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< Observed CO-to-NOx molar ratio much lower than MOVES (20.2) and MOBILE (9.1).
< Morning winter rush hour CO-to-NOx molar ratio was 4.2  0.06.
< Off-network emissions account for 65% of hourly emitted CO and 23% of the NOx.

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 30 December 2011
Received in revised form
24 August 2012
Accepted 29 August 2012

The CO-to-NOx molar emission ratios from the US EPA vehicle emissions models MOVES and MOBILE6.2
were compared to urban wintertime measurements of CO and NOx. Measurements of CO, NOx, and
volatile organic compounds were made at a regional air monitoring site in Boise, Idaho for 2 months
from December 2008 to January 2009. The site is impacted by roadway emissions from a nearby busy
urban arterial roads and highway. The measured CO-to-NOx ratio for morning rush hour periods was
4.2  0.6. The average CO-to-NOx ratio during weekdays between the hours of 08:00 and 18:00 when
vehicle miles travelled were highest was 5.2  0.5. For this time period, MOVES yields an average hourly
CO-to-NOx ratio of 9.1 compared to 20.2 for MOBILE6.2. Off-network emissions are a signiﬁcant fraction
of the CO and NOx emissions in MOVES, accounting for 65% of total CO emissions, and signiﬁcantly
increase the CO-to-NOx molar ratio. Observed ratios were more similar to the average hourly running
emissions for urban roads determined by MOVES to be 4.3.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Mobile emissions are an important source of NO and NO2 (NOx),
CO, and volatile organic compounds (VOCs) in urban areas and their
photochemistry causes ozone and particulate matter (PM) formation in summer. NOx may also play a role in wintertime PM
production through heterogeneous conversion of NO2 to HNO3
(Silva et al., 2007; Kleffmann et al., 1998). Quantifying vehicle
emission rates and parameterizing emissions for emission inventories are essential components of air quality management. Periodically evaluating emission inventories by comparing them to real
world measurements of vehicle emissions is important because
vehicle emissions change over time as a result of ﬂeet turnover,
introduction of stricter emission requirements, and oxygenated
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fuels programs. In the US, road-way emissions of NOx have steadily
fallen despite increases in vehicle miles travelled (VMT) and
growing reliance on diesel fuel. Diesel engine emissions of NOx now
account for over half of the anthropogenic NOx emissions in the
United States (Dallmann and Harley, 2010; Millstein and Harley,
2010; Ban-Weiss et al., 2008a, 2008b). CO emissions from vehicles have also fallen (Parrish, 2006). Measured ratios of CO-to-NOx
in urban areas across the United States have decreased by
6.6  0.3% per year from 1994 to 2003, suggesting NOx and CO
emissions are falling at different rates (Parrish, 2006). This decrease
is not reﬂected in vehicle emission inventories suggesting that the
mobile emissions models are incorrect (Parrish, 2006). The largest
sources of anthropogenic CO in the US are on-road vehicles and
non-road vehicles and engines according to the US Environmental
Protection Agency National Emissions Inventory (NEI). Parrish
(2006) concluded that the US EPA roadway vehicles emissions
model MOBILE captures the general downward trend in CO emissions over time, but that CO emissions were over predicted by as
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much as factor of 2. Comparisons between chemical transport
models and aircraft based observations indicate that US modelled
summertime anthropogenic CO emissions must be reduced
between 40 and 60% to agree with observations (Biroude et al.,
2011; Hudman et al., 2008; Warneke et al., 2006; Graven et al.,
2009). Comparison to trafﬁc tunnel measurements suggest
running emissions of CO may be over predicted by MOBILE (CRC,
2004).
The US EPA released a new on-road vehicle emissions model in
December 2009. The new model MOter Vehicle Emission Simulator
(MOVES) replaces the MOBILE6.2 vehicle emissions model. MOVES
differs from MOBILE6.2 is several substantial ways. An important
improvement is that MOVES emission factors are derived from
extensive in-use data sets rather than the heavy reliance on newvehicle factory certiﬁcation data employed by MOBILE6.2. MOVES
generates running emission rates based on driving patterns to
account for acceleration, braking, cruising and average speed; in
contrast, MOBILE6.2 emission rates were based on aggregate
driving patterns and average speed (EPA, 2009). Engine start
emissions for both MOVES and MOBILE6.2 are based on essentially
the same Federal Test Procedure data that has been amassed over
decades of testing, supplemented with data from non-EPA testing
programs. In general MOVES has signiﬁcantly increased NOx and
PM2.5 emissions compared to MOBILE6.2 (CRC, 2010). In winter,
hydrocarbon and CO emissions as modelled by MOVES are dominated by engine start emissions, while NOx emissions are split
evenly between engine starts and running emissions (CRC, 2010).
Engine start emissions for gasoline vehicles have a signiﬁcant
temperature dependence in vehicle emissions models. MOVES
estimates total CO emissions (start and running) are 50% larger at
0  C than at the reference test cycle temperature of 15.6  C (75  F)
for a 2005 calendar year vehicle ﬂeet (EPA, 2010). In summertime,
CO and NOx are principally emitted during running emissions.
In this paper we report ambient CO-to-NOx molar ratios from
wintertime urban measurements made in the Treasure Valley
region of Idaho and compare the measured ratio to emissions ratios
predicted by MOBILE6.2 and MOVES. The Treasure Valley contains
several cities, the largest being Boise in Ada County (Ada County
population 390,000). According to a 2008 emissions inventory
developed for this region that used the MOBILE6.2 vehicle emission
model, on-road emissions are the largest sources of CO and NOx in
the valley during winter (Environ, 2010). CO and NOx emissions
from area sources, point sources, non-road, and roadway sources
are given in Table 1 for Ada County in December and January.
Emissions of CO are dominated by just two sources, on-road

emissions from vehicles (66.2%) and emissions from residential
wood combustion (25.1%). Most wood combustion occurs during
weekends and after 4 PM according to surveys used in the
compilation of the inventory (Environ, 2010). Thus during the
weekdays CO emissions are dominated by roadway sources. For
NOx, roadway sources (53.7%) and areas sources from combustion
of fuels for building heating (30.7%) account for most of the emissions. Urban area emissions of CO and NOx are thus dominated by
mobile sources during winter making comparisons between
vehicle emission models and ambient data tractable. During these
months in the Treasure Valley the morning rush hour occurs largely
before sunrise, so emissions are not photochemically processed and
occur within a relatively shallow nocturnal inversion layer.
Wintertime conditions in this region provide an excellent opportunity to compare ambient morning rush hour CO-to-NOx with
MOBILE6.2 and MOVES emission inventories.
2. Experimental
2.1. Site location
Measurements were made from December 1, 2008 to January 31,
2009 in Meridian, Idaho. Meridian is a suburban area located
approximately 11 km west of the Boise city center. The site was colocated with a state air monitoring station (St. Lukes) run by the
Idaho Departmental of Environmental quality on a large vacant lot
behind a hospital (latitude 43.6008  N, longitude 116.3484 W).
Fig. 1 shows a population density map of the area and the location
of the measurement site. The site was approximately 300 m north
of an east-west oriented interstate highway (I-84), with a major
urban arterial road (Eagle Road) 400 m west of the site. The intersection of Eagle Road and I-84 is the busiest intersection in Idaho.
An automated trafﬁc reporter (ATR) was located close to this
location on the interstate highway. Light duty vehicle (6e22.9 ft,
1.8e7.0 m length) trafﬁc counts during the morning rush hour (5e9
am) range between 2000 and 6000 vehicles per hour, while those
of heavy duty vehicles (>7.0 m length) range between 400 and
1000 vehicles per hour. Fig. 2 shows a map of daily vehicle miles

Table 1
Summary of December and January emissions from the 2008 Ada county emissions
inventory.
Source category

NOx
tonnes

CO
tonnes

Area source
Industrial
combustion
Commercial
combustion
Residential
combustion
Commercial
cooking
Wood burning
Point Source
Non Road
On Road
(MOBILE6.2)
Total

428
51

3396
37

30.7
3.7

27.4
0.3

13.0
1.2

105

78

7.5

0.6

1.2

215

90

15.4

0.7

0.7

0

70

0

0.6

NA

57
56
162
748

3120
28
772
8085

4.1
4.0
11.6
53.7

25.1
0.2
6.2
66.2

90.4
0.8
7.8
18.0

1394

12480

% NOx
emissions

100

% CO
emissions

100

The italic values indicate that they are components of Area sources.

CO/NOx
molar ratio

14.6

Fig. 1. Population density map of the treasure valley in persons per km2. The study site
is indicated near interstate I-84 (dark blue trace) and a major urban road (red lines).
The immediate area around the study site was lightly populated. The mostly densely
populated areas are along the Boise river that runs along the foot of the Boise Front
mountains. The Boise city center as well as the city centers for Nampa, Caldwell,
Meridian, Eagle, and Kuhn are shown as yellow crosses. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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drift ﬁeld condition and calibrated and zeroed on an automated,
regular schedule using a 14 VOC component compressed gas standard (Scott-Marrin, Inc.). The standard was diluted to 19.8 ppbv with
humid zero air produced by scrubbing ambient air with a Pt catalyst
(1% Pt on alumina spheres) at 260  C. Twenty-ﬁve organic ions were
monitored with dwell times ranging from 1 to 5 s resulting in a 1 min
measurement cycle. The CO and PTR-MS instruments sub-sampled
from the main inlet line that consisted of a 12.7 mm PFA tube with
a ﬂow rate of 30 slpm pulling from an inlet height of approximately
10 m. The NOxy inlet responsible for conversion of NO2 and NOy was
located at a height of approximately 6 m. Temperature, pressure,
wind speed, wind direction, relative humidity, and precipitation
were measured at a 10-m height with a using a Vaisala WXT 510
sensor. A 4-channel net radiometer (Kipp Zonnen Inc.) measured
incoming and outgoing short and long wave radiation.
3. Results
3.1. Time series of observations
Fig. 2. A map of the daily VMT in the Treasure Valley. The grid cells are approximately
1 km2. The site is located with in a grid that experiences the highest VMT shown,
25,000 to 112,000 VMT per day.

travelled (VMT) over particular road segments for the 2006
calendar year and illustrates that the site was in close proximity to
heavily used roads. The monitoring site is surrounded by a mix of
light industrial and commercial spaces with limited residential
development in the immediate area. The main residential areas of
Boise lie along the Boise River which ﬂows to the northwest along
the foot of the Boise Front mountains that rise to a height of 2130-m
to the north of the town. South of the river the land rises in a series
of steps reaching the broad plain of the Treasure Valley some 137-m
above the river. Wintertime tracer dispersion studies in Boise have
shown that nighttime drainage ﬂow winds follow the river channel
and are fed by drainage ﬂows from canyons in the Boise Front
(Eskridge et al., 1990). During periods of stagnation and the creation
of cold air pools with stable surface layers, pollutant dispersion is
limited to weak diurnal wind ﬂows up and down the southeasteto
northwest slope of the valley (Wolyn and McKee, 1989; Koracin
et al., 2000). A southeast drainage wind ﬂow is the typical wind
direction at night and early morning, with northwest ﬂow in the
day given sufﬁcient day time surface heating in the upper valley.

Time series of the 5-min averages for relative humidity,
temperature, CO mixing ratios, and wind speed for the December to
January measurement period are presented in Fig. 3. The average
temperature was 0.6  C with maximum and minimum temperatures of 13.8  C and 13.1  C, respectively. Morning fog was
a frequent occurrence as evidenced by high relative humidity. High
mixing ratios of CO were observed during periods with low wind
speeds and clear skies. A multi-day stagnation period occurred
from Jan 13e25 and was characterized by low wind speeds
(<2.5 m s 1), small diel temperature variation, a thick cloud layer,
and fog. Interestingly this was a period with relatively low pollutant
levels. National Weather Service radiosonde proﬁles at 05:00 and
17:00 MST from the Boise airport about 14 km away show that
during the overcast stagnation period the morning and afternoon
proﬁles had a strong temperature inversion at approximately 1500m above the surface. For clear sky periods, the afternoon proﬁles
had a temperature inversion at approximately 800-m, though the
vertical resolution of the sounding is not sufﬁcient to capture detail
below this level. The difference between the clear sky and overcast
afternoon radiosonde proﬁles suggest that surface emissions were
being mixed through a larger depth in the overcast stagnation
period. Whiteman et al. (2001) in their study of persistent cold

2.2. Measurements
NO, NO2, and NOy (NOxy) were measured using a two-channel
chemiluminescence NO detector (Air Quality Design). NOy was
measured on one channel by conversion to NO with a molybdenum
oxide catalytic converter. NO2 and NO were measured on the other
channel. NO2 was converted to NO using a blue light photolytic
converter. Calibrations were performed every 23 h, and zeros were
performed every 120 s. NO calibration gas of 5.03 ppmv 1%, NIST
traceable, (Scott-Marrin, Inc.) was diluted in dry zero air to provide
a 25  5.4% ppbV NO calibration level. Calibration of the NO2
converter efﬁciency was performed using gas phase titration of NO to
NO2. A nitric acid permeation tube (KinTek, Laboratories) was used to
calibrate the conversion efﬁciency of the molybdenum oxide catalytic converter. The conversion efﬁciency of the NOy converter
remained consistently between 96 and 98% throughout the
campaign. CO was measured with a VUV ﬂuorescence instrument
(Aerolaser GmbH). Standard addition calibrations were performed
every 4 h using 10.01 ppmv CO standard (1%, NIST traceable, ScottMarrin, Inc.). Volatile organic compounds (VOCs) were measured
with a Proton Transfer Reaction Mass Spectrometer (PTR-MS, Ionicon
Analytik GmbH). The instrument was operated at 120 Townsend (Td)

Fig. 3. Time series of temperature, relative humidity, CO mixing ratios, and wind
speed, for the study period. A multiday overcast stagnation period from Jan 13e25 is
indicated.
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pools in the Columbia Basin noted that air below the stratus cloud
deck was effectively stirred through downward convection by cold
air produced at the top the cloud layer. Table 2 summarizes the
conditions and mixing ratios of CO, NOx, and aromatic hydrocarbons measured at the site.

3.2. Wind rose plots
Wind rose plots in Fig. 4 show the distribution of wind speeds
and trace gas mixing ratios as a function of wind direction for halfhour averages. The wind rose plots show the prevalence of southeast and northwest ﬂows as expected with highest average CO and
NOx mixing ratios from the southerly sectors. CO mixing ratios
greater than 600 ppbv and NOx mixing ratios greater than 100 ppbv
only occurred when winds were from 135 to 195 sector. This
sector is impacted by nearby roads with high VMT (E. Oberlin road
and the I-84 highway) as indicated in Fig. 2. About 15% of the data
was collected under west-northwest wind conditions. The fetch in
this direction includes the busy urban arterial S. Eagle road and
a mix of residential and commercial development. Wind ﬂow from
the eastern sectors was infrequent, occurring less than 5% of the
time, and thus the site was not impacted by winds ﬂowing directly
from Boise and the high population areas to the northeast.

3.3. Diel variation of CO, NOx mixing ratios and VMT
Fig. 5 shows the half-hour average CO mixing ratio as a function
of the time of day along with sunrise (08:18) and sunset times
(17:18) for December 31, the midpoint of the measurement period.
Also shown are the typical wintertime weekday vehicle miles
travelled (VMT) for gasoline powered vehicles in Ada County. The
VMT data are in 1-h time steps and were determined using all
available ATR data sets available within the county (Environ, 2010).
During the morning commute between 05:00 and 09:00, VMT for
spark ignition vehicles increases by a factor of 9. This large change
in the roadway emissions source corresponds to approximately
a factor of 3 increase in the average CO mixing ratio measured at the
site. Morning rush hour emissions mostly occur before sunrise and
thus may be concentrated within a nocturnal inversion layer and
subject to drainage wind ﬂows from the southeast. Average CO
mixing ratios decrease after 09:30 as the VMT decreases slightly
and as daytime surface heating causes boundary layer growth
and the dilution of surface emissions. CO mixing ratios increase
again at sunset as VMT steadily increases to a maximum of
w1  106 miles hr 1 and as a nocturnal inversion layer forms. The
diel variation of CO mixing ratios is qualitatively consistent with the
large changes in source strength from mobile emissions and daily
growth of the surface layer into which the emissions are mixed.
Fig. 6 shows the correspondence in the daily pattern of mixing
ratios for CO, NOx, and benzene suggesting mobile emissions are
signiﬁcant sources for each of these species.
Table 2
Statistical summary of observations during the 2-month study period.
Measurement

Mean

Median

Max

NO
NO2
NOy
CO
Benzene
Toluene
C2-alkylbenzenes
Temperature
Relative humidity

13.0
11.6
31.5
222
0.27
0.41
0.35
0.6
76

3.0
9.2
18.7
168
0.19
0.24
0.20
1.1
79

402
144
520
1460
3.53
5.55
5.03
13.8
99

Min
0.020
0.035
0.030
78
0.1
0.1
0.1
13.1
30

Units
ppbv
ppbv
ppbv
ppbv
ppbv
ppbv
ppbv

C
%

Fig. 4. Plots of half-hour averaged mixing ratios as a function of wind direction
together with a wind rose plot showing wind speed and fractional occurrence of wind
ﬂow direction in 30 increment bins. The plot shows the expected ﬂows from the
northwest and southeast. Approximately 20% of the observations were from the bin
centred on the 150 direction and 15% from the bin centred on the 300 direction.

Modelled hourly wintertime weekday emissions for CO and NOx
for both spark ignition engine (gasoline) and compression engine
(diesel) vehicles for Ada and Canyon Counties are shown in Fig. 7.
These emissions were calculated using MOBILE6.2 for the week of
February 11, 2008 and the MOVES model for the month of January,
2008. These periods are representative of typical wintertime
conditions during the ﬁeld study. The ﬁgure shows that CO emissions were dominated by gasoline vehicles with morning and
evening rush hour maxima reﬂecting the impact of engine starts
and local maxima in VMT at 08:00 and 18:00. Diesel engine vehicles
account for only w5% of VMT and do not display distinct rush hour
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Fig. 5. Diel proﬁle of hourly averages of weekday VMT (black lines with light grey
shading) and half-hour averages of CO (black circles). The two VMT lines represent the
range of weekday VMT in Ada County. White background from 08:18 to 17:18 indicates
average length of daylight period between sunrise and sunset for the measurement
campaign.

maxima. Diesel VMT are dominated by the heavy duty diesel
vehicle category (HDDV: 8500 to 60,000 lbs gross vehicle weight;
3860 to 27,200 kg). Differences between the MOVES and MOBILE6.2
emission inventories are readily apparent. For gasoline vehicles
MOVES and MOBILE6.2 predict similar hourly CO emissions. For the
time period between the VMT local maxima, 08:00 and 18:00,
hourly MOVES CO emissions are on average 13% larger than
MOBILE6.2. For the same time period, MOVES hourly NOx emissions
from gasoline vehicles are on average 45% greater than MOBILE6.2.
MOVES NOx emissions from diesel vehicles between 08:00 and
18:00 are on average 2.4 times greater than MOBILE6.2. This large
difference is in part due to an updating of the HDDV ﬂeet inventory
from a review of local motor vehicle registration data that was not
available for the MOBILE6.2 emissions estimates. The HDDV ﬂeet
age distribution was older than that used in MOBILE6.2. The MOVES
model predicts 40% of total NOx emissions from 08:00 to 18:00
were from diesel engine vehicles. The diesel engine NOx emissions
are almost entirely (99.5%) due to the HDDV vehicle class category

Fig. 6. Diel proﬁle of half-hour averaged mixing ratios for CO (black circles), NOx (grey
squares), and benzene (open triangles).
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Fig. 7. MOBILE6.2 and MOVES hourly weekday emissions for Ada and canyon counties.
Gasoline vehicle emissions (open circles) and diesel engine vehicle (solid squares)
emissions are displayed. MOBILE6.2 emissions are given as dashed lines MOVES as
solid lines. Lower panel displays weekday VMT for gasoline engines vehicles (open
circles) and diesel engine vehicles (solid squares). The gasoline vehicle VMT are
approximately 20 times larger than diesel VMT.

and 5% of the molar NOx emission are NO2. At night diesel NOx
emissions can contribute up to 74% of total vehicle NOx emissions.
MOVES emissions highlight the affect that HDDV emissions could
have on regional air quality.

3.4. Emission ratios inferred from measurements
Vehicle emission ratios were calculated from the ambient data
during the morning rush hour from 05:00 to 09:00 by plotting the
CO-to-NOx mixing ratios and determining the slope (Parrish, 2006;
Fujita et al., 1992; Luke et al., 2010). This method is unaffected by
pollutants with a signiﬁcant regional background concentration
such as CO, as the background only affects the intercept of the graph
and not the slope. Days displaying a minimum of 200 ppbv increase
in CO during the morning rush hour were selected for analysis to
ensure a well-deﬁned trend line over a reasonably large dynamic
range. This selection criterion netted eight days with well-deﬁned
rush hour increases in CO and NOx. Seven of the eight days had
wind ﬂow from the 150 to 200 sector and thus impacted by
emissions from I-84 and E Overland Rd. The remaining day received
air from the west and would be impacted by roadway emissions
from S. Eagle Rd. The average wind speed during these events was
below 2.4 m s 1 except the event receiving air from the west, which
had an average wind speed of 3.4 m s 1. Two of the days occurred
during the January 13th to 25th stagnation event and displayed the
smallest CO increases over the rush hour period. Results of the
regression analysis are shown in Table 3. The average morning rush
hour CO-to-NOx molar ratio, as determined from the slope of the
regression analysis from the eight different days was 4.2  0.6. This
value is signiﬁcantly lower than the measured summertime
average of 7.9  0.1 for U.S. cities reported by Parrish (2006) for the
year 2000. Extrapolating the United States national trend of Parrish
(2006) to the year 2009 yields a molar CO-to-NOx ratio of 4.3, which
is in excellent agreement. A more recent ratio based on summertime 2006 measurements in Houston, TX yielded a morning rush
hour ratio of 5.8  0.9 (Luke et al., 2010), comparable with our ratio
and suggesting a continued decline in urban CO emissions or an
increase in NOx emissions. Rush hour correlations between
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Table 3
Slopes from rush hour linear regression analysis of measured pollutant ratios.
Date

CO/NOx
(mol/mol)

12/7/2008
12/9/2008
12/10/2008
12/12/2008
1/20/2009
1/23/2009
1/27/2009
1/29/2009
Average
All Rush
Hour
All DATA

4.2
4.7
5.0
3.6
3.2
4.2
4.5
3.8
4.2
4.1












0.28
0.22
0.37
0.19
0.16
0.39
0.33
0.15
0.59
0.33

4.6  0.02

Benzene/CO
(mmol/mol)
1.2
1.1
NA
1.4
1.2
1.6
1.4
1.4
1.3
1.4

 0.061
 0.082








0.059
0.046
0.100
0.074
0.053
0.017
0.005

1.5  4.0e-3

Toluene/CO
(mmol/mol)
2.1
2.1
NA
2.2
2.3
3.3
2.4
2.5
2.4
2.6

 0.110
 0.007








0.110
0.059
0.200
0.160
0.081
0.040
0.004

WS
(m/s)

WD
deg

DCO
ppbv

2.1
1.9
1.4
2.1
2.2
3.2
2.4
2.2

189
164
183
158
180
277
152
197

515
750
350
615
210
220
280
660

2.8  8.8e-3

aromatic VOCs and CO were also investigated with the results
summarized in Table 3. The average benzene-to-CO molar ratio
was 1.3  10 3  13%, the average toluene-to-CO ratio was
2.4  10 3  17%. The benzene-to-CO and toluene-to-CO values
compare reasonably well to those reported in the literature. Lough
et al. (2005) report values for benzene-to-CO ranging from
1.1  10 3 to 5.1  10 3 and values of 1.8  10 3 to 15.1  10 3 for
toluene-to-CO from trafﬁc tunnel studies conducted in summer and
winter. Baker et al. (2008) report benzene-to-CO molar ratios
ranging from 0.5  10 3 to 2.8  10 3 and toluene-to-CO molar
ratios ranging from 0.5  10 3 to 4.2  10 3 for 28 cities in the
United States between 1999 and 2005.
Fig. 8 illustrates correlations between CO and NOx and aromatic
VOCs and CO for all the morning rush hour periods together with all
the data from the two-month study period. The CO versus NOx
regression over the entire campaign data yielded an intercept of
110 ppbv and this value was used as the nominal background CO
value in subsequent analyses. The linear regression ﬁts determined
from the selected rush hour periods were not signiﬁcantly different
than the regression ﬁts through all the data and other morning rush
hour periods. This similarity suggests the ambient CO-to-NOx ratio
was determined primarily by roadway emissions.
Fig. 9 displays the rush hour DCO-to-NOx and selected VOC-toDCO molar ratios as a function of wind direction. Ratios were
determined by averaging the individual 5-min averages for each
wind sector to yield the wind sector mean values shown in the
ﬁgure. The geometric and arithmetic means were calculated and
both are presented. While there is little difference between the two,
the geometric mean is included because it accounts for potential
large value biases in the arithmetic mean. The 110 ppbv CO background was subtracted from the CO data to yield a DCO value.
Backgrounds for the other data were considered negligible; for
clean air periods the VOC and NOx data was often near the instrument detection limits. The DCO/NOx ratio displayed some dependence on wind direction. The fetch to the SSE direction includes
interstate highway emissions and a mixed commercial residential
area and yielded an average DCO/NOx ratio of 4.2. The fetch to the
WNW direction is impacted by emissions from residences and
major urban arterial roads and displays a slightly larger ratio of 6.0.
The slightly lower ratio from the southerly wind sectors may reﬂect
the impact of the interstate highway emissions. The VOC-to-CO
ratios for benzene, toluene, and C2-alkylbenzenes also did not
display pronounced differences due to wind direction, but the
southerly sector data that is impacted by interstate highway
emissions displayed slightly lower ratios than other sectors.
The diel trend of the DCO/NOx ratio and selected VOC-to-DCO
ratios are shown in Fig. 10. Shown are half-hour averages with 1
standard deviation range. The arithmetic and geometric means have
been included. During summer, NOx is typically quickly removed

Fig. 8. Plots of linear regressions of ambient measurements for the experiment. The
emission ratio is the slope of the regression. The grey circles are data points from the
entire campaign, the black circles are from the morning rush hour (5e9 am). Linear
regressions are displayed as dashed red line through grey circles and solid red line
through rush hour data. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

relative to CO by the reaction of NO2 with hydroxyl radical. Summer
time DCO/NOx ratios are typically elevated during the daylight hours
compared to the morning rush hour by a factor of 1.5 (Fujita et al.,
1992). The diel trend of the DCO/NOx ratio, illustrated in Fig. 10,
did not exhibit large changes during the day that would be characteristic of photochemical removal of NOx. The lowest half-hour
average DCO/NOx ratios were observed in the morning between 5
am and noon. The average of the individual half-hour ratios for DCO/
NOx was 4.6  2.3, close to the selected rush hour data emission ratio
of 4.2  0.6. The benzene/DCO ratio and the toluene/DCO ratio, also
shown in Fig.10, displayed diel trends; the ratios were lowest during
the morning rush hour and reached a maxima at around 14:00. If
photochemical removal were a signiﬁcant loss process then the
toluene/DCO ratio would be expected to be lower in the afternoon
compared to the morning. The diel trends suggest that photochemical removal did not signiﬁcantly affect the DCO/NOx ratio
during the day and that the observed ratios reﬂect the mix of
emission sources for these species.
The statistical distribution of the DCO/NOx ratio for weekday
high VMT periods, (08:00e18:00) is shown as a histogram plot in
Fig. 11, ﬁltered for CO > 200 ppbv. These data are impacted by
vehicle emissions since the CO mixing ratios are signiﬁcantly larger
than background values. Vehicle emissions are the only signiﬁcant
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Fig. 9. Measured morning rush hour emission ratios by wind direction. The black symbols are the arithmetic mean for the octant while the open symbols are the geometric mean.
Dashed lines indicate 1 standard deviation from the mean. The radial axis is mole/mole for DCO/NOx and mmole/mole for VOC/DCO.

source of CO during weekday daytime hours, and thus these ﬁltered
data provide the best comparison to the vehicle emission models.
The median value of the DCO/NOx ratio from these data is 4.95,
slightly largely than the ratio derived from the selected morning
rush hour correlation between CO and NOx (4.2). Also shown in the
ﬁgure are the CO-to-NOx emission ratios from MOBILE6.2 (20.2)
and MOVES (9.1) for the same time period. The bulk of the observations, 60%, have a DCO/NOx ratio between 3.5 and 5.5. Approximately 97% of the observations are less than the MOVES emission
ratio and 100% are less than the MOBILE6.2 ratio (Table 4).
4. Discussion

Fig. 10. Diel trend of molar ratios showing half-hour arithmetic means as solid lines
and half-hour hour geometric means as dashed lines. Shading indicates 1 standard
deviation.

A large fraction of the mobile emissions predicted by MOVES for
Ada county arises from off-network emissions involving engine
starts and extended idling. At the county level off-network emissions account for, on average, 65% of the hourly emitted CO and 23%
of the NOx. The impact of cold winter temperatures on cold start
emissions contributes to large seasonal differences in on-road CO
emissions for some cities (CRC, 2010) and likely impacts the
seasonal CO-to-NOx molar emissions ratio. For Ada County, MOBILE
6.2 predicts a CO-to-NOx molar emission ratio of 18.0 in winter and
9.9 in summer (Environ, 2010). In MOBILE, the off-network emissions are spread with the running emissions and can’t be separated
into a distinct category. However, MOVES separates off-network
emissions from emissions that occur when the vehicle is on the
road, allowing for a comparison of running emissions to near-road
measurements. Given the proximity of the study site to nearby
roads with high VMT and the prevailing wind directions that would
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Fig. 11. Histogram of DCO/NOx molar ratio for the time periods from 08:00 to 18:00
with CO>200 ppbv. The emission ratios from the MOVES (9.1) and MOBILEv6.2 (20.2)
models are shown as the single dashed vertical lines. The black vertical line shows the
observed ratio from the morning rush hour periods (4.2).

bring fresh emissions from these roads, the site measurements
should reﬂect running vehicle emissions. The bulk of the county’s
emissions from engine starts would occur in the heavily populated
residential areas along the Boise River and city center approximately 5 km or more to the northeast and east, as shown in Fig. 1,
and shouldn’t signiﬁcantly impact the site given the prevailing
wind ﬂow.
Fig. 12a displays the hourly weekday Ada County CO-to-NOx
molar emissions ratio from MOBILE6.2 and MOVES. These emissions ratios include off-network and running emissions. Cold start
emissions dramatically affect the CO-to-NOx molar ratio. During the
morning rush hour the CO-to-NOx molar ratio increases to a peak
maximum value of 11 for MOVES and 26 for MOBILE6.2. The
average value for the 08:00 to 18:00 time period is 9.1  0.7 for
MOVES emissions and 20.2  2.6 for MOBILE6.2. Hourly mass
emissions of CO and NOx from MOVES, showing the contributions
from off-network emissions and urban and rural road running
emissions, are shown in Fig. 12b and c. There are separate road
types within the urban and rural road categories, the most
important distinction being the difference between interstate
Table 4
Vehicle emissions and CO/NOx ratios for MOVES and MOBILEv6.2 compared to
observations.
MOVES Weekdaya

CO tonnes/day NOx tonnes/day Molar CO/NOx

Off-network total
Urban interstate total
Urban roads total
Rural interstate total
Rural roads total
Total

120.4
13.8
40.1
2.1
7.7
184.0

4.9
6.2
9.7
1.3
2.1
24.0

26.6
2.5
4.6
1.8
4.1
8.4

Mobilev6.2
Winter months (2008)
Summer months (2008)

133
73.3

12.1
12.2

18.0
9.9

Airpact-3
Mobile emissions
Total emissions
Observed
Rush hour correlation
(05:00e09:00)
Day time average, CO > 200
ppbv (08:00e18:00)
All data correlation
a

MOVES emissions for January 2008, Ada County, ID.

18.1
14.4
4.2
5.2
4.6

Fig. 12. Panel A displays the hourly CO-to-NOx molar emission ratios from MOBILE6.2
(red line) and MOVES (blue line). Panels B and C shows the hourly MOVES emissions by
category for CO and NOx illustrating the signiﬁcance of off-network emissions. Panel D
displays the average CO-to-NOx molar ratio for weekday measurements when CO was
greater than 200 ppbv (green diamonds) and the MOVES emission ratio for the urban
road category including highways (blue dashed line) and the urban road category
excluding highways (solid blue line). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

highway and other roads types as the highway has a large fraction
of HDDV trafﬁc. MOVES off-network emissions of CO are approximately a factor of 2 larger than running emissions of CO during the
day.
Fig. 12d shows the CO-to-NOx molar ratio for MOVES running
emissions. Urban roads, excluding interstate highway emissions,
yield an average CO-to-NOx ratio of 4.5  0.3 for the morning rush
hour period (05:00 to 09:00), and 4.3  0.3 for the 08:00 to 18:00
time period. The emissions ratio from the urban interstate highway
category predicted by MOVES is signiﬁcantly smaller, with a ratio of
2.4  0.5 for the morning rush hour period and 2.5  0.3 for the
08:00 to 18:00 period. The inclusion of urban highway emissions
lowers the county wide urban road ratio to 3.80  0.3 for the 08:00
to 18:00 time period. These emission ratios are similar to the
observations where a ratio of 4.2  0.6 was measured for the
morning rush hour and a ratio of 5.2  0.5 for the 08:00 to 18:00
time period when CO > 200 ppbv. The lower CO-to-NOx ratios
observed for southerly winds (w4) compared to northerly winds
(w6) shown in Fig. 9 is qualitatively consistent with the impact of
HDDV trafﬁc emissions from the highway to the immediate south of
the site. Returning to the histogram shown in Fig. 11, the observed
DCO/NOx ratios span the range of MOVES CO-to-NOx ratios from
urban interstate highway ratio of 2.4 to the morning rush hour peak
ratio of 11. The observed ratio range is likely some combination of
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urban road emissions and some fractional contribution of the
county off-network emissions from engine starts that occur
upwind of the site. Our study suggests that off-network vehicle
emissions deserve more study as they are a signiﬁcant source of
roadway CO and NOx emissions in winter. The MOVES urban
running emissions ratio calculated for winter should be similar to
summer time conditions. Running emissions are not directly
temperature dependent, but adjustment factors to CO and NOx
emissions are used to account for changes in engine load from air
conditioning use, as well as adjustments for humidity and its
impact on combustion temperatures (EPA, 2010). In summer, cold
start emissions would be negligible for temperatures above 24  C
and therefore on-road CO and NOx emissions from gasoline powered vehicles would be dominated by running emissions. The urban
road running emissions ratio of w4.3 determined by MOVES for
this study would thus be generally relevant to other US cities.
5. Conclusions
Wintertime measurements of CO, NOx, and selected VOCs were
made at the St. Lukes monitoring site in Meridian, Idaho from
December 1, 2008 to January 31, 2009. The site was located in a light
industrial commercial area close to a major highway and busy urban
arterial roads and thus signiﬁcantly impacted by local roadway
vehicle emissions. Measured molar ratios of CO-to-NOx were
compared against the county level (Ada County) weekday hourly
roadway vehicle emissions for winter 2008 predicted from the US
EPA vehicle emission models MOBILE6.2 and its replacement MOVES.
The measured CO-to-NOx molar ratio during the morning rush hour
periods (05:00e09:00) with elevated CO was 4.2  0.6. The
measured weekday CO-to-NOx molar ratio between the hours of
08:00 and 18:00 when vehicle miles travelled was highest and for
periods of elevated CO was 5.2  0.5. MOVES running emissions from
urban roads, excluding interstate highway emissions, yield an
average CO-to-NOx ratio of 4.5  0.3 for the morning rush hour
period, and 4.3  0.3 for the 08:00 to 18:00 time period. The inclusion
of highway emissions and the accompanying heavy duty diesel trafﬁc
reduces urban road running emissions ratio predicted by MOVES to
3.8  0.3 for the 08:00 to 18:00 time period. The observed CO-to-NOx
molar ratios were in reasonable accord with the urban road running
emissions ratio predicted by MOVES. MOVES off-network emissions,
which account for engine starts and extended idling of diesel trucks,
were 65% of the daily CO emissions and 23% of the daily NOx emissions. The overall CO-to-NOx emission ratio that includes both offnetwork and running emissions was 9.1 for MOVES and 20.2 for
MOBILE6.2 for the 08:00 to 18:00 time period.
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