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� TES satellite observations of global distributions and correlations of NH3 and CO.
� GEOS-Chem model simulations of NH3 and CO are used in investigations.
� In biomass burning regions the NH3:CO ratios are 0.015 (TES) and 0.013 (GEOS-Chem).
� In regions with mixed anthropogenic sources, NH3:CO ratios are 0.051 (TES) and 0.036 (GEOS-Chem).
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a b s t r a c t

Ammonia (NH3) and carbon monoxide (CO) are primary pollutants emitted to the Earth's atmosphere
from common as well as distinct sources associated with anthropogenic and natural activities. The
seasonal and global distributions and correlations of NH3 and CO from the Tropospheric Emission
Spectrometer (TES) satellite observations and GEOS-Chem model simulations for 2007 are investigated
to evaluate how well the global and seasonal pollutant sources are prescribed in the model. Although the
GEOS-Chem simulations of NH3 and CO atmospheric mixing ratio values are lower than the TES satellite
observations, the global distribution patterns from the model reasonably agree with the observations,
indicating that the model represents the general location of the source regions and the seasonal en-
hancements of NH3 and CO globally over large regional scales. In regions and seasons where biomass
burning is the dominant source of both NH3 and CO emissions into the atmosphere, there are strong
NH3:CO correlations, which is consistent with the relationship demonstrated by surface measurements
over fires. In regions where the enhanced NH3 and CO are known to be produced by different sources, the
NH3:CO correlations from TES observations and model simulations are weak or non-existent. For biomass
burning regions the NH3:CO ratios are 0.015 (TES) and 0.013 (GEOS-Chem). In regions of high-population
density, known heavy traffic, and limited biomass burning sources, such as the rapidly developing areas
of South Asia and northern China, which include mixtures of megacities, industrial, and agricultural
areas, the two species show weaker but still positive correlations and NH3:CO ratios of 0.051 (TES) and
0.036 (GEOS-Chem). These enhancement ratios of NH3 relative to CO are useful in constraining NH3

emission inventories when CO emission inventories are better known for some events or regions (i.e.
biomass burning).
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1. Introduction

Carbon monoxide (CO) is a colorless and toxic gas with both
direct (Raub et al., 2000) and indirect (White et al., 1989) impacts
on human health and the environment. CO can be oxidized to form
carbon dioxide (CO2) e an important greenhouse gas. It is also a
precursor of ozone (O3) under high NOx conditions. Although
ammonia (NH3) is short-lived (hours to days) it also plays an
important role in the atmosphere, as it reacts with sulfuric acid and
nitric acid to form ammonium sulfate and ammonium nitrate
aerosols, which can be transported over greater distances
(~100 km) then ammonia in the gas-phase; these aerosols are
constituents of fine particulatematter (PM2.5), which harms human
health (e.g., Crouse et al., 2012) and impacts climate by changing
the number of cloud condensation nuclei (CCN) and thus affecting
cloud radiative properties (e.g., Forster et al., 2007; Langridge et al.,
2012). The lifetime of CO (weeks to months) makes it an important
transported pollutant that can have intercontinental-scale impacts
(Liang et al., 2004; Yashiro et al., 2009). NH3 emissions are mainly
from agricultural practices, e.g., livestock waste management and
fertilizer application (Beusen et al., 2008), while CO and NH3 both
have emissions sources from biomass burning (i.e. wildfires, agri-
culture fires, and prescribed land management burning), and fossil
fuel combustion (Akagi et al., 2011). The other source for CO pro-
duction is the oxidation of methane and non-methane hydrocar-
bons (NMHCs). Large uncertainties exist in both CO and NH3
bottom-up emission inventories (e.g., Zhao et al., 2011; Pinder et al.,
2006). These affect the performances of model simulations of the
distribution of the atmospheric constituents.

Instruments on earth-orbiting satellites launched in the last 10
years provide estimates of atmospheric pollutant amounts in the
troposphere based on high spectral resolution radiance measure-
ments. These observations provide global distributions of key
species for studies of atmospheric processes and to constrain
emission inventories in model simulations. The sources and dis-
tributions of NH3 and CO, as well as their roles in atmospheric
chemistry respectively, have been studied in different regions using
satellite and in-situ and model simulations (e.g. Edwards et al.,
2004; Edwards et al., 2006; Luo et al., 2007a; Clarisse et al., 2009;
Shephard et al., 2011; Boynard et al., 2013; Van Damme et al.,
2014). In this paper we examine the relationships and distribu-
tions of CO and NH3 globally from the Tropospheric Emission
Spectrometer (TES) flying on board the NASA AURA satellite (Beer,
2006). Calculating the observed NH3:CO correlations (emission
ratios) for the pollutants and comparing them to the model simu-
lations provides valuable insight on trace gas emission sources, and
can be used to evaluate the performance of the chemistry transport
model globally. Satellite observations of NH3 enhancement ratio
relative to CO in the fire regions can also be compared to recent
enhancement ratios derived from in-situ measurements (Akagi
et al., 2011), and ground-based remotely sensed values (Paton-
Walsh et al., 2014; Smith et al., 2014). The known NH3 and CO ra-
tio in regions of their common combustion sources is useful in
determining NH3 emissions from the better known CO emissions
(Hegg et al., 1988). Their established relationships under different
conditions are also useful in regions where the air is influenced by
the transport from remote sources.

We examine TES data and the GEOS-Chemmodel simulations of
CO and NH3 globally for 2007. In Section 2 we describe TES
tropospheric observations of global CO and NH3, the GEOS-Chem
simulations, and the representative volume mixing ratios
(RVMRs) comparison methodology. In Section 3, we present and
compare the CO and NH3 global distributions from TES and GEOS-
Chem. In Section 4 we examine the correlations between the two
species from GEOS-Chem simulations with and without biomass
burning sources, and TES observations. We summarize the con-
clusions in Section 5.

2. TES observations and GEOS-Chem data

2.1. TES instrument and data

The TES instrument on the Aura satellite is a nadir-viewing high
spectral resolution (0.1 cm�1; apodized) infrared Fourier Transform
spectrometer (FTS) (Beer, 2006). TES's high spectral resolution, low
radiometric noise (Shephard et al., 2008) and good stability
(Connor et al., 2011) enable it to measure a suite of coincident and
co-located tropospheric species used for air quality studies,
including NH3 and CO. TES uses a spectral feature around 967 cm�1

in the n2 vibrational band centered around 950 cm�1 to measure
NH3 (Shephard et al., 2011). NH3 profiles with a minimum peak
profile value of ~1 ppbv are usually detectable by TES (Shephard
et al., 2011). TES has ~1:30 am and 1:30 pm Equator crossing
times. The early afternoon crossing provides good thermal contrast
between the surface and the lower atmosphere allowing for
increased detectability of NH3 (Clarisse et al., 2010). The TES NH3

retrievals are mainly sensitive to NH3 in the lower troposphere
between 700 and 900 hPa, with degrees of freedom for signal
(DOFS) typically less than 1 DOFS (Shephard et al., 2011). TES NH3
has shown good correlation with in situ measurements taken in N
Carolina, 2009 (Pinder et al., 2011) and California, 2010 (Cady-
Pereira et al., 2013).

TES CO profiles are retrieved from the strong absorption (1e0)
band at 4.6 mm. The CO retrieved profiles are broadly sensitive to
the lower-mid troposphere with DOFS of 0.5e2 in the tropics and
mid-latitudes with 10e20% retrieval errors (Rinsland et al., 2006;
Luo et al., 2007a). TES CO profiles have been extensively validated
against aircraft measurements and the MOPITT (Measurements of
Pollution in the Troposphere) satellite data (Luo et al., 2007a,b;
Lopez et al., 2008; Ho et al., 2009). Although TES CO is slightly
lower than comparable measurements by less than a few percent,
the global distributions agree well with other satellite observations
(Luo et al., 2007a; George et al., 2009; Worden et al., 2013).

The TES CO and NH3 data presented in this paper are obtained
from the version V005 data products (http://avdc.gsfc.nasa.gov/
index.php?site¼635564035&id¼10). Data from both Global Sur-
veys (GS) and Special Observation (SO) modes were included in this
analysis. TES GSs consist of 16 orbits every other day, while the SOs
operations are carried out on the GS ‘off’ days. The SOs are sched-
uled during science and validation campaigns in regional transect,
step-and-stare, or stare modes (Beer, 2006).

In this analysis, both TES and model data are grouped into four
seasons: JaneFeb and Dec 2007, MarcheMay 2007, JuneeAug 2007,
and SepteNov 2007. The TES observations in 2007were selected for
the analysis as the largest CO enhancements in the tropical biomass
burning regions are observed during this year.

2.2. TES retrievals

The TES operational retrieval model is an optimal estimation
approach that minimizes the difference between the observed
spectral radiances and the radiances calculated from a nonlinear
radiative transfer model driven by the atmospheric state, subject to
the constraint that the estimated state must be consistent with an a
priori probability distribution for that state (Rodgers, 2000;
Bowman et al., 2006; Shephard et al., 2011). One of the benefits
of the optimal estimation retrieval approach is that both the
sensitivity of the retrieval to the true atmospheric state (averaging
kernels), and estimates of the retrieval errors (error covariance) are
direct products of the retrieval and are available for in-depth

http://avdc.gsfc.nasa.gov/index.php?site=635564035%26id=10
http://avdc.gsfc.nasa.gov/index.php?site=635564035%26id=10
http://avdc.gsfc.nasa.gov/index.php?site=635564035%26id=10
http://avdc.gsfc.nasa.gov/index.php?site=635564035%26id=10
http://avdc.gsfc.nasa.gov/index.php?site=635564035%26id=10
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analysis of the satellite observations. To compute the forward
model radiances the TES fast forward model is used; the model's
absorption coefficients are generated by the well-validated Line-
By-Line Radiative Transfer Model (LBLRTM) (Clough et al., 2006;
Shephard et al., 2008; Alvarado et al., 2013).
2.3. Representative tropospheric VMR for NH3 and CO

Even though there is limited information available from minor
trace gas species retrievals (Degree of Freedom for Signal is less
than 2), the retrieval sensitivity still varies from profile-to-profile
depending on the atmospheric state. To capture this sensitivity,
the retrievals are performed at more levels than there is available
information for. Therefore, at any given single profile level the
retrieved NH3 VMR is substantially influenced by the a priori pro-
file. To address this issue for different purposes (i.e. for 2-D maps or
comparison with surface data) we computed representative vol-
ume mixing ratio values (RVMR) (Shephard et al., 2011). The RVMR
is a “weighted” average over the vertical portion of the profile
where TES is sensitive, which reduces the influence of the a priori as
much as possible. The level to which the influence is reduced de-
pends on the available retrieval information content for the
observation: if there is one piece of information from a given
retrieval then a single RVMR value can be generated with almost all
of the a priori removed, making comparison with in situ measure-
ments simpler. The RVMR pressure is defined as the center of this
vertical extent. The RVMR is computed directly from the vertical
sensitivity of TES retrieval using a transformation matrix, Wi,j, that
maps the retrieved NH3 VMR values from all the retrieval levels, i,
onto a subset of RVMR levels, j, which is more representative of the
information provided by the measurement, as compared to just
selecting a single retrieval level. Note thatWi,j is in log space, as are
the retrievals, and thus the averaging kernels on which Wi,j is
based. The RVMR (r) is computed as follows (Shephard et al., 2011;
Wells et al., 2014):

rj ¼ e

�Pnlevs

i¼1
logðbxiÞ Wi;j

�
(1)

For retrievals with limited amount of information (i.e.
DOFS < 1.0), there is often only one RVMR value produced (j¼ 1):
the Wi,j, matrix is reduced to a vector Wi, and Equation (1) sim-
plifies to:

r1 ¼ e

�Pnlevs
i¼1

logðbxiÞ Wi

�
(2)

TES NH3 and CO retrievals are first quality screened as described
in the TES Level 2 Data User's Guide (Herman and Kulawik, 2013).
Additional screening for NH3 is used following section 6.2.1.3
“Additional guide for NH3 data quality” in the User's Guide. These
include only retrievals with at least 0.1 degrees-of-freedom-for-
signal (DOFS), under conditions with cloud optical depths <2.0,
and surface temperatures >278 K. For DOFS between 0.1 and 0.5,
special instructions are provided. For this study, an additional
quality control was also performed by visually examining the Level
1B NH3 spectra for retrievals with very large elevated NH3 values to
make sure the retrieval had returned a reasonable result. Since the
peak retrieval sensitivity pressure for NH3 is usually within the
broader vertical sensitivity of CO, the retrieved CO VMRs are
mapped onto the corresponding NH3 VMR pressures and the
“weighing functions” for calculating NH3 RVMRs are applied to CO
profiles to obtain the CO RVMRs. This is similar to the approach
taken for the TES CH3OH:CO relationship comparison performed by
Wells et al. (2014). These pseudo CO RVMRs computed using the
NH3 RVMR mapping are reported in this paper instead of CO VMRs
to facilitate direct comparison of the NH3:CO relationships over the
same altitude range.

2.4. GEOS-Chem

The GEOS-Chem chemical transport model is driven by assimi-
lated meteorology from the Goddard Earth Observing System
(GEOS) of the NASA Global Modeling and Assimilation Office. We
use GEOS-Chem version v8-02-01 with a horizontal resolution
2� � 2.5�. GEOS-Chem includes a detailed ozone-NOx-hydrocar-
bon-aerosol chemical mechanism coupled with sulfate-nitrate-
ammonia aerosol thermodynamics (Park et al., 2004). The parti-
tion of secondary inorganic species between gas and aerosol phase
is estimated with RPMARES thermodynamic equilibrium model
(Binkowski and Roselle, 2003). The wet deposition scheme of sol-
uble aerosols and gases is based on Liu et al. (2001). The dry
deposition of aerosols and gases scheme is based on the resistance-
in-series model described in Wesely (1989).

The global anthropogenic sources of CO are from the Emissions
Database for Global Atmospheric Research (EDGAR) inventory
(Olivier and Berdowski, 2001), updated by the regional emission
inventories: The US Environmental Protection Agency National
Emission Inventory for 2005 in North America (ftp://aftp.fsl.noaa.
gov/divisions/taq/emissions_data_2005/Weekday_emissions/
readme.txt), the Criteria Air Contaminants (CAC) inventory for
Canada (http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm), the in-
ventory of Streets et al. (2006) for Asia, the Big Bend Regional
Aerosol and Visibility Observational (BRAVO) Study emissions in-
ventory for Mexico (Kuhns et al., 2005), and the Co-operative
Program for Monitoring and Evaluation of the Long-range Trans-
mission of Air Pollutants in Europe (EMEP) inventory for Europe
(Vestreng and Klein, 2002). The global anthropogenic sources and
natural sources of NH3 are from the 1990 GEIA inventory
(Bouwman et al., 1997) and updated by the regional emission in-
ventories: Park et al. (2004) over the U.S., the CAC inventory for
Canada (van Donkelaar et al., 2008), and the EMEP inventory for
Europe. Biomass burning emissions of CO and NH3 are from the
GFED2 inventory with monthly resolution (van der Werf et al.,
2006). Biofuel emissions of NH3 are from Yevich and Logan
(2003). The daily average profiles of NH3 and CO for 2007 are
simulated with and without biomass burning emissions.

2.5. Comparison methodology

The GEOS-Chem model fields of NH3 and CO are spatially and
temporally sampled at TES measurement locations and times. For
comparison purposes an estimated model profile, xestmodel, repre-
senting what TES would measure for the same air mass sampled by
the model was computed following the standard procedures for
performing comparisons between the model species simulation
and the satellite retrievals (e.g., TES Level 2 Data User's Guide,
2013). The merit of this comparison approach is that it accounts for
the retrieval a-priori bias and the sensitivity (i.e. vertical resolution)
of the satellite retrievals. This is accomplished by applying the TES
averaging kernel, A, and the a-priori profile, xa, to the model pro-
files that have been mapped onto the retrieval grid levels, xmapped

model ,

xestmodel ¼ xa þ A
�
xmapped
model � xa

�
(3)

Note that differences between xestmodel and the satellite retrieved
parameter bx go to zero in regions where the TES retrieval contains
little information from the measurement (A / 0) and the retrieval
effectively returns the a-priori. In this study, these situations are
avoided by selecting TES observations with adequate information

ftp://aftp.fsl.noaa.gov/divisions/taq/emissions_data_2005/Weekday_emissions/readme.txt
ftp://aftp.fsl.noaa.gov/divisions/taq/emissions_data_2005/Weekday_emissions/readme.txt
ftp://aftp.fsl.noaa.gov/divisions/taq/emissions_data_2005/Weekday_emissions/readme.txt
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm
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using criterion recommended in TES Date User's Guide section
6.2.1.3 (Herman and Kulawik, 2013). Finally, the generated xestmodel
are used to compute the GEOS-Chem RVMRs for NH3 and CO. Fig. 1
shows examples of the above described profiles and RVMRs. The
corresponding TES averaging kernels are also shown. In these cases,
TES measurements have adequate sensitivity, as shown in the AK,
which allows the estimated model profiles to stay close to the
original model profile in the lower troposphere, as they are not
Fig. 1. Examples of species profiles (left panels) and TES averaging kernels (right panels) fo
original profile, and the adjusted GEOS-Chem profile with TES retrieval operator applied (xem
averaging kernels.
strongly influenced by the a priori profile. In the mid-upper
troposphere, the estimated model profiles more closely follow
the a priori. The “double peak” shape in the original model CO
profile is not resolvable by the TES observation. This is reflected in
the shape of the estimated model CO profile with a shape that
follows the a priori. However, the computed model CO RVMR
reasonably represents the CO VMR in the lower troposphere.
r NH3 (a) and for CO (b). The left panels illustrate the a priori profile, the GEOS-Chem
st
odel) and the corresponding GEOS-Chem RVMR. The right panels show the rows of the



Fig. 2. Global averages of TES CO RVMR for four seasons in 2007. Data are averaged over 2� latitude by 4� longitude bins inversely weighted by the error in RVMR and distance to the center of the bin boxes.
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Fig. 3. Global averages of GEOS-Chem CO RVMR for four seasons in 2007. Model data are sampled at TES observation locations and times; CO RVMR is calculated after the TES observation operator is applied; data are averaged over 2�

latitude by 4� longitude bins.
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Fig. 4. Global averages of TES NH3 RVMR for four seasons in 2007. Data are averaged over 2� latitude by 4� longitude bins inversely weighted by the error in RVMR and distance to the center of the bin boxes.
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Fig. 5. Global averages of GEOS-Chem NH3 RVMR for four seasons in 2007. Model data are sampled at TES observation locations and times; RVMR are calculated after TES observation operators are applied; Data are averaged over 2�

latitude by 4� longitude bins.
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3. Global distributions

Here we examine the global distributions of CO and NH3 from
TES and GEOS-Chem for 2007. All data discussed in the following
sections are grouped into four seasons, JaneFeb and Dec (DJF),
MareMay (MAM), JuneeAug (JJA), and SepteNov (SON). The GEOS-
Chem model data are sampled at TES observation locations and
times.

3.1. TES/GEOS-Chem CO distributions

TES observed and GEOS-Chem modeled CO RVMR global dis-
tribution maps are shown in Figs. 2 and 3 for the four seasons of
2007. These maps are generated following the TES L3 algorithm
(Luo, 2005). Although the GEOS-Chem CO simulation results are
generally lower compared to TES CO observations in the northern
hemisphere (�27 to �16 ppb þ/�33 to 45 ppb in global mean
differences), which is believed due to weak emission or vertical
transport (Kopacz et al., 2010), the TES and GEOS-Chem seasonal
variations and their CO enhancement regions agree well. In the
northern hemisphere, emitted CO is accumulated in winterespring
due to its longer lifetime in those seasons, which is typically a few
weeks, whereas in the summer the lifetime is just a few days. The
noticeable features shown in both the TES and GEOS-Chem sea-
sonal maps include enhanced CO due to biomass burning in the
winterespring of North-Central Africa (DJF) and South-Central Af-
rica (JJA) respectively, and the spring in South America (SON). The
high CO over South-East Asia in spring (MAM) is also due to fires.
These fire events tend to occur every year with different relative
numbers and strength as indicated by MODIS fire maps (Justice
et al., 2002). The enhanced CO over large areas of China and India
seen in both TES and GEOS-Chem maps, especially from winter to
late spring (DJF and MAM), is due to the accumulation effect from
industry, traffic, and agricultural activities in these two developing
countries with large population densities (Kopacz et al., 2009;
Zhang et al., 2009; van der Werf et al., 2010).

3.2. TES/GEOS-Chem NH3 distributions

Global NH3 RVMR data are derived from TES observations and
GEOS-Chem simulations with the TES observation operator applied
(Equation (3)). Figs. 4 and 5 show the maps of TES and GEOS-Chem
NH3 RVMR averaged for the four seasons of 2007. Observations and
model global distributions present similarities and differences in
the NH3 concentrations. Overall, compared to TES RVMR values, the
GEOS-Chem data are lower, which is consistent with previous
global comparisons (e.g. Shephard et al., 2011). The global GEOS-
Chem NH3 RVMR is biased low compared to TES with seasonal
mean differences of �0.92 to �0.8 ppb þ/�1.24e1.58 ppb. TES data
also show larger variability which might be due to the impact of
retrieval errors (which can range from 10 to 40%) and/or the
different spatial sampling of the highly variable NH3 concentrations
by TES (8.3� 5.3 km) and GEOS-Chem (2� latitude� 2.5� longi-
tude). Some outlier hot spots are believed due to local events at the
times of the observations.

In general the seasonality and the enhanced NH3 regions are
seen in both TES and GEOS-Chem. Some of the most noticeable NH3
enhancements occur in the biomass burning regions and seasons:
South America in spring (SON), the winterespring of North-Central
Africa (DJF) and South-Central Africa (JJA), and the spring of South
East-Asia (MAM). The other noticeable NH3 enhancements are over
Northern India and Northern-Central China. These high NH3 values
are seen year-round, especially in the TES observations. There are
some differences in GEOS-ChemNH3 compared toTES observations
in northern high latitudes, e.g., Central Valley in California. These
differences have been used to re-evaluate the NH3 emission inputs
in model simulations (Zhu et al., 2013).
4. NH3:CO correlations

To investigate the NH3:CO correlations in different source re-
gimes, we examined seasonal NH3 and CO distributions from TES
observations and GEOS-Chem simulations described in Section 3 in
regions where there are enhancements in either or both species.
The model data used here are those sampled at TES observation
locations and times. The selected areas include known biomass
burning regions and high population density regions with
enhanced CO or NH3 sources dominated by human activities such
as agriculture, industry, and traffic.

Fig. 6 shows the boundaries defined for six regions, NC and SC
Africa, S America, Mid-US, SC Asia, and NC China. Among these
regions, dry season biomass burnings are the dominant sources for
elevated CO and NH3 in NC and SC Africa, and S America regions.
The mixture of agriculture, industrial, traffic activities and possible
fire events in certain seasons are typically responsible for elevated
CO and NH3 in SC Asia, NC China and Mid-US regions.

In this section, we first analyze the GEOS-Chem model simula-
tions of NH3:CO for some of the above selected regions/seasons
obtained by turning biomass burning on and off. The regional TES
observations and GEOS-Chem simulations of NH3eCO correlations
are then examined and summarized in 4.2.
4.1. GEOS-Chem model simulations with and without biomass
burning sources

The effects of biomass burning on the global distributions of NH3
and CO are investigated by running the GEOS-Chem model with
and without the biomass burning sources. TES observation geo-
locations and times are used to sample the model data. Fig. 7
contains the global results of the GEOS-Chem CO fields from the
simulations for 2007 with and without biomass burning sources.
The data were derived by taking the differences between the run
with all pollution sources (control run) and the run with biomass
burning sources turned off. Three biomass burning dominated
season/regions (see Fig. 6) were selected based on the difference in
the CO in Fig. 7: North-Central Africa (DJF), South-Central Africa
(JJA), and South America (SON).

We use the model results to illustrate the expected NH3:CO
relationships in two categories of regions: biomass burning domi-
nated and non-biomass burning. Fig. 8 shows NH3:CO scatter plots
from model simulations created from the difference between the
control and the no biomass burning sources simulations at the TES
sampling. These results show that under biomass burning condi-
tions NH3 and CO show strong positive correlations (0.65e0.8) and
a NH3:CO ratio (NH3 enhancement ratio relative to CO) of
0.010e0.013.

In addition to regions with significant biomass burning contri-
butions, it is also interesting to look at NH3:CO correlations in re-
gions with elevated emissions (i.e. industrial or agricultural
emissions) and no significant biomass burning sources. One such
non-biomass burning region is SC Asia; the NH3:CO correlation
plots using model results without biomass burning sources for this
region for all 4 seasons are shown in Fig. 9. In these cases, the
NH3:CO RVMR ratios range from 0.02 to 0.08 and the correlations
from 0.35 to 0.60, a distinctly different result from that of biomass
burning cases shown in Fig. 8. These GEOS-Chem simulations with
and without biomass burning show that the NH3:CO ratios can be
utilized as a metric to evaluate model performance against TES
measurements, which is presented in the next section for 2007.



Fig. 6. Data from the six regions shown in the boxes are selected to examine the correlations between NH3 and CO from TES and GEOS-Chem.
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4.2. Correlations from TES and GEOS-Chem data by region

In this section the TES and GEOS-Chem NH3:CO correlations are
examined for the various regions and seasons. The NH3:CO ratio is
also referred to as the NH3 enhancement ratio relative to CO
derived over fires (e.g., Coheur et al., 2009; R'Honi et al., 2013).
Fig. 10 shows NH3:CO correlation plots for South America in MAM
and SON of 2007. There are two distinct behaviors in the NH3 and
CO relationships. During the southern hemisphere summerefall
seasons (e.g., MAM), no obvious fire events occurred, as indicated
by the low CO RVMR values. The low-moderate NH3 RVMR values
are most likely due to agriculture activities. During the southern
hemisphere winterespring seasons (e.g., SON), there were strong
fire events. This biomass burning enhancements in CO and NH3
emissions is demonstrated by their strong positive correlation
shown in Fig. 10. The relationship exists in both TES and GEOS-
Chem data. The correlations for the other two seasons (not
shown) demonstrated a mixture of the two types of relationships.

Other regions with similar characteristics to South America are
NC and SC Africa. Fig.11 shows NH3 vs CO in thewinter and summer
of 2007 for the NC Africa region. In winter months, the high CO and
NH3 are dominated by the biomass burning sources in the region.
Thus, the two species demonstrate strong positive correlations. In
the summer months when there is little expected biomass burning
emissions, we see low CO values and low-moderate NH3 values.
Again, both TES and GEOS-Chem model data show similar re-
lationships between CO and NH3 in this region, indicating that the
model provides a good representation of these species in this re-
gion for each season.

For the regions and seasons in which fire events are not the
dominating sources of NH3 and CO, industrial and agricultural ac-
tivities are the main sources of CO and NH3: for example SC Asia
and NC China. Fig. 12 shows NH3 versus CO for all four seasons of
2007 from the data in SC Asia. For most of the year CO and NH3 are
positively correlated with large values, indicating strong emission
sources for both pollutants. In the summer months (JJA), the CO
amount is relatively small compared to the other seasons due to the
stronger sink for CO via reactions with enhanced OH. It is important
to note that the lifetime for NH3 is often on the order of hours, thus
the year-round high abundances of NH3 indicate strong emission
fluxes within the region. These characteristics in NH3:CO correla-
tions that are distinguishable from the fire dominated regions, e.g.,
Figs. 10 and 11, are displayed in both TES and GEOS-Chem model
data.

The NH3:CO ratios and their correlation coefficients for all six
regions outlined in Fig. 6 and four seasons are summarized in
Table 1. Two categories are listed: (i) “biomass burning” (BB) and (ii)
“anthropogenic source dominated high NH3” (High NH3) cases.
Both TES observations and GEOS-Chemmodel results are provided.
No data are presented for regions/seasons for which the two spe-
cies are not enhanced and not obviously correlated, e.g., MAM of S
America in Fig. 10 and JJA of N Africa in Fig. 11. As previously
demonstrated (Figs. 10 and 11), the strongest positive correlations
between NH3 and CO typically occur in fire regions and seasons, for
example South America in the austral late winter and spring, and
NC and SC Africa in their dry seasons. In other regions, NH3 and CO
are much more weakly correlated due to their different emission
sources and lifetimes. In Table 1, we highlighted (red) those cases
with reasonably high correlations for the two categories. In general,
although GEOS-Chem under-estimated both NH3 and CO globally
compared to TES observations as discussed in sections 3.1 and 3.2,
the correlations from the model agree reasonably well with those
from TES.

The ratios of NH3:CO (the slopes of the NH3 vs CO regression
lines for the given locations shown in Figs. 10e12) listed in Table 1
are used to calculate the averaged values for the two categories, the
“biomass burning” (BB) and “anthropogenic source dominated high
NH3” (high NH3) cases. For the “biomass burning” cases, average
NH3:CO values are 0.015 ± 0.001 from TES and 0.013 ± 0.001 from
GEOS-Chem, which is consistent with the GEOS-Chem simulated
biomass burning signal shown in Fig. 8. This average TES NH3:CO
ratio from the biomass burning cases lies within the range of
NH3:CO values from different biomass burning types recently re-
ported by Akagi et al. (2011) of 0.014 (tropical forest), 0.008
(Savanna), 0.026 (Crop Residue), 0.011 (Pasture Maintenance),
0.021 (Boreal Forest), 0.009 (Temperate Forest), 0.020 (Extra



Fig. 7. Similar to Fig. 3, but showing the differences in GEOS-Chem CO simulations between the control simulation (including all sources, Fig. 3) and a simulation without biomass burning sources for four seasons in 2007.
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Fig. 8. GEOS-Chem model fire-only simulations of NH3 RVMR vs CO RVMR for the three regions shown in Fig. 6 dominated by biomass burning. The model results used to derive
RVMR are the differences between two model runs: the control (with all sources) and the ‘no biomass burning source’ simulations. Model points are those sampled at TES
observation locations and times.

Fig. 9. GEOS-Chemmodel simulations of NH3 RVMR vs CO RVMR for SC Asia region shown in Fig. 6. The model results used to derive RVMRs are the VMR profiles simulated without
biomass burning source.

M. Luo et al. / Atmospheric Environment 106 (2015) 262e277 273
tropical Forest), and also values reported by Paton-Walsh et al.
(2014) of 0.013 for temperate forest, and Smith et al. (2014) of
0.008 for tropical savanna fires. For anthropogenic source domi-
nated “high NH3” cases, the ratios of the two species are
0.051 ± 0.003 from TES and 0.036 ± 0.002 from GEOS-Chem, which
is consistent with the expected larger ratio values from the GEOS-
Chem simulations shown in Fig. 9 for conditions without signifi-
cant biomass burning emission contributions. The slightly lower
values of NH3:CO ratio in GEOS-Chem model compared to TES
observations indicate a possible low emission inventories in NH3
used in model simulations (Zhu et al., 2013).

Extending this analysis to finer scales and to a more quantitative
result is more challenging due to the sparseness of TES data. The
sources of the TES observations in each region shown in Fig. 6 can be
a mixture of urban and rural areas or cities and farms. For example,
in the mid-US region, cities and livestock facilities are sparsely
distributed within large agricultural areas; in the NC plain of China,
there are populated cities and industrial factories embedded in
agricultural areas. Even within some of the larger regions, the TES
observations presented here are under or non-uniformly sampled.
The regional/seasonal distributions could therefore be biased by
events, e.g., a short termfire in amixed source region. Inmany cases,
the retrieval error, especially for NH3, can be large comparedwith its
variability in the region for a season. Some of these challenges
should be overcome by more frequent and densely covered mea-
surements in the future satellite observations.
5. Conclusions

TES global satellite observations of NH3 and CO in 2007 are
analyzed together with GEOS-Chem model simulations. The
derived Representative Volume Mixing Ratios (RVMRs) for the two



Fig. 10. Scatter plots of TES (red) and GEOS-Chem (blue) NH3 RVMR vs CO RVMR for data in S America region (Fig. 6): (left panel) MAM 2007 and (right panel) the biomass burning
season of SON 2007. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Scatter plots of TES (red) and GEOS-Chem (blue) NH3 RVMR vs CO RVMR for data in NC Africa region (Fig. 6): (left panel) Biomass burning season of DJF 2007 and (right
panel) the non-biomass burning season of JJA 2007. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Scatter plots of TES (red) and GEOS-Chem (blue) NH3 RVMR vs CO RVMR from data in SC Asia region (Fig. 6) for four seasons. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Table 1
Correlation coefficients of NH3:CO RVMR and the slopes of reduced-major-axis regression lines for six regions and four seasons from TES observations and GEOS-Chem
simulations from 2007; data in red have stronger correlations and noticeable enhancement in one or both species; unfilled cells indicate no enhancements in observed
NH3 and CO or weak/non-exist in their correlations).
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species are used in this study. Data from 2007 were selected as it
was a year with strong biomass burning events in the tropics. The
global/seasonal distributions of the two species are characterized
by correlated enhancements in regions where they have common
biomass burning or other incomplete combustion sources, and
weak or non-existent correlated enhancements where the sources
are distinct. In biomass burning regions, the two species show
strong positive correlations, with NH3:CO ratios of 0.015 (TES) and
0.013 (GEOS-Chem). We gained further insight on the relationship
between NH3 and CO by running the GEOS-Chem model with and
without biomass burning sources. In other regions or seasons, the
two species show much weaker correlations. In regions of high
population density, known heavy traffic, dense livestock or intense
agricultural activities (e.g. SC Asia and NC China) the two species
show positive correlations with higher NH3:CO ratios: 0.051 (TES)
and 0.036 (GEOS-Chem). Although GEOS-Chem simulations of NH3

and CO RVMRs are lower than the TES retrieved values, the global
distribution patterns agree with TES, indicating good understand-
ing of the source regions and seasonal enhancements of the two
species globally over these large regions. The determination of the
NH3:CO ratios are useful in more accurately determining the
emission inventories of NH3 globally, especially as the CO emission
inventories are better known. While further constraints on
ecosystem and process specific emissions would indeed be of value,
given the large uncertainties that presently persist for NH3 emis-
sions across all sources, the constraints from NH3:CO ratios on
biomass burning sources alone can provide useful information,
even in situations where global measurements of NH3 are available
from instruments such as TES (Shephard et al., 2011), Infrared At-
mospheric Sounding Interferometer (IASI) (Van Damme et al.,
2014), and Cross-track Infrared Sounder (CrIS) (Shephard and
Cady-Pereira, 2014). For example, the NH3:CO ratios offer addi-
tional insight on “hot-spots” in global NH3 concentrations often
seen at high-latitudes (e.g. Russia and Canada), that are often, but
not always, from biomass burning events.

In regions with a complex variety of potential sources of NH3
and CO emissions it is challenging to analyze their relative abun-
dances given the TES sampling frequency and retrieval precision.
High spatial-temporal resolution observations of NH3, CO and other
species with high precision are recommended for future air quality
satellite instrument definitions.
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