fig. 13 at |ow ascent rate in the models.
~100hPa, decrease more slowly with height than those in Both models underestimate MLS CO at 100 hPa through-
the GEOS fields between 150 hPa and- 70 hPa. As shown  out 2004 to 2006, but this is not the case at 68 hPa, espe-
in Fig. 1, transport of CO from 215hPa to 147 hPa is sim-cially in the GEOS-4 model from April to November (Fig. 1).
ilar to that of MLS CO, but not enough CO is transported This seems to present a conundrum, since we argue above
up to 100 hPa, which is consistent with the large decreasghat the models’ vertical transport is too slow at these lev-
in vertical velocities in both GEOS-4 and GEOS-5 betweenels. Examining the contributions from the tagged sources at

~150hPa and-70hPa. The vertical velocities from both 68 hPa (Fig. 14), we found that sources from biomass burning
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and isoprene oxidation are at their minimum from May to in February and March arise from fires in northern Africa
September and increase to their seasonal maximum in Deand sometimes from those in Indonesia, lofted by intense
cember to April. Methane oxidation is the largest source ofconvection which takes place primarily to the south of the
CO at 68 hPa and accounts for more than 50 % of the total CGequator. Maps of MLS CO, as well as tagged CO simula-
throughout the year. It has a relatively strong seasonal cycléions, show that emissions from Southeast Asia contribute
with a maximum in March to May and a minimum in Au- little to this maximum, a conclusion in contrast that of Dun-
gust to October, which follows the annual cycle of upwelling can et al. (2007a). They attributed the March maximum to
(Fig. 10). Fossil fuel combustion is the second largest sourcemissions from fires in Southeast Asia, a consequence of the
of CO at 68 hPa year round. Among these sources, CO fronunderlying inventory they used (Lobert et al., 1999), which
biomass burning from the tropical continents is closely re-greatly overestimated biomass burning in that region (Heald
lated to upward transport in the model at the end of the dryet al., 2004).
season, while CO from fossil fuels, originating mainly from  The CO tape recorder pattern shows strong inter-annual
NH mid-latitude, is determined mainly by horizontal trans- variation, with the dominant maximum in boreal autumn of
port at higher levels. The contribution of CO from methane 2006 caused primarily by fires in Indonesia. A smaller max-
oxidation and from fossil fuel, neither of which are strongly imum in late 2004 was caused mainly by fires in Indone-
influenced by upward transport in the tropical troposphere, tosia and South America, and that in late 2010 was caused by
the total CO mixing ratio increases from45% at 215hPa record fires in South America induced by a severe climatic-
to ~70% at 68hPa from May to November. The model driven drought earlier in the year. As a result of insufficient
matches the MLS data at 68 hPa when CO from these twaertical transport over South America in GEOS-5 as well as
sources contribute the most to total CO, and underestimatean underestimate of emissions from that continent (Liu et al.,
CO during December to March when insufficient CO from 2010), the model underestimates the maxima in 2004 and
tropical biomass burning and isoprene oxidation has beer2010.
lofted upwards. At 100 hPa, where the models are too low Both GEOS-4 and GEOS-5 have a strong seasonal cycle
year-round, CO from biomass burning and isoprene oxida4in upward transport with a maximum in April and May and a
tion constitute a larger fraction of total CO. minimum in July to September. The transition from a semi-
The vertical velocities deduced from MLS8 by Schoe-  annual cycle in MLS CO in the UT to an annual cycle by
berl et al. (2008) imply that the minimum in vertical trans- 68 hPa is induced by the annual cycle of the Brewer-Dobson
port is at 20—22 km, or 40-50 hPa. However in both GEOScirculation in the lower stratosphere, since the CO peaks
fields, the minimum occurs at 90 hPa to 70 hPa in June— from the NH fires propagate faster to the LS than those from
November and- 70 hPa in December—May as shown abovethe SH fires. However, in model simulations with GEOS-
(Fig. 10d, e), and there is inadequate upward transport oft and GEOS-5, the maxima from the SH fires at 215 hPa
the CO sources that originate in the tropical troposphere, aare transported less effectively than those in MLS CO above
discussed above. We note that the vertical velocities showri47 hPa, so that by 68 hPa, the CO from the SH fires is too
for GEOS-4 (DAS) in Schoeberl et al. (2008) were calcu- low to coalesce with the peak from the NH fires. Thus the
lated from averaged net heating rates (M. Schoeberl, personaimulations lack the strong maxima in January/February seen
communication, 2010). Off-line CTMs do not use vertical ve- in the data at 68 hPa.
locities calculated from heating rates, but instead the vertical The MLS observations show a pipe-like CO maximum in

velocity is calculated from mass continuity. the tropics between 200 and 100 hPa, isolated to a narrow
latitude band from January to April (see Fig. 4a for Febru-
4 Discussion and conclusions ary), when tropical upward velocities are highest. However,

the CO distribution is broader and less isolated in the tropics
We used the GEOS-Chem model to investigate the impactin both models, which may be caused by too slow ascent and
of surface emissions and dynamical processes on the spalso by stronger in-mixing from higher latitudes.
tial and temporal patterns of CO in the tropical UTLS ob- During the Asian monsoon season both GEOS-4 and
served by MLS. There is a semi-annual cycle in tropical GEOS-5 underestimate the observed CO maximum at
zonal mean CO around 200 hPa and a strong annual cycl200 hPa that extends from the Middle East to the Tibetan
at 68 hPa and above. Liu et al. (2007) argued that the semiarRlateau, where the CO is trapped in the anti-cyclonic circu-
nual cycle in CO results from the overlap of seasonal variadation (e.g., Li et al., 2005; Park et al., 2007). This appears
tions in deep convective transport and biomass burning emisto be related to insufficient lofting of Asian CO emissions by
sions, based on satellite observations of thin clouds, wateconvection and associated upliftt06200 hPa over the Indian
vapor and CO in the UT. We find that the CO maxima in Ocean, and the problem is worse in GEOS-4.
September to November result from fires in South Amer- We derived vertical velocities in the tropical UT by track-
ica, southern Africa, and sometimes from those in Indonesiaing the propagation of extrema of the MLS CO tape recorder.
with CO lofted to the UT when convection moves over the This provides an independent observational constraint on
source region at the start of the wet season. The CO maximenean vertical velocities and a quantitative evaluation of
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transport from~ 200 hPa to~ 100 hPa in CTMs using the sonal communication, December 2011). The age spectrum

GEOS fields. The analysis of CO compliments previous stud-experiment also suggests that the mean age of air in GEOS-5

ies using the HO tape-recorder which only focuses on levels is older than that in GEOS-4. Thus GEOS-5 has a larger dif-

above 100 hPa. The mean vertical velocities we derived arderence between its mean and modal age, indicating greater

similar to those for the GEOS-4 fields between 215 hPa andecirculation into the tropical pipe in the LS, which dimin-

100 hPa, and exceed those in GEOS-4 fields at pressures leishes the CO maximum in GEOS-5. Consequently, the simu-

than 100 hPa. The faster decrease in the vertical velocitietations with GEOS-5 show a matched phase of upward prop-

in GEOS-4 from 100 hPa to 68 hPa results in the underesagation, but much less CO is lofted to 68 hPa compared to

timate of CO in the LS and in the inability of the models GEOS-4.

to reproduce the strong annual cycle in MLS CO at 68hPa. Clearly the CO tape recorder provides valuable tests of

For GEOS-5, the transport is slower than that deduced fronvertical transport in 3-D models, particularly in the UT, be-

MLS CO and is downwards above 100 hPa in tropics in bo-low the altitudes where thed® tape recorder tests transport,

real summer, which appears to conflict with the well-known and below where age of air is most useful as a transport di-

tropical upward transport (Holton et al., 1995). agnostic. We recommend that the CO tape recorder is imple-
A recent back trajectory analysis (Ploeger et al., 2010),mented as a transport test in models driven by both assimi-

conducted to test the impact of the various vertical velocitylated fields, nudged GCM fields, and GCM fields. Such a test

scenarios on transport in the UTLS, showed that almost naould use the GFED3 emissions and prescribed OH fields, if

subsidence occurred in the UTLS when the cross-isentropithey are not available in the models.

velocities were deduced from different diabatic heating rates;

however subsidence frequently appeared in a kinematic sce- ] ) o

nario, commonly used in off-line CTM models, where the SuPPlementary material related to this article is

pressure tendency is used for the vertical transport. It is nogvailable online at: hitp://www.atmos-chem-phys.net/13/

clear whether this subsidence in the tropics is real or an ard29/2013/acp-13-129-2013-supplement.pdf

tifact of the kinematic scenario. Spatial maps of the tropi-

cal vertical velocity fields in GEOS-4 and GEOS-5 are very
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