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[1] Chemical transport models such as the Community Multiscale Air Quality (CMAQ)
model provide useful guidance on air pollution control strategies. We evaluate the
performance of a 12 km resolution CMAQ simulation with surface and aircraft observations
of CO, O3, and NOx during the summer of 2002. When all data are considered, on average,
modeled and observed CO total column contents (surface to 3,000 m) agreed to within
14% in the morning and 22% in the afternoon. Reducing the deposition velocity for CO
improves model!measurement agreement but did not eliminate the model bias. The
majority of observed vertical profiles have a maximum near the surface. Although many
observed spirals had a secondary maximum at the top of the boundary layer, indicating
subgrid!scale shallow convection. The model was not able to replicate these vertical
structures. Water vapor profiles likewise showed greater vertical variability in the
observations than in the model. General conclusions from these model!measurement
comparisons: total CO emissions estimates are either adequate or underestimated, but there
is no evidence of gross error; NOx emissions from mobile sources may be overestimated
while the lifetime of NOx may be underestimated in CMAQ 4.5.1 with CBIV, and
vertical mixing in the model boundary layer may be too fast, but venting out of the
boundary layer into the lower free troposphere may be too slow.
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1. Introduction

[2] Vertical mixing processes play an important role in the
morning buildup of pollutants in the shallow nocturnal
boundary layer and in the lifetime and long!range transport
of trace gases [Baumann et al., 2000; Schichtel and Husar,
2001; Vukovich and Scarborough, 2005]. The Community
Multiscale Air Quality (CMAQ) model version 4.5.1 utilizes
two parameterizations to represent boundary layer vertical
mixing processes. Large eddy convective mixing is repre-
sented by an asymmetric convective mixing scheme, where
pollutants can be transported upward nonlocally (between

nonadjacent layers), while downward mixing is layer!by!
layer subsidence. All other vertical mixing processes are
represented with K!theory, where turbulent transport is
modeled using an eddy diffusion coefficient (Kz, m2/s),
analogous to molecular diffusivity. Kz is calculated using
planetary boundary layer (PBL) similarity theory based on
the formulations from Businger et al. [1971] and Hass et al.
[1991].
[3] O3 episodes in the eastern U.S. can extend well

beyond the area of a single state [e.g., Gilliland et al., 2008;
Logan, 1989; Ryan et al., 1998; Zhang and Rao, 1999].
Exchange of air between the PBL and lower free tropo-
sphere (LFT), especially as mediated by small!scale cumu-
lus clouds, has been suggested to play an important role in
the temporal and spatial scales of smog events [Ching et al.,
1988; Hains, 2007; Hains et al., 2008; Mueller et al., 2006;
Taubman et al., 2004, 2006]. Effective modeling for control
of O3 must adequately simulate this vertical transport.
[4] To study vertical mixing in CMAQ, an analysis of

carbon monoxide (CO) vertical profiles will be carried out.
CO is an ideal tracer for analyzing pollutant transport in air
quality models (AQMs) because its atmospheric lifetime, on
the order of a month, is longer than the timescale of
boundary layer mixing, but short enough such that boundary
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layer gradients are easily distinguishable from the back-
ground. To use CO as a tracer, model performance of CO
must be well understood; the sources, sinks, and resulting
total CO must be accurate.
[5] Until recently, the precision of surface CO monitoring

in the national monitoring networks has been low; often
only one significant figure was reported (U.S. Environ-
mental Protection Agency, Integrated science assessment for
carbon monoxide, second external review draft, 2009, http://
cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=213229#
Download). Generally data sets from intensive field cam-
paigns or select research surface sites have been available
for CO model performance evaluation. Comparison of the
Eta!CMAQ air quality forecast model to the data set from
the International Consortium for Atmospheric Research on
Transport and Transformation (ICARTT) study (an inten-
sive field campaign that measured trace gases from surface,
aircraft, and ships off the coast of the eastern U.S. during
the summer of 2004) showed a 20–30% low bias in
modeled CO at all altitudes when the plumes were affected
by biomass burning emissions, and a high bias in the New
York City plume [Yu et al., 2007; Yu et al., 2009]. A
comparison of CMAQ to 2000–2001 CO concentrations
observed at Southeastern Aerosol Research and Character-
ization (SEARCH) sites found that modeled CO con-
centrations have a 36% low bias [Marmur et al., 2009]. In
contrast, Parrish [2006] compared the MOBILE6 motor
vehicle CO emissions inventory to a fuel!based inventory,
and found that CO emissions from motor vehicles are
overestimated by a factor of !2. Miller et al. [2008] found
from inverse modeling that CO emissions from fossil fuel
combustion were overestimated by a factor of 3. Kuhns
et al. [2004] compared MOBILE6 CO emissions factors
to those measured by roadside remote sensing of vehicle
exhaust; MOBILE6 CO emissions factors were 50% too
high for gasoline!powered vehicles. Bishop and Stedman
[2008] reported that the deterioration rate of control tech-
nology in motor vehicles was overestimated by a factor of
five in MOBILE6. Hudman et al. [2008] and Warneke et al.
[2006] also found that modeled CO anthropogenic emis-
sions are 50–60% too high. However, they compared 2004
observations to the 1999 NEI. NEI annual average emis-
sions of CO from highway vehicles are 30% higher in 1999
than 2004 (U.S. Environmental Protection Agency, 1970–
2008 average annual emissions, 2009, http://www.epa.gov/
ttnchie1/trends/). In light of the contradictions present in the
CO emissions literature, there is a need for further system-
atic analysis of CO in CMAQ in order to use this species to
analyze model transport.
[6] In this work, CMAQ will be compared to CO vertical

profiles taken at various locations throughout the Mid!
Atlantic by the Regional Atmospheric Measurement, Mod-
eling and Prediction Program (RAMMPP), and to surface
observations at select, high!precision CO Air Quality Sys-
tem (AQS) monitoring sites across the Northeast. CO col-
umn content from aircraft profiles represent total sources.
Because motor vehicles are the main source of anthropo-
genic CO emissions (in 2002, highway vehicles contributed
!55% of the total; Environmental Protection Agency, 1970–
2008 average annual emissions, 2009, http://www.epa.gov/
ttnchie1/trends/) the model will also be compared to surface
observations of NOx and its chemical partner O3 at AQS and

Clean Air Status and Trends Network (CASTNET) sites.
The analysis will address the accuracy of: estimates of CO
and NOx emissions, vertical mixing processes in the PBL
and from the PBL into the LFT, the deposition velocity of
CO, and the lifetime of NOx in the model.

2. Methods

2.1. Modeling Setup
[7] The modeling domain, meteorology, emissions, and

AQM setup described for the base case of Castellanos et al.
[2009] were used, and will be briefly summarized here. The
12 km resolution modeling domain covered the eastern half
of the U.S. and was nested within a 36 km grid covering the
entire continental U.S. The coarse grid provided the
boundary conditions for the finer grid. A terrain following s
coordinate defined 22 layers from the surface to roughly
30 km. The top of the first layer was roughly 20 m from
the surface, and the first twelve layers fell within the bottom
1.5 km of the atmosphere.
[8] The 2002 emissions inventory developed to support the

8 h O3 NAAQS attainment demonstration State Implemen-
tation Plans (SIP) in the eastern U.S. was processed with the
Sparse Matrix Operator Kernel Emissions (SMOKE) v2.2
processor [E. H. Pechan and Associates Inc., 2006; New
York State Department of Environmental Conservation,
2006, 2007; University of North Carolina, 2008]. The
meteorological fields were generated for the domain with
the Penn State/NCAR 5th Generation Mesoscale Model 5
(MM5) v3.6 using a modified Blackadar planetary boundary
layer scheme [Grell et al., 1994; Zhang and Zheng, 2004].
The MM5 outputs were processed with the Meteorology!
Chemistry Interface Processor (MCIP) v3.4.1 wherein the
CO mesophyll resistance was updated to correspond with
the value predicted by the effective Henry’s law constant.
This update in MCIP reduces the deposition velocity from
!0.4 cm/s to !0.1 cm/s and increases the modeled lifetime of
CO with respect to dry deposition from days to weeks. MCIP
was configured to maintain the PBL determined in MM5.
[9] In the implementation of CMAQ v4.5.1, the carbon

bond IV (CBIV) gas!phase chemical mechanism, the AE3/
ISOROPPIA aerosol reaction scheme, and the Euler back-
ward iterative (EBI) solver were used [Byun and Schere,
2006; Gery et al., 1989]. The simulation was initiated on
May 1 with clean initial conditions and ended on Sep-
tember 15, 2002. The first 15 days were taken as spin up,
and not used in the analysis.

2.2. Measurement of CO Vertical Profiles
[10] Vertical profiles of CO at 34 small airports across the

Northeast U.S. (Figure 1) were measured for the RAMMPP
project from May through August of 2002 on a twin engine
Piper Aztec airplane. Observations were taken on days when
high O3 concentrations were forecast. The flight plans were
designed such that morning spirals were located mostly
upwind of major cities, and afternoon spirals were down-
wind of major cities (see auxiliary material Figure S1 for
climatology of back trajectories from aircraft spiral loca-
tions).1 Some locations will be upwind of one city and

1Auxiliary materials are available in the HTML. doi:10.1029/
2010JD014540.
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downwind of another city depending on the synoptic condi-
tions. Out of 100 total analyzed vertical profiles, 38 profiles
were measured at 15 airports between 07:00 and 10:00 local
time (LT), before thermal convection creates a high well!
mixed boundary layer (Figure 1). The other 62 profiles were
measured in the afternoon at 19 airports (Figure 1).
[11] To investigate whether aircraft CO emissions could

bias our observations during the vertical spiral low pass,
emissions were estimated using reports of average daily
aircraft operations (defined as a takeoff or a landing), and
the average of the CO emissions factors for single engine,
single engine high performance, and twin engine high per-
formance aircrafts reported by the Swiss Federal Office of
Civil Aviation [Swiss Federal Office of Civil Aviation, 2007].
Aircraft operation statistics are reported as weekly averages
by airport managers to the Federal Aviation Administration
(FAA), and available to the public at www.airnav.com. The
estimated aircraft emissions were compared to the model
surface emissions in the airport grid cell (see Table S1). At
seven airports the estimated aircraft emissions were between
12 and 20% of the modeled emissions. However, five of
these airports are located in secluded areas where CO
emissions and the observed near surface CO concentrations
are relatively small. At the remaining airports, the estimated
aircraft emissions were between 1 and 8% of the modeled
emissions. Thus CO emissions from aircrafts can only be a
small part of the model emissions inventory. Even if they
were completely excluded from the model, the error
encountered would still be within the emissions inventory
uncertainty.
[12] Possible sampling of aircraft exhaust during mea-

surement spirals may add uncertainty to the assessment of
model CO mixing and the CO emissions inventory. How-
ever, traffic at these small airports is light, generally !100
operations per day, and air traffic control ensures that no
more than one other aircraft will have used the airspace over
the airport prior to our slow spirals requiring !10 min to
profile the PBL. In the case of afternoon observations, it is
possible that CO emitted throughout the day by aircrafts

could accumulate around the airport depending on the
meteorological conditions. However, we base our results on
average statistics of 62 profiles, and it is unlikely that we
have selectively sampled this scenario dozens of times.
Thus, it is unlikely that model measurement differences can
be attributed primarily to local aircraft emissions.
[13] CO measurements were taken with a modified

Thermo Scientific CO infrared filter correlation analyzer
(Model 48C, Franklin, MA) [Dickerson and Delany, 1988].
The instrument sampled from a backward facing inlet on top
of the airplane. Trace gas vertical profiles were obtained at a
vertical climb rate of 100 m/min between 3 m and 3000 m
above ground level (AGL). Aircraft spirals generally have a
diameter of !5 km, on the same order as a model grid cell.
Temperature, pressure, relative humidity, ozone, sulfur
dioxide (SO2), scattering at three wavelengths, and particle
absorption, number concentration, and size were also mea-
sured. A full description of the aircraft instrument package is
provided by Hains [2007].
[14] Observations taken on July 5–8 were excluded from

the analysis (three morning and three afternoon spirals)
when a smoke plume of CO from forest fires in Quebec
affected the Mid!Atlantic region. The fires caused anoma-
lously high concentrations of CO and aerosols in the region
and were not represented in the emissions inventory
[Sapkota et al., 2005; Sigler et al., 2003; Taubman et al.,
2004].

2.3. Surface Observations of O3, CO, and NOx

[15] CO surface monitoring data were extracted from the
EPA Air Quality System (AQS) monitoring network at
eleven sites where CO measurements were reported at the
ppbv level. Two sites that were considered near roadways
(within 100 m of a roadway in a rural area, or within 20 m of
a roadway in an urban area), and thus not representative
of the model grid cell, were excluded from the analysis
(Figure S2). The CO observations were taken with Monitor
Labs (Model 8310, Englewood, CO), Dasibi (Model 3003,
Glendale, CA), or Thermo Electron (Model 48, Franklin,

Figure 1. The locations of the (left) morning and (right) afternoon CO vertical profiles. Green shading
indicates urban areas defined as having a population greater than 193 people per square kilometer accord-
ing to 2000 census data.
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MA) infrared gas filter correlation analyzers. Detailed
descriptions of AQS monitoring sites can be found at http://
www.epa.gov/ttn/airs/airsaqs.
[16] O3 and NOx surface monitoring data were extracted

from the EPA’s AQS monitoring network databases at
612 and 92 sites, respectively (Figure S2). O3 data at 85
CASTNET sites were also used. The NOx measurement
method in the AQS network is conversion of NO2 to NO
with hot molybdenum followed by chemiluminescence of
NO plus O3. This method is known to suffer from inter-
ferences from peroxy acetyl nitrate (PAN), organic nitrates,
and nitric acid (HNO3), but HNO3 can be lost to the inlet
components [Crosley, 1996; Dunlea et al., 2007; Fehsenfeld
et al., 1987; Nunnermacker, 1990; Poulida et al., 1994;
Schwab et al., 2009]. Thus, a reasonable indicator of AQS
NOx observations is modeled NOy!HNO3 [Dunlea et al.,
2007], and will be used as a proxy. In this case modeled
NOy!HNO3 will be referred to as NO*x. Detailed descriptions
of CASTNET monitoring sites can be found at http://www.
epa.gov/castnet/site.html.
[17] Additional CO data, along with O3, NOx, NOy, and

HNO3 measured at the Pinnacle State Park (PSP) research
site described by Schwab et al. [2009] were also used. The
PSP site has been operational since 1995; hourly measure-
ments from the summer of 2002 were used in this work.
Briefly, O3, SO2, and NO were measured with UV absorp-
tion, pulsed fluorescence, and chemiluminescence, respec-
tively. NO2 was measured with photolysis followed by
chemiluminescence, which avoids interferences with other
nitrogen containing compounds. NOy and HNO3 were mea-
sured simultaneously with chemiluminescence. NOy was
determined by passing sample air over a heated molybde-
num converter, and HNO3 was determined by denuder dif-
ference; the sample air first passed through a NaCO3
coated annular denuder followed by a heated molybdenum
converter. HNO3 is the difference between the NOy and
NOy!HNO3 signals. Other NOy gases that are removed by
deposition onto NaCO3 would be detected as HNO3. Iso-
prene nitrates if present in substantial concentrations [e.g.,
Perring et al., 2009] could be an interference.

2.4. Summary of Model Simulations and Analysis
Approach
[18] Two configurations of the model will be imple-

mented in this paper: (1) A base case with off the shelf
configurations of CMAQ v 4.5.1 and MCIP v3.4.1, and (2) a
sensitivity case with the CO dry deposition velocity set
to zero. In the model, the default daily average deposition

velocity is 0.08–0.16 cm/s, while observations of CO depo-
sition velocity are in the range of 0–0.07 cm/s (Figure S3
and Table 1) and under some conditions soils can even be
a source of CO [Conrad and Seiler, 1980, 1985; Sanhueza
et al., 1998; Scharffe et al., 1990; Yonemura et al., 1999,
2000]. Thus, the sensitivity case is implemented to get an
upper bound on the modeled CO column content at aircraft
observations sites, and on the overall model CO budget.
[19] To analyze vertical mixing with vertical profiles of a

tracer species like CO, care must be taken to differentiate
between errors in chemical transport from errors in the
determination of the PBL height. Dilution effects from an
incorrect PBL height could lead to erroneous conclusions.
The temperature, pressure, and relative humidity measured
on the aircraft were used to determine the observed PBL
height, which was defined as an inversion in equivalent
potential temperature (!e) that corresponded with a decrease
in relative humidity. The slope of !e in the boundary layer
was compared to the sign of the Monin!Obukhov length,
used in CMAQ to determine stability. The CMAQ PBL
height was imported from the MM5 inputs; it was deter-
mined from the slope of the MM5 potential temperature.
Flights where the model PBL height and stability matched
observations were grouped together (the model PBL was
considered accurate when it was within 100 m of the
observed PBL in the morning, or within 20% of the
observed PBL in the afternoon).

3. Results and Discussion

3.1. Comparison of Observed and Modeled PBL
Heights
[20] In the morning, 35 out of 38 spirals and in the

afternoon 31 out of 72 spirals had well!defined potential
temperature inversions. Of these spirals, 20 (15) profiles
in the morning and 15 (16) profiles in the afternoon
had accurate (inaccurate) model predicted PBL heights. The
average and standard deviation of the observed PBL heights
as well as the bias, relative bias, and root mean squared error
(RMSE) of the model predicted PBL heights are listed in
Table 2.

3.2. Comparison of Modeled and Observed CO
Vertical Profiles
3.2.1. Model Comparison to Morning Observations
[21] The medians and quartiles of all observed and mod-

eled morning vertical profiles, without regard to PBL height,
of CO are shown in Figure 2a. In the morning, when thermal

Table 1. Summary of Published Observations of CO Deposition Velocity Over Various Surface Types

Site Vegetation nd (cm s"1) Reference

Darmstadt, Germany deciduous forest 0.027–0.038 Sanhueza et al. [1998]
Guri, Venezuela grassland, savannah 0.02–0.03 Scharffe et al. [1990]
Transvaal, South Africa savannah 0.05 Conrad and Seiler [1985]
Andalusia, Spain unplanted field 0.01–0.04 Conrad and Seiler [1985]
Mainz, Germany grass/small plants 0.03 Conrad and Seiler [1980, 1985]
Bush, Scotland grassland/arable

field/deciduous forest
0.001–0.002 Moxley and Smith [1998]

St. Anicet, Canada grass/mixed woods 0.00–0.40 Constant et al. [2008]
Tsukuba, Japan unplanted field/arable

field/deciduous forest
0.00–0.07 Yonemura et al. [1999, 2000]
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convection is beginning to break up the nocturnal temper-
ature inversion, but the PBL has not vented to its full height,
a !360 ppbv peak in CO concentration below !500 m is
observed by the aircraft. Above 500 m, observations show
that CO is well mixed and has a median value of !150 ppbv;
close to the continental background value of 120–140 ppbv
[Kim et al., 2008; U.S. Environmental Protection Agency,
2000]. The height of the transition between low concentra-
tion CO aloft and high concentration CO at the surface is
roughly the height of the mean observed PBL. The observed
CO concentration in the PBL can be several times higher
than the concentration above. The median CMAQ vertical
profile drops off a little fast, but in general corresponds well
with observations in the well!mixed altitudes, while below
500 m, the model underestimates observations generally by
!35% in the standard run. The vertical gradient of CO near
the surface in CMAQ is smaller than in observations.
[22] Water vapor is also conserved on time scales of PBL

mixing, so we examine this tracer (Figure 2b). Moisture is
calculated in MM5 and used without further modification in
CMAQ, but mixing of water and CO are related because the

stability parameters from MM5 used to calculate the vertical
profile of water are used in CMAQ. The observed vertical
profile of water vapor mixing ratio also shows more struc-
ture in the observations compared to the model. MM5
generates well!mixed water vapor in the PBL and a sharp
decrease above the observed PBL. The failure of MM5 to
capture the observed vertical gradient of water vapor mixing
ratio suggests that MM5 vertical mixing in the model PBL is
too fast. Because the observed CO vertical profile shape is
similar to that of water vapor, it is unlikely that the observed
CO profile shape is the result of a spike from sampling
aircraft exhaust. Thus, the combination of MM5 and CMAQ
through ACM and K!theory appears to mix vertically too
quickly.
[23] When the CO deposition velocity is set to zero, the

median CO concentration increases at all altitudes, but the
shape of the modeled CO vertical profiles does not change
appreciably. In the morning, the concentration of CO
increases by 20–40 ppbv below 500 m, and by 10–15 ppbv
above 500 m. We will next examine cases selected by how
well CMAQ simulated the height of the PBL. In Figures 3, 4
and 5 are plotted typical morning CO vertical profiles with
accurate, inaccurate, and no observed model PBL height,
respectively. All observed and modeled CO vertical profiles
can be found in auxiliary material Figures S3, S4, and S5.
[24] When PBL height values are accurate, the modeled

CO concentration generally decreases monotonically with
height, as expected from the solution to the eddy diffusion
equation for a morning boundary layer. In two cases, this
modeled spiral shape is similar to observations (Figure 3a).
However, in four cases, which have near surface model CO
concentrations close to observations, the model is unable to
recreate the observed surface increase of CO (Figure 3b).
For the rest of the spirals, the model significantly under-
estimates the near surface concentrations, and thus the
high concentration to low concentration vertical gradient
(Figure 3c). Above the PBL, the model is in better agree-
ment with observations.

Table 2. Mean and Standard Deviation of the Observed PBL
Height, and the Bias, Relative Bias, and RMSE of the MM5
Predicted PBL Heighta

Observed
(m)

CMAQ
Bias (m)

CMAQ
Relative
Bias (%)

CMAQ
RMSE

Morning all flights 300 ± 135 "18 ± 215 "13 ± 80 214
Morning accurate 251 ± 102 11 ± 61 7 ± 35 60
Morning inaccurate 371 ± 153 "56 ± 338 "43 ± 116 333
Afternoon all flights 1520 ± 515 106 ± 588 1 ± 51 588
Afternoon accurate 1523 ± 624 6 ± 232 1 ± 13 224
Afternoon inaccurate 1398 ± 545 205 ± 790 2 ± 70 791

aThe model PBL was considered accurate when it was within 100 m of
the observed PBL in the morning or within 20% of the observed PBL in the
afternoon.

Figure 2. Comparison of all observed (red) and modeled (blue and green) morning (a) CO and (b) water
vapor mixing ratio vertical profiles paired in time and space. The solid lines are the medians, and the
shaded areas represent the 25th and 75th quartiles of the data. The blue line corresponds to modeled
CO with the deposition velocity calculated in MCIP v3.4.1, and the green line corresponds to modeled
CO with the deposition velocity set to zero. The dashed blue lines are the average, 25th quartile, and
75th quartile of the observed PBL height. CMAQ shows more CO aloft and less near the surface, prob-
ably due to problems simulating subgrid!scale mixing; integrated column contents are discussed in the
text.
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[25] When the model PBL does not match observations,
the observed spirals are mostly similar to those where the
PBL is accurate: background level CO above the PBL, high
concentration CO below, and generally the model replicates
above boundary layer CO concentrations better. In three
cases, model boundary layer CO concentration and spiral
shape is in agreement with observations, even though the
model vents the PBL too soon (Figure 4a). In four cases, the
model CO concentration decreases monotonically in the
boundary layer similar to observations, but the CO concen-

tration is underestimated in the boundary layer (Figure 4b).
In the last eight cases, there is no model CO boundary layer
gradient, while the observations show a large increase in CO
concentration near the surface (Figure 4c). Overall, there is
no systematic difference in model performance associated
with the accuracy of the PBL height.
[26] When no potential temperature inversion is observed,

two out of the three observed spirals performed over con-
gested areas, Richmond, VA, and Fort Meade, MD, have
high CO concentrations near the surface as would be

Figure 4. Comparison of observed typical morning CO spirals with inaccurate modeled PBL heights for
three spiral locations: (a) Churchville, Maryland, (b) Cumberland, Maryland, and (c) Crewe, Virginia. The
solid line corresponds to observations, the squares correspond to modeled CO with the deposition velocity
calculated in MCIP v3.4.1, and the crosses correspond to modeled CO with the deposition velocity set to
zero. The solid horizontal line is the observed PBL height, and the dashed horizontal line is the modeled
PBL height. Modeled surface layer CO sometimes matches observations, but model concentrations are
typically too small.

Figure 3. Comparison of observed typical morning CO spirals with accurate modeled PBL heights for
three spiral locations: (a) Fort Meade, Maryland, (b) Winchester, Virginia, and (c) Luray, Virginia. The
solid line corresponds to observations, the squares correspond to modeled CO with the deposition velocity
calculated in MCIP v3.4.1, and the crosses correspond to modeled CO with the deposition velocity set to
zero. The solid horizontal line is the observed PBL height, and the dashed horizontal line is the modeled
PBL height. The model fails to capture the surface layer peak and sometimes overestimates CO in the
residual layer.
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expected from the observations with a clearly defined
boundary layer. In one case, the model systematically
underestimates CO (Figure 5a), but for the second case the
model has higher concentration of CO near the surface
(Figure 5b), but cannot replicate the increase of CO con-
centration near the surface. The third observed CO spiral
with no potential temperature inversion has a well!mixed
profile shape with no clear transition indicating the bound-
ary layer height (Figure 5c). This vertical profile was mea-
sured at a secluded location, Bar Harbor ME, where one
would not expect a significant impact from local CO
emissions sources. The model is in good agreement with the
observations in this case.
[27] The CO column in the boundary layer (the mass

concentration of CO integrated over the height of the

observed boundary layer), is on average biased low by the
model ("52% to "56%) for all sets of morning observations.
However, the total column contents (the integrated mass
concentration of CO over the total observed CO spiral) are
within 11% to 17% on average (Figure 6). When CO
deposition is turned off, the average bias decreases to "43%
to "47% ("21% for no observed inversion cases, but N is
only equal to three) in the boundary layer column, and "2%
to "9% in the total column. The continued underestimated
CO column in the boundary layer, where the CO concen-
tration is dominated by surface emissions and any errors in
model horizontal boundary conditions are minimized, sug-
gests that the low CO concentration bias in the PBL is not
due to errors in the overall CO budget, but from underes-
timation of local emissions in the model. This is in line with

Figure 6. Model bias in the morning CO total and boundary layer column, showing that the model gen-
erally underestimates the burden of CO, but less so for the total column. The bars and whiskers corre-
spond to the model mean bias and the standard deviation of the model bias, respectively. The
percentages beside each bar correspond to the relative mean bias.

Figure 5. Comparison of observed morning CO spirals when there is no discernible observed PBL
height for three spiral locations: (a) Richmond, Virginia, (b) Fort Meade, Maryland, and (c) Bar Harbor,
Maine. The solid line corresponds to observations, the squares correspond to modeled CO with the depo-
sition velocity calculated in MCIP v3.4.1, and the crosses correspond to modeled CO with the deposition
velocity set to zero. The dashed horizontal line is the modeled PBL height.

CASTELLANOS ET AL.: O3, NOx, AND CO DURING POLLUTION EVENTS D16307D16307

7 of 16



the bias in the modeled total column being on average the
same as the bias in the boundary layer column.
3.2.2. Model Comparison to Afternoon Observations
[28] In the afternoon, observed spirals are generally more

thoroughly mixed than spirals observed in the morning. The
medians and quartiles of all observed and modeled after-
noon vertical profiles of CO are shown in Figure 7a.
Compared to morning observations, the observed afternoon
median CO concentration above 500 m increases uniformly
by !25 ppbv; the observed median concentration at the
surface decreases by !50 ppbv. Although the observed
and modeled PBL heights are generally !1,500 m, obser-
vations show that CO is moderately well mixed from 500 to
2400 m, but often stratified below 500 m where the CO
concentration increases monotonically to a median concen-
tration of !350 ppbv. In general, the aircraft observations
are close enough to a CO source (motor vehicle emissions)
and the observed rate of vertical mixing is slow enough
such that pollutants are imperfectly mixed throughout the
boundary layer. As seen in the morning observations, the
model corresponds well with CO observations in the well!
mixed altitudes, but the vertical gradient of CO near the
surface is underestimated. When CO deposition is set to
zero, the concentration of CO increases by 10–15 ppbv
throughout the boundary layer, but the vertical gradient does
not change substantially. The afternoon gradient of observed
water vapor mixing ratio shows a relatively well mixed
boundary layer, except for the lowest !200 m (Figure 7b).
The difference in the height of the observed surface gradient
in CO and water vapor concentration could be a result of
advection or emission of CO above 200 m. It is likely that
the discrepancies between water vapor and CO concentra-
tion profile shapes above 200 m stem from CO having a
higher flux at the surface and lower background concen-
tration relative to near surface values than water vapor. In
agreement with morning observations, near the surface there
may be an overestimate of vertical mixing in the meteoro-
logical and chemical transport model boundary layer.

[29] Examples of typical spirals when the model PBL
is accurate, inaccurate, or not observed are in Figures 8, 9,
and 10, respectively (all afternoon spirals are shown in
Figures S6, S7, and S8). When the model PBL is accurate,
as in the morning observations, the general trend is for the
model to underestimate the concentration of CO near the
surface. The model tends have the best performance when
the observed concentration of CO near the surface is rela-
tively low, and there is a weak gradient in CO concentration
near the surface. In these cases, simply turning off CO
deposition is enough to bring the model and measurements
into better agreement (Figure 8a). Once again, the cases
where there is observed high CO concentration near the
surface are when the highest model bias occurs (Figure 8b).
However, there are three cases where the model over-
estimates CO near the surface (Figure 8c) when the
observed CO concentration is high near the surface, a sign
of local CO sources. Last, in four cases (Figure 8c) where
there is a small secondary maximum in CO at the top of the
boundary layer, indicating shallow convection, the model is
not able to capture this feature, possibly because of the
challenge of parameterizing subgrid!scale clouds.
[30] When the model PBL height is inaccurate, similar to

the cases where the PBL height is accurate, in most cases
the model underestimates CO near the surface (Figure 9a).
However, there are three cases where the model over-
estimates CO near the surface (Figure 9b), but only when
the CO concentration near the surface is relatively small.
Two observed spirals show an increase in CO with altitude
at the top of the boundary layer (Figure 9c), but the model
underestimates the CO concentration throughout the entire
boundary layer. When the CO deposition velocity is set to
zero, no cases in inaccurate PBL show significant improve-
ment in model performance.
[31] When there is no observed inversion in potential

temperature, the general trend is for the model to underes-
timate the concentration of CO throughout the boundary
layer (Figures 10a and 10b). However, there are also seven

Figure 7. Comparison of all observed (red) and modeled (blue and green) afternoon (a) CO and
(b) water vapor mixing ratio vertical profiles paired in time and space. The solid lines are the medians,
and the shaded areas represent the 25th and 75th quartiles of the data. The blue line corresponds to mod-
eled CO with the deposition velocity calculated in MCIP v3.4.1, and the green line corresponds to mod-
eled CO with the deposition velocity set to zero. The dashed blue lines are the average, 25th quartile, and
75th quartile of the observed PBL height. The model smoothes over the observed maximum near the sur-
face and secondary maximum in the LFT near 2000 m. The observed secondary maximum may be indic-
ative of convective venting of the PBL by subgrid!scale convection such as in fair weather cumulus.
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cases where the model and observations are in good
agreement (Figure 10d), and ten cases where the model
overestimates CO near the surface (Figure 10c). Four cases
also have a secondary maximum at the top of the boundary
layer, which the model is not able to replicate (Figure 10a).
However, similar to cases with inaccurate modeled PBL
height, the CO concentration throughout the entire boundary
layer is underestimated by the model. Without the correct
boundary layer column of CO in the model, it is difficult to
analyze the models’ performance during these cases of
shallow convective mixing, important for pollutant long!
range transport. Comparison of modeled to measured ozone
profiles [Castellanos, 2010; Hains, 2007] indicates a model

overestimate near the surface and an underestimate in the
LFT. This is consistent with vertical mixing out of the PBL
happening faster than is simulated in MM5/CMAQ. Recent
work indicates that this may be due to subgrid!scale con-
vection [Loughner et al., 2011].
[32] For this set of observations, turning off CO deposi-

tion had the greatest effect for the cases where the boundary
layer CO concentration is in agreement or overestimated
near the surface, and specifically observations that were
taken in rural areas (Figure 10c).
[33] The afternoon bias in the CO boundary layer and total

columns are on average similar to the morning values, but
the relative bias is smaller (less than 30%) (Figure 11).

Figure 8. Comparison of observed typical afternoon CO spirals with accurate modeled PBL heights for
three spiral locations: (a) Saratoga Springs, New York, (b) Wakefield, Virginia, and (c) Fort Meade,
Maryland. The solid line corresponds to observations, the squares correspond to modeled CO with the
deposition velocity calculated in MCIP v3.4.1, and the crosses correspond to modeled CO with the depo-
sition velocity set to zero. The solid horizontal line is the observed PBL height, and the dashed horizontal
line is the modeled PBL height.

Figure 9. Comparison of observed, typical afternoon CO spirals with inaccurate modeled PBL heights
for three spiral locations: (a) Saratoga Springs, New York, (b) Richmond, Virginia, and (c) Easton, Mary-
land. The solid line corresponds to observations, the squares correspond to modeled CO with the depo-
sition velocity calculated in MCIP v3.4.1, and the crosses correspond to modeled CO with the deposition
velocity set to zero. The solid horizontal line is the observed PBL height, and the dashed horizontal line is
the modeled PBL height.
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When the modeled PBL is accurate, six model spirals have
an absolute relative error in total column greater than 20%,
while there are eleven such cases when the modeled PBL is
inaccurate. When there is no observed potential temperature
inversion, 21 model spirals have an absolute relative error
greater than 20%. Out of the six (11, 21) model spirals with
greater than 20% relative error in total column, five (9, 16)
underestimate the column, and most of the error is a result
of underestimating the CO concentration in the PBL. Thus,
the majority of observation!model comparisons (generally
measured in the Baltimore/Washington area) indicate that
local model CO emissions are underestimated. Five of the
model spirals that overestimate the total CO column also
coincide with overestimated CO concentrations near the
surface suggesting that for these cases model local CO
emissions are overestimated.

3.3. Comparison of Modeled and Observed Surface CO
[34] The diurnal variation of CO surface concentrations is

shown in Figure 12. The modeled and observed values
are paired in time and space, without interpolation. The
observed CO concentration peaks at 02:00–04:00 LT, cor-
responding to the nighttime buildup of pollutants in the
nocturnal boundary layer, and decreases as the boundary
layer breaks up. The model predicts this peak a bit later in
the morning. There is a second peak in CO concentration
during the evening rush hour and the collapse of the
boundary layer. In general, the median observed surface CO
concentration is between 350 and 500 ppbv, in agreement
with aircraft observations. Except at 05:00 LT and 16:00–
18:00 LT where measurements and model agree, modeled
CO concentrations are !30% less than observations, con-
sistent with the model comparison to aircraft observations.

Figure 11. Model bias in the afternoon CO total and boundary layer column. The bars and whiskers
correspond to the model mean bias and the standard deviation of the model bias, respectively. The per-
centages beside each bar correspond to the relative mean bias.

Figure 10. Comparison of observed typical afternoon CO spirals when there was no observed PBL
height for four spiral locations: (a) Richmond, Virginia, (b) Tappahannock, Virginia, (c) Easton, Mary-
land, and (d) Corry, Pennsylvania. The solid line corresponds to observations, the squares correspond
to modeled CO with the deposition velocity calculated in MCIP v3.4.1, and the crosses correspond to
modeled CO with the deposition velocity set to zero. The solid horizontal line is the observed PBL height,
and the dashed horizontal line is the modeled PBL height.

CASTELLANOS ET AL.: O3, NOx, AND CO DURING POLLUTION EVENTS D16307D16307

10 of 16



Even though near!road monitors were excluded from this
analysis, much of this low bias might be attributed to the
relatively coarse model resolution compared to the sampling
volume of the surface point measurement.
[35] Because aircraft observations have a larger footprint

than surface observations, when the model is compared to
aircraft observed CO, one would expect any bias in CO near
the surface to be less than the bias when compared to surface
observations. The consistency between surface and aircraft
observations suggests that the bias in CO near the surface is
a result of systematic bias rather than a result of the lack of
model resolution.

[36] In general, the changes in the modeled CO vertical
profiles after changing the CO deposition velocity are sim-
ilar to the changes in CO concentration at the surface
monitoring sites. The median surface CO concentration
increases by !10% in the morning and at night, but the
daytime CO concentration is not significantly affected. This
is expected because deposition has the strongest influence
on CO at night. During the evening rush hour, the model
now overestimates CO.

3.4. Model Comparison to AQS and CASTNET O3 and
NOx Surface Observations
[37] Observation sites were split into urban (324 monitors)

and rural (288 monitors) groups. A grid cell was considered
urban if the population was greater than 193 people/km2

according to 2000 Census data. CMAQ agrees well on
average with observations of afternoon rural O3, but over-
estimates nighttime and early morning O3 (Figure 13). The
model has a larger negative bias for daytime ozone in urban
areas than rural areas, but the model has a larger positive
bias for nighttime ozone in rural areas than urban areas. The
slope of the weighted linear least squares fit to a scatterplot
of the data is 0.51 at rural sites and 0.65 at urban sites
indicating that CMAQ overestimates extreme low con-
centrations and underestimates extreme high concentrations
(Table 3).
[38] Observations were compared to the model at AQS

locations where both O3 and NO*x were monitored, at urban
(70 monitors) and rural (20 monitors) locations (Figure 14).
At rural sites, there is a 6–12 ppbv high bias in O3 at night
and in the early morning that corresponds with a 1–6 ppbv
low bias in NO*x. This suggests that the nocturnal inversion
in the model may be breaking up too early.
[39] In the daytime, CMAQ underestimates O3 by 1–

3 ppbv, and NO*x by !1 ppbv. At urban monitoring sites the
positive bias in O3 from 00:00 to 05:00 LT is smaller than at
rural sites, and there is almost no bias in the daytime. The
bias of NO*x is consistently positive and peaks during the
rush hours. During the evening rush hour, when the NO*x
bias is the highest, O3 is also underestimated by the model.
Thus it appears that NOx emissions at these times are too

Figure 12. Comparison of the median modeled and
observed surface CO diurnal variation over the course of
the simulation. The boxes represent the 25th and 75th per-
centiles, and the symbols correspond to the median hourly
concentration. The triangles and gray boxes correspond to
observed CO. The blue bars and circles correspond to
modeled CO with the default CO deposition velocity. The
yellow bars and squares correspond to modeled CO with
the deposition velocity set to zero. Model concentrations
are less than observed, but reducing the vertical mixing at
night improves performance.

Figure 13. Medians (symbols) and quartiles (shaded boxes) of observed (light gray boxes, triangles) and
modeled hourly ozone (dark gray boxes, squares) at (left) 324 urban sites and (right) 288 rural sites. The
model tends to overestimate the ozone minimum and underestimate the ozone maximum.
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high, and excessive loss of O3 through titration with NO has
occurred, in agreement with the comparison of CMAQ to
surface CO monitors. This agrees with the findings of Kuhns
et al. [2004] and Bishop and Stedman [2008], which show
that NO emissions factors in MOBILE6 from light duty
gasoline powered vehicles (LDGV) between 7 and 15 years
old (36% of the LDGV fleet) are overestimated by 50%.
Outside of the evening rush hour, modeled CO concentra-
tions were low relative to observations while model NO*x
concentrations are still too high, but have a smaller high bias
than rush hour NO*x values.
[40] While NO*x is consistently overestimated in urban

areas by the model, it is underestimated in rural areas.

Moreover, the model total CO column at morning sites
upwind of urban areas is also too low, but have a smaller
low bias than model afternoon total CO columns at down-
wind sites that sample urban plumes. Assuming that CO and
NOx mobile emissions are the dominant source of urban CO
and NOx, that advection, dilution, and photochemical pro-
cessing brings CO and NOx concentrations to rural values,
and observations are reliable, emissions, mixing, or both in
CMAQ must be in error. The following possibilities arise for
a low urban model CO/NOx ratio and a high rural CO/NOx
ratio: (1) NOx emissions are correct, CO emissions are too
low, advection is correct, and vertical mixing is too slow.
(2) NOx emissions are correct, CO emissions are too low,
advection is too slow, and vertical mixing is correct. (3) NOx
emissions are too high, CO emissions are correct or slightly
low, advection is correct, vertical mixing is too fast, and the
chemical loss of NOx is too fast. Possibility 1 is unlikely
given that the model does not reproduce the observed CO or
water vapor mixing ratio vertical gradient; vertical mixing in
the model PBL is if anything too fast. Possibility 2 requires
modeled horizontal winds to be too slow, which is unlikely
[see Zhang and Zheng, 2004]. The evidence that MM5/
CMAQ seems to loft pollutants too quickly (taking them to
altitudes where winds are stronger) makes possibility 2 even

Figure 14. Medians (symbols) and quartiles (shaded boxes) of the model bias in (top) O3 and (bottom)
NO*x at (left) urban and (right) rural monitoring sites. CMAQ overestimates NO*x at 70 urban sites and
underestimates NO*x at 20 rural sites.

Table 3. Linear Least Squares Fit to a Scatterplot of Observed and
Modeled Ozone at Urban and Rural Monitoring Sites

Slope
y Intercept
(ppbv) R2

Rural monitors 0.5 Kzmin 0.51 19.4 0.49
Rural monitors 0.1 Kzmin 0.59 13.7 0.52

Urban monitors 0.5 Kzmin 0.65 12.4 0.54
Urban monitors 0.1 Kzmin 0.71 8.9 0.55
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less likely. Possibility 3 remains as the most likely. While
prior model evaluation makes it unlikely that MM5 grossly
underestimated horizontal winds, we cannot rule out possi-
bility 2.

3.5. Model Comparison to the New York PSP Site O3,
NO, NO2, HNO3, and NOy Surface Observations
[41] The PSP site is surrounded by mixed deciduous and

coniferous forest, former pastures and fields, and a nine!
hole golf course; the closest village is 5 km away. O3 model
performance is similar to that of the AQS sites. O3 is
overestimated from 01:00 to 10:00 LT, and underestimated
from 11:00 LT to midnight (Figure 15). Underestimated O3
from 11:00 to 14:00 LT, the peak O3 forming hours, is
consistent with underestimated NO2 at this time (Figure 16).
The shape of the modeled NO and NO2 diurnal variation is
comparable with observations, but the modeled NOy
and HNO3 diurnal variations are substantially different
(Figure 16). During the day, HNO3 and NOy are under-
estimated by 20–54% (09:00 to 18:00 LT) and 5–20%
(09:00 to 15:00 LT), respectively. If the conversion of NO2
to HNO3 were too slow in the model then NO2 would be
overestimated, which is not the case. In fact, a reevaluation
of the rate constant indicates slower attack of NO2 by OH
[Mollner et al., 2010]. If the model is failing to produce
sufficient HNO3 from the reactions of N2O5 with aqueous
aerosols, then the model HNO3 would be too low at night,
but HNO3 is overestimated by 2–200% at 02:00–08:00 LT
and 19:00–23:00 LT. Overestimation of HNO3 loss to dry
deposition in the model is also not likely because model

Figure 15. Medians (symbols) and quartiles (shaded
boxes) of the observed (light gray boxes; triangles) and
modeled (dark gray boxes; circles) hourly O3 concentration
at the New York PSP site.

Figure 16. Medians (symbols) and quartiles (shaded boxes) of the observed (light gray boxes; triangles)
and modeled (dark gray boxes; circles) hourly (top left) NO, (top right) NO2, (bottom left) HNO3, and
(bottom right) NOy concentration at the New York PSP site.
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daytime HNO3 dry deposition velocities are 2–5 cm/s, in
line with observed values reported in the literature [Pryor
and Klemm, 2004, and references therein].
[42] The model!measurement HNO3 discrepancy may be

a result of measurement interference; PAN and NO2 are
known artifacts of NaCO3 coated denuders [Fitz, 2002;
Schwab et al., 2009]. It is probable that partially oxidized
isoprene nitrates, which would be present during the
warmest times of the day when isoprene concentrations are
highest, are also removed by the diffusion denuder of the
nitric acid detector and are thus reported as nitric acid
[Horowitz et al., 2007]. Underestimated isoprene nitrates
and PAN by the model probably contribute to under-
estimated NOy during the day. Combined with under-
estimated NO*x at rural AQS sites, these results suggest
that the NOy lifetime may also be underestimated in the
model.

4. Conclusions

[43] Emissions and vertical mixing in CTMs must be
simulated accurately in order for the model to provide useful
guidance on air pollution abatement strategies. CO is a
valuable tracer, because its tropospheric residence time is
long relative to time scales of synoptic changes and vertical
mixing. Comparison of modeled to measured column con-
tent indicates that total CO emissions estimates are roughly
correct (when all data are considered) or underestimated by
about 20–50% (when we look only at cases where the model
captures the correct boundary layer depth). Reducing the
loss of CO to dry deposition improves simulations but did
not eliminate the model bias. There is no evidence in our
study indicating that CO emissions from SMOKE/MOBILE6
are grossly overestimated.
[44] The observed shape of the vertical profile of CO

often showed a maximum near the surface and/or a sec-
ondary maximum just above the inversion (the top of the
PBL). Observed ozone profiles also show a maximum in the
LFT [Castellanos, 2010]. The model, as configured with
12 km resolution, was unable to capture this fine vertical
structure, and always showed a well!mixed PBL. Compar-
ison of modeled to measured water vapor profiles likewise
showed greater structure in the observations. Because the
modeled CO column content was similar to observations,
but the modeled vertical gradient was not, we conclude that
vertical mixing within the PBL may be too fast, but venting
out of the PBL into the LFT may be too slow. Recent results
[Loughner et al., 2011] attribute the shape of the CO profile
and the model/measurement difference to subgrid!scale
convection, as is associated with fair weather cumulus
clouds common on summer days in the eastern U.S.
[45] Comparing CMAQ to surface observations of O3 and

NO*x at AQS and CASTNET sites reveals that CMAQ tends
to overestimate extreme low values and underestimate the
extreme high O3 concentrations. The model has a larger bias
during the daytime at urban sites than rural sites. Further-
more, NO*x is overestimated at urban monitoring sites
overall. During the evening rush hour, when the bias is the
greatest, this corresponds with a low bias in O3 indicating
that NOx emissions from cars as calculated in MOBILE6
may be overestimated. While CMAQ overestimates NO*x in
urban areas, it also underestimates NO*x in rural areas sug-

gesting that the lifetime of NO*x in the model is too short, or
advection of NOx from urban to rural areas is too slow.
However, the second possibility is unlikely. Comparison of
the model to NO, NO2, and NOy at the PSP site also sug-
gests that NOx, in particular, is underestimated at this rural
site, and the lifetime of NOy may be too short in the model.
These results offer insight into why CMAQ 4.5.1 appears to
underestimate the spatial scale of ozone events over the
eastern U.S.
[46] Finally, we conclude that more accurate simulation of

the spatial scale of photochemical O3 production and the
interstate transport of pollution will require improvements in
a combination of emissions, NOx chemistry, resolved
clouds, vertical mixing, and/or more accurate parameteri-
zation of subgrid!scale convective processes.

[47] Acknowledgments. The authors would like to acknowledge
Da!Lin Zhang for his help regarding simulation and interpretation of
meteorological fields. This work is funded by the Maryland Department
of the Environment.

References
Baumann, K., E. J. Williams, W. M. Angevine, J. M. Roberts, R. B.
Norton, G. J. Frost, F. C. Fehsenfeld, S. R. Springston, S. B. Bertman,
and B. Hartsell (2000), Ozone production and transport near Nashville,
Tennessee: Results from the 1994 study at New Hendersonville, J. Geo-
phys. Res., 105(D7), 9137–9153, doi:10.1029/1999JD901017.

Bishop, G. A., and D. H. Stedman (2008), A decade of on!road emissions
measurements, Environ. Sci. Technol., 42, 1651–1656, doi:10.1021/
es702413b.

Businger, J. A., J. C. Wyngaard, Y. Izumi, and E. F. Bradley (1971), Flux!
profile relationships in the atmospheric surface layer, J. Atmos. Sci., 28,
181–189, doi:10.1175/1520-0469(1971)028<0181:FPRITA>2.0.CO;2.

Byun, D., and K. L. Schere (2006), Review of the governing equations,
computational algorithms, and other components of the Models!3 Com-
munity Multiscale Air Quality (CMAQ) modeling system, Appl. Mech.
Rev., 59, 51–77, doi:10.1115/1.2128636.

Castellanos, P. (2010), Analysis of air quality with numerical simulations
(CMAQ), and observations of trace gases, Ph.D. thesis, 164 pp., Univ.
of Md., College Park.

Castellanos, P., J. W. Stehr, R. R. Dickerson, and S. H. Ehrman (2009), The
sensitivity of modeled ozone to the temporal distribution of point,
area, and mobile source emissions in the eastern United States, Atmos.
Environ., 43, 4603–4611, doi:10.1016/j.atmosenv.2009.05.045.

Ching, J. K. S., S. T. Shipley, and E. V. Browell (1988), Evidence for cloud
venting of mixed layer ozone and aerosols, Atmos. Environ., 22, 225–
242, doi:10.1016/0004-6981(88)90030-3.

Conrad, R., and W. Seiler (1980), Role of microorganism in the consump-
tion and production of atmospheric carbon monoxide, Appl. Environ.
Microbiol., 9, 1353–1356.

Conrad, R., and W. Seiler (1985), Influence of temperature, moisture, and
organic carbon on the flux of H2 and CO between soil and atmosphere:
Field studies in subtropical regions, J. Geophys. Res., 90(D3), 5699–
5709, doi:10.1029/JD090iD03p05699.

Constant, P., L. Poissant, and R. Villemur (2008), Annual hydrogen,
carbon monoxide, and carbon dioxide concentrations and surface to air
exchanges in a rural area (Quebec, Canada), Atmos. Environ., 42,
5090–5100, doi:10.1016/j.atmosenv.2008.02.021.

Crosley, D. R. (1996), NOy Blue Ribbon panel, J. Geophys. Res., 101(D1),
2049–2052, doi:10.1029/95JD02276.

Dickerson, R. R., and A. C. Delany (1988), Modification of a commercial
gas filter correlation CO detector for enhanced sensitivity, J. Atmos.
Oceanic Technol. , 5 , 424–431, doi:10.1175/1520-0426(1988)
005<0424:MOACGF>2.0.CO;2.

Dunlea, E. J., et al. (2007), Evaluation of nitrogen dioxide chemilumines-
cence monitors in a polluted urban environment, Atmos. Chem. Phys., 7,
2691–2704, doi:10.5194/acp-7-2691-2007.

Fehsenfeld, F. C., et al. (1987), A ground!based intercomparison of NO,
NOx, and NOy measurement techniques, J. Geophys. Res., 92(D12),
14,710–14,722, doi:10.1029/JD092iD12p14710.

Fitz, D. R. (2002), Evaluation of diffusion denuder coatings for removing
acid gases from ambient air, report, Off. of Air Qual. Plann. and Stand.,

CASTELLANOS ET AL.: O3, NOx, AND CO DURING POLLUTION EVENTS D16307D16307

14 of 16



Emiss. Monit. and Anal. Div., U.S. Environ. Prot. Agency, Research Tri-
angle Park, N. C.

Gery, M. W., G. Z. Whitten, J. P. Killus, and M. C. Dodge (1989), A pho-
tochemical mechanism for urban and regional scale computer modeling,
J . Geophys . Res . , 94 (D10) , 12 ,925–12,956 , do i :10 .1029 /
JD094iD10p12925.

Gilliland, A. B., C. Hogrefe, R. W. Pinder, J. M. Godowitch, K. L. Foley,
and S. T. Rao (2008), Dynamic evaluation of regional air quality models:
Assessing changes in O3 stemming from changes in emissions and mete-
orology, Atmos. Environ., 42, 5110–5123, doi:10.1016/j.atmosenv.2008.
02.018.

Grell, G. A., J. Dudhia, and D. R. Stauffer (1994), A description of the 5th
generation Penn State/NCAR Mesoscale Model (MM5), NCAR Tech.
Note NCAR/TN 398+STR, 138 pp., Natl. Cent. for Atmos. Res., Boulder,
Colo.

Hains, J. (2007), A chemical climatology of lower tropospheric trace gases
and aerosols over the mid!Atlantic region, Ph.D. thesis, 254 pp., Univ. of
Md., College Park.

Hains, J. C., B. F. Taubman, A. M. Thompson, L. T. Marufu, J. W. Stehr,
and R. R. Dickerson (2008), Origins of chemical pollution derived
from mid!Atlantic aircraft profiles using a clustering technique, Atmos.
Environ., 42, 1727–1741, doi:10.1016/j.atmosenv.2007.11.052.

Hass, H., H. J. Jacobs, M. Memmescheimer, A. Ebel, and J. S. Change
(1991), Simulation of a wet deposition case in Europe using the Euro-
pean Acid Deposition Model (EURAD), in Air Pollution Modeling and
Its Applications VIII, edited by H. van Dop and D. G. Steyn, pp. 205–
213, Plenum, New York.

Horowitz, L. W., A. M. Fiore, G. P. Milly, R. C. Cohen, A. Perring, P. J.
Wooldridge, P. G. Hess, L. K. Emmons, and J.!F. Lamarque (2007),
Observational constraints on the chemistry of isoprene nitrates over the
eastern United States, J. Geophys. Res., 112, D12S08, doi:10.1029/
2006JD007747.

Hudman, R. C., L. T. Murray, D. J. Jacob, D. B. Millet, S. Turquety,
S. Wu, D. R. Blake, A. H. Goldstein, J. Holloway, and G. W. Sachse
(2008), Biogenic vs anthropogenic sources of CO in the United States,
Geophys. Res. Lett., 35, L04801, doi:10.1029/2007GL032393.

Kim, S. Y., R. Talbot, H. Mao, D. Blake, S. Vay, and H. Fuelberg (2008),
Continental outflow from the US to the upper troposphere over the North
Atlantic during the NASA INTEX!NA Airborne Campaign, Atmos.
Chem. Phys., 8, 1989–2005, doi:10.5194/acp-8-1989-2008.

Kuhns, H. D., C. Mazzoleni, H. Moosmuller, D. Nikolic, R. E. Keislar,
P. W. Barber, Z. Li, V. Etyemezian, and J. G. Watson (2004), Remote
sensing of PM, NO, CO and HC emission factors for on!road gasoline
and diesel engine vehicles in Las Vegas, NV, Sci. Total Environ., 322,
123–137, doi:10.1016/j.scitotenv.2003.09.013.

Logan, J. A. (1989), Ozone in rural areas of the United States, J. Geophys.
Res., 94(D6), 8511–8532, doi:10.1029/JD094iD06p08511.

Loughner, C. P., D. J. Allen, K. E. Pickering, R. R. Dickerson, D.!L.
Zhang, and Y.!X. Shou (2011), Impact of fair!weather cumulus clouds
and the Chesapeake Bay breeze on pollutant transport and transforma-
tion, Atmos. Environ., 45, 4060–4072, doi:10.1016/j.atmosenv.2011.
04.003.

Marmur, A., W. Liu, Y. Wang, A. G. Russell, and E. S. Edgerton (2009),
Evaluation of model simulated atmospheric constituents with observa-
tions in the factor projected space: CMAQ simulations of SEARCH mea-
surements, Atmos. Environ. , 43 , 1839–1849, doi:10.1016/j .
atmosenv.2008.12.027.

Miller, S. M., et al. (2008), Sources of carbon monoxide and formaldehyde
in North America determined from high!resolution atmospheric data,
Atmos. Chem. Phys., 8, 7673–7696, doi:10.5194/acp-8-7673-2008.

Mollner, A. K., et al. (2010), Rate of gas phase association of hydroxyl
radical and nitrogen dioxide, Science, 330(6004), 646–649, doi:10.1126/
science.1193030.

Moxley, J. M., and K.. A. Smith (1998), Factors affecting utilization of
atmospheric CO by soils, Soil Biol. Biochem., 30, 65–79, doi:10.1016/
S0038-0717(97)00095-3.

Mueller, S. F., E. M. Bailey, T. M. Cook, and Q. Mao (2006), Treatment of
clouds and the associated response of atmospheric sulfur in the Commu-
nity Multiscale Air Quality (CMAQ) modeling system, Atmos. Environ.,
40, 6804–6820, doi:10.1016/j.atmosenv.2006.05.069.

New York State Department of Environmental Conservation (2006), Pro-
cessing of biogenic emissions for OTC/MANE!VU modeling, Rep.
TSD!1b, Albany, N. Y.

New York State Department of Environmental Conservation (2007), Emis-
sions processing for 2002 OTC regional and urban 12 km base year sim-
ulation, Rep. TSD!1c, Albany, N. Y.

Nunnermacker, L. J. (1990), Calibration and detection techniques for trace
nitrogen compounds in the atmosphere, Ph.D. thesis, Univ. of Md.,
College Park.

Parrish, D. D. (2006), Critical evaluation of US on!road vehicle emissions
inventory, Atmos. Environ., 40, 2288–2300, doi:10.1016/j.atmosenv.
2005.11.033.

Pechan, E. H. and Associates Inc. (2006), Technical support document for
2002 MANE!VU SIP modeling inventories version 3, report, Mid!
Atlantic/Northeast Visibility Union, Washington, D. C.

Perring, A. E., et al. (2009), Airborne observations of total RONO2: New
constraints on the yield and lifetime of isoprene nitrates, Atmos. Chem.
Phys., 9, 1451–1463, doi:10.5194/acp-9-1451-2009.

Poulida, O., K. L. Civerolo, and R. R. Dickerson (1994), Observations and
tropospheric photochemistry in central North Carolina, J. Geophys. Res.,
99(D5), 10,553–10,563, doi:10.1029/94JD00404.

Pryor, S. C., and O. Klemm (2004), Experimentally derived estimates
of nitric acid dry deposition velocity and viscous sub!layer resistance
at a conifer forest, Atmos. Environ., 38, 2769–2777, doi:10.1016/j.
atmosenv.2004.02.038.

Ryan, W. F., B. G. Doddridge, R. R. Dickerson, R. M. Morales, and K. A.
Hallock (1998), Pollutant transport during a regional ozone episode in the
Mid!Atlantic states, J. Air Waste Manage. Assoc., 48, 786–797.

Sanhueza, E., Y. Dong, D. Scharffe, J. M. Lobert, and P. J. Crutzen (1998),
Carbon monoxide uptake by temperate forest soils: The effects of leaves
and humus layers, Tellus, Ser. B, 50(1), 51–58, doi:10.1034/j.1600-
0889.1998.00004.x.

Sapkota, A., J. M. Symons, J. Kleissl, L. Wang, M. B. Parlange, J. Ondov,
P. N. Breysse, G. B. Diette, P. A. Eggleston, and T. J. Buckley (2005),
Impact of the 2002 Canadian forest fires on particulate matter air quality
in Baltimore City, Environ. Sci. Technol., 39, 24–32, doi:10.1021/
es035311z.

Scharffe, D., W. M. Hao, L. Donoso, P. J. Crutzen, and E. Sanhueza
(1990), Soil fluxes and atmospheric concentration of CO and CH4 in
the northern part of the Guyana Shield, Venezuela, J. Geophys. Res.,
95(D13), 22,475–22,480, doi:10.1029/JD095iD13p22475.

Schichtel, B. A., and R. B. Husar (2001), Eastern North American transport
climatology during high! and low!ozone days, Atmos. Environ., 35,
1029–1038, doi:10.1016/S1352-2310(00)00370-8.

Schwab, J. J., J. B. Spicer, and K. L. Demerjian (2009), Ozone, trace gas,
and particulate matter measurements at a rural site in southwestern
New York State: 1995–2005, J. Air Waste Manage. Assoc., 59, 293–
309, doi:10.3155/1047-3289.59.3.293.

Sigler, J. M., X. Lee, and W. Munger (2003), Emissions and long!range
transport of gaseous mercury from a large!scale Canadian boreal forest
fire, Environ. Sci. Technol., 37, 4343–4347, doi:10.1021/es026401r.

Swiss Federal Office of Civil Aviation (2007), Aircraft piston engine emis-
sions summary report, report, Bern.

Taubman, B. F., B. L. Vant!Hull, C. A. Piety, B. G. Doddridge, R. R.
Dickerson, and Z. Li (2004), Smoke over haze: Aircraft observations
of chemical and optical properties and the effects on heating rates and
stability, J. Geophys. Res., 109, D02206, doi:10.1029/2003JD003898.

Taubman, B. F., J. C. Hains, L. T. Marufu, B. G. Doddridge, A. M.
Thompson, J. W. Stehr, C. A. Piety, and R. R. Dickerson (2006), Aircraft
vertical profiles of trace gas and aerosol pollution over the mid!Atlantic
U. S.: Statistics and meteorological cluster analysis, J. Geophys. Res.,
111, D10S07, doi:10.1029/2005JD006196.

University of North Carolina (2008), SMOKE v2.2 user’s manual, report,
Univ. of N. C. at Chapel Hill, Chapel Hill.

U.S. Environmental Protection Agency (2000), Air quality criteria for car-
bon monoxide, EPA 600/P!99/001F, Nat. Cent. for Environ. Assess.,
Washington, D. C.

Vukovich, F. M., and J. Scarborough (2005), Aspects of ozone transport,
mixing, and chemistry in the greater Maryland area, Atmos. Environ.,
39, 7008–7019, doi:10.1016/j.atmosenv.2005.07.054.

Warneke, C., et al. (2006), Biomass burning and anthropogenic sources of
CO over New England in the summer of 2004, J. Geophys. Res., 111,
D23S15, doi:10.1029/2005JD006878.

Yonemura, S., S. Kawashima, and H. Tsuruta (1999), Continuous measure-
ments of CO and H2 deposition velocities onto an andisol, Tellus, Ser. B,
51(3), 688–700, doi:10.1034/j.1600-0889.1999.t01-2-00009.x.

Yonemura, S., S. Kawashima, and H. Tsuruta (2000), Carbon monoxide,
hydrogen, andmethane uptake by soils in a temperate arable field and forest,
J. Geophys. Res., 105(D11), 14,347–14,362, doi:10.1029/1999JD901156.

Yu, S. C., R. Mathur, K. Schere, D. Kang, J. Pleim, and T. Otte (2007), A
detailed evaluation of the Eta!CMAQ forecast model performance for
O3, its related precursors, and meteorological parameters during the
2004 ICARTT study, J. Geophys. Res., 112, D12S14, doi:10.1029/
2006JD007715.

Yu, S. C., R. Mathur, G. Sarwar, D. Kang, D. Tong, G. Pouliot, and
J. Pleim (2009), Eta!CMAQ air quality forecasts for O3 and related spe-
cies using three different photochemical mechanisms (CB4, CB05,
SAPRC!99): Comparisons with measurements during the 2004 ICARTT

CASTELLANOS ET AL.: O3, NOx, AND CO DURING POLLUTION EVENTS D16307D16307

15 of 16



study, Atmos. Chem. Phys. Discuss., 9, 22,955–22,992, doi:10.5194/
acpd-9-22955-2009.

Zhang, D. L., and W. Z. Zheng (2004), Diurnal cycles of surface winds
and temperatures as simulated by five boundary layer parameterizations,
J. Appl. Meteorol., 43, 157–169, doi:10.1175/1520-0450(2004)
043<0157:DCOSWA>2.0.CO;2.

Zhang, J., and T. Rao (1999), The role of vertical mixing in the temporal evo-
lution of ground!level ozone concentrations, J. Appl. Meteorol., 38, 1674–
1691, doi:10.1175/1520-0450(1999)038<1674:TROVMI>2.0.CO;2.

P. Castellanos and S. H. Ehrman, Department of Chemical and
Biomolecular Engineering, University of Maryland, College Park, MD
20742, USA.

R. R. Dickerson and L. T. Marufu, Department of Atmospheric and
Oceanic Science, University of Maryland, College Park, MD 20742,
USA. (russ@atmos.umd.edu)
B. G. Doddridge, NASA Langley Research Center, Hampton, VA 23681,

USA.
J. C. Hains, Maryland Department of the Environment, Baltimore, MD

21230, USA.
J. J. Schwab, Atmospheric Sciences Research Center, State University of

New York at Albany, 251 Fuller Rd., Albany, NY 12203, USA.
B. F. Taubman, Department of Chemistry, Appalachian State University,

Boone, NC 28608, USA.

CASTELLANOS ET AL.: O3, NOx, AND CO DURING POLLUTION EVENTS D16307D16307

16 of 16


