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[1] The regional Weather Research and Forecasting Model with Chemistry (WRF-Chem)
version 3.2 is used to analyze the carbon monoxide (CO) budget and spatiotemporal
variability over the United States in summer 2008. CO tracers for different emission
sources are used to separate the modeled CO fields into the contributions from individual
sources (pollution inflow to the model domain, chemical production within the model
domain, and local emissions by type). The implementation of tagged CO tracers into
WRF-Chem constitutes an innovative aspect of this work. We evaluate WRF-Chem CO
concentrations using aircraft, satellite, and surface observations. The model reproduces
fairly well the observed CO concentrations for the entire altitude range but tends to
underestimate fire emissions and overestimate anthropogenic sources and CO from
pollution inflow. Evaluation results also show that the model gives a good
representation of background CO mixing ratios with mean biases better than �15 ppbv
in the free troposphere (FT) and less than 20 ppbv toward the surface. The analysis of
the CO budget over the contiguous United States shows that at the surface, CO from
inflow is the dominant source, with a mean relative contribution of 63 � 19%.
Anthropogenic and photochemically produced CO contribute to surface CO to a lesser
extent (18 � 14% and 14 � 8%, respectively). The average contribution from fire
emissions to surface CO during the period examined is small (2 � 5%) but can have a
large impact in certain regions and times. Similar trends are found in the planetary
boundary layer (PBL). In the FT, the average CO relative contributions are estimated as
84 � 12% for CO from inflow, 5 � 4% for anthropogenic CO, 9 � 7% for
photochemically produced CO, and 1 � 5% for CO from fires. Using WRF-Chem
simulations, we also examine the representation of surface and PBL CO concentration
variability that would be captured by current near infrared (NIR) and thermal infrared (TIR)
satellite observations. We find that CO total columns are impacted by variability in the
lowermost troposphere (LMT) at the �10% level, indicating limited sensitivity for air
quality applications. The same is generally true for the FT CO column obtained from TIR
measurements, although this does provide a good measure for capturing the pollution
inflow variability and is therefore valuable in providing initial and boundary conditions to
constrain regional models. We further analyze the situations under which the LMT
concentrations obtained from recently demonstrated multispectral (NIR + TIR)
observations capture the surface CO variability.
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variability over the United States during summertime, J. Geophys. Res., 117, D04306, doi:10.1029/2011JD016416.

1. Introduction

[2] Carbon monoxide (CO) plays an important role in
governing tropospheric chemistry. The main sources of CO
are fossil fuel and biomass combustion, and oxidation of
methane and nonmethane hydrocarbons [e.g., Duncan and

Logan, 2008; Holloway et al., 2000]. The major sink of CO
is the reaction with the hydroxyl radical (OH), the principal
oxidant of the troposphere [e.g., Crutzen and Zimmermann,
1991]. Depending on concentrations of nitrogen oxides
(NOx), reactions involving CO can be a source or a sink for
ozone [e.g., Crutzen, 1973; Logan et al., 1981]. In addition,
reactions of CO with other trace gases may have a significant
impact on climate change by affecting methane and tropo-
spheric ozone chemistry [e.g., Daniel and Solomon, 1998;
Thompson and Cicerone, 1986; Wigley et al., 2002]. With a
mean lifetime of 2 months in the troposphere [Seinfeld and
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Pandis, 2006], CO is used as a tracer of long-range transport
of pollution [e.g., Badr and Probert, 1994; Edwards et al.,
2006; Jacob et al., 2003; Jaffe et al., 2004]. Furthermore,
as a dominant sink for OH [Logan et al., 1981] and a pre-
cursor for tropospheric ozone, CO also has an impact on air
quality (AQ). Toxic to humans and the environment at very
high concentrations, it is characterized as a “criteria pollut-
ant” by the U. S. Environmental Protection Agency [1991,
2000]. For these reasons, it is important to understand better
the sources contributing to the CO budget and its variability
in the troposphere, particularly at the surface and in the
planetary boundary layer (PBL). This has been studied in
several papers by applying CO tracers incorporated into
global chemistry transport models [e.g., Bey et al., 2001;
Granier et al., 1999; Peng et al., 2007; Pfister et al., 2004,
2010], but to our knowledge there have been few studies
applying this technique using a regional model [Huang et al.,
2010; Pfister et al., 2011b].
[3] Over the United States, several studies on CO have

already been reported, with different purposes such as sat-
ellite validation [Emmons et al., 2007], pollution transport
analysis [McMillan et al., 2008; Pfister et al., 2010; Zhang
et al., 2008], CO and ozone relationship [Chin et al., 1994],
or satellite Observation System Simulation Experiment
(OSSE) analyses [Edwards et al., 2009]. Other studies have
been performed on a more localized scale [e.g., Hudman
et al., 2008; Lamarque et al., 2003; McMillan et al.,
2010; Miller et al., 2008]. However, the lack of suffi-
ciently sensitive in situ observations at the surface and in the
lowermost troposphere (LMT) on the scale of the United
States makes difficult the study of CO for AQ purposes.
[4] Satellites constitute a unique platform for observing

the atmosphere and have been extensively used to better
understand tropospheric composition and dynamics [e.g.,
Edwards et al., 2006; Kopacz et al., 2010; Turquety et al.,
2008]. The remote sensing of the LMT is challenging, and
despite providing good long-term spatial coverage with
some vertical profile information, the question arises to what
extent these observations can be used for estimating surface
concentrations for AQ applications. Currently, CO retrievals
are based on (1) near infrared (NIR) radiances at 2.3 mm
mainly sensitive to the total column [e.g., Deeter et al.,
2009], (2) thermal infrared (TIR) radiances at 4.6 mm

primarily sensitive to the free troposphere (FT) [e.g., Deeter
et al., 2004], and (3) multispectral (NIR + TIR) radiances
that may provide sensitivity to the LMT column [Deeter
et al., 2011; Worden et al., 2010]. This work is under-
taken in the framework of the preparation for the future
NASA Geostationary Coastal and Air Pollution Events
(GEO-CAPE) mission with launch toward the end of the
decade (J. Fishman et al., Progress report on NASA’s GEO-
CAPE mission, submitted to Bulletin of the American
Meteorological Society, 2012). One of the major objectives
of GEO-CAPE is to improve the ability to observe and
understand AQ on continental scales and to help define
policies for pollution control.
[5] In this work, we first present an analysis of the CO

budget and variability during the summertime of 2008 over
the contiguous United States using the regional Weather
Research and Forecasting Model with Chemistry (WRF-
Chem V3.2). In the second part of this work, WRF-Chem is
used to analyze how useful the current satellite CO mea-
surements are for capturing the variability of surface con-
centration. The structure of the paper is as follows. In
section 2, the WRF-Chem model and simulations are
described. We evaluate the model by comparing modeled
CO concentrations to aircraft measurements, satellite retrie-
vals and ground-based observations in section 3. An analysis
of the CO spatial distribution and budget over the contigu-
ous United States is given in section 4, while we analyze the
CO vertical distribution in section 5. The use of satellite CO
observations for AQ monitoring is discussed in section 6,
and conclusions are given in section 7.

2. Model Simulations

[6] For this study, simulations are performed with the
regional chemistry transport model WRF-Chem, version 3.2.
WRF-Chem is the Weather Research and Forecasting
(WRF) model [Skamarock et al., 2008] coupled with
Chemistry [Grell et al., 2005]. The model simulates the
emission, transport, mixing, and chemical transformation of
trace gases and aerosols simultaneously with the meteo-
rology. The version of the model used here includes online
computation of dynamical inputs (winds, temperature,
boundary layer, clouds, rain etc.), transport (advective,
convective, and diffusive), dry deposition [Wesely, 1989],
gas phase chemistry, radiation and photolysis rates, and
biogenic emissions. The model also included anthropogenic
and fire emissions that are calculated off-line. The model
configuration is detailed in Table 1.
[7] The WRF-Chem gas-phase chemical mechanism is

that from Model for Ozone and Related Chemical Tracers,
version 4 (MOZART-4) [Emmons et al., 2010], which
includes 85 gas-phase species, 39 photolysis and 157 gas-
phase reactions, and is coupled to the aerosol scheme
Goddard Chemistry Aerosol Radiation and Transport
(GOCART) model [Chin et al., 2002]. The horizontal reso-
lution is set to 24 km � 24 km, and we use 51 vertical levels
from the surface up to 10 hPa. The meteorological initial and
boundary conditions are based on the National Centers for
Environmental Prediction (NCEP) Global Forecast System
(GFS) analyses provided every 6 h with 1-degree horizontal
resolution and 27 vertical levels from the surface up to
10 hPa. More information on the meteorological data can be

Table 1. WRF-Chem Configuration Used in This Study

Atmospheric Processes WRF-Chem Configurationa

Radiation LW: RRTM [Mlawer et al., 1997];
SW: Goddard [Chou and Suarez, 1994]

Surface layer Monin-Obukhov (Janjic Eta) scheme
Land surface model RUC land-surface model [Smirnova

et al., 1997, 2000]
Planetary boundary layer MYJ scheme [Mellor and Yamada,

1982; Janjic, 1996, 2002]
Cumulus Grell-Devenyi ensemble scheme
Microphysics Thompson graupel scheme
Gas-phase chemistry MOZART
Aerosol chemistry GOCART
Photolysis Madronich F-TUV [Madronich, 1987]

aMOZART, Model for Ozone and Related Chemical Tracers; GOCART,
Goddard Chemistry Aerosol Radiation and Transport; LW: RRTM, Long
Wave: Rapid Radiative Transfer Model; SW: Goddard, Short Wave:
Goddard; RUC, Rapid Update Cycle; MYJ, Mellor-Yamada, Janic; F-
TUV, Fastr Tropospheric Ultraviolet Visible.
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found at http://dss.ucar.edu/datasets/ds083.2. The chemical
initial and boundary conditions, spatially and temporally
varying (6 h), are constrained by global chemical transport
simulations from MOZART-4 with 0.7° � 0.7° horizontal
resolution [Pfister et al., 2011a]. In addition to the chemi-
cally active species, four CO tracers are incorporated in the
WRF-Chem simulation [Pfister et al., 2011b]: CO emitted
from regional anthropogenic (CO-ANTHRO) and fire (CO-
FIRE) sources, CO produced photochemically within the
domain (CO-CHEM) and CO pollution inflow (CO-BC).
The latter tracks the transport of CO at the lateral boundaries
through the domain. CO-CHEM is related to production
from hydrocarbons emitted within the domain as well as
hydrocarbons entering the domain at the lateral boundaries.
These four sources are assumed to represent the major
sources of the modeled total CO. Direct biogenic emissions
of CO are not accounted for, but these represent a very small
part of the total surface concentration. Using these tracers
allows examination of the different components contributing
to observed CO concentrations.
[8] The anthropogenic emissions used within the WRF-

Chem model are obtained from the EPA 2005 U.S. National
Emissions Inventory (NEI-2005). These emissions are pro-
vided separately for weekday, Saturday and Sunday with
hourly resolution on a 4 km � 4 km grid. Biomass burning
emissions are obtained from the Fire Inventory from NCAR
(FINN V1) [Wiedinmyer et al., 2006, 2010] and are dis-
tributed in the model vertically following the online plume-
rise module [Freitas et al., 2007]. Biogenic emissions are
calculated online from the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) [Guenther et al., 2006].
The CO anthropogenic emissions totaled over the contigu-
ous United States for the time period 10 June to 10 July 2008
are estimated as 5.7 Tg C while the CO fire emissions are
estimated at 0.4 Tg C.
[9] The WRF-Chem simulation starts on 10 June 00 UT

and output is written every 2 h. After one week, the sum of
CO tracers (CO-ANTHRO + CO-FIRE + CO-CHEM + CO-
BC), which are set to cover all the major CO sources [Pfister
et al., 2011b], is within 10% of the total CO at the surface.
After 13 days, the tracers are well spun up and the difference
between the tracer sum and the total CO is less than 3%. The
small discrepancy is accounted for by biogenic CO emis-
sions and numerical inaccuracy. To avoid effects due to
spin-up, we limit all analysis that involves CO tracers to the
time period from 24 June to 10 July 2008.

3. Model Evaluation

[10] The model is evaluated by comparing CO con-
centrations to different data sets representing different
observational scales: aircraft, satellite and surface observa-
tions. First, the model is compared to aircraft measurements
obtained from the Stratosphere-Troposphere Analyses of
Regional Transport (START08) field campaign [Pan et al.,
2010] that took place over the central North America in
spring and summer 2008. In addition, we make use of
measurements taken as part of the European-funded Mea-
surements of ozone, water vapor, carbon monoxide and
nitrogen oxides by Airbus in-service aircraft (MOZAIC)
program [Marenco et al., 1998]. The model is then evaluated
with the CO total column version 4 product retrieved from

the Measurement of Pollution in the Troposphere (MOPITT)
instrument onboard the NASA EOS/Terra satellite [Deeter
et al., 2010]. Finally we compare model results with sur-
face measurements provided by two networks: EPA Air
Quality System (EPA U.S. air quality system data mart,
2008, available at http://www.epa.gov/ttn/airs/airsaqs/
detaildata/downloadaqsdata.htm) and the Southeastern
Aerosol Research and Characterization Study experiment
(SEARCH) network (available at http://www.atmospheric-
research.com/public/index.html) [Hansen et al., 2003].
[11] During the simulation time period, aircraft observa-

tions from the Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites (ARCTAS) field
campaign [Jacob et al., 2010] were also available. A
detailed evaluation of the model over California with
ARCTAS observations is given by Pfister et al. [2011b].

3.1. Comparisons to Aircraft Data

3.1.1. Comparisons to START08 Observations
[12] The START08 field experiment was designed to

study key transport processes impacting the chemical-
microphysical distribution of the extratropical upper tropo-
sphere and lower stratosphere and to investigate the behavior
of the extratropical tropopause. Six scientific flights were
conducted with the NFS/NCAR Gulfstream-V (GV) aircraft
in June 2008 covering the generally clean region over the
mid United States. The measurements of CO are derived
from the NCAR/NSF C-130 CO vacuum UV resonance
fluorescence instrument [Gerbig et al., 1999] with an
uncertainty of � (2 ppbv +5%) [Vogel et al., 2011].
[13] For the evaluation of the modeled CO fields, we use

1 min merged data, interpolate the modeled CO fields to the
time and location of the aircraft measurements and average
the observed and modeled CO mixing ratios over 1 km
height intervals. Figure 1 shows comparisons of average
modeled and observed CO vertical profiles for the GV for all
collocated data. CO tracer vertical profiles are depicted in
order to support the analysis. For the entire altitude range,
observed CO mixing ratios vary between 100 and 150 ppbv,
and the variability in observed CO is about 20 ppbv. Overall,
the model captures the vertical gradient in CO mixing ratios
and the magnitude well and slightly overestimates the CO
mixing ratios with mean biases of about 15 ppbv. In the FT,
where CO from inflow is dominant (see CO-BC profile), the
lowest biases are found and the model underestimates the
variability range. Toward the surface, where local emissions
increase (see CO-ANTHRO profile), the absolute mean
biases are higher and the model tends to slightly overesti-
mate the variability in CO. The comparison of the model to
START08 data shows that the model gives a fairly good
representation of background CO mixing ratios.
3.1.2. Comparison to MOZAIC Observations
[14] MOZAIC has made regular measurements of CO by

autonomous instruments deployed aboard five commercial
airliners since 2001 to support studies of atmospheric com-
position change under the influence of human activity. CO
measurements are based on an infrared analyzer with an
accuracy of � (5 ppbv + 5%) for a 30 s response time
[Nedelec et al., 2003]. During the entire simulation period,
there were 37 flights over the United States including 9 over
Philadelphia, 7 over Atlanta, 13 over Dallas, and 8 over
Portland. This additional observation set complements
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START08 measurements, as MOZAIC provides data repre-
sentative of mostly polluted regions.
[15] Comparison to MOZAIC observations is based on the

same method as that used for START08 observations.
Figure 2 shows the observed and modeled CO profiles
interpolated to the time and location of the aircraft for the
four airports. Overall, the model results reproduce the mag-
nitudes and mean profile behavior of observed CO mixing
ratios well, but show more variability with higher mixing
ratios toward the surface. Over Philadelphia, Atlanta and
Dallas, the model generally gives a fairly good representa-
tion of the free tropospheric CO with mixing ratios of about
100 ppbv. Over Portland, the aircraft observations show
enhanced values of CO around 5–7 km, which is also
reproduced in the model, but with higher mixing ratios
(biases up to 52 ppbv). This region is largely influenced by
pollution inflow coming from the west, as shown by the
CO-BC vertical profile, which is known to be overestimated
in the model [Pfister et al., 2011a]. Toward the surface, the
absolute bias is higher owing to the influences of local
sources (emission and transport). The bias significantly
increases up to 105 ppbv over Atlanta and Philadelphia,
which are strongly dominated by anthropogenic CO as
shown by the CO-ANTHRO vertical profile. The variability
in the observed and modeled CO generally increases near
the surface, reflecting the importance of localized sources.

3.2. Comparison to MOPITT Observations

[16] In this comparison, we use the MOPITT version 4
(V4) CO total column product [Deeter et al., 2010]. This
uses TIR channel signals in conjunction with a maximum a
posteriori (MAP) optimal estimation retrieval approach
[Deeter et al., 2003; Rodgers and Connor, 2003]. MOPITT
V4 retrievals have undergone extensive validation studies
covering a wide variety of locations and environments, and
results show biases of less than 1% at the surface, 700 hPa
and 100 hPa, and a bias of near �6% at 400 hPa [Deeter
et al., 2010; Emmons et al., 2009]. However, the sensitivity
of TIR retrievals to CO concentration in the LMT depends
on the prevailing thermal contrast between the surface and
near-surface atmosphere, and in general, the CO total col-
umn retrieval is most sensitive to CO in the FT.
[17] For the comparison of WRF-Chem and MOPITT CO

total column, the modeled profile is first interpolated to the
time and location of the retrieval. Then we apply the aver-
aging kernel and a priori profile associated with each
MOPITT measurement to the interpolated modeled profile
as described by Emmons et al. [2009]. As daytime MOPITT
retrievals have better information content than nighttime
data [Deeter et al., 2010], we only use daytime observations
for the comparison.
[18] Figure 3 shows the spatial distribution of the

MOPITT and the corresponding WRF-Chem simulated CO
total column averaged over the period 10 June to 10 July
2008 and the relative differences. Note that the model is
evaluated over the entire simulation period since the CO
total column is not affected by the spin-up of the tracers.
Both MOPITT and WRF-Chem observe similar spatial pat-
terns with an enhancement of CO over the regions impacted
by fires (U.S. West Coast) and anthropogenic emissions
(U.S. East Coast). Considering the entire simulation domain,
the model matches summertime MOPITT CO total column
fairly well with a mean bias of 8 � 14e16 molecules cm�2

(5 � 7%) and a correlation coefficient of 0.90. Statistics are
also calculated separately over the contiguous United States.
Results show the model biased slightly high by 6 � 13e16
molecules cm�2 (3 � 7%) with a correlation coefficient of
0.90. Table 2 summarizes the comparison results.
[19] Some of the discrepancies observed are due to

uncertainties in the model emission estimates, in particular
close to source regions and also in the transport and chem-
istry. For example, the model underestimates CO in the
region of California, which is mostly owing to an underes-
timate of the WRF-Chem fire emissions [Pfister et al.,
2011b]. We also see an overestimation at the southern part
of the domain suggesting that the boundary conditions bring
in too much CO. This is also the case at the western
boundary, which is corroborated by Pfister et al. [2011a],
who found a high bias in the MOZART results for the
western boundaries. Uncertainties in the retrievals further
add to the discrepancies. As previously mentioned, the
MOPITT retrieval sensitivity depends on the thermal con-
trast between the surface and the overlaying layer, which is
different over land and ocean. The analysis of the MOPITT
averaging kernel functions (not displayed here) indicates
that the comparison of MOPITT CO retrievals mainly pro-
vides an evaluation of the modeled CO in the lower and

Figure 1. Mean (dots) and standard deviation (bars) of
observed (black) and modeled (red) CO vertical profiles
for Gulfstream-V (GV) flights during the START08 cam-
paign. Mean bias (b) and standard deviation between model
and observations are given for each altitude bin in each plot.
Vertical profiles of CO tracers are also displayed (dotted
lines). The number of observations is specified on the right
vertical axis.
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middle troposphere over land, but in the upper troposphere
over the ocean.
[20] The comparison to MOPITT satellite observations

leads to similar conclusions from the previous evaluation
with aircraft measurements: overall the model reproduced
the observed CO concentrations well, but tends to overesti-
mate the CO from pollution inflow. Moreover the results
show that the model underestimates fire emissions.

3.3. Comparison to Surface Monitoring Measurements

3.3.1. Overall Comparison
[21] The EPA surface monitoring data set includes 157

urban, 132 suburban, and 31 rural sites; that is, 90% of the

sites are specified as being located in either urban or sub-
urban environments. The main source of CO in cities arises
from mobile sources (according to EPA studies), and for this
reason, monitoring sites are mostly located near roadways
and major intersections, which are difficult to capture with
the model spatial resolution. In addition, most of these
measurements (80%) are of a low-resolution (multiples of
100 ppbv), which impacts the model evaluation. Although
these low-resolution EPA observations have some limita-
tions, they are still useful for evaluating the overall perfor-
mance of the model at the surface. Additional CO
observations extracted from the SEARCH monitoring
network are also used for the evaluation of the model

Figure 2. Same as Figure 1 but for MOZAIC flights.
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performance. This network is composed of eight highly
instrumented stations (4 urban, 1 suburban, and 3 rural sites)
in the southeast [Hansen et al., 2003; Edgerton et al., 2005,
2006]. This data set complements the EPA observations,
owing to their high resolution and different location.
[22] For model evaluation, we interpolate the surface

modeled CO mixing ratios to the time and location of the
observations and produce hourly averaged observed and
modeled CO mixing ratios over an 8 h moving window. This
time period is used for establishing the CO National Ambi-
ent Air Quality Standards and also serves to decrease mea-
surement noise. Figure 4 shows the time-averaged observed
CO mixing ratios and biases at each of the EPA and
SEARCH surface monitoring sites. We focus the spatial
comparison to a time window in the afternoon when the PBL
is well developed and when the model uncertainty in the
PBL height tends to be smaller. The maps show that the
spatial coverage of high-resolution EPA sites is very poor in
the center and the west of the United States, but that low-
resolution EPA sites do provide information in these
regions. Note that Figures 4b and 4d include both EPA and
SEARCH high-resolution measurements. Figures 4a and 4b
show that low-resolution and high-resolution measurements
are consistent. CO mixing ratios are generally highest on the
East Coast of the United States and in parts of California,
and lowest at rural sites and in the central United States.
Figures 4c and 4d show that the model overestimates CO
mixing ratios in areas like Southern California and the east
of the United States where the time-averaged CO surface
concentration is strongly dependent on anthropogenic sour-
ces, as we discuss below. Negative biases are found in
Northern California, a region strongly influenced by fires
during the simulation time period and also in the center of

the United States, where pollution inflow is the dominant
source.
[23] In order to distinguish regions influenced mainly by

anthropogenic CO from those influenced by CO from fire or
pollution inflow, we further analyze the evaluation results by
splitting the United States into four subregions (Northern
and Southern California, center and east of the United
States). As low- and high-resolution measurements are
generally consistent, we combine both in the following
analysis. Figure 5 displays the time series of observed and
modeled surface CO mixing ratios averaged over each of the
U.S. subregions. The CO tracer time series are also shown,
and indicate that the east of the United States and Southern
California are dominated by anthropogenic CO emissions
while the Center of the United States is mostly influenced by
pollution inflow. Moreover CO produced chemically is
greatest in the east of United States and fire emissions are a
strong contribution in the west of the United States during
the period considered.
[24] Northern California (Figure 5a) is characterized by

CO mixing ratios of about 400 ppbv and can reach up to
750 ppbv during the period of intense fires in this region
(for DOY (Day of Year) between 175 and 180). WRF-Chem
reproduces the CO peaks related to the fires but under-
estimates the concentrations, which is mainly owing to an
underestimate of fire emissions used in the model [Pfister
et al., 2011b]. Overall, this results in CO mixing ratios
with a mean bias of �136 � 89 ppbv. The CO tracer con-
tributions show an increase of fire emission contribution
during the intense fire period and a low contribution from
anthropogenic CO. The model reproduces well the fire peaks
and the correlation between WRF-Chem and observations is
high (0.90). In Southern California (Figure 5b), the observed

Table 2. Performance Statistics of WRF-Chem Simulation for the CO Total Column for the Period 10 June to 10 July 2008a

MOPITT CO
(1 � 1016 molecules cm�2)

Modeled CO
(1 � 1016 molecules cm�2)

Bias
(1 � 1016 molecules cm�2)

Correlation
Coefficient

Whole domain 193 � 30 (191) 201 � 25 (199) 8 � 14 (5 � 7%) 0.90
United States 198 � 28 (198) 204 � 28 (207) 6 � 13 (3 � 7%) 0.90

aMean concentration, mean bias, associated standard deviation, and correlation coefficient for observed (MOPITT) and modeled CO are provided.
Median values are in parentheses.

Figure 3. CO total column retrieved from MOPITT averaged over the period 10 June to 10 July 2008
and corresponding WRF-Chem simulation convolved with the MOPITT averaging kernel. The relative
difference between WRF-Chem and MOPITT is also illustrated.
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CO mixing ratios are about 400 ppbv and WRF-Chem
overestimates the CO mixing ratios with a mean bias of 95�
93 ppbv. This region is largely dominated by anthropogenic
CO in both magnitude and variability as shown by the
CO-ANTHRO time series, followed by CO from inflow
(mixing ratios of about 100 ppbv). Time series of observed
and modeled CO mixing ratios are characterized by dis-
crepancies in the timing of CO peaks, which explains the
noncorrelation found between WRF-Chem and observa-
tions. This could be explained by an incorrect simulation of
the evolution of the PBL or an incorrect time allocation of
CO emission in the emission inventory [Pfister et al.,
2011b]. A significant improvement of the correlation
between WRF-Chem and observations is found (0.80) when
CO mixing ratios are averaged on a daily basis. This indi-
cates that the model reproduces well the CO temporal vari-
ability at synoptic scale. A more detailed analysis of the
evaluation of modeled CO over California can be found in
the work of Pfister et al. [2011b].
[25] The model also is biased high in the east of the United

States (Figure 5c), but in contrast to Southern California
reproduces fairly well the diurnal cycle with a correlation of
0.61. It is interesting to note that this region is characterized
by a phase shift between CO-BC and CO-CHEM. As men-
tioned previously, CO-CHEM is related to production from
hydrocarbons emitted within the domain as well as hydro-
carbons entering the domain at the lateral boundaries. This
phase shift may be explained by the fact that the main part of
CO-CHEM comes from precursors from boundary

conditions and takes time to be produced. Thus while CO-
BC is reduced during transport, CO-CHEM might increase.
In the center of the United States (Figure 5d), observed CO
mixing ratios are about 200–300 ppbv and WRF-Chem
underestimates the CO mixing ratios with a bias of �139 �
67 ppbv. The strong variability in the observations is not
reflected in the model (which can be seen in the poor cor-
relation �0.20). The model values show very little differ-
ence from one day to another, while the observations can
differ by up to a factor of two. In particular, high CO mixing
ratios (up to 500 ppbv) are found in the observations for
DOY between 175 and 184, with highest CO especially at
the urban sites (not shown here), while the model is signif-
icantly lower. These discrepancies might be due to model
dilution, transport errors and the model coarse spatial reso-
lution. On a daily basis, the correlation between modeled
and observed CO mixing ratios improves (0.74). These
results suggest that the model at a coarse spatial resolution
better represents the high CO in the western and eastern U.S.
regions that are influenced by larger and more densely
located pollution sources than in the central United States,
where pollution sources are more isolated and for this reason
even more diluted in the model.
[26] The mean CO tracer contributions for the different

EPA monitoring site categories are presented in Table 3.
Averaged over all sites, anthropogenic CO from local sour-
ces has the largest contribution with a mixing ratio around
160 ppbv. Because of the medium CO lifetime that allows
for significant pollution transport, this is followed by the CO

Figure 4. Spatial distributions of the time-averaged observed CO mixing ratio and bias between model
and observation for (a and c) low-resolution EPA sites and for (b and d) high-resolution EPA and South-
eastern Aerosol Research and Characterization Study experiment (SEARCH) sites. CO mixing ratio and
bias are averaged in a time window in the afternoon between 1200 and 1800 LT.
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inflow (mixing ratio around 93 pbbv). CO produced chem-
ically and from fire contributes to a lesser extent to total CO
with mixing ratios of 30 ppbv and 5 ppbv, respectively.
However, this may depend on season and vary according to
the prevalence of wildfire at any given time. Considering the
different types of monitoring sites and the degree to which
they are impacted by local or transported pollution, anthro-
pogenic CO has larger contributions at urban sites (mean
mixing ratios of 167 ppbv) than at rural sites (mean mixing
ratio of 93 ppbv). At rural sites, CO inflow and anthropo-
genic CO equally contribute to the total CO in absolute
terms with a mixing ratio of about 94 ppbv. However, as
rural sites have overall lower CO levels, the CO inflow rel-
ative contribution is more important at rural (�42%) com-
pared to urban (�30%) environments.
[27] Despite the relatively large grid spacing used in the

model, the evaluation at the surface supports our previous
findings: the model underestimates CO from fire while it
generally overestimates CO from anthropogenic sources,
especially over polluted region such as Southern California
and the east of the United States.
3.3.2. Specific Case Study
[28] Concentrating now on the comparison at individual

monitoring sites, Figure 6 shows the variability of observed
and model-simulated surface CO mixing ratio at a rural
Washington site (Figure 6, left) and an urban California site

(Figure 6, right), together with the CO tracer variability
associated with each. Overall, the model reproduces fairly
well the variability and magnitude of observed CO mixing
ratios, but there are some notable discrepancies.
[29] At the rural site, the observed CO mixing ratios are

about 200 ppbv and the model underestimates the CO mix-
ing ratios with a bias of 49 � 32 ppbv. Modeled and
observed time series are indicate an increase in CO around
DOY 182, but the increase is less pronounced in the model
and over a shorter time span. The observed CO variability
also indicates another CO peak around DOY 190 not
reflected in the model. The analysis of the CO tracer vari-
ability shows that the first increase is related to the fire and
anthropogenic tracers. Possible reasons for the modeled

Table 3. Estimates of the Modeled CO Tracer Mixing Ratio Aver-
aged at the Surface Over All and Individual Low-Resolution and
High-Resolution EPA Monitoring Site Categories for the Period
24 June to 10 July 2008a

EPA Site
Categories

CO-CHEM
(ppbv)

CO-ANTHRO
(ppbv)

CO-FIRE
(ppbv)

CO-BC
(ppbv)

All 30 � 8 (29) 160 � 27 (164) 5 � 5 (4) 93 � 7 (93)
Urban 30 � 8 (29) 167 � 28 (171) 5 � 5 (4) 93 � 7 (93)
Rural 32 � 10 (30) 93 � 19 (94) 5 � 6 (3) 94 � 8 (93)

aStandard deviation is also indicated. Median values are in parentheses.

Figure 5. Time series of observed (black) and simulated (red) surface CO averaged over four regions of
the United States for the period 10 June to 10 July 2008: (a) Northern California, (b) Southern California,
(c) eastern United States, and (d) central United States. Time series are derived by averaging hourly con-
centrations over a moving 8 h window. Mean bias, associated standard deviation, and correlation coeffi-
cient between observed and modeled average time series for the period 24 June to 10 July 2008 are
indicated on each graph. WRF-Chem CO tracer time series are also depicted to support the analysis.
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underestimate are a too small fire and/or anthropogenic
source and transport errors. It may also be that compared to
the point EPA measurements, the coarser model resolution
will tend to smear out and dilute events. While enhanced
concentrations are related to regional sources, the dominant
source of CO at this site is the pollution inflow.
[30] At the urban site, the surface CO mixing ratios are

about 300–400 ppbv with values up to 800 ppbv. This site
was under the influence of intense fire plumes during the
time period analyzed (as seen by MODIS visible smoke
imagery). The CO variability indicates two pronounced
peaks during the first part of the simulation period (around
DOY 176 and 179). The model suggests that both peaks are
linked to fire emissions, and that they are underestimated in
the model. The mismatch in the modeled magnitude of the
second peak is partly due to an overestimate of anthropo-
genic emissions, as shown by the CO-ANTHRO time series.
The model misses the peak observed around DOY 185
possibly missing some fire plumes that are reaching the site.

4. CO Spatial Distribution and Budget

[31] In this section, we examine the spatial distribution of
the different sources of CO over the contiguous United
States for the time period 24 June to 10 July 2008. The
overall budget of model CO, including CO tracer contribu-
tions, is also analyzed.

4.1. CO Spatial Distribution

[32] Figures 7 and 8 illustrate the modeled spatial distri-
bution of total CO and tracer mixing ratios over the United
States averaged over the time period 24 June to 10 July 2008
at the surface and for the FT, respectively. The model
average FT mixing ratio is derived from the FT column,
which is calculated as the gas amount between the top of the
model PBL and 8 km. Note that this result is not sensitive to
the choice of upper boundary altitude, and similar results are
found by defining the FT from model PBL top up to 6 km or
10 km. For the calculation of the mixing ratio averaged over
the FT, we normalize the CO column by the air column
(integrated over the FT). The total CO is shown in absolute
values, while the tracers are shown in terms of relative
contributions. In order to help the interpretation, the topog-
raphy and the PBL height are also depicted in Figures 7
and 8, respectively.
[33] At the surface, the total CO distribution shows

highest mixing ratios in the eastern United States (up to
around 500 ppbv) and in California with hot spots of CO
around Los Angeles (up to 900 ppbv). These elevated CO
mixing ratios are due to anthropogenic emissions as evident
from the CO-ANTHRO distribution. The CO-FIRE distri-
bution shows that a part of the high CO mixing ratios
observed in Northern California and South of the Bay area
are related to emissions from wildfires that are transported
toward the east and southeast. The CO-CHEM distribution

Figure 6. Temporal variability of (top) observed (black) and simulated (red) surface CO and (bottom)
CO tracers at (left) a rural site in Washington State (site 530090013) and (right) an urban site in California
(site 060850005) for the period 24 June to 10 July 2008.
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Figure 7. Spatial distributions of total CO mixing ratios (ppbv) and CO tracer relative contributions (%)
averaged over the period 24 June to 10 July 2008 at the surface. Note that the color scales are on a
logarithmic scale. The surface altitude is also depicted to help the interpretation.

Figure 8. Spatial distributions of total CO mixing ratios (ppbv) and CO tracer relative contributions (%)
averaged over the period 24 June to 10 July 2008 in the FT (defined as the CO amount averaged between
the top of the PBL and 8 km). Note that the color scales are on a logarithmic scale. The PBL height is also
depicted to help the interpretation.
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shows that photochemical production also adds to the high
CO mixing ratios in the eastern United States. The dispersed
pattern in CO-CHEM is due to the fact that CO precursors are
transported during the time it takes to chemically produce
CO. The CO-BC distribution shows that in the western and
southern United States, CO mixing ratios are strongly influ-
enced by CO inflow. An interesting feature indicates CO
coming from the north, probably owing to intense fires in
Canada as were observed by MODIS during this time period
(http://rapidfire.sci.gsfc.nasa.gov/firemaps/). In the PBL (not
shown here), similar results as those presented at the surface
are found.
[34] In the FT, the total CO distribution shows mixing

ratios ranging from 80 up to 250 ppbv in the eastern United
States. These values are largely due to the pollution inflow
as shown in the CO-BC distribution. However, part of total
CO mixing ratio is also influenced by anthropogenic CO and
CO produced chemically within the domain, especially
around the eastern coast of the United States. It is interesting
to note that in the FT, photochemically produced CO is more
important than anthropogenic CO, while the reverse is the
case at the surface. This is largely due to the fact that, in the
FT, CO from oxidation of methane is more important than
ventilation of anthropogenic CO from the PBL. In addition,
many hydrocarbons are long-lived, which likely explains the
higher contribution of photochemically produced CO
downwind of the northeast in the FT. However, isoprene,
which is a short-lived species, might contribute significantly
to the surface budget of photochemically produced CO, for
example, explaining the higher contribution of photochem-
ically produced CO at the surface over the southeast. Models
might also underestimate the venting of pollution out of the
PBL into the FT as was shown by Castellanos et al. [2011]
for this region. The CO-FIRE distribution shows that the
wildfire emissions at the surface can be transported verti-
cally up to the FT, followed by transport toward the east and
north. These results show higher correlation between the
surface and the FT in the vicinity of strong sources.

4.2. PBL and FT CO Budget Comparison

[35] We first analyze the CO burden integrated over the
PBL and over the FT. On average, the daily CO burden over
the contiguous United States for the time period June 24 to
July 10 2008 is about 1.30 Tg CO for the PBL and 3.97 Tg
CO for the FT. The CO inflow boundary conditions con-
tribute up to 63% in the PBL and up to 84% in the FT.
Contrary to this, for anthropogenic and chemical sources,

higher contributions are found in the PBL compared to the
FT (CO-ANTHRO explain 15% of the CO burden compared
to 5% and CO-CHEM explain 14% compared to 9%). With
fire sources, similar contributions are found in both the PBL
and the FT with a mean contribution of about 1–2%. Over
the analysis time period, the total CO burden amounts show
little day-to-day variability (standard deviation is around
0.013 Tg in the PBL and 0.023 Tg in the FT).
[36] The calculated burden amounts are influenced by the

variation of the PBL height, and we examine the average
mixing ratios of CO and CO tracers in the PBL and in the
FT (Table 4). At the surface, the average mixing ratio of
total CO over the contiguous United States is estimated as
165 � 68 ppbv. A similar value is found in the PBL (157 �
59 ppbv) while a lower value is found in the FT (116 �
17 ppbv). The surface average mixing ratios of CO tracers are
calculated as 24� 19 ppbv for CO-CHEM, 36� 50 ppbv for
CO-ANTHRO, 4� 24 pbbv for CO-FIRE and 95� 20 ppbv
for CO-BC. Similar mixing ratios are found in the PBL,
while lower mixing ratios are found in the FT, in particular
for CO-CHEM (10 � 9 ppbv), CO-ANTHRO (6 � 6 ppbv)
and CO-FIRE (2 � 5 ppbv). The CO-BC average mixing
ratio is of the same order of magnitude at the surface
(95 � 20 ppbv), in the PBL (97 � 20 ppbv) and in the FT
(96 � 15 ppbv). However, the relative mixing ratio contri-
bution shows a larger influence of CO-BC in the FT (84 �
12%), compared to the surface (63 � 19%) and the PBL
(66 � 18%).

5. CO Vertical Distribution

[37] Section 4 was focused on the analysis of the horizontal
distribution of CO over the United States. We now turn to the
vertical distribution of CO and use simulated CO and CO
tracers to understand the influence of different sources. To
address this, we analyze the CO vertical and temporal struc-
ture for highly polluted regions over the United States.
[38] Figure 9a shows the locations with the highest 10% of

modeled surface CO mixing ratios over the United States
(a map of CO emissions is also provided in Figure 9b to
indicate the source locations). The selection of the highest
CO regions is based on the temporal median of each model
grid cell. On average for the highest CO sites, surface
emissions are in the range of 160� 100 mol km�2 h�1. High
CO regions are around urban areas and most densely con-
centrated over the eastern United States as shown in
Figure 9a. From these, we select one area on the East Coast
with high CO considered as representative of polluted
regions. This area is delimited by a blue rectangle in
Figure 9a. Note that we only select grid cells within the blue
box that are similar in elevation (lower than 500 m).
[39] Figure 10 (left) illustrates the temporal and vertical

distributions of total CO and CO tracer mixing ratios aver-
aged over the selected region. The average PBL height is
also included in each plot (dashed black line). In the FT, the
total CO mixing ratios are around 100–150 ppbv, while in
the PBL the mixing ratios are double (200–300 ppbv). In this
layer, the total CO mixing ratios are characterized by a
strong diurnal cycle, also seen in the CO-ANTHRO plot and
to a lesser extent in the CO-CHEM plot, reflecting diurnal
variations in the PBL height, emissions and photochemistry.
For the first 10 days of the simulation period, the model

Table 4. Estimates of the CO Mixing Ratio Averaged at the
Surface, in the PBL, and in the FT Over the Contiguous United
States for the Period 24 June to 10 July 2008a

Average Mixing Ratio
Contributions (ppbv)

Average Mixing Ratio
Contributions (%)

Surface PBL FT Surface PBL FT

Total CO 165 � 68 157 � 59 116 � 17
CO-CHEM 24 � 19 23 � 19 10 � 9 14 � 8 14 � 8 9 � 7
CO-ANTHRO 36 � 50 29 � 40 6 � 6 18 � 14 15 � 12 5 � 4
CO-FIRE 4 � 24 3 � 21 2 � 6 2 � 5 2 � 5 1 � 3
CO-BC 95 � 20 97 � 20 96 � 15 63 � 19 66 � 18 84 � 12

aStandard deviation is also indicated. CO tracer contribution values are
expressed in both absolute terms (ppbv) and relative terms (%).
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shows strong vertical gradients within the PBL, which is
partly due to the presence of clouds during that time period
and the PBL scheme used in WRF-Chem that under-
estimates the vertical mixing [Hu et al., 2010]. This strong
vertical gradient within the nominal PBL averaged over the
East Coast of the United States may make a comparison with
surface sites challenging at best. The cross section distribu-
tion for CO-BC shows episodic low-altitude transport,
probably due to Canadian emissions, increasing the surface
CO by �100 ppbv. Note that the Canadian emissions
include the anthropogenic and fire emissions used in
MOZART-4 simulations that serve as boundary conditions.
During the simulation time period, fire emissions in this
region have little influence on total CO (not shown here).
[40] Figure 10 (right) shows the time series of CO and CO

tracer mixing ratios at the surface and at different altitude
levels representative of the PBL (1 km) and the FT (2 and
3 km). The plot of surface and 1 km CO variability, char-
acterized by amplitude of 100–200 ppbv, highlights the fine
diurnal-scale temporal variability, as discussed in Figure 10
(left), but also a larger-scale variability associated with var-
iations in emissions and chemistry. These fine- and large-
scale variations seen in the PBL have only a weak influence
in the FT, with amplitude less than 50 ppbv, because of the
variability in FT chemically produced CO. In addition, FT
CO-BC mixing ratios also contribute to a part of the large-
scale variability observed in FT total CO (amplitude of
�50 ppbv). These results show that different processes
determine the variability at the surface and in the FT and
there is no clear correlation between the surface and the FT
variations.

6. Air Quality Monitoring From Satellite
Observations

[41] Air pollution monitoring is currently primarily based
on surface networks that have good temporal, but limited
spatial coverage and no information about the atmospheric
vertical distribution or indeed the atmospheric column ana-
lyzed in section 4. In recent years, satellite observations have
been used for studying tropospheric composition. Satellites
provide good long-term spatial coverage with some vertical
profile information, but the question arises as to the extent to

which satellite retrievals can be used to infer information on
the surface concentrations for AQ applications. Possible
applications where satellite retrievals could be tremendously
helpful for are, for example, the monitoring of emission
trends, deriving information about pollution transport on
small and large scale or estimating the degree of lofting of
pollution out of the PBL. In this section, we discuss the
sensitivity of the currently available classes of satellite CO
retrievals to the near-surface CO concentrations.

6.1. Sensitivity of the Current CO Satellite
Measurements

[42] Currently, CO retrievals from passive nadir satellite
measurements are based on two different wavelength ranges:
the TIR surface and atmospheric emission with primary
sensitivity to the FT partial column, and the NIR solar
backscattered radiances with sensitivity to the total column.
Since CO is mainly concentrated in the troposphere, we
define the CO total column as the integrated column corre-
sponding to the lowermost 8 km of the troposphere above
surface level.
[43] Retrievals that use only the NIR signals such as

SCIAMACHY (Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography) [Buchwitz et al., 2004;
Piters et al., 2006] and some MOPITT products provide CO
measurements that are typically sensitive to the total column
[Buchwitz et al., 2004, 2007; Deeter et al., 2009]. The
question then arises: are these measurements sufficiently
precise to capture what happens in the lowermost part of the
troposphere? It has been demonstrated that the NO2 total
column retrievals are a reasonable indication of the amount
of NO2 present in the PBL [e.g., Blond et al., 2007] as this
molecule has a very short lifetime and generally never gets
out the PBL, and when it does, is almost immediately oxi-
dized. The measurement of NO2 total column is therefore
useful for AQ applications [Herron-Thorpe et al., 2010;
Zyrichidou et al., 2009]. To determine if the CO total col-
umn is similarly representative of surface or PBL CO con-
centrations, we investigate how much of the CO total
column is contained in the LMT. Since satellite retrievals are
primarily sensitive to atmospheric pressure, and do not track
the evolution of the PBL height, consideration of the LMT
column (defined here as the partial column corresponding to

Figure 9. (a) Locations of the surface sites with highest CO mixing ratios. (b) Spatial distribution of CO
emissions.
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Figure 10. (left) Altitude-time cross sections of total CO and CO tracer mixing ratios for the period
24 June to 10 July 2008, averaged over the East Coast area considered as a polluted region. Note that
the color scales are on a logarithmic scale and differ among the graphs. (right) Associated time series
of CO and CO tracer mixing ratios for the surface and for different altitudes (1, 2, and 3 km).
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the lowermost 150 hPa of the troposphere above surface
level) is more appropriate than the PBL column amount.
[44] Figure 11a illustrates the distribution of the mean

fraction of the CO LMT partial column to the CO total
column. In the eastern United States and in Northern Cali-
fornia, impacted by anthropogenic and fire emissions,
respectively, around 30–40% of the CO total column is in
the LMT, and in Los Angeles and the Washington, D. C.–
Boston metropolitan corridor, up to 50% of the CO total
column is in the LMT. This shows that CO total column is
not necessarily dominated by the CO LMT contribution,
while sensitivity to this part of the atmosphere is of most
interest for AQ applications. Thus a measurement of CO
total column cannot be reliably used as a proxy for the LMT
or PBL column as it can for NO2. This is due to the longer
lifetime of CO, and the fact that CO does get out the PBL
and undergoes long-range transport. This is illustrated by the
impact of CO-BC on the CO distribution and budget
described in section 4.
[45] We subsequently quantify the sensitivity that would

be needed in the case of a CO total column measurement in
order to pick up the variation in the LMT partial column that
we are interested in for AQ applications. Figure 11b illus-
trates the distribution of the ratio between the standard
deviation of the CO LMT partial column and the mean CO
total column. In very polluted cases such as in Northern
California impacted by fire emission, the variability in the
LMT can be high (up to 35%) but for usual anthropogenic
cases (such as in the eastern United States), the variability in
the LMT is about 10%. In order to catch the variability in the
LMT, a measurement precision significantly better than 10%
would be required, which is less than current satellite CO
column measurement retrieval error [e.g., de Laat et al.,
2010]. Thus current retrieval performance would have to
be significantly improved to make a total column measure-
ment suitable for AQ applications.

[46] The current TIR satellite sensors measuring CO are
MOPITT [Deeter et al., 2003], Atmospheric Infrared
Sounder (AIRS) [Warner et al., 2007], Tropospheric Emis-
sion Spectrometer (TES) [Rinsland et al., 2006], and Infra-
red Atmospheric Sounding Interferometer (IASI) [Clerbaux
et al., 2009]. The TIR retrievals rely strongly on thermal
contrast, defined as the difference between the surface and
the lower atmospheric temperature, and lead in general to
low sensitivity to the surface and high sensitivity to the FT
[Deeter et al., 2004; George et al., 2009; Luo et al., 2007;
Warner et al., 2007]. Under conditions of strong thermal
contrast, which is not the general case, TIR retrieval sensi-
tivity to lower troposphere increases [Clerbaux et al., 2008;
Deeter et al., 2007].
[47] As mentioned above, NIR-only and TIR-only mea-

surements, for different reasons, provide limited information
about the lowermost part of the troposphere. Increased sen-
sitivity to near-surface CO concentrations from multispectral
(TIR+NIR) retrievals has been shown by satellite OSSEs
[Edwards et al., 2009]. Recently the MOPITT team has
made significant advances in demonstrating multispectral
retrievals of CO with enhanced sensitivity to near-surface
CO [Deeter et al., 2011; Worden et al., 2010]. This new
product has recently been made available to the community
and will be used in future studies. In the following analysis,
we examine the ability of multispectral retrievals to capture
variations in LMT CO concentrations.

6.2. Case Study

[48] In this section, we focus on one specific polluted case
located in Washington D.C. in order to assess the extent to
which satellite measurements are able to capture the vari-
ability that happens in the PBL or at the surface. To simplify
the analysis, we use the total column average mixing ratio as
a proxy for an NIR retrieval, the FT average mixing ratio as
a proxy for the TIR retrieval, and the LMT average mixing
ratio as a proxy for the multispectral (TIR + NIR) retrieval.

Figure 11. (a) Time-average ratio between CO LMT column and CO LMT + FT column in percent for
the period 24 June to 10 July 2008. (b) Ratio between the standard deviation (STD) of CO LMT column
and the time average of CO LMT + FT in percent.
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These proxies are similar to assuming constant averaging
kernels as would be appropriate for the general case with
low thermal contrast and reasonably high and constant sur-
face reflectivity. Although ignoring the scene-by-scene var-
iation in the averaging kernel due to heterogeneous surface
conditions is an obvious limitation, we do not expect it to
alter the main conclusions.
[49] Figure 12 illustrates the variability of different CO

partial column average mixing ratios (Figure 12a) and the
time-altitude cross section of anthropogenic CO
(Figure 12b) in Washington DC. The PBL height and the top
of our defined LMT are also displayed in Figure 12b in
dashed black lines and dotted gray lines, respectively. Note
that as anthropogenic CO is the dominant source of CO here,
we only show the CO-ANTHRO cross-section plot.
[50] Figure 12a shows that the surface CO average mixing

ratio peaks in the very early morning after the PBL collapse.
Surface and PBL CO average mixing ratios generally track
except at night when the PBL is stably stratified, which leads
to a strong CO gradient through the PBL (e.g., around DOY
176 or 182). Note that around DOY 180.5 (i.e., during day-
time), surface and PBL CO mixing ratios do not track, which
is probably due to the PBL scheme used in WRF-Chem that
underestimates the vertical mixing [Hu et al., 2010]. This
shows that the PBL average mixing ratio can be a good
measure of the surface mixing ratios when CO mixing ratios
are well mixed up in the PBL (usually during daytime),
which is due to ground-level heating, but not if a strong
vertical CO gradient is present (usually during nighttime).

[51] During daytime when the PBL is higher than the top
of the LMT (around 850 hPa), the PBL CO average mixing
ratio and the LMT CO average mixing ratio (the multi-
spectral NIR + TIR retrieval proxy) are close (e.g., around
DOY 185.5). This is generally the case in presence of high
temperatures leading to a strong vertical mixing. In contrast,
when the PBL height is very low and the surface mixing
ratio reaches a maximum, generally at night, the LMT partial
column average mixing ratio can be quite different from the
PBL mixing ratio. However, LMT column measurements
will not in any case be available during the night in absence
of the NIR reflected solar measurement in the multispectral
retrievals.
[52] The FT CO average mixing ratio (the TIR retrieval

proxy) in general does not follow the surface variability. It
is, however, sensitive to concentration changes due to long-
range transport (as shown in section 4). As a consequence,
the FT column may be used to specify the model initial and
boundary conditions, which is a use of the current satellite
TIR measurements. The total column average mixing ratio
(the NIR retrieval proxy) variation shows poor sensitivity to
surface mixing ratio as discussed in section 6.1.
[53] Table 5 gives the statistics between the surface CO

mixing ratios and the integrated LMT, FT and total column
average mixing ratio for Washington DC. Owing to dilution
as a result of vertical mixing, the partial column average
mixing ratio is usually lower than the surface mixing ratio.
As expected, good statistics are found between the surface
and the PBL (bias of 54 � 37 ppbv, RMSE of 65 ppbv and
correlation coefficient of 0.91). Similar results are found
between the surface and the LMT. Although we have a
reasonable correlation between the surface and the total
column (0.61), the bias and RMSE are very high (185 ppbv
and 200 ppbv, respectively). This shows that the total col-
umn is not useful to capture surface absolute concentrations.
The highest bias and RMSE (222 ppbv and 237 ppbv,
respectively) and the lowest correlation coefficient (0.38) are
found between the surface and the FT CO mixing ratios as
this is the only measure that is not sensitive to the lower
troposphere. This shows that the surface and FT CO are not
well correlated but that the LMT column has potential to
provide some information about surface AQ. Note that our
estimates in Table 5 are conservative given that the model
shows less variability than the observations.

7. Conclusions

[54] We have assessed the CO budget and spatiotemporal
variability over the contiguous United States using the

Figure 12. (a) Time series of CO average mixing ratios at
the surface and in different columns (PBL, LMT, FT, and
total column) for the period 24 June to 10 July 2008 in
Washington D. C. (b) Associated altitude-time cross sections
of CO anthropogenic tracer mixing ratios. The black dashed
line represents the boundary layer height, and the gray dot-
ted line represents the altitude corresponding to the lower-
most 150 hPa of the troposphere (surface to the altitude
corresponding to surface pressure �150 hPa). Note that the
color scale is on a logarithmic scale.

Table 5. Key Statistics With Respect to the Surface CO Mixing
Ratios in Washington, D. C., for the Period 24 June to 10 July
2008a

Bias
(ppbv)

RMSE
(ppbv)

Correlation
Coefficient

Surface-PBL 54 � 37 65 0.91
Surface-LMT 77 � 61 98 0.74
Surface-FT 222 � 84 237 0.38
Surface-total column 185 � 77 200 0.61

aThe mean absolute bias, standard deviation, root mean square error
(RMSE), and correlation coefficient are given.
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regional chemistry transport model WRF-Chem V3.2. In the
framework of this study, four CO tracers, including tracers
from anthropogenic and fire emissions, photochemical CO
production from within the domain and CO transported into
the regional domain from the lateral boundaries were set up
in the model. Using CO tracers is valuable for tracking CO
emitted from individual emission sources and thus to better
understand the different factors driving CO variations at the
scale of interest to AQ applications. To our knowledge, the
use of CO tracers in a regional model is an innovative aspect
of this work.
[55] The main conclusions of this work may be summa-

rized as follows.
1. Model evaluation results combining aircraft, satellite,

and surface observations showed a good agreement between
the model and the observations, but pointed out an under-
estimate of fire emissions, an overestimate of anthropogenic
emissions especially over Southern California and the east of
the United States and a positive bias in pollution inflow. We
also showed that the model gives a fairly good representa-
tion of background CO mixing ratios over the entire altitude
range.

2. Over the contiguous United States, for the entire alti-
tude range, the largest CO contribution is transported pol-
lution with a mean relative contribution ranging from 60% at
the surface and in the PBL to 80% in the FT. Chemical and
anthropogenic sources contribute to a lesser extent (14% and
18% at the surface and in the PBL, and 9% and 5% in the
FT, respectively). Fire emissions make a small contribution
to mean CO at all altitudes (<4%) but its contribution is
regionally and event dependent.

3. In polluted regions, the surface and PBL CO mixing
ratios both show strong diurnal variability, owing to the
diurnal variations of the PBL height, emissions and photo-
chemistry, and larger-scale variability due to the variations
in emissions and chemistry, which are not reflected higher
up in the FT. This shows that different processes determine
the variability at the surface and in the FT and there is no
clear correlation between what happens at the surface and
what happens in the lower FT.

4. We compared the representation of surface and PBL
CO concentration variability that would be captured by
representative satellite sensor observations using the differ-
ent CO spectral bands: NIR radiances mostly sensitive to the
total column, TIR mainly sensitive to the FT column and
multispectral NIR+TIR radiances that provide sensitivity to
the LMT column. We found that a measurement of CO LMT
column represents on average �30% of the total column.
This implies the CO total column variation cannot easily be
used as a proxy for that of the LMT as it can be for NO2, for
example. This is particularly due to the longer lifetime of CO
and thus the fact that CO can get lofted out of the PBL and is
transported over large distances. We also found that for a
typical polluted urban scenario, the variability of CO in the
LMT is on the order of 10% of the total column amount,
which is of the order of actual satellite CO column retrieval
errors. Thus the current performance of CO satellite retrie-
vals would have to be significantly improved upon to make a
total column measurement suitable for AQ applications.

5. The PBL partial column can be a good representation
of the surface concentration, especially when CO is well
mixed in the PBL, which usually occurs during daytime as a

result of ground-level heating. However, since retrievals are
sensitive to atmospheric pressure and do not track changes in
PBL height, consideration of the concentration in the LMT,
below a certain pressure, is more appropriate than that of the
PBL. During daytime and when the PBL is higher than the
top of the LMT, PBL and LMT CO average mixing ratios
are close. On the contrary, the concentrations can differ
considerably at night when the PBL height is very low. Our
results show that during daytime, when higher temperatures
lead to a strong vertical mixing and a high PBL height, the
LMT concentration that can be retrieved with multispectral
NIR + TIR observations is a good measure of that in the
PBL.

6. The FT CO average mixing ratio (representative of a
TIR retrieval) in general does not follow the surface vari-
ability. However, it is a good measurement for capturing the
pollution inflow variability and therefore, is valuable for
informing about initial and boundary conditions to constrain
regional models.
[56] The results of this study demonstrate that for AQ

monitoring, satellite products with increased sensitivity
toward the surface are needed. The new MOPITT V5 mul-
tispectral CO retrieval shows real sensitivity at the surface
and is capable of a meaningful surface retrieval of CO con-
centration [Deeter et al., 2011; Worden et al., 2010]. This
product has recently been made available to the community
as a beta release and the new data product will be examined
in future work after it has been validated. Building on this
development, we are exploring the use of this new technique
for AQ retrievals of CO and ozone from the next-generation
of geostationary satellite missions such as the GEO-CAPE
mission.
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