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Abstract

We used the GEOS-Chem chemistry-transport model to investigate impacts of sur-
face emissions and dynamical processes on the spatial and temporal patterns of CO
observed by the Microwave Limb Sounder (MLS) in the upper troposphere and lower
stratosphere (UTLS). Model simulations driven by GEOS-4 and GEOS-5 assimilated5

fields present many features of the seasonal and inter-annual variation of CO in the
UTLS. Both model simulations and the MLS data show a transition from semi-annual
variations in the UT to annual variations in the LS. Tagged CO simulations indicate that
the semi-annual variation of CO in the UT is determined mainly by the temporal over-
lapping of surface biomass burning from different continents as well as the north-south10

shifts of deep convection. Both GEOS-4 and GEOS-5 have maximum upward trans-
port in April and May with a minimum in July to September. The CO peaks from NH
fires propagate faster to the LS than do those from SH fires. Thus the transition from
a semi-annual to an annual cycle around 80 hPa is induced by a combination of the
CO signal at the tropopause and the annual cycle of the Brewer-Dobson circulation. In15

GEOS-5, the shift to an annual cycle occurs at a lower altitude than in MLS CO, a re-
sult of inadequate upward transport. We deduce vertical velocities from MLS CO, and
find that those in GEOS-4 agree well with them between 215 hPa and 125 hPa in bo-
real summer, fall and winter, while the velocities in GEOS-5 are too low in all seasons.
The mean tropical vertical velocities from both models are lower than those inferred20

from MLS CO above 100 hPa in June to November, particularly in GEOS-5, with mean
downward, rather than upward motion in boreal summer. Thus the models’ CO maxima
from SH burning are transported less effectively than those in MLS CO above 147 hPa
and almost disappear by 100 hPa. The strongest peaks in the CO tape-recorder are in
late 2004, 2006, and 2010, with the first two resulting from major fires in Indonesia and25

the last from severe burning in South America, all associated with intense droughts.
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1 Introduction

It is well known that air enters the stratosphere in the tropics, driven by the adiabatic
upwelling of the Brewer-Dobson circulation (Brewer, 1949; Dobson, 1956; Holton et al.,
1995). The seasonal variations in the mixing ratio of long-lived gases are conserved
during their slow upward transport in the stratosphere as first observed in water vapor5

by Mote et al. (1995), who termed this phenomenon an atmospheric tape recorder.
The signature in water vapor is primarily determined by its seasonally varying entry
values at the tropopause (the tape head) which are controlled by temperature. Tape
recorders have been found in other trace gases with lifetimes longer than months,
such as CO2 (Andrews et al., 1999), driven by seasonal changes in photosynthesis,10

and HCN (Pumphrey et al., 2008; Li et al., 2009; Pommrich et al., 2010), driven by
the seasonal changes in biomass burning. Schoeberl et al. (2006) identified a tape
recorder in CO using satellite measurements from the Aura Microwave Limb Sounder
(MLS). In this study, we use a global model to interpret the processes resulting in the
observed spatial-temporal variability of the CO tape recorder in the upper troposphere15

and lower stratosphere (UTLS), taking advantage of the multi-year record now avail-
able. This analysis allows us to evaluate vertical transport in the UTLS in the GEOS-4
and GEOS-5 assimilated meteorological fields.

Schoeberl et al. (2006) showed that the structure of the CO tape recorder is closely
linked to its seasonal variations in the UT, using MLS data from August 2004 to De-20

cember 2005. They attributed the peaks in February–April and September–October to
biomass burning. Duncan et al. (2007a) examined how the spatial and temporal vari-
ations in CO sources as well as troposphere-to-stratosphere transport (TST) impact
the composition of the UTLS in a model study. Their chemical transport model (CTM)
was driven by meteorological fields from the GEOS-4 general circulation model (GCM)25

and used a climatological inventory for biomass burning emissions appropriate for the
1980s (Lobert et al., 1999; Duncan et al., 2003). They demonstrated that the seasonal
oscillations in UTLS CO result from the combined influence of a semiannual cycle in
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CO from biomass burning and an annual cycle in vertical transport, with their conclu-
sions deduced primarily from model simulations. Liu et al. (2007) compared satellite
datasets for thin clouds, water vapor and CO near the tropical tropopause and con-
cluded that the spatial and temporal patterns of CO were determined by the influence
of seasonal variations of biomass burning and deep convection. Randel et al. (2007)5

noted a large annual cycle in CO above the tropical tropopause and attributed it to the
strong annual cycle in upwelling.

Our study complements and extends previous studies of the CO tape recorder using
the multi-year MLS record (Livesey et al., 2011) and simulations with the GEOS-Chem
CTM. Our analysis uses both GEOS-4 and GEOS-5 assimilated meteorological fields10

in the model, and it builds on our earlier study of transport of tropical CO from the
lower to the upper troposphere using Aura satellite data (Liu et al., 2010). Our work
provides a detailed understanding of the mechanisms responsible for the spatial and
temporal patterns of CO in the UTLS and allows us to evaluate vertical transport in the
GEOS-4 and GEOS-5 fields in this region. Section 2 of this paper introduces the data15

and models used in this study. Section 3 evaluates the spatial and vertical distribution
of CO in the models using MLS data, presents our analysis of the CO tape recorder,
and evaluates vertical transport in UTLS. Our results are discussed in Sect. 4.

2 Data and models

2.1 Satellite data20

The MLS instrument is a small radio telescope installed on the front of the Aura satel-
lite, which was launched on 15 July 2004, in a near polar, sun-synchronous orbit
with an equator crossing at 01:45 a.m. and 01:45 p.m. local solar time and a 16-day
repeat cycle. It continuously measures thermal emission from broad spectral bands
(118–2250 GHz) with 7 microwave receivers using a limb viewing geometry (Waters25

et al., 2006). It performs one scan every 1.5◦ along the Aura orbit. We use the recently
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released Version 3.3 data ranging from August 2004 to February 2012, and apply the
screening procedures recommended in the Users’ Guide (Livesey et al., 2011). These
include the use of a cloud ice-water content (IWC) filter to avoid cloud-contaminated
profiles. The data are provided on a fixed pressure grid with 6 levels per decade, with
valid CO data at 215, 147, and 100 hPa in the UT. The vertical resolution of the CO5

product is ∼4 km. Comparisons with aircraft CO observations indicated that the earlier
version of MLS CO (v2.2) was biased high by a factor of ∼2 at 215 hPa (Livesey et al.,
2008). This bias has been largely eliminated in v3.3 CO data (Livesey et al., 2012).

2.2 Model description

We use the GEOS-Chem global 3-D model (version 8-02-04, http://www.geos-chem.10

org/) driven by the GEOS assimilated meteorological observations, GEOS-4 (Bloom
et al., 2005) and GEOS-5 (Rienecker et al., 2007). The native resolution of the GEOS-4
fields is 1◦×1.25◦ with 55 vertical levels, and that of the GEOS-5 fields is 0.5◦×0.667◦

with 72 vertical levels; we regrid to 2◦ ×2.5◦ for input to GEOS-Chem. The vertical
resolution of both GEOS-4 and GEOS-5 fields is ∼1 km in the UTLS. A major difference15

between these two meteorological fields is their convective parameterization schemes
as discussed by Liu et al. (2010).

In this study, we conducted tagged CO simulations (Duncan et al., 2007b) for January
2004 to December 2010 driven by GEOS-5. For GEOS-4, the simulation spans three
years and ends in December 2006, limited by the availability of the meteorological fields20

in the GEOS-Chem model. The GEOS-4 and GEOS-5 simulations (for 2004–2008) use
the same emissions as described in Liu et al. (2010), including the GFED2 emissions
for biomass burning (van der Werf et al., 2006). The GFED2 emissions have been
used in many recent studies with GEOS-Chem, including those focusing on the tropics
(e.g. Sauvage et al., 2007; Nassar et al., 2009; Liu et al., 2010). We also conducted25

a simulation with the tagged model driven by GEOS-5 using the latest version of the
inventory, GFED3 (van der Werf et al., 2010), and this extended the model results to
December 2010. The GFED2 and GFED3 emissions for CO are similar, in terms of
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the seasonal and interannual variation from 2004 to 2008 over the tropics. The only
major difference is over Northern Africa, in which the peak emissions are about 40 %
smaller in 2007 in the GFED3 inventory. GFED3 also has slightly lower peak emissions
in N. Africa during the other years and in Indonesia in boreal spring 2005. The GFED3
emissions are slightly higher over Southern Africa during its burning season from 20045

to 2008, and are ∼20 % higher over South America in 2005.
Unlike many GEOS-Chem tropospheric studies that use reduced vertical resolution

in the stratosphere, the simulations in this study use the model levels at their native
vertical resolution. All model simulations have horizontal resolution of 2◦ ×2.5◦ and
used monthly mean fields of OH archived from the respective O3-NOx-hydrocarbon10

chemistry simulations, preceded by a three-year spin-up (Liu et al., 2010). The primary
chemical loss of CO is through reactions with OH radicals. As a result, the average
lifetime for CO in the UT is about 85–120 days in GEOS-4 and 70–85 days in GEOS-
5. The chemical production and loss rates of CO in the stratosphere were archived
from simulations of the Global Modeling Initiative (GMI) Combo model, which includes15

a complete treatment of stratospheric photochemistry (e.g. Allen et al., 2010). The CO
lifetime in the stratosphere increases slowly with height and reaches a maximum of
about 120 days in GEOS-4 and 130 days in GEOS-5 at 60 hPa.

To compare model output with the MLS retrieved profiles, we sampled the model
profiles along the MLS orbit track at the observation time, and smoothed the model20

profiles using the MLS averaging kernel (AK) to interpolate them to the MLS’s 37 pres-
sure levels, using the updated AKs for V3.3 (Livesey et al., 2011).

3 Results

3.1 CO morphology in the UTLS

Figure 1 compares the temporal variation of tropical zonal mean CO observed by MLS25

and simulated by the model driven by GEOS-4 (blue line) and GEOS-5 (red dashed
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line) using GFED2 emissions, as well as the run using GFED3 emissions (red solid
line). Results are shown for 10◦ N to 10◦ S from 215 hPa to 68 hPa. Although the model
results are systemically low for most of the six years at 215 hPa, they match the ob-
served CO seasonality in phase and amplitude, with a semi-annual cycle. The ampli-
tude of the models’ seasonal variations becomes progressively smaller from 215 hPa5

to 68 hPa, in contrast to the observed pattern. The phase of the seasonal variation
resembles that in the observations at 100 hPa, but by 68 hPa the models peak 2–3
months later in 2005 and fail to simulate the observed peak in January/February. There
is an annual cycle in both the observations and the models at 68 hPa. The model re-
sults show broader CO peaks and troughs than observed as well as much smaller10

amplitudes in their seasonal variation. Both models underestimate the observed CO
at 100 hPa, especially during boreal winter-spring. Clearly much less CO has been
lofted to 68 hPa in GEOS-5 than in GEOS-4, implying insufficient vertical transport in
GEOS-5. We return to this issue in more detail in Sect. 3.2. The GEOS-5 simulation
with GFED3 emissions shows a small reduction in CO from January to May compared15

to the simulation with GFED2 emissions, and little difference the rest of the year. This
results mainly from the smaller emissions from Northern Africa in GFED3.

Figure 2 shows the spatial distribution of CO from MLS and from the model simula-
tions with GFED2 in February 2005, during the northern biomass burning season; the
model results with GFED3 are similar. Both models show CO maxima at 215 hPa over20

South America, Northern Africa and Indonesia as observed in the MLS data. However,
the data show that the primary CO maximum is from Africa, while in the GEOS-4 model
it is from Indonesia, and in the GEOS-5 model the maxima from Indonesia and Africa
are roughly equivalent. The weak maximum over South America is caused mainly by
the accumulated emissions from isoprene with a smaller contribution from biomass25

burning in the northern part of South America (Liu et al., 2010, Fig. 8). The maximum
over Africa is caused by lofting of emissions from fires in Northern Africa in the in-
tertropical convergence zone (ITCZ), as discussed in detail in Liu et al. (2010), while the
maximum over Indonesia is caused by lofting of biomass burning emissions from that
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region. These CO maxima are collocated with intense convection south of the Equator,
which is characterized by high IWC in the MLS data (top panel of Fig. 3). The IWC
data are an indicator of convective strength, as stronger convection produces more
condensates and larger cloud particles (Jiang et al., 2009). From 146 hPa to 100 hPa,
the modeled CO maxima, especially in GEOS-5, show a much larger decrease than5

those in the MLS CO. However, from 100 hPa to 68 hPa, MLS CO decreases more than
does the model CO in both simulations. Carbon monoxide is relatively well mixed in the
tropics at 68 hPa.

Figure 4 (top) shows the pressure-latitude cross-section of zonal mean CO in Febru-
ary 2005, highlighting the vertical gradient in tropical CO in the MLS data and model10

simulations. In the MLS data, CO shows an apparent pipe-like maximum in the tropics
from 200 hPa to 100 hPa, with a stronger vertical gradient above 100 hPa than below.
In the models, the horizontal gradients are more diffuse in the UT and the vertical gra-
dient of CO is stronger below 100 hPa and weaker above 100 hPa than that in MLS CO
as was evident in the maps (Fig. 2).15

Figure 5 shows the spatial distribution of CO in July 2005, during the Asian monsoon
season. At 215 hPa, the MLS data show that the dominant maximum is over Asia. It is
associated with the monsoon circulation and is collocated with intense convection as
shown in Fig. 3 (middle panel). Previous studies suggested that the Asian monsoon
circulation provides an effective pathway for surface emissions from Asia to enter the20

global stratosphere, and the MLS data show extremely high CO up to 100 hPa (e.g.
Park et al., 2009; Randel et al., 2010). However, both models show a large underes-
timate throughout the UT over Southeast Asia and Northern Africa. GEOS-4 fails to
simulate a CO maximum at 100 hPa.

Although the model CO is too low throughout the UT over Southern and Eastern25

Asia, this is not caused by the deficiency in model emissions, as the underestimate
relative to satellite observations is much less in the lower troposphere in this region
as found in our earlier work (Liu et al., 2010). The MLS data shows that there is
strong uplift of CO in July between 10◦ N and 30◦ N which is lacking in GEOS-4 and
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underestimated in GEOS-5 (Fig. 4, center panel). The MOZART model, driven by
NCEP meteorology, is more successful at matching this aspect of transport to the UTLS
(Park et al., 2009).

The MLS data shows a smaller maximum over Northern Africa at 215 hPa in July.
Previous studies suggest that this maximum at ∼200 hPa around 10◦ N is driven by5

deep convective uplift of CO from biomass burning in Southern Africa (Barret et al.,
2008; Liu et al., 2010). There is a large underestimate in both models, caused by an un-
derestimate of emissions of CO from Southern Africa, as well as by deficiencies in ver-
tical transport (Liu et al., 2010). The CO from the southern fires is transported across
the Atlantic in the equatorial easterlies, as shown in MLS data. Above ∼150 hPa, CO10

over Northern Africa is influenced by westward transport of pollution from Southeast
Asia and India lofted by the Asian summer monsoon (Lelieveld et al., 2002; Liu et al.,
2010). The tagged CO results show that outflow from the Asian monsoon anticyclone
extends southwestward across the Indian Ocean and merges with the SH subtropical
westerlies around the anticyclone located northwest of Australia in the Southern In-15

dian Ocean. This inter-hemispheric transport pathway was discussed in detail in the
context of stratospheric ozone by Hitchman and Rogal (2010). The MLS data show
CO transport in the westerlies over the Indian Ocean at 15◦–20◦ S, a feature largely
lacking in the models’ westerly flow. These transport pathways give rise to a C-shaped
CO maximum at 100 hPa. However, because of the much weaker uplift of CO over the20

Asian anticyclone, as well as the underestimate of emissions from Africa, both models
show large underestimates over the tropics and also fail to simulate the C-shaped CO
maximum. The CO minimum over the equatorial Indian Ocean is caused by lofting of
clean boundary layer air by convection.

Results for October 2005, during the southern biomass burning season, are shown25

in Fig. 6. Clearly, both models underestimate the two major CO maxima over South
America and Southern Africa and the smaller peak over the Eastern Indian Ocean that
are evident in the MLS data. The pressure-latitude cross-sections show that October
is the first month with more CO from the Southern Hemisphere (SH) than from the
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Northern Hemisphere (NH) evident in MLS CO (Fig. 4, lower panels). Insufficient CO is
transported into the UTLS, and our earlier work showed that this is a combination of an
underestimate of biomass burning emissions and of deficiencies in vertical transport
(Liu et al., 2010). We evaluated the models with data from the Tropospheric Emission
Spectrometer (TES) in the lower troposphere as well as with MLS data in the UT and5

found that the models were biased low in the lower troposphere and around 215 hPa
over both South America and Southern Africa. The run with GFED3 emission shows
little difference in tropical zonal mean CO mixing ratios over this season. As in February,
MLS CO shows a smaller decrease from 215 hPa to 100 hPa and a greater decrease
from 100 hPa to 68 hPa than do the model simulations.10

In general, the GEOS-Chem simulations capture the main features of the CO mor-
phology in the UTLS during different seasons (albeit with biases), and these are closely
related to the seasonal variation of the biomass burning emissions and to seasonal
north-south shifts of regions with strong vertical transport.

3.2 CO tape recorder15

Figure 7 shows the tape recorder in CO (as a zonal mean for 10◦ S to 10◦ N.). A 4-yr
mean (2005–2008) was subtracted from the time series at each level for MLS data and
the two GEOS-5 model simulations. For GEOS-4, we removed a reconstructed 4-yr
mean calculated by multiplying its 2-yr mean by the ratio of the 4 and 2-yr means in
GEOS-5 using GFED2 emissions.20

Generally, the models capture the main features shown in the MLS data, although
there are differences in detail. The observations and simulations have a semiannual
cycle around 200 hPa and a strong annual cycle above 80 hPa. Both MLS observa-
tions and model simulations show strong inter-annual variation during the Northern
and Southern Hemisphere fire seasons, as also shown in Fig. 1. The strongest CO25

peak occurs in the boreal autumn of 2006, caused largely by emissions from intense
fires in Indonesia (Fig. 8b). In late 2004 and 2010, the MLS data show two other large
peaks with nearly the same magnitude as that in late 2006, particularly at 147 hPa and
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100 hPa. Maps of CO show that the peak in late 2004 was mainly caused by emissions
from fires in both Indonesia and South America, while the peak in late 2010 arose
mainly from fires in South America (Fig. 8a and 8d). Several recent studies discussed
the severe drought in 2010 in South America (and associated intense fire activity) and
attributed it to the combined influence of a strong El Nino in 2009 and early 2010 and5

an extremely warm tropical North Atlantic in 2010 (Chen et al., 2011; Fernandes et al.,
2011; Lewis et al., 2011). The model simulations capture the observed CO maximum in
late 2006 and are slightly too low for the 2004 maximum, but the results using GFED3
emissions are significantly too low for late 2010. We showed in Liu et al. (2010) that
there is insufficient upward transport over South America in GEOS-5 at the start of the10

wet season, and this, combined with too low emissions, probably explains the discrep-
ancy.

During the northern burning season, the largest CO positive anomaly occurs in 2005,
a result of emissions from fires in Northern Africa and Indonesia as shown in Fig. 2.
Use of the GFED3 emissions leads to a small reduction in the overestimate of the15

peaks in early 2005 (by ∼2 ppb over Northern Africa and ∼4–5 ppb over Indonesia)
compared to the results with GFED2 emissions.

To understand the causes of the observed spatial-temporal pattern in CO, we first
examine the CO sources and vertical transport around 215 hPa. This is about the
level with maximum outflow from convection (e.g. Fueglistaler et al., 2009). The CO20

signals near 200 hPa provide the boundary condition (or the tape head) for CO enter-
ing the UTLS. Figure 9 shows time series of tagged CO tracers for a model level at
226 hPa over the tropics from individual sources, including biomass burning sources
from the various continents, the biogenic source from isoprene, and the sources from
fossil fuel combustion, for GEOS-4 (black lines), GEOS-5 using GFED2 emissions (red25

dashed lines), and GEOS5 using GFED3 emissions (red solid lines). The 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-5 by about 20 %
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as a consequence. The source of CO from oxidation of CH4 is about 30 ppb in both
GEOS-4 and GEOS-5, and seasonally and interannually invariant (not shown). The
CO from fossil fuel use persists all year, varying seasonally and reaching a maxi-
mum (∼17 ppb) in boreal winter and a minimum (∼10 ppb) in boreal autumn. Duncan
et al. (2007a) found a similar seasonality for this source in their GCM study. The fos-5

sil fuel CO from Asia is the largest major contribution to this seasonal variation in the
models (not shown). The tropical CO minimum from fossil fuel occurs during the Asian
monsoon season, when pollutants are trapped north of 10◦ N in the lower layer and ver-
tically 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 to10

the inner tropics in northern summer, and the underestimate in this season evident in
Fig. 1 is clearly related to the models’ transport problems over Asia discussed above.
The maximum in the fossil fuel source occurs in boreal winter, when deep convection
moves southward to the tropics and transports more CO emissions from Southeastern
Asia to the tropics below the tropopause.15

Emissions from biomass burning on the different continents display characteristic
seasonal cycles in the UT, with a maximum in late boreal winter resulting from fires in
Northern Africa and in boreal summer-autumn from fires in Southern Africa and South
America. Thus the temporal overlap from these continents generates much of the semi-
annual cycle in CO at 200 hPa in Fig. 7. The contributions from fires in Southeast Asia20

are not shown in Fig. 9, as they are always less than 3 ppb.
The strong inter-annual variation of tropical mean CO during the southern biomass

burning season is controlled primarily by the interannual variation of fires in Indonesia
and South America, which are both strongly influenced by climate related dynamic vari-
ability. Previous studies showed that fires are most severe in Indonesia during drought25

conditions (e.g. Van Nieuwstadt and Sheil, 2005), which are generally associated with
El Niño events (e.g. Ropelewski and Halpert, 1987; Curtis et al., 2001). Several recent
studies suggest that droughts in Indonesia are also affected by the phase of the In-
dian Ocean Dipole (IOD). For example, the huge fires in Indonesia in late 2006 were
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attributed to the combined strength of El Niño and a strongly positive phase of the IOD
(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 Niño periods, the IOD was in a neutral
phase as inferred from the Dipole Mode Index (DMI) (Figure S1). Thus, CO emissions
from Indonesian fires in these two years were much smaller than in 2006, even though5

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 2009 than in 2006 (Figs. 8 and 9). The CO emis-
sions from South American fires were at a minimum in late 2009, and thus the tropical
mean CO is much smaller in late 2009 than that in late 2004 (Fig. 7). As discussed
above, the late 2010 peak is mainly caused by CO from fires in South America. Adop-10

tion of the GFED3 emissions improved the underestimate of the CO maximum in late
2006 with GFED2 emissions by ∼5 ppb, but led to little difference compared to results
with GFED2 emissions during the southern biomass burning season in other years.

The interannual variation of tropical zonal mean CO during the northern biomass
burning season is affected mainly by fires in Northern Africa and Indonesia. We note15

that the simulations with GFED2 exaggerate the contribution of the Indonesian fires
in early 2005, as shown in Fig. 2, probably a result of too high emissions. The run
with GFED3 shows a reduction of ∼4–5 ppb in zonal mean CO from Indonesia for this
period. The simulations with GFED3 emissions show a ∼2–5 ppb decrease in zonal
mean CO originating from Northern Africa fires during January and February between20

2005 and 2008 compared to those with GFED2 emissions. In 2005, the smaller GFED3
emissions from Northern Africa fires reduce the model overestimate with GFED2 emis-
sions, but in other years they exacerbate the model underestimates.

Propagation of the tape recorder signal depends on vertical transport in the models.
Figure 10a shows the monthly variation of the tropical zonal mean vertical velocity at25

226 hPa. This is calculated from the upward air mass flux associated with convection
and with vertical advection (the pressure tendency) in the CTM. We compute vertical
velocities from the air mass flux. The CTM is driven by 6-h-time-averaged horizontal
winds from the GEOS data assimilation system (Pawson et al., 2007) and advection is
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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 April and May, a relatively weak secondary peak in
November and December, and a minimum in July to September. The vertical velocities
in the CTM driven by GEOS-4 are approximately twice those using GEOS-5 at 226 hPa.5

Figure 11 shows the CO tape recorder for the MLS retrieval levels to facilitate detailed
evaluation of the models. The model simulations and observations agree reasonably
well at 215 and 147 hPa, with clear semi-annual cycles. At 100 hPa, a semi-annual cy-
cle exists in the data, but in the 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 maximum10

in January/February, extending into May in 2005, while the simulations display much
smaller amplitude, and the peak is about 3 months late. Clearly the seasonal varia-
tion starts changing to an annual cycle at too low an altitude in the models. Between
68 hPa and 46 hPa, the annual cycle in MLS CO changes phase from a minimum in
August to November to a maximum in these months at 46 hPa. Such a change is ab-15

sent in the phase of the model simulations, with a relatively weak annual cycle and
a CO maximum in March to June at both levels. The CO data from the infrared At-
mospheric Chemistry Experiment-Fourier Transform Spectrometer (ACE-FTS) (Boone
et al., 2005) have a high signal-to-noise ratio at 46 hPa, allowing independent evalua-
tion of MLS CO at this level. Similar to the model simulations, the ACE-FTS data for20

CO have the same phase at 46 hPa as at 68 hPa, and have a much smaller amplitude
than the MLS data at 46 hPa (K. Walker and H. Pumphrey, personal communication,
2011). Given these differences at 46 hPa, we do not use the MLS data for higher al-
titudes. We note that the ACE-FTS data are less useful for analysis of the CO tape
recorder because they have sparse temporal sampling in the tropics and fail to capture25

the semi-annual cycle at 215 hPa.
Figure 11 also highlights the different propagation rates of the CO signal from fires

in the NH and SH evident in the MLS data. From 147 hPa to 68 hPa, the CO peak
from NH fires shows a lag of 0–2 months, while that from the SH fires shows a lag of
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3–4 months. Both peaks show a slower propagation from 100 hPa to 68 hPa than from
147 hPa than 100 hPa. The difference in the phase lags for CO peaks that originate
in late winter and in early autumn increases with height, and around 68 hPa, the two
peaks coalesce and the semi-annual cycle shifts to an annual cycle. Thus, the single
peak in the MLS data in January–May at 68 hPa is caused by the superposition of the5

CO maxima from fires in the NH and SH due to the different propagation rates, with
a faster ascent rate in boreal winter.

Figure 10b and 10c show the monthly variation of the vertical velocities in the CTM at
100 hPa and 67 hPa. Both models show a similar seasonal cycle with annual and semi-
annual harmonics as shown at 226 hPa, with a maximum in March to May and mini-10

mum in July to August. The vertical velocities calculated from the air mass divergence
scheme in the CTM are larger in December to May, consistent with the extra-tropical
wave-driven pump theory (Holton et al., 1995) and also consistent with seasonal varia-
tion of vertical velocities deduced from radiative heating rates calculated from observed
water vapor and ozone using a radiative transfer model (Yang et al., 2008). The verti-15

cal velocities in GEOS-5 are much smaller than those in GEOS-4 in all seasons from
226 hPa to 67 hPa. Thus much less CO is lofted to 68 hPa in GEOS-5 than in GEOS-4,
even though the two models have similar CO at 215 hPa (Fig. 1). However, the CO
tape recorder, which is normalized by the mean value, shows similar results for the
two models, implying that the models’ tape recorder pattern above ∼150 hPa depends20

more on the phase than on the magnitude of the vertical transport.
The lower panels of Fig. 10 show that the vertical profile of the seasonal mean verti-

cal velocity has a minimum around 70–80 hPa, causing the maximum lag of the models’
CO peak to occur from 100 hPa to 68 hPa. The transport minimum occurs at a lower
altitude in June to November, with mean velocities close to zero in GEOS-5, and this,25

coupled with the seasonality in the vertical velocity in the UTLS (top panels), causes
the much slower and less effective propagation of the October maximum from SH fires
(e.g. in 2006) than the peaks in February/March (e.g. in 2005 and 2007).
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The transport time from 215 hPa to 100 hPa is about 20–50 days in the GEOS-4
model and 48–80 days in the GEOS-5 model, shorter than the CO chemical lifetimes
of about 100 days and 80 days, respectively. The transport time from 100 hPa to 68 hPa
is about 58 days in GEOS-4 and 94 days in GEOS-5 in December–May, becoming com-
parable to the seasonal mean chemical lifetime of 93 days and 88 days, respectively5

at least for GEOS-5. The transport time in June–November is about 166 days and 228
days in GEOS-4 and GEOS-5, longer than its chemical lifetime. Thus the CO mixing
ratios in both models are influenced by both photochemical and transport processes
by around 68 hPa, especially in boreal summer, and the tape recorder is no longer
dominated by transport processes alone.10

3.3 Vertical velocity derived from daily MLS CO fields

Schoeberl et al. (2008) used 15 yr of satellite measurements of tropical H2O to es-
timate the vertical velocities in the UTLS by correlating the H2O phase lag between
two adjacent levels. Their empirically deduced vertical transport rates represent the
net effects of the vertical and horizontal eddy transport as well as the mean large-scale15

vertical transport. We adopted their method and deduced the vertical ascent rate of
the CO extrema in Fig. 11 using the MLS observations. Figure 12a shows the daily
tropical zonal mean MLS CO deviations from 215 hPa to 21 hPa. The general patterns
of rising CO maxima and minima are obvious. To extract vertical velocities from the CO
extrema, we first isolate the pattern of rising CO deviations from other patterns includ-20

ing the measurement noise. We performed an extended empirical orthogonal function
(EOF) analysis on the daily time-height series in Fig. 12a to extract the vertical propa-
gation of CO peaks driven by the seasonal cycle of upwelling. Unlike the standard EOF
analysis, the extended EOF technique extracts the temporal evolution of the spatial
pattern. Further details about this method can be found in analyses of stratospheric25

winds (Fraedrich et al., 1993; Mote et al., 1995; Wang et al., 1995).
In our study, we first apply a 6-month running window to the time-height matrix

and generate an extended matrix with a maximum lag of 10 months; we then apply
17412
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a standard EOF analysis to the extended matrix to obtain the time development of the
vertical structure. The first two EOFs show a seasonal cycle containing the annual and
semi-annual harmonics simulating the propagation of CO maxima in spring and au-
tumn. Together they account for 45 % of the total variance. The third and fourth EOFs
show the temporal evolution of spatial patterns for a semi-annual and bi-annual cycle5

and account for 15 % and 12 % of the total variance, respectively. We calculate a nor-
malized convolution of the first three EOFs with their respective temporal coefficients
to reconstruct an altitude-temporal pattern of MLS CO (Fig. 12b). In the resulting plot,
the ascending minima and maxima of CO retain their identity from ∼200 hPa to 30 hPa.

We deduce the vertical velocity directly by calculating the phase-lagged correla-10

tion coefficients between two adjacent levels following the method used in Schoeberl
et al. (2008). The calculation uses the reconstructed daily MLS data shown in Fig. 12b.
The temporal lagged correlation is calculated for a window of 3 months for pressures
greater than 68 hPa and 6 months for pressures at and less than 68 hPa; these win-
dows correspond to about a half of the wavelength of the tape recorder signal below15

and above 68 hPa, respectively. For each temporal window we calculate the correlation
coefficients between the data at the lower level and the phase-shifted data at the upper
level with one day increments up to 10 months, and identify the lag time with the high-
est correlation. The vertical velocity is then calculated by dividing the distance between
two levels by the lag-time with the highest correlation; it is assigned to the mid-point of20

two levels. We follow the filtering criteria used by Schoeberl et al. (2008) and we re-
move occurrences of maximum correlation between two levels above 100 hPa of less
than 10 days. We show the profile of vertical velocities deduced from MLS CO from
2005 to 2006 with those archived in GEOS-4 and GEOS-5 at pressures greater than
68 hPa (Fig. 13), because of lack of confidence in the seasonal cycle at 46 hPa in the25

MLS data, and because of potential effects of photochemical loss of CO. The vertical
velocities inferred from MLS CO show a reasonable seasonality with a faster ascent
rate in the winter-spring season at pressures greater than 90 hPa. The MLS vertical
velocity in June-November exceeds that in boreal winter at around 90 hPa and above,
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which is in conflict with results from previous studies (e.g. Mote et al., 1995; Rosenlof,
1995; Schoeberl et al., 2008; Yang et al., 2008). This is probably caused by the influ-
ence of chemical loss of CO at 68 hPa in boreal summer and fall as discussed above.
Thus, we argue that this method is most useful for deriving vertical velocities in the UT,
which is a key advantage of using CO as a tracer of transport. It extends our quan-5

tification of vertical transport to the lower part of the TTL. Previous studies based on
H2O focus on levels above 100 hPa because that is where the tape head is set by the
tropopause temperature (Mote et al., 1995, 1998). The GMI CTM does not transport
H2O above the tropopause. The ascent rates calculated from CO are ∼1.0 mms−1 in
DJF and ∼0.54 mms−1 in SON at ∼125 hPa, which are in reasonable agreement with10

those deduced from other long lived tracers around 100 hPa using CO2 (Park et al.,
2010) and H2O (Mote et al., 1998), as well as those deduced from radiative heating
rates (Yang et al., 2008) (Fig. 13).

The vertical velocities derived from MLS CO in the UT are larger than those de-
rived from the archived GEOS-5 fields in all seasons. They agree well with those from15

archived GEOS-4 fields between 215 hPa and 125 hPa except in boreal spring, when
the vertical velocity derived from MLS CO is much larger than that calculated from the
GEOS-4 fields. The ascent rates from MLS CO decrease more slowly with height and
exceed those from the GEOS-4 fields at ∼125 hPa. Thus as shown in Fig. 1, transport
of CO from 215 hPa to 147 hPa is similar to that of MLS CO, but not enough CO is20

transported up to 100 hPa because the vertical velocities in both models are too low at
this level.

Both models underestimate MLS CO at 100 hPa throughout 2004 to 2008, but this
is not the case at 68 hPa, especially in the GEOS-4 model from April to November
(Fig. 1). This seems to present a conundrum, since we argue above that the mod-25

els’ vertical transport is too slow at these levels. Examining the contributions from the
tagged sources at 68 hPa (Fig. 14), we found that sources from biomass burning and
isoprene oxidation are at their minimum from May to September and increase to their
seasonal maximum in December to April. Methane oxidation is the largest source of
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CO at 68 hPa and accounts for more than 50 % of the total CO throughout the year.
It has a relatively strong seasonal cycle with a maximum in March to May and a mini-
mum in August to October, which follows the annual cycle of upwelling (Fig. 10). Fossil
fuel combustion, originating mainly from NH mid-latitudes, is the second largest source
of CO at 68 hPa year round. The contribution of CO from methane oxidation and fos-5

sil fuel increases from ∼45 % at 226 hPa to ∼70 % at 68 hPa from May to November.
The model matches the MLS data at 68 hPa when CO from these two sources con-
tribute the most to total CO, and underestimates CO during December to March when
insufficient CO from tropical biomass burning and isoprene oxidation has been lofted
upwards. At 100 hPa, where the models are too low year-round, CO from biomass10

burning and isoprene constitute a larger fraction of total CO. The vertical velocities de-
duced from MLS H2O by Schoeberl et al. (2008) imply that the minimum in vertical
transport is at 20–22 km, or 40–50 hPa. However in both GEOS fields, the minimum
occurs at ∼100 hPa to 80 hPa in June–November and ∼68 hPa in December–May as
shown above (Fig. 10d, e), and hence there is inadequate upward transport of the CO15

sources that originate in the tropical troposphere, as discussed above.
The mean vertical velocities from both models for 10◦ N–10◦ S are extremely low

above 100 hPa in June–November. This is particularly evident in GEOS-5, with mean
downward, rather than upward motion in boreal summer. As shown in Fig. 1, the CO
maximum from fires in the SH is much less than that in MLS CO above 147 hPa in both20

model simulations. This maximum almost disappears by 100 hPa due to the extremely
low ascent rate in the models. Both models show a broader but weaker CO maximum
from January to May.

4 Discussion and conclusions

We used the GEOS-Chem model to investigate the impacts of surface emissions and25

dynamical processes on the spatial and temporal patterns of CO in the tropical UTLS
observed from MLS. During the northern biomass burning season, the CO maxima in
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February and March arise from biomass burning emissions from the north of South
America, Northern Africa, and Indonesia, lofted by intense convection which takes
place primarily to the south of the Equator. Maps of MLS CO, as well as the tagged
CO simulations, show that emissions from Southeast Asia contribute little to the CO
maximum during this period. This conclusion is in contrast to the model results of Dun-5

can et al. (2007a), who attributed the CO maximum in March to emissions from fires
in Southeast Asia, a conclusion resulting from the underlying inventory (Lobert et al.,
1999), which greatly overestimated biomass burning in that region (Heald et al., 2004).

During the Asian monsoon season both GEOS-4 and GEOS-5 underestimate the
observed CO maximum at 100 hPa that extends from the Middle East to the Tibetan10

Plateau, where the CO is trapped in the anti-cyclonic circulation (e.g. Li et al., 2005;
Park et al., 2007). This appears to be related to insufficient lofting of Asian CO emis-
sions by convection and associated uplift to ∼200 hPa over the Indian Ocean, and the
problem is worse in GEOS-4. Another consequence of the insufficient lofting is that
very little CO from Asia is transported to the southwest, across the Indian Ocean, and15

around the anticyclone in the Southern Indian Ocean into the westerlies, so that the
models fail to simulate the CO maximum observed in MLS data at 15◦–20◦ S. A third
consequence is that insufficient CO is transported around the Asian anticyclone to-
wards North Africa, and this, combined with an underestimate of emissions of CO from
Southern Africa and insufficient vertical transport in the ITCZ (Liu et al., 2010) gives20

rise to an underestimate of CO over Central and Northern Africa and the Atlantic Ocean
during the Asian monsoon season.

During the southern biomass burning season, the CO maxima in September to
November result from biomass burning emissions from South America and Southern
Africa. The model simulations of the CO maxima above these regions are generally low25

in the UTLS due to combined influence of insufficient surface emissions and vertical
transport in the model.

The MLS observation shows a pipe-like CO maximum in the tropics between 200 and
100 hPa, isolated to a narrow latitude band from January to April (Fig. 4a shows the
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situation in February), when tropical upward motion reaches its seasonal maximum.
However, the CO distribution is broader and less isolated in the tropics in both models,
which may be caused by too slow ascent and stronger in-mixing from higher latitudes.
The CO maxima in the models decrease faster below 100 hPa (∼16 km) and slower
above compared to the MLS observations, implying that the vertical transport in the5

model decays at a lower altitude than in the atmosphere, or that the horizontal mixing is
too strong above 100 hPa, or a combination of both. This hypothesis was further verified
by comparing the vertical velocities deduced from MLS CO to those derived from the
archived GEOS-4 and GEOS-5 meteorological fields by mass continuity. The vertical
velocities derived by tracking the propagation of MLS CO extrema agree well with those10

for the GEOS-4 fields between 215 hPa and 125 hPa in boreal summer, autumn and
winter, and exceed those in GEOS-4 fields at pressures less than 125 hPa, resulting
in limited CO transport up to 100 hPa in the models. Schoeberl et al. (2008) also sug-
gested that the vertical velocities both in models driven by GEOS-4 GCM and derived
from the meteorological fields in the data assimilation system (DAS) have a transport15

minimum at a lower altitude compared to the vertical velocities deduced from MLS H2O.
However, the vertical velocities shown for the GEOS-4 DAS in Schoeberl et al. (2008)
were calculated from averaged net heating rates (M. Schoeberl, personal communi-
cation, 2010). These are not used to transport tracers in the off-line CTM where the
vertical transport is calculated from the archived horizontal winds by mass continuity20

and from the convective mass fluxes in the troposphere.
For GEOS-5, the transport is slower than that deduced from MLS CO in all sea-

sons and is downwards above 100 hPa in tropics in boreal summer, which appears
to conflict with the well-known tropical upward transport (Holton et al., 1995). A re-
cent back trajectory analysis (Ploeger et al., 2010), conducted to test the impact of the25

various vertical velocity scenarios on transport in the UTLS, showed that almost no
subsidence occurred in the UTLS in a diabatic scenario with the cross-isentropic ve-
locities deduced from different diabatic heating rates; however subsidence frequently
appeared in a kinematic scenario, commonly used in off-line CTM models, with the
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pressure tendency used for the vertical transport. It is not clear whether this subsi-
dence in the tropics is real or an artifact of the kinematic scenario. Spatial maps of the
tropical vertical velocity fields in GEOS-4 and GEOS-5 are very similar to those in the
ERA-Interim kinematic vertical wind fields depicted in Ploeger et al. (2010), their Fig. 6,
showing similar spatial patterns of downward and upward transport. Park et al. (2007)5

also show regions of downward and upward transport at 100 hPa in the tropics in the
ERA40 reanalysis in July/August (their Fig. 12). Evidently the GEOS assimilated fields
are not unique in having these vertical transport patterns in the tropics.

One of interpretations for the steeper CO gradient with slower vertical transport be-
low 100 hPa may be the inherent characteristics of the transport scheme used in CTMs.10

Waugh et al. (1997) compared the simulations of various long-lived gases between an
on-line transport model, which calculates the wind fields as well as the tracer fields,
and an off-line transport model, which reads in the assimilated meteorological fields
and derives the vertical velocity by mass continuity. They identified a difference in sim-
ulated vertical gradients of long-lived tracers in the stratosphere between off-line and15

on-line models. The weaker CO gradient above 100 hPa in both models used here may
also indicate excessive mixing from the extra-tropics into the lower stratosphere, con-
sidering that there is insufficient vertical transport at these levels when using GEOS
assimilated meteorological fields in the off-line CTM.

Both simulations and observations of the tropical zonal mean CO deviation have20

a semi-annual cycle around 200 hPa and a strong annual cycle above 80 hPa. Liu
et al. (2007) argued that the semiannual cycle in CO results from the overlap of sea-
sonal variations in deep convective transport and biomass burning emissions, based
on the comparison of satellite observations for thin clouds, water vapor and CO near
tropical tropopause. Our tagged CO simulations show that the semi-annual cycles of25

CO below 80 hPa in the TTL are determined by the temporal overlapping of surface
biomass burning emissions from different continents as well as the north-south shifts
of deep convection regions. Both GEOS-4 and GEOS-5 have a strong seasonal cy-
cle with the maximum upward transport in April and May and a minimum in July to
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September. The CO peaks from NH fires propagate faster to the LS than do those from
SH fires. Thus the transition from a semi-annual to an annual cycle around 80 hPa
is induced by a combination of the CO signal at the tropopause and the annual cy-
cle of the Brewer-Dobson circulation in the lower stratosphere. In GEOS-5, the shift
to an annual cycle occurs at an altitude lower than that in MLS CO, a result of in-5

adequate upward transport in the UT. As shown above, the mean vertical velocities
from both models for 10◦ N–10◦ S are lower than those inferred from MLS CO above
100 hPa in June–November. This is particularly evident in GEOS-5, with mean down-
ward, rather than upward, motion in boreal summer. Thus the CO maxima from SH
burning in both model simulations are transported less effectively than those in MLS10

CO above 147 hPa and almost disappear by 100 hPa. At 68 hPa, the CO from SH burn-
ing is too low to coalesce with the peak from the NH fires, and the model lacks strong
maxima in January/February seen in the data, producing a broader but weaker CO
maximum from January to May in both models. By 68 hPa, due to the decreased as-
cent rate, the transport time becomes comparable to the CO photochemical lifetime,15

especially in boreal summer-fall, and the spatial and temporal structures of CO are
affected by both processes.

Both model simulations and MLS observations have a strong inter-annual variation
with a CO maximum in boreal fall 2006, caused mainly by fires in the Indonesian region,
as well as a peak in boreal spring 2005, contributed by fires in Indonesia and North-20

ern Africa. The maximum in late 2004 was caused mainly by emissions from fires in
Indonesia and South America, while that in late 2010 arose mainly from fires in South
America induced by a severe climatic-driven drought in 2010. As a result of the insuffi-
cient vertical transport over South America in GEOS-5 as well as an underestimate of
emissions from that continent, the model underestimates both the maximum in 200425

and particularly that in 2010.
Although the large-scale vertical transport in GEOS-5 is insufficient and much

weaker than that in GEOS-4, the CO tape recorder patterns show a matched phase
of upward propagation between GEOS-4 and GEOS-5. We argue that this is possibly
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caused by the compensating contributions from the tropical recirculation in GEOS-5.
Strahan et al. (2009) examined the transport characteristics of tropical recirculation
using the age spectra. They suggested that the difference between the mean age
and modal age of tropical air indicates the strength of recirculation into the tropics.
A stronger recirculation leads to a wider mode width and an older mean age. Simula-5

tions with both GEOS-5 and GEOS-4 match the observed seasonality of the CO tape
recorder in phase from 215 to 100 hPa, which indicates that they have similar transit
times of CO extremes and furthermore similar derived vertical velocities to those de-
duced from MLS observations. Previous studies suggest that the derived ascent rate
from the upward propagation rate of long-lived gases deviations is directly related to10

the modal age in a low vertical transport environment (Hall and Waugh, 1997; Waugh
and Hall, 2002). As a result, both GEOS-4 and GEOS-5 have a similar modal age,
which is also shown in their age spectra (S. Strahan, personal communication, 2011).
The age spectrum experiment also suggests that the mean age of air in GEOS-5 is
older than that in GEOS-4. Thus GEOS-5 has a larger difference between its mean15

and modal age, indicating greater recirculation into the tropical pipe in the LS, which
diminishes the CO maximum in GEOS-5. Consequently, the simulations with GEOS-5
show a matched phase of upward propagation, but much less CO is lofted to 68 hPa
compared to those in GEOS-4.

Clearly the CO tape recorder provides valuable tests of vertical transport in 3-D20

models, particularly in the UT, below the altitudes where the H2O tape recorder tests
transport, and below where age of air is most useful as a transport diagnostic. We
recommend that the CO tape recorder is implemented as a transport test in models
driven by both assimilated fields, nudged GCM fields, and GCM fields. Such a test
could use the GFED3 emissions and prescribed OH fields, if they are not available in25

the models.
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/17397/2012/
acpd-12-17397-2012-supplement.pdf.
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Figures: 842 

 843 

Figure 1: Temporal variation of tropical zonal mean (10˚S to 10˚N) MLS CO and model CO 844 

mixing ratio at level 215hPa, 147 hPa, 100 hPa and 68 hPa. Black lines represent MLS 845 

observations. Red solid lines represent model results from GEOS-5 using GFED3 emissions. Red 846 

dashed lines represent model results from GEOS-5 using GFED2 emissions.  Blue lines represent 847 

model results from GEOS-4 using GFED2 emissions.  848 

 849 

Fig. 1. Temporal variation of tropical zonal mean (10◦ S to 10◦ N) MLS CO and model CO
mixing ratio at level 215 hPa, 147 hPa, 100 hPa and 68 hPa. Black lines represent MLS obser-
vations. Red solid lines represent model results from GEOS-5 using GFED3 emissions. Red
dashed lines represent model results from GEOS-5 using GFED2 emissions. Blue lines repre-
sent model results from GEOS-4 using GFED2 emissions.
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30 

 

 850 

Figure 2: Spatial patterns of CO mixing ratio at level 215hPa, 147 hPa, 100 hPa and 68 hPa for 851 

February 2005 during the northern hemisphere biomass burning season from MLS (left), the 852 

GEOS-Chem model simulations driven by GEOS-4 (middle) and GEOS-5 (right) using GFED2 853 

emissions with the MLS AKs applied. 854 

 855 

Fig. 2. Spatial patterns of CO mixing ratio at level 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.
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 856 

Figure 3: MLS ice water content (IWC) (g m-3) at 215 hPa in February (top), July (Middle) and 857 

October (bottom) 2005. 858 

 859 

Fig. 3. MLS ice water content (IWC) (gm−3) at 215 hPa in February (top), July (middle) and
October (bottom) 2005.
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32 

 

 860 

Figure 4: Pressure-latitude cross-section of zonal mean CO mixing ratio from MLS (left), the 861 

GEOS-Chem simulations driven by GEOS-4 (middle) and GEOS-5 (right) using GFED2 862 

emissions with the MLS AKs applied in (top) February, (middle) July and (bottom) October 863 

2005. 864 

 865 

Fig. 4. Pressure-latitude cross-section of zonal mean CO mixing ratio from MLS (left), the
GEOS-Chem simulations driven by GEOS-4 (middle) and GEOS-5 (right) using GFED2 emis-
sions with the MLS AKs applied in (top) February, (middle) July and (bottom) October 2005.
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 866 

Figure 5: Spatial patterns of CO mixing ratio at level 215hPa, 147 hPa, 100 hPa and 68 hPa for 867 

July 2005 during the Asian monsoon season from MLS (left), the GEOS-Chem simulations 868 

driven by GEOS-4 (middle) and GEOS-5 (right) using GFED2 emissions with the MLS AKs 869 

applied. 870 

 871 

Fig. 5. Spatial patterns of CO mixing ratio at level 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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 872 

Figure 6: Spatial patterns of CO mixing ratio at level 215hPa, 147 hPa, 100 hPa and 68 hPa for 873 

October 2005 during the southern hemisphere biomass burning season from MLS (left), the 874 

GEOS-Chem simulations driven by GEOS-4 (middle) and GEOS-5 (right) with the MLS AKs 875 

applied. 876 

Fig. 6. Spatial patterns of CO mixing ratio at level 215hPa, 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.
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 877 

Figure 7: Temporal variation of tropical zonal mean CO (10˚S to 10˚N) deviation of (a) MLS 878 

observations from August 2004 to February 2012 from 200 hPa to 50 hPa, model simulations 879 

driven by GEOS-5 with (b) GFED3 emission ends in December 2010, (c) GFED2 emissions 880 

ends in December 2008, and (d) GEOS-4 ends in December 2006. The 4-yr mean (2005 to 2008) 881 

is subtracted from the time series at each level. The reconstructed 4-yr mean of GEOS-4 is 882 

calculated from GEOS-4 2-yr zonal mean multiplying the ratio of GEOS-5 4-yr and 2-yr zonal 883 

means.   884 

Fig. 7. Temporal variation of tropical zonal mean CO (10◦ S to 10◦ N) deviation of (a) MLS
observations from August 2004 to February 2012 from 200 hPa to 50 hPa, model simulations
driven by GEOS-5 with (b) GFED3 emission ends in December 2010, (c) GFED2 emissions
ends in December 2008, and (d) GEOS-4 ends in December 2006. The 4-yr mean (2005 to
2008) is subtracted from the time series at each level. The reconstructed 4-yr mean of GEOS-4
is calculated from GEOS-4 2-yr zonal mean multiplying the ratio of GEOS-5 4-yr and 2-yr zonal
means.
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 885 

Figure 8: Spatial patterns of MLS CO mixing ratio at 147 hPa for October 2004, 2006, 2009 and 886 

2010 during the southern hemisphere biomass burning season. 887 
Fig. 8. Spatial patterns of MLS CO mixing ratio at 147 hPa for October 2004, 2006, 2009 and
2010 during the Southern Hemisphere biomass burning season.

17436

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/17397/2012/acpd-12-17397-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/17397/2012/acpd-12-17397-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 17397–17442, 2012

Transport analysis
and source

attribution of UTLS
CO

Junhua Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

37 

 

 888 

Figure 9:  Temporal variation of modeled tropical zonal mean CO mixing ratio (10˚S to 10˚N) at 889 

215 hPa from surface biomass burning of (a) South America, (b) southern Africa, (c) northern 890 

Africa, and (d) Indonesia at 215 hPa, showing the boundary condition for CO entering the 891 

stratosphere.  Panel e shows the CO variation from Fossil Fuel. The bottom panel (f) shows the 892 

CO variation from isoprene. Red solid lines represent model results from GEOS-5 with GFED3 893 

emissions. Red dashed lines represent model results from GEOS-5 with GFED2 emissions. 894 

Black lines represent model results from GEOS-4. 895 

Fig. 9. Temporal variation of modeled tropical zonal mean CO mixing ratio (10◦ S to 10◦ N) at
215 hPa from surface biomass burning of (a) South America, (b) Southern Africa, (c) North-
ern Africa, and (d) Indonesia at 215 hPa, showing the boundary condition for CO entering the
stratosphere. Panel (e) shows the CO variation from Fossil Fuel. (f) shows the CO variation
from isoprene. Red solid lines represent model results from GEOS-5 with GFED3 emissions.
Red dashed lines represent model results from GEOS-5 with GFED2 emissions. Black lines
represent model results from GEOS-4.

17437

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/17397/2012/acpd-12-17397-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/17397/2012/acpd-12-17397-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 17397–17442, 2012

Transport analysis
and source

attribution of UTLS
CO

Junhua Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

38 

 

 896 

Figure 10: Monthly variation of the tropical (10˚S-10˚N) vertical velocity at (a) 226 hPa, (b) 100 897 

hPa, and (c) 67 hPa. Vertical profile of seasonal mean vertical velocity during (d) boreal winter-898 

spring (December to May) and (e) boreal summer-fall (June to November). Red lines represent 899 

model results from GEOS-5.  Black lines represent model results from GEOS-4. 900 

 901 

Fig. 10. Monthly variation of the tropical (10◦ S–10◦ N) vertical velocity at (a) 226 hPa, (b)
100 hPa, and (c) 67 hPa. Vertical profile of seasonal mean vertical velocity during (d) boreal
winter-spring (December to May) and (e) boreal summer-fall (June to November). Red lines
represent model results from GEOS-5. Black lines represent model results from GEOS-4.
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 902 

Figure 11: Temporal variation of tropical (10˚S-10˚N) MLS CO and model CO anomaly at level 903 

215hPa, 147 hPa, 100 hPa, 68 hPa and 46 hPa. Black lines represent MLS observations. Red 904 

solid lines represent model results from GEOS-5 with GFED3 emissions.  Red dashed lines 905 

represent model results from GEOS-5 with GFED2 emissions. Blue lines represent model results 906 

from GEOS-4. Arrows represent the vertical transport pathways of CO maximum from southern 907 

hemisphere biomass burning and northern hemisphere biomass burning.    908 

Fig. 11. Temporal variation of tropical (10◦ S–10◦ N) MLS CO and model CO anomaly at level
215 hPa, 147 hPa, 100 hPa, 68 hPa and 46 hPa. Black lines represent MLS observations. Red
solid lines represent model results from GEOS-5 with GFED3 emissions. Red dashed lines
represent model results from GEOS-5 with GFED2 emissions. Blue lines represent model re-
sults from GEOS-4. Arrows represent the vertical transport pathways of CO maximum from
Southern Hemisphere biomass burning and northern hemisphere biomass burning.
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 909 

Figure 12: (top) MLS tropical (10˚S-10˚N) CO and (bottom) its reconstruction from the first 910 

three EEOF from August 2004 to February 2012. 911 

 912 

Fig. 12. (top) MLS tropical (10◦ S–10◦ N) CO and (bottom) its reconstruction from the first three
EEOF from August 2004 to February 2012.
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 913 

Figure 13: Comparison of seasonal mean profiles of vertical velocity deduced from 914 

reconstructed MLS CO mixing ratio (solid lines) and (a) GEOS-4 (dashed lines), (b) GEOS-5 915 

(dashed lines) assimilated meteorological fields. Black dot represents the tropical annual mean 916 

vertical velocity deduced from MLS H2O (Mote et al., 1998). Square represents the seasonal 917 

mean vertical velocity deduced from radiative heat rate (Yang et al., 2008). Pentagon represents 918 

the vertical velocity deduced from CO2 (Park et al., 2010). Red represents summer season. Blue 919 

represents winter season.   920 

921 

Fig. 13. Comparison of seasonal mean profiles of vertical velocity deduced from reconstructed
MLS CO mixing ratio (solid lines) and (a) GEOS-4 (dashed lines), (b) GEOS-5 (dashed lines)
assimilated meteorological fields. Black dot represents the tropical annual mean vertical veloc-
ity deduced from MLS H2O (Mote et al., 1998). Square represents the seasonal mean vertical
velocity deduced from radiative heat rate (Yang et al., 2008). Pentagon represents the vertical
velocity deduced from CO2 (Park et al., 2010). Red represents summer season. Blue repre-
sents winter season.
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 922 

Figure 14: Time series of tagged CO tracers over tropics (11˚S to 11˚N)  from individual sources: 923 

biomass burning in South America (red), southern Africa (green), northern Africa (blue) and 924 

Indonesia (orange), the biogenic source from isoprene (purple) , methane (black, adjusted by 925 

10ppb) and the anthropogenic source from fossil fuel (pink) combustion for GEOS-4 at ~70 hPa. 926 

 927 

Fig. 14. Time series of tagged CO tracers over tropics (11◦ S to 11◦ N) from individual sources:
biomass burning in South America (red), Southern Africa (green), Northern Africa (blue) and
Indonesia (orange), the biogenic source from isoprene (purple), methane (black, adjusted
by 10 ppb) and the anthropogenic source from fossil fuel (pink) combustion for GEOS-4 at
∼70 hPa.
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