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[1] We present vertical distributions of ozone from the
Tropospheric Emission Spectrometer (TES) over the
tropical Atlantic Ocean during January 2005. Between
10N and 20S, TES ozone retrievals have Degrees of
Freedom for signal (DOF) around 0.7–0.8 each for
tropospheric altitudes above and below 500 hPa. As a
result, TES is able to capture for the first time from space
a distribution characterized by two maxima: one in the
lower troposphere north of the ITCZ and one in the middle
and upper troposphere south of the ITCZ. We focus our
analysis on the north tropical Atlantic Ocean, where most
of previous satellite observations showed discrepancies
with in-situ ozone observations and models. Trajectory
analyses and a sensitivity study using the GEOS-Chem
model confirm the influence of northern Africa biomass
burning on the elevated ozone mixing ratios observed
by TES over this region. Citation: Jourdain, L., et al. (2007),

Tropospheric vertical distribution of tropical Atlantic ozone

observed by TES during the northern African biomass burning

season, Geophys. Res. Lett., 34, L04810, doi:10.1029/

2006GL028284.

1. Introduction

[2] In situ observations from ship cruise campaigns
[Weller et al., 1996; Thompson et al., 2000] and model
studies [Edwards et al., 2003;Martin et al., 2002] show that
the early year tropospheric ozone distribution over the
tropical Atlantic Ocean is characterized by two maxima:
one in the lower troposphere north of the Intertropical
Convergence Zone (ITCZ) and one in the middle and upper
troposphere south of the ITCZ. The first one is attributed to
the biomass burning occurring at this time of the year over
Africa north of the Equator [Thompson et al., 2000]. The
latter one is attributed to a combination of lightning NOx

emissions, various transport processes (including subsi-
dence, convection, cross-equatorial transport and strato-
spheric intrusions) and photochemistry [e.g., Thompson
et al., 2000; Moxim and Levy, 2000; Edwards et al.,
2003; Martin et al., 2002; Chatfield et al., 2004]. The
previous satellite view of the tropospheric ozone over the

tropical Atlantic is based on the distribution of the tropical
tropospheric ozone columns (TTOCs) derived by different
methods from the Total Ozone Mapping Spectrometer
(TOMS) observations [e.g., Fishman and Larsen, 1987;
Fishman et al., 1991; Ziemke et al., 1998; Thompson and
Hudson, 1999; Kim et al., 2001]. This vertically integrated
view exhibits several features in agreement with in-situ
observations over the tropical Atlantic Ocean. In particular,
these products present a persistent zonal wave-one pattern
over the Southern Hemisphere with a maximum over the
Atlantic, a minimum over the western Pacific, and a maxi-
mum amplitude during the austral dry season in agreement
with in situ observations [Thompson and Hudson, 1999;
Thompson et al., 2003]. In addition, most of these products
show higher TTOCs over the south tropical Atlantic than
over the north Atlantic during the northern Africa biomass
burning season. This is called the ‘‘Tropical Atlantic Ozone
Paradox’’ and was first revealed by in situ measurements
from ship cruise campaigns [Thompson et al., 2000].
However, most of the TOMS TTOCs products over north-
ern Africa during the biomass burning season, except for
those of Kim et al. [2001, 2005], do not capture the seasonal
ozone enhancement of the TTOCs as found in the in-situ
observations and model simulations and show a minimum
in DJF and a maximum in SON. This discrepancy is due to
the low sensitivity of TOMS to the lower troposphere and
would lead to increase the magnitude of the ‘‘Tropical
Atlantic Ozone Paradox’’ [Martin et al., 2002]. The more
recent TTOCs products from the Global Ozone Monitoring
Experiment (GOME) also show some discrepancies with
models and measurements over northern Africa, presenting
no clear seasonal cycle [Valks et al., 2003; Liu et al., 2006].
[3] In this paper, we present the first satellite observations

of the vertical variation of tropospheric ozone over the
tropical Atlantic Ocean. We focus our analysis on the
TES retrievals over the northern part of the tropical Atlantic
Ocean, where the previous satellite observations derived
from TOMS (except those of Kim et al. [2001, 2005]) show
some discrepancies with the in-situ ozone observations and
models.

2. TES Data

[4] The TES instrument is an infrared Fourier transform
spectrometer with a spectral resolution of 0.1 cm�1 and a
spectral range from 650–2250 cm�1 [Beer et al., 2001]
launched aboard the NASA’s Aura satellite in July 2004.
Standard products are vertical profiles of ozone, CO and
water vapor obtained from nadir observations during the
Global Survey and Step and Stare runs. A Global Survey
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run consists of nadir measurements about 5� apart along the
orbit track, with successive orbits 22� apart in longitude.
Step/Stare runs have denser nadir coverage, about 0.4�
apart, and typically covers a 60� latitude range. The vertical
resolution of TES nadir ozone retrievals is about 6 km for
cloud-free scenes, with sensitivity to both the lower and
upper troposphere [Worden et al., 2004; Bowman et al.,
2006]. The TES ozone retrievals have been evaluated using
ozonesonde measurements by Worden et al. [2007]. The
algorithm used for retrieving the vertical trace gas profiles
from TES radiances is based on an optimal estimation
method [Rodgers, 2000] and is described by Worden et al.
[2004] and Bowman et al. [2006]. The relationship between
elements of the true trace gas profile and of the retrieved
profile can be expressed as:

x̂ ¼ xa þ Aðx� xaÞ þGe ð1Þ

where x̂ is the logarithm of the retrieved profile, xa is the
logarithm of the a priori constraint obtained from monthly
mean profiles simulated with the MOZART-3 model and
binned in 10� latitude � 60� longitude grids, x is the
logarithm of the true profile, e is the radiance measurement
noise, and G is the gain matrix converting the noise to
spectral measurement error. The averaging kernel (A)
describes the sensitivity of the retrieved profile to the
perturbations of the true state.
[5] In this study, we use TES ozone profiles (versionV002,

F03_2) from 5 Step and Stare runs covering the period 22–
25 January 2005. These data are selected based on a set of
quality flags described in detail by Osterman [2006]. It is
important to note that we also exclude observations over the
Sahara desert, where the surface emissivity has strong
silicate features, as well as profiles that exhibit a persistent
emission layer near the surface with atmospheric temper-
atures higher than the surface temperature. Both of these
conditions can cause extreme non-linearity in the retrieval
algorithm, and can produce erroneous ozone estimates.
Variable cloud and aerosol conditions are also present for
these observations. The scheme used in the retrieval algo-
rithm to account for clouds relies on spectrally dependent
effective optical depths as well as cloud top pressure that are
retrieved in concert with the gases. The scheme is general-
ized, so a single layer cloud or aerosol with spectral features

that are at least 25 cm�1 wide will be properly accommo-
dated in the TES retrieval scheme. The cases that cannot be
accommodated by the cloud retrieval scheme generally
result in very high radiance residual RMS values that are
screened out in the quality control step. Although clouds
and aerosols affect the vertical sensitivity of TES, as
captured by the averaging kernel provided with each
retrieval, it has been shown that they do not bias TES
ozone estimates [Kulawik et al., 2006]. The locations of
the TES retrievals used for this study are shown in red in
Figure 1. Total errors estimates, including smoothing,
systematic, cross-state, and measurements errors, are given
for each profile and range from 15 to 35%.

3. GEOS-Chem Model

[6] We use the GEOS-Chem v7.02.04 global 3-D tropo-
spheric chemistry and transport model with a horizontal
resolution of 2� � 2.5� and 55 layers in the vertical
(available at http://www-as.harvard.edu/chemistry/trop/
geos/). This model has been described by Park et al.
[2004] and a simulation driven by the assimilated meteoro-
logical GEOS-4 data from the NASA Global Modeling and
Assimilation Office (GMAO) has been recently globally
evaluated by Wu et al. [2007]. For this study, we have
performed a simulation for the period September 2004–
January 2005 driven by the GEOS-4 data updated every
3–6 hours. Biomass burning emissions are from a monthly
climatology [Lobert et al., 1999; Duncan et al., 2003] and
are redistributed for each day of the simulation according
to the daily fires detected by the MOderate Resolution
Imaging Spectroradiometer (MODIS). To study the influ-
ence of the biomass burning emissions from northern
Africa on the ozone concentrations observed by TES, we
have also performed an additional simulation with the
GEOS-Chem model, in which the biomass burning emis-
sions over this region have been turned off.

4. TES Ozone Latitudinal Cross Section,
Comparison With the GEOS-Chem Model, and
Previous In Situ Measurements

[7] For comparisons with TES, the model profiles are
sampled along the Aura orbit track at the observation times,

Figure 1. (left) Measurement locations of the 5 TES Special Observations considered in this study. Locations shown in
red indicate retrievals used in the analysis. (right) Spatial distribution of the fires detected by MODIS during the period 11–
21 January 2005 [Giglio et al., 2003]. Colors range from red where the fire count is low to yellow where number of fires is
large.
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and interpolated onto the TES pressure grid. In order to take
into account the vertical sensitivity of each TES retrieval,
the model profiles are transformed using the TES observa-
tion operator, which is composed of the averaging kernel
and the a priori profile and is equivalent to equation (1)
without the gain matrix [Worden et al., 2007]. As described
by Bowman et al. [2006], differences between TES and
GEOS-Chem are compared to TES reported observational
errors (sum of the measurement and cross-state errors
estimates). Figure 2 shows the latitudinal cross sections of
the mean tropospheric ozone mixing ratios over the tropical
Atlantic Ocean derived from the TES retrievals and the
corresponding GEOS-Chem profiles. To account for the
model resolution, the profiles have been averaged over
bands of 2 degrees in latitude for this comparison (the
number of profiles used for the average are indicated in
Figure 2). The ozone distribution observed by TES can be
separated into three regions. Between 0 and 10 N (region I),
the TES ozone vertical distribution exhibits a maximum of
60–70 ppbv in the lower troposphere below 600 hPa. South
of this region down to 20 S (region II), TES observes lower

ozone mixing ratios (40 ppbv) in the lower troposphere and
higher ozone mixing ratios (70 ppbv) in the middle tropo-
sphere compared to the region I especially between 10S and
20 S. Between 20S and 30S (region III), a maximum of 70–
80 ppbv appears in the upper troposphere above 400 hPa.
The separation in 3 distinct regions is in agreement with the
analysis of the ozonesonde measurements during the Aero-
sols 99 experiment between 14 N and 30 S [Thompson et al.,
2000, Figure 1]. In particular, the TES ozone profiles
exhibit a maximum in the middle troposphere south of the
equator as well as a maximum in the lower troposphere
north of the equator. As a result, the latitudinal ozone
gradients observed by TES in the lower and middle/upper
troposphere are reversed, as they are in the in-situ observa-
tions. We have calculated the degrees of freedom for signal
(DOF), as defined by Rodgers [2000], to quantify TES
vertical sensitivity to real atmospheric variability. The DOF
for the whole tropospheric profile varies between 1.5 and
1.7 over a latitude range of 30S to 10N as shown in Figure 2.
Between 10N–18S, the middle/upper tropospheric (500 hPa
to tropopause) as well as the lower tropospheric (surface to

Figure 2. (left) Cross section pressure-latitude of mean ozone volume mixing ratio retrieved by (top) TES and (bottom)
simulated by GEOS-Chem for the period 22–25 January 2005 over the tropical Atlantic Ocean. Note that we show the TES
retrievals on the radiative transfer model levels, which should not be construed as independent. (right top) Latitudinal
variation of the DOF for TES ozone retrievals for the whole troposphere (black triangles), the surface-500 hPa region (red
triangles), the 500 hPa–100 hPa region (blue triangles). The number of TES vertical profiles averaged in each latitude band
of 2 degrees is also indicated in this plot. (right bottom) Rows of the averaging kernel for different levels for a particular
retrieval of the region I (latitude, 5.03; longitude, �17.23).
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500h Pa) part of the retrievals have a DOF of about 0.7–0.8
each. This suggests that TES can distinguish between lower
and upper tropospheric ozone as well as provide a reason-
able estimate of the ozone abundance in the lower tropo-
sphere between 10N–18S. Figure 2 also shows the rows
from typical averaging kernel for one of the retrievals that
contribute to the enhanced ozone below 600 hPa north of
the equator. The structure of the averaging kernel reveals
that most of the information in the retrieval below 500 hPa
comes from around 700 hPa altitude, where TES sensitivity
for tropospheric ozone is at a maximum. We also note that
these TES retrievals show significant differences from
the TES a priori profiles (not shown, discussed in the
auxiliary material).1 This is further confirmation that TES
observations add new information to the a priori knowledge
in the troposphere, as expected based on the vertical
sensitivity characterized in each retrieval. The latitudinal
and vertical ozone variation over the tropical Atlantic Ocean
simulated by the GEOS-Chem model is in qualitative
agreement with the TES observations. However, the max-
ima of the simulated distribution are generally weaker. In
particular, GEOS-Chem is lower than TES on average by
20–25 ppbv between 0–10N (region I). This difference is
larger than the TES observational errors (less than 15 ppbv
for an individual profile) as well as the variability of TES
and GEOS-Chem in this region, 15 and 8 ppbv respectively
(not shown), indicating that the difference is statistically
significant. This result is consistent with the underestima-
tion by 30% of the ozone mixing ratios over northern Africa
(Abidjan and Lagos) in our simulation compared to a

climatology derived from the MOZAIC measurements by
Sauvage et al. [2005] (not shown). It is important to note
that similar discrepancies between the ozone mixing ratios
simulated by the GEOS-Chem model and in situ measure-
ments in the regions influenced by biomass burning activity
have been found by Martin et al. [2002] for the northern
Africa and by Sinha et al. [2004] for the southern Africa.
These discrepancies in close vicinity of fires could be
explained by the coarse resolution of the model as sug-
gested by Sinha et al. [2004] or, more likely, by an
underestimation of the NOx emissions from biomass burn-
ing in the GEOS-Chem model. Inverse modeling studies
using the NO2 columns from GOME observations and the
GEOS-Chem model [Martin et al., 2003; Jaeglé et al.,
2005] suggest that the biomass burning NOx emissions in
northern equatorial Africa in the GEOS-Chem model are
underestimated, by as much as 50% [Jaeglé et al., 2005].

5. Factors Influencing the TES Ozone
Distribution in Region I (0 to10 N)

[8] We now focus on the measurements in region I where
previous satellite measurements of tropospheric ozone have
been problematic due to less sensitivity to ozone variations
in the lower troposphere [Kim et al., 2005].

5.1. Trajectory Analysis

[9] We have calculated 7-day backward trajectories ini-
tialized from the location and time of the TES Step and
Stare measurements over region I (0 to10 N) using the
HYSPLIT transport and dispersion model (R. R. Draxler
and G. D. Rolph, HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model, 2003, available
at http://www.arl.noaa.gov/ready/open/hysplit4.html) driven

Figure 3. Seven-day backward trajectories initialized from the location and time of two TES Step and Stare between
0–10 N and at 900, 850, 750 and 700 hPa. The color scale represents the pressure of the air masses along the trajectories.

1Auxiliary materials are available in the HTML. doi:10.1029/
2006GL028284.
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by the NCEP/NCAR reanalysis. Figure 3 shows the results
for 2 Step and Stare at 4 levels in the lower troposphere. At
900 hPa, the origin of the air is either oceanic and southerly
or continental and northerly depending on the location of
the measurements with respect to the ITCZ. At 850 hPa, off
the West Africa Coast northeasterly winds (i.e.: Harmattan
winds) prevail and transport air masses from West Africa.
During their travel westward and equatorward, these parcels
rise from lower levels near the surface. This ascent is
usually explained by the adiabatic lifting taking place when
the parcels meet the cool monsoon layer [Jonquières et al.,
1998]. We have calculated that 98% of the parcels arriving
at the location of the 3 Step and Stare measurements off the
West Africa Coast at 850 hPa passed less than 7 days before
over northern Africa below 900 hPa and south of 15 N
(which is here considered as the northern limit of the fires
region). Over the Gulf of Guinea, the trajectories initialized
at the level 850 hPa present the same pattern than those
initialized at 900 hPa, most of the parcels having an oceanic
and southerly origin. At 750 hPa, over the Gulf of Guinea,
easterly winds (i.e.: African Easterly Jet) bring air parcel of
continental origin at the TES locations between 0–10N.
These parcels rose from lower levels over Central Africa. In
this case, the convective transport could be responsible for
this initial lifting as suggested by the analysis of the
outgoing longwave radiation (not shown). At 700 hPa, the
circulation is dominated by the presence of an anticyclone
centered at around 10 N, 15 W and the African Easterly Jet.
As a result, the flow is principally horizontal and easterly.
Overall, this analysis confirms that the air parcels in the
ozone enhanced layer detected by TES around 800 hPa over
the north tropical Atlantic Ocean have their origin several
days before over west Africa and central Africa at lower
altitudes where intensive biomass burning occurs at this
period of the year (see Figure 1).

5.2. Interpretation With the GEOS-Chem Model

[10] The CO, NOx and O3 concentration changes calcu-
lated by the model when biomass burning emissions are
included in the simulation are shown in Figure 4 for the
800 hPa and 500 hPa levels. CO mixing ratios increase by
90% over the source region as well as over north tropical
Atlantic between 0–10 N at 800 hPa. The influence of the
biomass burning activity decreases with altitude, but it still

contributes around 50% at 300 hPa. The impact of this
source on NOx concentrations in the free troposphere
remains limited because the NOx has a short lifetime in
the lower troposphere (�1 day). Ozone also has a relatively
short lifetime in the boundary layer (less than a week). The
ozone mixing ratios increase up to 80% over the source
region. However, the changes in ozone concentrations
decrease rapidly with decreasing longitude: 50% to 30%
from the Gulf of Guinea to west of the north Atlantic basin
for 0 to 10 N. Ozone from this source also decreases very
rapidly with the altitude, the impact is about 10–20% at
500 hPa and less than 10% at 300 hPa. For the regions
where TES observes enhanced ozone, the Gulf of Guinea
and off the coast of west Africa, the GEOS-Chem model
predicts that biomass burning emissions contribute to
increase the lower tropospheric ozone background by
40–50% and by 20–30% respectively.

6. Conclusions

[11] The TES measurements presented in this paper
constitute the first observation from space of a vertical
distribution resolving lower and upper tropospheric ozone
over the tropical Atlantic Ocean during the northern Africa
biomass burning season. The TES distribution is in quali-
tative agreement with previous in situ measurements and
models showing two maxima: one in the lower troposphere
north of the ITCZ and one in the middle and upper
troposphere south of the ITCZ. In this paper, we have
focused on the TES measurements over the northern trop-
ical Atlantic where enhanced ozone in the lower tropo-
sphere has been difficult to retrieve from previous space
measurements. For this region, TES ozone retrievals exhibit
an ozone enriched layer below 600 hPa, corresponding to
the Harmattan layer, also observed by in situ observations
over the tropical Atlantic [Thompson et al., 2000], the Ivory
Coast [Jonquières et al., 1998], and from regular measure-
ments over west Africa [Sauvage et al., 2005]. A sensitivity
study conducted with the GEOS-Chem model confirmed the
influence of the biomass burning over western and central
Africa on the ozone enriched layer observed by TES.

[12] Acknowledgments. This work was performed at the Jet
Propulsion Laboratory, California Institute of Technology, under a contract
with the National Aeronautics and Space Administration. We are grateful to

Figure 4. Changes in the simulated CO, NOx, ozone mixing ratios fields (in percent) at 800 hPa (top) and 500 hPa
(bottom) when the biomass burning emissions from northern Africa are considered in the GEOS-Chem model. These
changes are relative to the simulation which does not include the biomass burning source.
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