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Abstract

The quantification of tropospheric O3 production in the Mexico City outflow is a major
objective of the MIRAGE-Mex field campaign. We used a regional chemistry-transport
model (WRF-Chem) to predict the distribution of O3 and its precursors in Mexico City
and the surrounding region during March 2006, and compared with in-situ aircraft mea-5

surement of O3, CO, VOCs, NOx, and NOy concentrations. The comparison shows that
the model is capable of capturing the timing/location of the measured city plumes, and
the calculated variability along the flights is generally consistent with the measured
results, showing a rapid enhancement of O3 and its precursors when city plumes are
detected. However, there are some notable differences between the calculated and10

measured values, suggesting that, during transport from the surface of the city to the
outflow plume, pollution levels are underestimated by about 0–25% during different
flights. The calculated O3−NOx, O3−CO, and O3−NOz correlations generally agree
with the measured values, and the analysis of these correlations suggest that pho-
tochemical O3 production continues in the plume downwind of the city (aged plume),15

adding to the O3 already produced in the city and exported with the plume. The model
is also used to quantify the contributions to OH reactivity from various compounds in
the aged plume. This analysis suggests that oxygenated organics (OVOCs) have the
highest OH reactivity and play important roles for the O3 production in the aging plume.
Furthermore, O3 production per NOx molecule consumed (O3 production efficiency) is20

more efficient in the aged plume than in the young plume near the city. The major con-
tributor to the high O3 production efficiency in the aged plume is the reaction RO2+NO.
By contrast, the reaction of HO2+NO is rather uniformly distributed in the plume.

1 Introduction

In recent decades, air quality has deteriorated markedly in large cities of the developing25

world. The export of air pollutants from urban to regional and global environments is of
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major concern because of wide-ranging potential consequences for human health and
for cultivated and natural ecosystems, visibility degradation, weather modification, ra-
diative forcing, and changes in tropospheric oxidation (self-cleaning) capacity. Rapidly
increasing urbanization will be a major environmental driving force in the 21st century,
affecting air quality on all scales – local, regional, and global.5

The Atmospheric Chemistry Division (ACD) of the National Center for Atmospheric
Research (NCAR) led an intensive field campaign called MIRAGE-Mex (Megacities Im-
pact on Regional and Global Environment – Mexico City case study) in March 2006, as
part of the MILAGRO (Megacities Initiative: Local And Global Research Observations)
project. The goal of MIRAGE was to characterize the chemical/physical transforma-10

tions and the ultimate fate of pollutants exported from urban areas, and to assess the
current and future impacts of these exported pollutants on regional and global air qual-
ity, ecosystems, and climate. The campaign coordinated and integrated observations
from ground stations, aircraft, and satellites, and provided a rich data base for improv-
ing regional and global models of the transport and transformations of aging urban15

pollutants.
The Mexico City metropolitan area is one of the largest megacities in the world,

covering 1500 km2 with nearly 20 million inhabitants and including nearly 3.5 million
vehicles. The city is at a high altitude (2240 m above sea level) and is in the tropics
(19◦ N), conditions permitting high solar radiation intensity that leads to rapid forma-20

tion of ozone and secondary particulate matter. For example, hourly averaged ozone
concentrations in the Mexico City Metropolitan Area (MCMA) exceed the Mexican air
quality standard of 110 ppb frequently and often exceed twice the standard (Molina and
Molina, 2002).

The major focus of MIRAGE-Mex was to study the export of the urban plume to the25

surrounding area, and to study the evolution of chemical oxidants inside the plume. Tro-
pospheric O3 concentrations are functions of the chain lengths of NOx (NOx=NO+NO2)
and HOx (HOx=OH+HO2+RO2) radical catalytic cycles. Thus, O3 formation in city
plume is dependent on ambient levels of NOx and volatile organic compounds (VOCs).
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For example, Zaveri et al. (2003) found, in the 1999 Southern Oxidant study field cam-
paign in Nashville, Tennessee, that the downwind O3 concentrations in the Nashville
plume are more sensitive to NOx emissions than anthropogenic VOC emissions. By
contrast, the study of Kleinman et al. (2003) suggested that O3 production is VOC lim-
ited in the high-NOx portions of the Philadelphia urban plume. Thielmann et al. (2002)5

suggested that at the rural area of Milan, Italy, ozone production per NOx consumed
is less efficient when the advected air masses originate from Milan. This lower effi-
ciency is indicative of VOC-sensitive ozone production. A similar suggestion is also
obtained in the New York City plume by Kleinman et al. (2000). From the different con-
clusions in different regions of the world one notices that the ozone formation in the city10

plume is strongly dependent on locations due to various ambient chemical conditions
in different regions. In addition to ambient chemical conditions, ozone concentrations in
a city plume are very sensitive to meteorological conditions, including extra-urban scale
transport winds, vertical structures of wind fields and mixing processes, and mesoscale
convergence zones and transport processes. De Foy et al. (2006) suggested that the15

residence times in the Mexico City basin are less than 12 h with little carry-over from
day to day and little recirculation of air back into the basin. Very efficient vertical mixing
leads to a vertically diluted plume which, in April, is transported predominantly towards
the Gulf of Mexico. Lei et al. (2008) studied the ozone production and response un-
der different meteorological conditions in Mexico City, and Zhang et al. (2009) used20

the WRF-Chem model to study O3 formation and compared model results to surface
measurements. Mena-Carrasco et al. (2008) studied the regional impacts of Mexico
City emissions on air quality and chemistry. Their study suggests that the influence of
emissions from the Mexico City could lead to the enhancements in surface NOx, CO,
and O3 concentrations to distances of about 200 km.25

In this study, we use the WRF-Chem model to address scientific questions related to
the evolution of ozone and its precursors in the Mexico City plume. We first intensively
evaluate the model performance and then use the model to study ozone production in
different chemical age regimes. The paper is organized as follows: In Sect. 2, we will
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describe the MIRAGE-Mex flights and data as well as the regional chemical/dynamical
model (WRF-Chem). In Sect. 3, the simulated chemical species will be compared to
the measurements of CO, O3, NOy, NOz (NOy-NOx), NOx, and VOC concentrations,
so as to evaluate the performance of the model. Section 4 presents model-based
estimates of O3 evolution and OH reactivity related to O3 production due to various5

processes, and the O3 production efficiency in the city plume downwind of Mexico City.

2 Data and chemical model

2.1 Data

The MIRAGE-Mex field experiment obtained regional and large-scale measurements
up to several hundred kilometers downwind of Mexico City using the C-130 aircraft.10

During the field experiment, there were a total 12 flights which occurred in 2006 on 4
March (flight 1), 8 March (flight 2), 10 March (flight 3), 16 March (flight 5), 18 (flight
March 6), 19 March (flight 7), 22 March (flight 8), 23 March (flight 9), 26 March (flight
10), 28 March (flight 11), and 29 March (flight 12), respectively. Among the flights,
there were some short flights with a 3 h fly time, such as flight 10 and flight 11. There15

were also some flights which were designed to fly over remote regions either to detect
a long-range transport plume (more than 1000 km from the Mexico City) or to measure
an intense biomass fire plume, such as the flights 7 and 9. In order to study the
evolution of the Mexico City plume, we selected the flights which included Mexico City
overpasses as well as downwind plume sampling, with flight duration of 7–10 h. With20

these selection criteria, flights 2 (8 March), 3 (10 March), 6 (18 March), 8 (22 March),
11 (28 March), and 12 (29 March) are used in this study. Figure 1 shows the tracks for
these 6 flights.

The meteorological conditions during this period were described in detail by Fast et
al. (2007), and are briefly summarized here. On 8 March (flight 2), the outflow from25

the city exhibited a cycling pattern, first flowing over the eastern part of the city and
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later turning southward. The C-130 flight route on this day was located just northeast
of the city, followed by city overpasses during the middle of the mission. Thus, some
parts of the city plume were detected by the flight. On 10 March (flight 3), the plume
was predominantly transported toward the northeast from the city, and the flight was
located downwind in the plume. As a result, this flight measured the city plume during5

a long period of time, especially during the later flight times. On 18 March (flight 6),
a trough extending from west to east across the US affected the position of the high
pressure system over the Gulf of Mexico and led to variable wind directions over central
Mexico. As a result, the flight detected the city plume when the flight passed over the
city during later times of the flight. During the earlier part of the flight, the measured10

CO concentrations were very low, suggesting that background pollutants were detected
during this period. On 22 March (flight 8), there was a plume transported toward the
north and northeast from the city. The city plume was well detected by the flight during
the middle of the flight, because the majority of the flight routes are located to the
northeast of the city. On 28 and 29 March, there was a persistent high pressure center15

in central of Mexico, producing a northwestern wind. The flight routes of 28 March were
mostly located upwind of the plume. As a result, the measured CO concentrations were
generally low. Contrasted with other flights, the measured result during this day can be
used as a background pollution state. The flight routes of 29 March were also located
mostly far from the plume. However, during the middle of flight, the flight passed over20

the city, and high CO values were detected during this short period of time.
During the above 6 flights, O3, CO, NO, NO2, and NOy concentrations were contin-

uously measured with 1 s interval. Some volatile organic compounds (VOCs) were
measured in-situ with high sampling frequency, while others were obtained more
slowly via canister sampling. Some chemical species were unavailable on some25

flights. For example, O3 was not measured on 18 March, and HCHO was not
measured before 18 March. Archived data and related information are available at
http://www-air.larc.nasa.gov/cgi-bin/arcstat-b.

9226

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/9221/2009/acpd-9-9221-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/9221/2009/acpd-9-9221-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www-air.larc.nasa.gov/cgi-bin/arcstat-b


ACPD
9, 9221–9266, 2009

Simulation of Mexico
City plumes

X. Tie et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

2.2 WRF-Chem model

An important objective of this study is the intensive use of a regional chemi-
cal/dynamical model to compare with the measurements in order to evaluate and even-
tually improve the model. The evaluated model results are also used to study the
chemical evolution of the Mexico City plume. The model used in this study is a recently5

developed regional chemical/transport model (WRF-Chem, version 2). The Weather
Research and Forecasting (WRF) model is a mesocale numerical weather predic-
tion system designed to serve both operational forecasting and atmospheric research
needs. The effort to develop WRF has been a collaborative partnership, principally
among the National Center for Atmospheric Research (NCAR), the National Oceanic10

and Atmospheric Administration (NOAA), the National Centers for Environmental Pre-
diction (NCEP), the Forecast Systems Laboratory (FSL), the Air Force Weather Agency
(AFWA), the Naval Research Laboratory, Oklahoma University, and the Federal Avia-
tion Administration (FAA). The WRF model is a fully compressible and Euler nonhydro-
static model. The detailed description of WRF model can be found in the WRF web-site15

http://www.wrf-model.org/index.php. In addition to dynamical calculations, a chemical
model is coupled on-line with the WRF model (WRF-Chem). A detailed description
of WRF-Chem is given by Grell et al. (2005), and is used here with some modifica-
tions in the chemical scheme (Tie et al., 2007a). The version of the model, as used
in the present study, includes on-line calculation of dynamical inputs (winds, tempera-20

ture, boundary layer, clouds etc.), transport (advective, convective, and diffusive), dry
deposition (Wesely et al., 1989), gas phase chemistry, radiation and photolysis rates
(Madronich and Flocke, 1999; Tie et al., 2003a), and surface emissions (including
an on-line calculation of biogenic emission). The ozone formation chemistry is repre-
sented in the model by the RADM2 (Regional Acid Deposition Model, version 2) gas25

phase chemical mechanism (Chang et al., 1989) which includes 158 reactions among
36 species. In this study, the model resolution measured 6×6 km in the horizontal
direction, in a 900×900 km domain centered on Mexico City. The model ran from 1
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March to 30 March, 2006, and the results along flight tracks were selected for analysis.
The hourly emissions for 17 chemical species, including SO2, CO, NO, and 14 different
VOCs are shown in Table 1 of Tie et al. (2007a).

In previous studies, the WRF-Chem model was evaluated by comparing calculated
O3, CO, and NOx to the ground measurement in the Mexico City (Tie et al., 2007a;5

Ying et al., 2009; Zhang et al., 2009). The model results showed that the magnitude
and timing of simulated diurnal cycles of O3, CO, and NOx, and the maximum and min-
imum O3 concentrations were generally consistent with surface measurements. The
simulated chemical species concentrations compare favorably with the observations
with differences between calculated and measured values of 10–30%. However, there10

was no systematic comparison of the model result with the MILAGRO field campaign,
and will be a focus point in this study.

3 Model calculations

3.1 Transport evaluation for calculated CO at surface and in the plume

In order to evaluate model calculations of ozone production in the city plume, one15

important aspect is to understand the transport of the model from the surface and
the planetary boundary layer (PBL) to the free troposphere. In this study, we use
the calculated CO both at the surface and in the plume aloft to evaluate the model
transport. The chemical lifetime of CO is of order of months, thus over the few days
relevant here it can be considered as a passive tracer which is emitted from the surface,20

mixed in the PBL, and transported with prevailing winds.

3.1.1 Evaluation of calculated surface CO

The surface CO concentrations in the Mexico City have been monitored routinely since
1986 by the local air quality monitoring network (RAMA) (Molina and Molina, 2002).
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In the first step of the evaluation, the calculated surface CO concentrations are com-
pared with the measured CO concentrations of this network to get some insight of
modeled CO emissions and transport processes in the PBL of Mexico City. Figure 2
shows the average CO concentrations in Mexico City during the 6 flight days (8, 10,
18, 22, 28, and 19 in March). The comparison between calculated and measured spa-5

tial distribution of CO concentrations shows that the calculated CO concentrations are
generally consistent with observations. For example, both the calculated and mea-
sured CO concentrations are higher in the center of the city with a value near 2 ppmv,
and decreased in the edge of the city with a value of 1.0 ppmv. However, discrepan-
cies between the calculation and measurement are also evident. The calculated CO10

concentrations are slightly higher than the measured values in the south of the city by
about 0.2 to 0.4 ppmv. Figure 3 shows the comparison between calculated and mea-
sured diurnal cycles of CO concentrations averaged over all urban surface stations.
Peak morning values of CO in both the calculated and measured results range from
3 to 5 ppmv. The calculated minimum CO concentrations during noontime are also15

consistent with the measured concentrations with values of about 1 ppmv. However, it
is evident that the calculated CO concentrations are overestimated in the evening. The
overestimated values are highest on 8 March and lowest on 28 March, highlighting that
there is a strong variability during different days. As suggested by Tie et al. (2007a),
the diurnal variation of surface CO concentrations is mainly controlled by the daily20

variability of PBL height and emission of CO. In the early morning, emissions rapidly
increase mainly due to an increase in mobile (vehicular) emissions, while the PBL is
still shallow. As a result the emitted CO is confined near the surface, producing high
CO concentrations. As morning progresses, the PBL height increases allowing rapid
dilution of CO concentrations. In the evening, the peak CO concentrations occur again25

as a result of increase in emissions and a slowing of PBL mixing. Because there are
no day to day variations of emission of CO in the model, the strong variation in different
days is mainly due to the variability of different diurnal patterns of the PBL heights,
suggesting that the decrease in the PBL height in the evening (esp. for 8 March) is
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faster in the model than the real situation. As a result, freshly emitted CO is retained in
a shallow PBL, resulting in an overestimation of the surface CO concentrations. On 18
March, the calculated PBL height during evening time is better represented, and the
overestimated surface CO concentrations are reduced. Overall, the calculated spatial
distributions and magnitudes of surface CO concentrations are generally consistent5

with the measured values. The calculated diurnal variations are consistent with the
measured results during morning and noontime, but overestimated during evening.

Figure 4 shows an overall comparison of daily average CO concentrations of the
model with measured values. The result indicates the discrepancies (model – mea-
surement) of CO surface concentrations range from −6 to +20%, with an average10

discrepancy of about +6%.

3.1.2 Evaluation of calculated CO plumes

The calculation of CO concentrations in the plumes is more complex than the cal-
culation of its surface concentrations. The major determining factors for calculating
the surface concentrations are surface emissions and mixing in the PBL (Tie et al.,15

2007a). For calculating plume CO levels, addition factors must be considered including
the transport of CO across the PBL and the calculation of the prevailing winds. The
upper panels of Fig. 5 show that the calculated CO has a variability that is broadly
consistent between model and observations for all the flights. For example, during the
flight of 10 March, the city plume (high CO concentrations) is detected between 15 and20

17 pm with a large variation. The calculated CO variability during this period is similar
to the measured results, showing the capability of the model in capturing this high vari-
able city plume. Another example is shown during the flight of 29 March, where both
observations and model show evidence of high CO concentrations in the city plume for
a short time (from 13:30 to 14:30 p.m.) with values rapidly increasing from background25

(about 100 ppbv) to about 600 ppbv. By contrast, the flight route of 28 March is mostly
located upwind of the city and both calculation and measurement show very low CO
concentrations, as no city plumes are detected. The flight of 28 March is included in
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this study to get some insights regarding the background atmosphere.
In these 6 flights, city plumes are detected on 8, 10, 18, 22, and 29 March. To get

more detailed estimates for the calculated city plume, in the following sections we will
separate the concentrations into 2 categories in the 6 flights, including (a) the averaged
values to represent the city plumes and (b) the averaged values to represent the back-5

ground values in both the calculation and measurement during each of the flights. The
criterion for a city plume encounter is either that a flight path passes directly over the
city or through the downwind plumes as determined by rapidly increasing measured
CO concentrations as indicated in Fig. 1. Otherwise, it is considered as background
condition. This criterion is also applied for other species (such as O3, NOy, NOx, and10

VOCs) which showed elevated values correlated with the CO plumes. Based on this
separation, the lower panels of Fig. 5 show that the averaged CO concentrations in the
city plumes range from 200 to 350 ppbv and the averaged background CO concentra-
tions range from 100 to 150 ppbv. The calculated CO concentrations in both the city
plumes and in the backgrounds are systematically lower than the measured values.15

For example, the differences between the calculated and measured CO concentrations
in the city plumes are −27, 2, −9, −24, and −25% for the flights on 8, 10, 18, 22, and
29 March, respectively. The averaged difference is −18%. As described before, the
calculated surface CO concentrations are generally consistent with the measured val-
ues, and even slightly higher than the measurements. The systematic underestimates20

of the CO concentrations in the city plume suggest that the model is underestimating
transport processes (diffusion, vertical and horizontal transport) from the surface to the
plume levels (sometimes in the PBL and sometimes outside of the PBL), and possibly
overestimating mixing with cleaner background air. As a result, this underestimation
is likely a systematic transport error for which some adjustment can be made. In the25

following sections, this transport error is applied to other chemical species that have
a fairly long lifetime (such as O3, NOy, NOz, etc.) to get adjusted values. The adjusted
values can reduce this transport error, and provide insights for other sources of er-
rors (such as emission, etc.). An adjusted concentration for species (X ) in the plumes
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during different flights can be calculated by the following method:

X adj(i ) = X (i ) ∗ (1 + A(i )/100) (1)

where X (i ) represents the modeled un-adjusted plume concentration of a chemical
species (such as NOy) during the i th flight (for example, flight of 8 March); X adj(i )
represents adjusted concentration of the chemical species; A(i ) represent an adjust-5

ment factor due to underestimates of the transport from the surface to the city plumes
in different flights. According to the above study of CO, the factors are 27, −2, 9, 24,
and 25% for the flights of 8, 10, 18, 22, and 29 March, respectively.

3.2 Evaluation of O3 concentration during the flights

The in-situ comparison of the calculated O3 (and other species) to the measured values10

along the flight tracks suggests that the model is capable of capturing the variability of
O3, showing a rapid enhancement when city plumes are detected. In the following sec-
tions, we will show the one by one comparison between the calculated and measured
mean values in both the city plumes and in the backgrounds during different flights.
This comparison illustrates the systematic bias of the calculations, and the correlations15

between the calculations and measurements.
Figure 6 shows the one by one comparison for O3 and other species. Table 1 gives

the calculated and measured mean values in both the city plumes and backgrounds,
and also correlations between the calculated and measured values, and ratio between
the background and city values. The results suggest that the calculated O3 is consis-20

tently underestimated in both the city plumes and in background compared to the mea-
sured O3 concentrations. The averaged underestimates are 16% in the city plumes,
and 7% in the background. One reason for the underestimates of O3 concentrations is
attributed to the underestimates of the transport processes. The effect of these under-
estimates can be reduced by application of Eq. (1) to get adjusted O3 concentrations.25

However, CO is determined mostly by transport, but O3 is also depends non-linearly on
NOx. Before the applying Eq. (1), the relationship between D[CO](COCAL−COMEA) and
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D[O3](O3 CAL−O3 MEA) needs to be examined. D[CO] and D[O3] represent the discrep-
ancies between the calculated and measured CO and O3 during different flights. If the
discrepancies in CO and O3 are positively correlated, the underestimates of O3 are at
least partly attributable to the transport error. Figure 7 shows that D[CO] and D[O3] are
correlated to each other with a correlation coefficient of 0.7. Thus, the adjustment for5

O3 concentrations can be applied by using Eq. (1). After this adjustment, the difference
between the calculated and measured O3 concentrations is improved (see Fig. 6) from
about 16% to 1%, which suggests that the underestimates of O3 concentrations in the
city plumes is largely a result of the underestimates of the transport from the surface
to the city plumes.10

3.3 Evaluation of nitrogen species during the flights

The evaluated nitrogen species in this study include NOx (NO+NO2), NOy (all nitro-
gen species), and NOz (NOy−NOx). The model captures the timing/location of the city
plume as well as the strong variability seen in the measurements (not show). However,
the calculated NOy concentrations are consistently smaller than the measured NOy15

concentrations in both the city plumes and the backgrounds. The averaged underesti-
mates are 40% in the city plumes, and 40% in the backgrounds (see Fig. 6 and Table 1).
One of the reasons for the underestimates of the city plume concentrations is related
to the large underestimates of the background values (by about 0.8 ppbv). Another
reason results from the underestimation in the transport from the surface to the down-20

wind plumes, as already discussed for CO. In order to take into account this transport
underestimate, Eq. (1) is applied for the NOy concentrations in the city plumes. With
this consideration, the underestimates of NOy concentrations in the city plumes reduce
from 40 to 30%. Furthermore, if the underestimates of the background NOy concen-
trations (with an averaged value of 0.8 ppbv) is added in the calculated NOy concen-25

trations, the underestimates of plume NOy concentrations decrease from 30 to about
20%. This remaining underestimate may then be mainly attributed to uncertainties in
surface emissions of NOx.
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As suggested by Godowitch et al. (2008) and Fischer et al. (2003), NOz (NOy−NOx)
concentrations and the correlation between NOz and O3 are good indicators for the
rate of O3 production in differently aged city plumes. Thus, the calculated NOz concen-
trations are evaluated by comparing to the measured NOz concentrations in the flights
(shown in Fig. 6 and Table 1). The results suggest that the simulated NOz variability5

is consistent compared with the measured results. High concentrations of NOz are
seen in the city plumes, while during the flight of 28 March (background case) both
the calculated and measured NOz concentrations are low with concentrations near
1.0 ppbv. However, the calculated NOz concentrations are consistently smaller than
the measured concentrations in both the city plumes and backgrounds. The calculated10

NOz concentrations in the city plumes are underestimated by 40%. Because NOz is
a long-lived chemical species like NOy, there is a possibility that the underestimate is
also partially resulting from the underestimate of transport from the surface to the city
plume. After the Eq. (1) is applied for the NOz concentrations in the city plumes, the un-
derestimates of NOz concentrations in the city plumes reduces to 28%. Furthermore,15

if the underestimate of the background NOz concentrations (with an averaged value of
0.7 ppbv) is added in the calculated NOz concentrations in the city plumes, the under-
estimate of NOz concentrations reduces to 17%, which is generally the same error to
the NOy calculations.

The calculated NOx concentrations have a stronger variability than the calculated20

CO, O3, and NOy. The enhancement of NOx concentrations in the city plumes is much
higher than the NOy concentrations. For example, the ratios between background
concentrations and city plume concentrations and are 0.2 and 0.1 for NOy and NOx,
respectively. Unlike CO and NOy, NOx has a very short chemical lifetime (from hours
to days) in different altitudes (Ridley et al., 1996; Tie et al., 2007b). Because there are25

rapid and complex chemical reactions inside the city plumes, the calculation of NOx in
the city plumes is more difficult than the less reactive species, such as CO and NOy.
As a result, a large variability occurs for the NOx calculations. For example, during
flight of 10 March, the calculated NOx concentrations are close to the measured values
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with difference of 7%. However, during the flight of 29 March, the calculated NOx con-
centrations are underestimated by 70% (not shown). In general, the calculated NOx
concentrations are consistently underestimated in all flights, with the averaged under-
estimate of 50%. The underestimate is partially due to the underestimate of surface
emissions of NOx as suggested by the NOy analysis (about 20% underestimation of5

surface emissions). However, the large variability in calculated NOx errors during dif-
ferent flights suggests that the calculated errors are also attributed to the complication
of the interaction between fast chemical reactions and transport processes from the
surface to the plumes.

3.4 Evaluation of VOC species during the flights10

As suggested by Sillman (1995), VOCs are considered as the initiators for the ozone
production process. In VOC-limited regions, the amounts of VOCs are a crucial factor
in controlling the rate of O3 production. Because there are different types of VOCs,
the rate of ozone production is not only determined by the concentrations of VOCs, but
also the rate of oxidation of VOCs. Most VOCs are first oxidized, mainly by OH with15

a rate coefficient of kOH+X . The reactivity of OH with various VOC compounds (X ), i.e.
kOH+X (X ), is a key parameter to determine the contributions of an individual VOC to
the rate of O3 production. For example, alkane species generally react with OH with
slower rate constants, but the concentrations are normally high in cities. By contrast,
aromatic species generally react with OH at faster rate constants, but the concentra-20

tions are normally lower than alkanes. As a result, both the VOC species could be
important for ozone productions in the city plumes. Altough VOC reactions are gener-
ally numerous and complex, the chemical scheme of WRF-Chem (RADM2) simplifies
the VOC reactions into a relatively smaller set. For example, several alkane species
are lumped into one alkane with a mean reaction rate. Thus, some assumptions are25

needed to match the calculated VOC species to measured VOC species. According
to the availability and reliability of the VOC data collected in the aircraft, the following
VOC species are evaluated in the model calculation, i.e. a surrogate alkane (alkanes

9235

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/9221/2009/acpd-9-9221-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/9221/2009/acpd-9-9221-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 9221–9266, 2009

Simulation of Mexico
City plumes

X. Tie et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

with OH reaction coefficient less than 6.8×10−12), an aromatic species (toluene), and
oxygenated VOC species (HCHO and aldehydes).

The calculated toluene concentrations are in good agreement with the measured
values (see Fig. 6). The enhanced concentrations in the city plume are well captured.
The averaged calculated and measured toluene concentrations in the city plume are5

2.2 and 2.1 ppbv, respectively. The correlation coefficient between the calculated and
measured values is 0.99 (see Table 1). Background concentrations are very low, sug-
gesting that toluene originates mainly from urban emissions, and the high concentra-
tions in the city plumes decrease rapidly due to fast reaction with OH. The ratio between
the background and city is about 0.12.10

As described above, the alkane in the WRF-Chem model is a surrogate compound
with an OH reaction coefficient of less than 6.8×10−12. As a result, the measured
alkane species which have the reaction coefficient of <6.8×10−12 were summed for
comparison with the surrogate alkane (Fig. 6 and Table 1). The results suggest that the
calculated alkane is consistently higher than the measured values, showing a strong15

urban enhancement. The averaged alkane concentrations for the calculations and
measurements in the city plumes are 15 and 24 ppbv, respectively. However, the cal-
culated background alkane concentrations are generally closer to the measured val-
ues, respectively 1.6 and 1.9 ppbv. The overestimated alkane concentrations in the
city plumes are likely attributed to the overestimate of the surface emission of alkanes20

in the model, because this difference can not be explained by the transport adjustment
or errors in background concentrations.

Unlike the toluene and alkanes, which are primarily emitted from the surface, the
oxygenated VOCs (OVOCs, such as HCHO and aldehydes) are not only emitted, but
also chemically produced in the plumes. As a result, the OVOCs could play relatively25

more important roles in O3 production in the downwind region of plumes. The result
shows that the calculated HCHO concentrations are slightly underestimated during the
flights of 18 and 22 March, but are overestimated during the flight of 29 March. The av-
eraged concentrations for the calculations and the measurements are 3.5 and 3.8 ppbv
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in the city plumes, with about 7% underestimate. The background concentrations are
also slightly underestimated, with averaged concentrations of 0.6 and 0.8 ppbv for the
calculations and measurements, respectively. The correlation coefficient between the
calculated and measured values is relatively high, with a value of 0.90.

Another important OVOC species is aldehyde, for which the reaction rate with OH5

is higher than the rate of HCHO. In the city plumes, the measured aldehyde concen-
tration is 3.1 ppbv, which is comparable with the measured value of HCHO (3.8 ppbv).
With a higher reaction rate, aldehyde could play relatively a more important role in O3
production in downwind region of plumes. The calculated aldehyde concentrations in
the city plumes are overestimated compared to the measured values. However, the10

calculated background aldehyde concentrations are slightly underestimated compared
with the measured values. The averaged concentrations for the calculations and the
measurements are 3.1 and 4.1 ppbv in the city plumes, respectively. The averaged
background concentrations are 0.51 and 0.70 ppbv for the calculations and measure-
ments, respectively. The correlation between the calculated and measured values is15

very good, with a coefficient of 0.99.

4 Analysis of the O3 production in the plumes

The production of O3 depends non-linearly on the concentrations of precursors (NOx,
CO, primary VOCs and secondary VOCs) (Kleinman et al., 2000). As a concentrated
city plume leaves from city and the primary chemicals start to be diluted, the O3 produc-20

tion rate and efficiency is expected to vary non-linearly. Furthermore, the concentra-
tions of oxygenated VOCs (such as HCHO and aldehydes) are continuously produced
and destroyed during outflow. Because the OVOCs are also important O3 precursors
(Singh et al., 1995; Apel et al., 2008), OVOC oxidations lead to additional O3 produc-
tion along plumes. In this study, we will focus on 3 issues regarding O3 production25

along the Mexico City plume; (1) what is the O3 production behavior at different ages of
the plume; (2) what is the O3 production efficiency (molecules of O3 produced per NOx
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molecule consumed) in different plume ages; and (3) what are the roles of different O3
precursors (such as CO, alkanes, OVOCs, etc.) in the O3 production in different ages
of the plumes. First, we define the chemical “age” of plume.

4.1 Chemical age of the city plume

In order to analyze the chemical characterizations in different chemical ages of the5

Mexico City plume, we define the chemical age of the city plume by

AG = − ln(NOx/NOy) (2)

The conversion from NOx to NOy results mainly from the reactions of NOx → HNO3
and NOx → organic nitrates. In addition, there is also an important pathway to convert
NOx to NOy through the hydrolysis of N2O5 on the sulfate aerosols. However, this10

later reaction becomes important only when sulfate aerosol loading is high and solar
radiation is low (e.g., at high latitudes or during nighttime) (Tie et al., 2003b; 2005). In
Mexico City, the later reaction to convert NOx to NOy can be neglected. In some of the
following discussion, we will define plumes as young, middle-aged, or old depending
on whether the value of AG is 0–1, 1–2, or larger than 2, respectively.15

4.2 O3 and NOx relationship

Ozone precursors such as CO, NOx, and VOCs are found to be closely correlated to O3
concentrations. First, we will show the O3–NOx correlation with different chemical ages
(see Fig. 8). It shows that in the young plume, which is normally near the city area, O3
concentrations are not very sensitive to NOx concentrations. The ratio of ∆[O3]/∆[NOx]20

(the slope of the fits shown in Fig. 8) is only about 4.7. By contrast, O3 concentrations
are very sensitive to NOx concentrations in the aged plume. The ratio of ∆[O3]/∆[NOx]
rapidly increases to 30 in the aged plume, indicating that the slope of ∆[O3]/∆[NOx]
is about 7 times higher in the aged plume than in the young plume. The calculated
slope of ∆[O3]/∆[NOx] is consistent with the measured result. Because the aircraft25
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measurements did not generally follow the city plumes, the measured results can be
considered as the values of NOx and O3 measuring in different locations (Euclidian
domain). The O3−NOx relationship in different chemical ages can also be considered
as the relationships presenting for different spatial locations (such as nearby cities,
remote areas). The analysis of O3−NOx relationship in this study suggests that the5

slope of ∆[O3]/∆[NOx] is lower in nearby city than in the remote areas.

4.3 O3 and CO relationship

Parrish et al. (1998) studied O3−CO correlation and indicated that there were differ-
ent slopes of ∆[O3]/∆[CO] under different conditions (locations), with a larger slope of
O3−CO correlation implying a higher O3 production efficiency. In this study, the O3−CO10

correlation is shown in Fig. 9. The data in this study is somewhat different with the pre-
vious studies. For example, Parrish et al. (1998) studied the O3−CO correlation in 5
surface sites. By contrast, the data used in this study is collected from aircraft which
is covered a larger spatial domain, including different chemical conditions (city plumes,
backgrounds, young, and aged cases). In other words, the O3−CO correlation in this15

study can be considered a combined result from multiple local sites. The result of this
study suggests that the O3−CO correlation is in a non-linear relationship. When the
concentrations of CO are less than 400 ppbv, the measured slope of ∆[O3]/∆[CO] is
large, with a value of 0.175. While the concentrations of CO are greater than 400 ppbv,
the measured slope reduced to 0.05. As we described before, the data used to cal-20

culate O3−CO correlation covers different aged plumes (as shown in Fig. 2). If we
assume that the high CO concentration conditions represent young city air and low
concentrations aged background conditions, the high slope of O3−CO correlation sug-
gest that additional O3 is produced in the aged plume. Otherwise, the slope of O3−CO
correlation should be the same in different ages of plumes. This result is consistent25

with the study by Wood et al. (2008) who found that the ratio ∆[O3]/∆[CO] increases
with the age of plumes, suggesting that secondary VOCs are more efficient at produc-
ing O3 in aged plumes. The WRF-Chem calculated ratio of ∆[O3]/∆[CO] is consistent
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with the measured result. However, the slope of the ∆[O3]/∆[CO] in the young plume is
overestimated. In the aged plume, the calculated slope is very similar to the measured
value. Because this non-linearity relationship, the correlation coefficient between O3
and CO is not very high, with values of 0.88 and 0.74 for measurement and calculation,
respectively.5

4.4 O3 and NOz relationship

NOz is the product of NOx oxidation, and the rate of oxidation of NOx to NOz is a main
factor to determine O3 production efficiency which is defined by number of ozone
molecules produced per molecule of nitrogen oxides consumed (Liu et al., 1987). Be-
cause O3 production is also correlated to NOz in a non-linear way (Godowitch et al.,10

2008; Fischer et al., 2003), the slope of ∆[O3]/∆[NOz] provides useful information for
the O3 production efficiency in different chemical conditions. Figure 10 shows the cal-
culated and measured O3−NOz correlations. It shows that when NOz concentrations
are high nearby the city area (young city plume) O3 concentrations are not very sensi-
tive to NOz concentrations. The ratio of ∆[O3]/∆[NOz] is about 3.3. The ratio increases15

to 5.7 in the low NOz regime (in the aged plume). According to the study by Zanis et
al. (2007), large slope of the ratio of ∆[O3]/∆[NOz] indicate high ozone production ef-
ficiency. This study is consistent with the result of Zanis et al. (2007). The WRF-Chem
calculation shows a similar result to the measurement in the aged plumes. However,
the calculated ratio of ∆[O3]/∆[NOz] is generally overestimated in the young plumes.20

A recent study by Shon et al. (2008) also suggests that the ozone production efficiency
is higher in remote region than in urban area.

4.5 The roles of different precursors for O3 production in the plume

In order to study the causes of the different slopes of NOx−O3, CO−O3, and NOz−O3 in
different aged plumes, the WRF-Chem model is extensively applied to study the roles25

of ozone precursors on ozone production along the city plumes. The model has sev-
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eral advantages in analyzing ozone production in different aged plumes. First, tracing
plumes in the model can be considered as a Lagrangian way for studying chemistries
coupled with dilution in plumes. Second, the individual effect of O3 precursors on O3
formation can be separately studied in the model.

The methodology used here is to track the city plume by following the high CO col-5

umn concentrations from the city to downwind regions. For example, the column CO in
the flight of 22 March is shown in Fig. 11. From Fig. 11, we see that the outflow of the
city plume is predominantly toward the northeast. The cross section (altitude vs. down-
wind distance) of O3 concentrations in the plume (lower panel of Fig. 11) suggests that
the pollutants are not limited to the PBL with plumes reaching about 3–4 km above the10

surface (the calculated PBL height in the model ranges 1.5 to 2 km on this day). The
calculated O3 concentrations in the plume show that there is a maximum concentration
near the city (plume age near 1.6) with concentrations of more than 100 ppbv. There
is also a secondary O3 maximum at 300–400 km downwind of the city. At this location,
the O3 concentrations have another maximum of 75 ppbv (the plume age is about 4.6).15

In order to estimate the causes for the ozone maximum in the aged plume, the re-
activity of OH with various compounds X , i.e. kOH+X (X ) is calculated. These chemical
compounds include CO, slow reactive VOCs (alkanes), very reactive VOCs (alkenes
and aromatic), and OVOCs (oxygenated VOCs including cresol, formaldehyde, ke-
tones, glyoxal, methyl glyoxal, unsaturated dicarbonyl, peroxyacetyl nitrate, and organic20

nitrate). Figure 12 shows the reactivity of OH with these 4 types of compounds. The
result shows that: (1) The CO reactivity is significant both in the city area and in the
aged plume, but its relative importance in the urban area is less than the other types
of reduced compounds. This is because although the OH reaction with CO is a ma-
jor chemical destruction for CO, and the rate constant is relatively small. As a result,25

large amounts of CO are transported from the city to the downwind area. For exam-
ple, the CO concentration is about 300 ppbv at 300 km along the plume (not shown),
and the high CO concentrations in the aged plume result in the high OH reactivity
in the aged plume. (2) The rate constants for OH+alkenes and OH+aromatics are
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about 20–100 times higher than the rate constant for OH+CO. The fast rate constants
lead to high OH reactivity in the city area, making these precursors the major ones for
ozone production within Mexico City (Madronich, 2006; Tie et al., 2007a). As a result,
a large portion of alkenes+aromatic is chemically destroyed near the city, and thus
less is transported downwind leading to the small OH reactivity in the aged plume. (3)5

OVOCs are mainly produced by chemical reactions in the outflow, including the reac-
tions of OH with alkenes, aromatic, etc. and have important contributions to the OH
reactivity near the city as well as in the aged plume. (4) The rate of alkane reaction
with OH is relatively low compared to alkenes or aromatic. In Mexico City area, the
alkane concentrations are lower than CO (Velasco et al., 2007; Tie et al., 2007a), al-10

though the rate of reaction with OH is higher than CO. As a result, alkanes contribute
to the OH reactivity in both young and aged plumes, but are usually not the dominant
species in either.

4.6 The O3 production efficiency in the plume

The oxidization of CO and VOCs leads to the production of HO2 an RO2 radicals. Thus
O3 is produced in the presence of NO by following reactions:

HO2 + NO → NO2 + OH (R1)

RO2 + NO → NO2 + RO (R2)

NO2 + hv → NO + O (R3)

O + O2 → O3 (R4)

As a result, O3 is produced through the (R1) to (R4) and the rate-determining steps
are (R1) and (R2). The NO is re-generated in reaction (R3), so that it can participate
in this O3-producing cycle more than once. At high NOx, the main termination of this
cycle is the reaction

NO2 + OH → HNO3 (R5)
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The O3 production efficiency (S) was defined by Liu et al. (1987) as

S = P (O3)/L(NOx) (3)

where P (O3) and L(NOx) are the production of O3 and the loss of NOx, respectively.
According to the studies by Liu et al. (1987) and Lin et al. (1988), the advantage to use
the O3 production efficiency is that the variations in O3 production and NOx loss are5

often similar and therefore cancel each other. The O3 production efficiency (S) is the
ratio between O3 production and NOx loss, which reduces substantially the uncertainty
in the estimated total regional O3 production. However, significant nonlinearity still
exists (Liu et al., 1987). Lin et al. (1988) used both absolute O3 production and net
O3 production (including O3 chemical production and the effect of transport) for the10

calculation of the O3 production efficiency, and found that the O3 production efficiency
is about 20–30% by using absolute O3 production than net O3 production. In this study,
we use the absolute O3 production calculated from the reactions (R1) and (R2) to study
the O3 production efficiency along the city plume, which is expressed by

S = (P [HO2] + P [RO2])/(k9 × [NO2][OH]) (4)15

P [HO2]=(k5 × [HO2][NO]) (5)

P [RO2]=(Σk6i × [RO2]i [NO]) (6)

Where P [HO2] and P [RO2] represent the O3 production due to the oxidation of NO
with HO2 and RO2, respectively. Note that there are several types of RO2, and thus
[RO2]i represents different RO2 species, which are mainly produced by the oxidations20

of VOCs with OH reactions. The parameters of k5, k6i , and k9 are the rate coefficients
for (R1), (R2), and (R5), respectively.

The calculated O3 production efficiency (S) along the city plume is shown in Fig. 13a
(upper panel). The O3 production efficiency is higher in the aged plume with a maxi-
mum value of 60–80 and is lower near the city with a minimum value of 10, suggesting25

that the O3 production is about 6 times more efficient in the aged plume than in the
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young plume. This result explains that the secondary O3 maximum in the aged plume
shown in Fig. 11 results from the facts that: (1) There are high OH reactivities, largely
due to the OVOCs oxidation, leading to the production of large amount RO2. (2) The
O3 production efficiency is much higher in the aged plume than in the young plume,
leading to more production of O3 molecules with each NOx molecular being consumed5

in the aged plume. As a result, even though the NOx concentrations are low, a fairly
amount of O3 is produced in the aged plumes. The high O3 production efficiency is
associated with lower concentrations of NOx. As a result, the high O3 production effi-
ciency cannot be considered as high O3 production rate. For example, the lower panel
of Fig. 13a shows that although the production efficiency is lower in the city, the rate10

of O3 production is highest (30 ppbv/h). By contrast, the rate of O3 production is low
in the aged plume (0.3 ppbv/h), although the production efficiency is highest in this
region.

From Eq. (3), there are 2 important components in contributing to the O3 production
and production efficiency. One is through the HO2+NO reaction (P [HO2]), and another15

is through the RO2+NO reaction (P [RO2]). Because HO2 and RO2 result from different
oxidations processes (e.g., CO oxidation produces only HO2 radicals, while VOC oxi-
dation produce both HO2 and RO2 radicals), it is important to understand the individual
contributions of HO2 and RO2 to the O3 production and production efficiency.

Figure 13b shows the individual contribution of P [HO2] and P [RO2] for the O3 pro-20

duction and production efficiency.

SHO2
= P [HO2]/(k9 × [NO2][OH]) (7)

SRO2
= P [RO2]/(k9 × [NO2][OH]) (8)

The result shows that both the SHO2
and SRO2

are lower nearby the city (young plume)
than the aged plume. For example, values of SHO2

and SRO2
are about 10 and 5 in25

the young plume and 20 to 50 in the aged plume, respectively. However, there is an
important difference between the values of SHO2

and SRO2
. The high values of SRO2

are mostly located in the aged plume (as shown in lower panel). By contrast, the
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high values of SHO2
are distributed throughout the entire plume. The wide distribution

of SHO2
can be explained by the fact that CO concentrations are widely distributed

because of its long chemical lifetime. As a result, the HO2 concentrations are more
uniformly distributed, while the large RO2 concentrations are mostly found in the plume.
This result suggests that the high O3 production efficiency in the aged plume (showing5

in Fig. 13a) is largely resulted from the RO2+NO reactions and a small portion from the
HO2+NO reaction. Figure 13c shows the noontime concentrations of OH, HO2, and
RO2 along the city plume. The results indicate that OH concentrations are lower insider
the plume; HO2 concentrations are more uniformly distributed; and RO2 concentrations
are enhanced inside the plume. This result suggests that the air pollutants emitted from10

the city intend to convert OH to RO2 inside the plume. There is also clear indication
that the largest enhancement of RO2 occurs at aged plume region, which results in
highest O3 production efficiency in this region (see the lower panel of Fig. 13b).

5 Summary

The O3 concentration and its evolution in the Mexico City plume during the MIRAGE-15

Mex field campaign were studied. The in-situ aircraft measurements of O3, CO, VOCs,
NOx, and NOy concentrations were compared to the calculations of a regional chem-
ical/transport model (WRF-Chem). The model calculation was also used to interpret
the measured results, and to understand the O3 evolution in the downwind of the Mex-
ico City plume. The comparisons between the calculations and measurements can be20

summarized by the following aspects: (1) The WRF-Chem model has a capability to
capture the measured city plumes, and the calculated variability along the flight routes
is generally consistent with the measured results, showing a rapid enhancement when
city plumes are detected. (2) From the evaluation of CO concentrations (considered as
a chemically inactive tracer) in both the surface measurements and the aircraft mea-25

surements, the transport from the surface of the city to the plume levels (ranging from 3
to 5 km) is underestimated by about 0 to 25% during 5 different flights. This contributes
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to the underestimation of some long-lived chemical species (CO, O3, NOy, etc.) in the
plumes. (3) The uncertainties in calculating CO, O3, NOx, VOC concentrations in the
city plumes are −50 to +20%. After adjustment for the transport processes based on
CO concentrations and background concentrations, the uncertainty range is reduced to
about −20 to +20% which is probably mostly related to the surface emission estimates,5

and other uncertain processes.
The results show that OH reactivity with CO is low in the city area (the young plume),

but increases in the aged plume. This is because the OH reaction with CO is a major
chemical destruction for CO, and the rate of reaction is low. As a result, large amounts
of CO are transported from the city to the downwind area, resulting in ongoing OH10

reactivity. Alkenes and aromatic reaction rates with OH were high. As a result, the
fast reaction led to high OH reactivity in the city area, and low OH reactivity in the
aged plume. OVOCs are mainly chemically produced by chemical reactions. Thus,
OVOCs are continuously produced along the city plume, and have important contribu-
tions to the OH reactivity near the city as well as in the aged plume. Alkanes contribute15

to the OH reactivity in both young and old plumes, but usually are not the dominant
species in either. The analysis of measurements (O3−CO, O3−NOx, and O3-NOz cor-
relations) and the calculation of the O3 production efficiency (S) showed that the ozone
production was more efficient in the aged plume than in the young plume, indicating
that substantial O3 production occur downwind of the city, adding to the O3 already20

produced in the city and exported with the plume.
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Table 1. Calculated and measured CO, O3, NOy, NOz, NOx, VOCs averaged in the city plume
and the background conditions in the flight tracks. Xcm, Xcc, ∆Xc(%), Xbm, Xbc, ∆Xb(%),
Rcm, Ym, and Yc represent the mean measured, calculated concentrations, the difference (%)
in the city plumes, the mean measured, calculated concentrations, the difference (%) in the
backgrounds, the correlation R, and the ratios for the measured and calculated values between
the backgrounds and city plumes.

Mean concentrations (ppbv) Correlation Ratio (bckg/plm)
Xpm Xpc ∆Xp(%) Xbm Xbc ∆Xb(%) Rcm Ym Yc

CO 274 222 −18 129 88 −31 0.93 0.47 0.40
O3 93 78 −16 60 56 −7 0.92 0.65 0.71
NOy 9.7 5.3 −43 2.0 1.2 −41 0.90 0.21 0.22
NOz 6.0 3.6 −40 1.7 1.0 −40 0.71 0.28 0.28
NOx 3.6 1.7 −52 0.35 0.17 −50 0.60 0.10 0.10
Alkane 15 24 +64 1.9 1.6 −16 0.97 0.12 0.07
TOL 2.19 2.2 +0.4 0.27 0.16 −40 0.99 0.12 0.07
HCHO 3.8 3.5 −7 0.8 0.6 −25 0.90 0.21 0.17
ALD 3.1 4.1 +32 0.7 0.51 −27 0.99 0.22 0.07

9251

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/9221/2009/acpd-9-9221-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/9221/2009/acpd-9-9221-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 9221–9266, 2009

Simulation of Mexico
City plumes

X. Tie et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 34

 
Fig 1 

Fig. 1. Flight route information for the flights of 8, 10, 18, 22, 28 and 29 March with 6 panels. Each panel includes
upper (altitudes) and lower (horizontal) projections of flight routes. The black and red lines in the upper panels represent
the flight altitudes (km×10) and CO concentrations (ppbv) along the flights. Rapid enhancements of CO concentrations
indicate times when the city plume was detected. The colors in the lower parts show local time during the flights.
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Fig 2 
 Fig. 2. Calculated and measured surface CO concentrations (ppmv) averaged during the 6

flight periods. The contour lines are calculated values, and the color dots are measured values.
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Fig 3 
 

Fig. 3. Calculated (lines) and measured (dots) diurnal cycles of surface CO (ppmv) averaged
over all RAMA stations for each of the flight days.
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Fig 4 
 

 

 

 

Fig. 4. Comparison of calculated (green) and measured (blue) surface CO concentrations
averaged over each day. The red and yellow bars represent measured and calculated values
averaged over all flight days.
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Fig 5 

Fig. 5. Calculated (red lines) and measured (black lines) CO concentrations along the 6 flights
(upper panel). The middle panel shows the averaged CO concentrations in the city plumes (see
text for city plume definition), and the lower panel shows the averaged CO concentrations in the
background conditions. The blue and green bars represent for the measured and calculated
values during each flights. The red and yellow bars represent for the measured and calculated
values averaged for the all flights.
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 Fig 6 

 

 

 

 

Fig. 6. Comparison of observed (x-axis) and calculated (y-axis) concentration of CO, O3,
NOy, NOz, NOx, toluene, alkanes, HCHO, and aldehydes along C-130 flight tracks. Each point
represents the averaged values in the city plume or background air during each flight. The blue
line and dots represent adjusted values by using Eq. (1).
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Fig 7 

Fig. 7. Comparison of model-measurement differences for CO, D[CO]=COCAL−COMEA, and
D[O3]=O3 CAL−O3 MEA. Each point represents the averaged values in the city plume or back-
ground air during each flight.
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Fig 8 

 

 

 

 

Fig. 8. Measured (upper panel) and calculated (lower panel) O3−NOx correlation with different
ages of the plume. The black, blue, and red (dots and lines) present the young age (AG-1),
middle age (AG-2), and old age (AG-3) plumes, respectively. The lines used the first-order
polynomial fits for measured and modeled results.
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Fig 9 

 

Fig. 9. Measured (black dots and line) and calculated (blue dots and line) O3−CO correla-
tion. The red circle represent the flights are roughly in the city plume regime, and green circle
represents the flights are roughly in the background regime. The lines used the second-order
polynomial fits for measured and modeled results.
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Fig 10 

Fig. 10. Same as Fig. 9 except for O3−NOz correlation.
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Fig 11 

Fig. 11. Calculated plume track for the flight of 22 March (upper panel). The contour lines are
the calculated CO column concentrations from the surface to 2 km at 12 pm, and the cross dots
represent the downwind plume track. The lower panel shows the O3 (ppbv) cross-section of the
plume following the downwind plume track, with two O3 maxima shown for different chemical
ages.
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Fig 12 

 

Fig. 12. Calculated OH reactivities (min−1) for CO, alkanes, alkenes+aromatic, and oxygenated
VOCs (including cresol, formaldehyde, ketones, glyoxal, methyl glyoxal, unsaturated dicarbonyl,
peroxyacetyl nitrate, and organic nitrate) at noontime for the flight of 22 March.
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Fig 13a Fig. 13a. Calculated O3 production efficiency (upper panel) and the rate of O3 production

(ppbv/h) along the plume track at noontime for the flight of 22 March.
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Fig 13b 

Fig. 13b. Calculated O3 production efficiency from HO2 and RO2 contributions, respectively.
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Fig 13c 

Fig. 13c. Calculated OH, HO2, RO2 concentrations (pptv) along the plume track at noontime
for the flight of 22 March.
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