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Abstract. The quantification of troposphericz@roduction  tion per NQ, molecule consumed Jproduction efficiency)

in the downwind of the Mexico City plume is a major objec- is more efficient in the aged plume than in the young plume
tive of the MIRAGE-Mex field campaign. We used a regional near the city. The major contributor to the high @roduc-
chemistry-transport model (WRF-Chem) to predict the dis-tion efficiency in the aged plume is the reaction RO.
tribution of Oz and its precursors in Mexico City and the By contrast, the reaction of HBNO is rather uniformly dis-
surrounding region during March 2006, and compared theributed in the plume.

model with in-situ aircraft measurements of, @O, VOCs,
NOy, and NG concentrations. The comparison shows that
the model is capable of capturing the timing and Iocationl
of the measured city plumes, and the calculated variability

along the flights is generally consistent with the measured rehe export of air pollutants from urban to regional and global
sults, showing a rapid increase i @nd its precursors when  enyironments is of major concern because of wide-ranging
city plumes are detected. However, there are some notablgotential consequences for human health and for cultivated
differences between the calculated and measured values, Sugng natural ecosystems, visibility degradation, weather mod-
gesting that, during transport from the surface of the city (jfication, radiative forcing, and changes in tropospheric oxi-
the outflow plume, ozone mixing ratios are underestimatedyation (self-cleaning) capacity. Rapidly increasing urbaniza-
by about 0-25% during different flights. The calculatest O tion will be a major environmental driving force in the 21st
NOx, O3-CO, and Q-NO; correlations generally agree with - century, affecting air quality on all scales — local, regional,
the measured values, and the analyses of these correlationg,q global.

suggest that photochemipab(broduction continues in the The Atmospheric Chemistry Division (ACD) of the Na-
plume downwind of the city (aged plume), adding to the O tiona| Center for Atmospheric Research (NCAR) has insti-
already produced in the city and exported with the plume.yted a program called MIRAGE (Megacities Impact on Re-
The model is also used to quantify the contributions to OHgjiona| and Global Environments). The goal of MIRAGE is
reactivity from various compounds in the aged plume. Thisq characterize the chemical/physical transformations and the
analysis suggests that oxygenated organics (OVOCs) havgiimate fate of pollutants exported from urban areas, and
the highest OH reactivity and play important roles for the 4 assess the current and future impacts of these exported
Os production in the aging plume. Furthermorey @oduc-  pojlytants on regional and global air quality, ecosystems,
and climate. In March of 2006, ACD led an intensive field
campaign called MIRAGE-Mex (Mexico City case study)
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campaign integrated observations from ground stations, airimpacts of Mexico City emissions on air quality and chem-
craft, and satellites for Mexico with an emphasis on pollutionistry. Their study suggests that the influence of emissions
emanating from the Mexico City plume. This study provided from Mexico City could lead to the enhancements in sur-
arich data base for improving regional and global models offace NQ,, CO, and @Q concentrations to distances of about
the transport and transformations of aging urban pollutants.200km. These studies provide useful discussions on the
The Mexico City metropolitan area is one of the largest ozone chemistry in the vicinity of Mexico City. In this study,
megacities in the world, covering 1500 knwith nearly  however, the main focus is to investigate the ozone evolution
20 million inhabitants and including nearly 3.5 million ve- inthe downwind plume of Mexico City and the ozone chem-
hicles. The city is located at a high altitude (2240 m aboveical production in air masses with different chemical ages.
sea level) and is in the tropics (18), conditions permit- The model calculation is mainly compared with aircraft ob-
ting high solar radiation intensity that leads to rapid forma- servations collected downwind of Mexico City, which were
tion of ozone and secondary particulate matter. For examnot done in the previous studies.
ple, hourly averaged ozone concentrations in the Mexico City The WRF-Chem model is used to address scientific ques-
Metropolitan Area (MCMA) exceed the Mexican air quality tions related to the evolution of ozone and its precursors in
standard of 110 ppb frequently and often exceed twice thehe Mexico City plume. The paper is organized as follows: in
standard (Molina and Molina, 2002). Sect. 2, we will describe the MIRAGE-Mex flights and data
The major focus of MIRAGE-Mex was to study the ex- as well as the regional chemical/dynamical model (WRF-
port of the urban plume to the surrounding area, and to studyChem). In Sect. 3, the simulated chemical species will be
the evolution of chemical oxidants inside the plume. Tropo-compared to the measurements of CQ@, ROy, NO, (NOy-
spheric @ concentrations are functions of the chain lengthsNOy), NOy, and VOC concentrations, so as to evaluate the
of NOy (NOx=NO+NGQ,) and HG (HOx=OH+HO,+RO,) performance of the model. Section 4 presents model-based
radical catalytic cycles. Thus,sJormation in a city plume  estimates of @ evolution and OH reactivity related toz0
is dependent on ambient levels of N@nd volatile or-  production due to various processes, and thgpf@duction
ganic compounds (VOCs). For example, Zaveri et al. (2003)efficiency in the city plume downwind of Mexico City.
found, in the 1999 Southern Oxidant study field campaign in
Nashville, Tennessee, that the downwingl €@ncentrations
in the Nashville plume are more sensitive to Nénissions 2 Data and chemical model
than anthropogenic VOC emissions. By contrast, the study of
Kleinman et al. (2003) suggested thag @oductionis VOC 2.1 Data
limited in the high-NQ portions of the Philadelphia urban
plume. Thielmann et al. (2002) suggested that in the ruralThe MIRAGE- Mex field experiment obtained regional and
area of Milan, Italy, ozone production per N@onsumed large-scale measurements up to one thousand kilometers
is less efficient when the advected air masses originate frondownwind of Mexico City using the C-130 aircraft. Dur-
Milan. This lower efficiency is indicative of VOC-sensitive ing the field experiment, there were a total 12 flights which
ozone production. A similar suggestion is also obtained inoccurred in 2006 on 4 March (flight 1), 8 March (flight 2), 10
the New York City plume by Kleinman et al. (2000). Ozone March (flight 3), 12 March (flight 4), 16 March (flight 5), 18
formation in city plumes appears to be strongly dependenMarch (flight 6), 19 March (flight 7), 22 March (flight 8), 23
local ambient chemical conditions in different regions of the March (flight 9), 26 March (flight 10), 28 March (flight 11),
world. and 29 March (flight 12), respectively. Among the flights,
In addition to ambient chemical conditions, ozone concen-there were some short flights with a 3h fly time, such as
trations in a city plume are very sensitive to meteorologi- flight 10 and flight 11. There were also some flights which
cal conditions, including extra-urban scale transport winds,were designed to fly over remote regions either to detect a
vertical structures of wind fields and mixing processes, andong-range transport plume (more than 1000 km from the
mesoscale convergence zones and transport processes. DBiexico City) or to measure an intense biomass fire plume,
Foy et al. (2006) suggested that the residence times in theuch as the flights 7 and 9. In order to study the evolution
Mexico City basin are less than 12 h with little carry-over of the Mexico City plume, we selected the flights which in-
from day to day and little recirculation of air back into the cluded Mexico City overpasses as well as downwind plume
basin. Very efficient vertical mixing leads to a vertically di- sampling, with flight duration of 7-10h. With these selec-
luted plume which, in April, is transported predominantly tion criteria, flights 2 (8 March), 3 (10 March), 6 (18 March),
towards the Gulf of Mexico. 8 (22 March), 11 (28 March), and 12 (29 March) are used
Lei etal. (2008) studied the ozone production and responsén this study. Figure 1 shows the tracks for these 6 flights.
under different meteorological conditions in Mexico City, In this study, when a plume is significantly affected by Mex-
and Zhang et al. (2009) used the WRF-Chem model to studyco City emissions, the plume is defined as a “city plume”.
O3 formation and compared model results to surface mea¥flight-12, was not significantly influenced by the city plume.
surements. Mena-Carrasco et al. (2008) studied the regionafiowever, the information during this flight can be considered
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Fig. 1. Flight route information for the flights of 8 March, 10 March, 18 March, 22 March, 28 March 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 (kmx 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.

as a typical background condition (the plume without the in-flight route on this day was located just northeast of the city,
fluences by Mexico City emissions), which is used to com-followed by city overpasses during the middle of the mission.
pare with other flights. Thus, some parts of the city plume were detected during the
The meteorological conditions during this period were de-flight. On 10 March (flight 3), the plume was predominantly
scribed in detail by Fast et al. (2007), and are briefly summadtransported toward the northeast from the city, and the flight
rized here. On 8 March (flight 2), the outflow from the city was located downwind of the plume. As a result, this flight
exhibited a regional cycle pattern, first flowing over the east-measured the city plume during a long period of time, espe-
ern part of the city and later turning southward. The C-130cially during the later flight times. On 18 March (flight 6), a
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Table 1. Calculated and measured CO3, Oy, NOz, NOy, VOCs averaged in the city plume and the background conditions in the flight
tracks. Xcm, XccAXc(%), Xbm, Xbc,AXb(%), 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 @yrealdtiba ratios

for the measured and calculated values between the backgrounds and city plumes.

Mean concentrations (ppbv) Correlation  Ratio (bckg/plm)

Xpm Xpc AXp(%) Xbm Xbc AXb(%) Rcm  Ym Yc
Cco 274 222 -18 129 88 =31 0.93 047 0.40
O3 93 78 —16 60 56 -7 0.92 0.65 0.71
NOy 9.7 53 —43 20 1.2 —41 0.90 0.21 0.22
NO; 6.0 3.6 —40 1.7 1.0 —40 0.71 0.28 0.28
NOx 36 17 -52 035 0.17 -50 0.60 0.10 0.10
Alkane 15 24 +64 19 16 —16 0.97 0.12 0.07
TOL 219 22 +04 0.27 0.16 —40 0.99 0.12 0.07
HCHO 38 35 -7 08 06 -25 0.90 0.21 0.17
ALD 31 41 +32 0.7 051 -27 0.99 0.22 0.07

trough extending from west to east across the US affected theneasurements in order to evaluate and eventually improve
position of the high pressure system over the Gulf of Mex-the model. The evaluated model results are also used to study
ico and led to variable wind directions over central Mexico. the chemical evolution of the Mexico City plume. The model
As a result, the flight detected the city plume when the flightused in this study is a recently developed regional chemi-
passed over the city during later times of the flight. During cal/transport model (WRF-Chem, version 2). The Weather
the earlier part of the flight, the measured CO concentrationfResearch and Forecasting (WRF) model is a mesocale nu-
were very low, suggesting that background pollutants weremerical weather prediction system designed to serve both op-
detected during this period. On 22 March (flight 8), there erational forecasting and atmospheric research needs. The
was a plume transported toward the north and northeast froneffort to develop WRF has been a collaborative partner-
the city. The city plume was well detected by the flight dur- ship, principally among the National Center for Atmospheric
ing the middle of the flight, because the majority of the flight Research (NCAR), the National Oceanic and Atmospheric
routes were located to the northeast of the city. On 28 MarchAdministration (NOAA), the National Centers for Environ-
and 29 March, there was a persistent high pressure center imental Prediction (NCEP), the Forecast Systems Laboratory
central Mexico, producing a northwestern wind. The flight (FSL), the Air Force Weather Agency (AFWA), the Naval
routes of 28 March were mostly located upwind of the plume.Research Laboratory, Oklahoma University, and the Federal
As a result, the measured CO concentrations were generallfviation Administration (FAA). The WRF model is a fully
low. Contrasted with other flights, the measured result dur-compressible and Euler nonhydrostatic model. The Yonsei
ing this day can be used as a background pollution state. Th&niversity (YSU) PBL scheme (Hong et al., 2006) is used
flight routes of 29 March were also located mostly far from for calculating PBL height in this study. The scheme used the
the plume. However, during the middle of flight, the flight counter-gradient terms to represent fluxes due to non-local
passed over the city, and high CO values were detected dugradients, and the entrainment effect is explicitly considered
ing this short period of time. in the scheme. The detailed description of WRF model can
During the above 6 flights, £ CO, NO, NG, and NG, be found in the WRF web-sitattp://www.wrf-model.org/
concentrations were continuously measured with 1 secondhdex.php In addition to dynamical calculations, a chemi-
interval. Some volatile organic compounds (VOCs) werecal model is coupled on-line with the WRF model (WRF-
measured in-situ with high sampling frequency, while oth- Chem). A detailed description of WRF-Chem is given by
ers were obtained more slowly via canister sampling. SomeGrell et al. (2005), and is used here with some modifica-
chemical species were unavailable on some flights. Fotions in the chemical scheme (Tie et al., 2007). The ver-
example, @ was not measured on 18 March, and HCHO sion of the model, as used in the present study, includes
was not measured before 18 March. Archived data and reen-line calculation of dynamical inputs (winds, temperature,
lated information are available #itp://www-air.larc.nasa. boundary layer, clouds etc.), transport (advective, convec-

gov/cgi-bin/arcstat-b tive, and diffusive), dry deposition (Wesely et al., 1989), gas
phase chemistry, radiation and photolysis rates (Madronich
2.2 WRF-Chem model and Flocke, 1999; Tie et al., 2003a), and surface emissions

(including an on-line calculation of biogenic emission). The
An important objective of this study is the intensive use of ozone formation chemistry is represented in the model by
a regional chemical/dynamical model to compare with the
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Table 2. Emissions inventories (tonsyt) for Mexico City.

SO, (60] NGO VOCs

CIT (Molina and Molina, 2002) 2.0210° 3.22x10° 2.02x10° 0.62x10°
PICCA (Molina and Molina, 2002)  2.0610° 2.95x10° 1.77x10° 0.57x10°

WEST (West et al., 2004) 2.280° 1.77x10° 2.05x10° 1.43x10°
TIE (Tie et al., 2007) 0.1410° 1.73x10° 0.74x10° 1.57x10°
This studyf 2.50x10° 2.39x10° 1.69x10° 1.23x10°

* The emissions include other smaller cities outside of Mexico within in @0 km domain.

the RADM2 (Regional Acid Deposition Model, version 2)
gas phase chemical mechanism (Chang et al., 1989) which!2-5N
includes 158 reactions among 36 species.

In this study, the model resolution measuredéd&km in
the horizontal direction, in a 96000 km domain centered
on Mexico City. The lateral chemistry boundary condi-
tions were calculated by a global chemical-transport model
(MOZART2 — Ozone and Related chemical Tracers, ver-
sion 2) (Horowitz et al., 2003). The longer chemical life- 19.3N
time chemical species (such as CQ, @tc.) are exchanged
along the boundary condition (including inflow and outflow).
The simulation period was from 1 March to 30 March, 2006,
and the results along flight tracks were selected for analysis.
The emission inventory used in this study for $GO, NO,
and VOCs are shown in Table 2. In the inventory, beside
the emissions from Mexico City, other emissions from small
cities in the surrounding area (within the 30800 km do-
main) of Mexico City are also estimated by the assumption
that it is proportional to population density. In general, we es- 99.3W 99.1W 98.5W
timate that the surrounding emissions are smaller than emis-
sions from Mexico City. For example, the emissions of,NO Fig. 2. Calculated and measured surface CO concentrations (ppmv)
from surrounding areas are estimated to bexd2®4, which averaged during the 6 flight periods. The contour lines are calcu-
is about 17% of total emissions. As a result, the emissiondated values, and the color dots are measured values.
from Mexico City dominate the total emissions in the model
_domain. A comparison with other invenFori_es i_s also szhown3 Model calculations
in Table 2, and it shows that the N@mission is close to
Molina and Molina (2002) and West et al. (2002), and higher3 1 Transport evaluation for calculated CO at surface
than Tie et al. (2007). The VOC emission is close to West et and in the plume
al., but is lower than Tie et al. (2007).

In previous studies, the WRF-Chem model was evaluatedn order to evaluate model calculations of ozone production
by comparing calculated £ CO, and NQ to the ground in the city plume, one important aspect is to understand the
measurement from operational monitors in Mexico City (Tie transport of the model from the surface and the planetary
et al., 2007; Ying et al., 2009; Zhang et al., 2009). The boundary layer (PBL) to the free troposphere. In this study,
model results showed that the magnitude and timing of sim-we use the calculated CO both at the surface and in the plume
ulated diurnal cycles of § CO, and NQ, and the maximum  aloft to evaluate the model transport. The chemical lifetime
and minimum @ concentrations were generally consistent of CO is of order of months, thus over the few days relevant
with surface measurements. The simulated chemical specidsere it can be considered as a passive tracer which is emit-
concentrations compare favorably with the observations withted from the surface, mixed in the PBL, and transported with
differences between calculated and measured values of 10grevailing winds.

30%. However, there was no systematic comparison of the
model result with the MILAGRO field campaign, and this
will be a focus point in this study.

19.TN
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3.1.1 Evaluation of calculated surface CO CO Concentration (ppm)

March 8, 2008 |, March 10, 2008

5.0

The surface CO concentrations in the Mexico City have been |
monitored routinely since 1986 by the local air quality mon-
itoring network (RAMA) (Molina and Molina, 2002). Inthe |
first step of the evaluation, the calculated surface CO concen- |
trations are compared 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 s. :
shows the average CO concentrations in Mexico City during s 1
the 6 flight days (8, 10, 18, 22, 28, and 19 in March). The .
comparison between calculated and measured spatial distri=o 1
bution of CO concentrations shows that the calculated CO 1.
concentrations are generally consistent with observations.cs
For example, both the calculated and measured CO concen °
trations are higher in the center of the city with a value near *°
2 ppmy, and decrease toward the edge of the city to a value*®]
of 1.0 ppmv. However, discrepancies between the calculation®®]
and measurement are also evident. The calculated CO con**]
centrations are slightly higher than the measured values in the'* 1
south of the city by about 0.2 to 0.4 ppmv. Figure 3 shows 7 T pA ;A . . pa T
the comparison between calculated and measured diurnal cy Time (LST) Time (LST)
cles of CO concentrations averaged over all urban surface

stations. Peak morning values of CO in both the calculatedfig- 3. Calculated (lines) and measured (dots) diurnal cycles of
and measured results range from 3 to 5ppmv. The calcusurface CO (ppmv) averaged over all RAMA stations for each of

lated minimum CO concentrations during noontime are alsone flight days.

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 overtth® measured results during morning and noontime, but over-
estimated values are highest on 8 March and lowest on 2§Stimated during evening. The evaluation of the PBL was

March, highlighting that there is a strong variability during conducted in t.he StUQy of _Zhang et al. (2009) using the WRF-
different days. As suggested by Tie et al. (2007), the diurnachem model in Mexico City. Their study suggested that the

variation of surface CO concentrations is mainly controlled ©Served and simulated PBL heights agree reasonably well
by the daily variability of PBL height and emission of CO. In In terms of magnitude and temporal variations during noon

the early morning, emissions rapidly increase mainly due tofime. However, the simulated PBL height is low and less

an increase in mobile (vehicular) emissions, while the PBL variabile during night compared to the PBL height observed

is still shallow. As a result the emitted CO is confined nearPy radiosonde. The calculated shallow PBL height could

the surface, producing high CO concentrations. As mornJ€ad to higher surface concentrations during night (Tie et al.,
ing progresses, the PBL height increases allowing rapid di-2007).

lution of CO concentrations. In the evening, the peak CO Figure 4 shows an overall comparison of daily average CO
concentrations occur again as a result of increase in emisconcentrations of the model with measured values. The re-

sions and a slowing of PBL mixing. Because there are nosults indicate the discrepancies (model — measurement) of
day to day variations of emission of CO in the model, the CO surface concentrations range frerf to +20%, with an
strong variation in different days is mainly due to the vari- average discrepancy of about +6%. Note that the emissions
ability of different diurnal patterns of the PBL heights, sug- used in the model did not take into account the weekend
gesting that the decrease in the PBL height in the eveningffect (the emissions are generally smaller during weekend
(especially for 8 March) is faster in the model than the realthan weekdays). As a result, the overestimation on 18 March
situation. As a result, freshly emitted CO is retained in acould partially due to neglecting the reduction of weekend
shallow PBL, resulting in an overestimation of the surface €missions in the model.

CO concentrations. On 18 March, the calculated PBL height

during evening time is better represented, and the overesti3.1.2 Evaluation of calculated CO plumes

mated surface CO concentrations are reduced. Overall, the

calculated spatial distributions and magnitudes of surface COrhe calculation of CO concentrations in the plumes is more
concentrations are generally consistent with the measuredomplex than the calculation of its surface concentrations.
values. The calculated diurnal variations are consistent withThe major determining factors for calculating the surface
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concentrations are surface emissions and mixing in the PBL T
(Tie et al., 2007). For calculating plume CO levels, ad- o

ditional factors must be considered including the transport

180

of CO across the PBL and the calculation of the prevailing 160
winds. The upper panels of Fig. 5 show that the calculated oo L
CO has a variability that is broadly consistent between the BT
model and observations for all the flights. For example, dur- S
ing the flight of 10 March, the city plume (high CO concen- 20

trations) is detected between 1500 and 1700 h with a large
variation. The calculated CO variability during this period
is similar to the measured results, showing the capability ofFig. 5. Calculated (red lines) and measured (black lines) CO con-
the model in capturing this highly variable city plume. An- centrations along the 6 flights (upper panel). The middle panel
other example is shown during the flight of 29 March, where shows the averaged CO concentrations in the city plumes (see text
both observations and model show evidence of high CO confor city plume definition), and the lower panel shows the averaged
centrations in the city plume for a short time (from 13:30 to CO concentrations in the background conditions. The blue and
14:30 p.m.) with values rapidly increasing from background 9r€én l_)ars represent for the measured and calculated values during
(about 100 ppbv) to about 600 ppbv. By contrast, the fIighteaCh flights. The red and yellow bars represent for the measured
route of 28 March is mostly located upwind of the city and and calculated values averaged for the all flights.
both calculation and measurement show very low CO con-
centrations, as no city plumes are detected. The flight of 28
March is included in this study to get some insights regarding |n these 6 flights, city plumes are detected on 8 March, 10
the background atmosphere. The background concentration@arch, 18 March, 22 March, and 29 March. To get more
in this study refer to the concentrations without significant detailed estimates for the calculated city plume, in the fol-
effect from Mexico City. As we described before the model jowing sections we will separate the concentrations into 2
lateral boundaries allow the exchanges between other regionsategories in the 6 flights, including (a) the averaged values
of world and the model domain for air pollutants with longer to represent the city plumes and (b) the averaged values to
chemical life time (such as COg0etc.). However, the emis-  represent the background values in both the calculation and
sions from other parts of the world are included in the back-measurement during each of the flights. The criterion for a
ground concentrations, but are largely diluted, contributingcity plume encounter is either that a flight path passes di-
relatively little to the averaged conditions. rectly over the city or through the downwind plumes as de-
termined by rapidly increasing measured CO concentrations
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port error for which some adjustment can be made. In the
following sections, this transport error is applied to other
chemical species that have a fairly long lifetime (such gs O
NOy, NO,, etc.) to get adjusted values. The adjusted val-
ues can reduce this transport error, and provide insights for

) a0

100 other sources of errors (such as emission, etc.). An adjusted

concentration for speciex{ in the plumes during different
flights can be calculated by the following method:

L] i oL i) |
0 100 200 300 400 o 50 100 150 o 2 4 & 8 10

X adji) = X (i) * [(L+ A(i)/100]* 1

a whereX (i) represents the modeled un-adjusted plume con-
centration of a chemical species (such asyN@uring the
i flight (for example, flight of 8 March);X _adj() rep-
resents the adjusted concentration of the chemical species;
A(i) represent an adjustment 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 March, 10 March,
. 18 March, 22 March, and 29 March, respectively. We should
4 mention that beside the dispersion uncertainty, other errors
N also can be introduced in the model simulations, such as the
uncertainties associated with emissions, PBL height etc. The
above correction factor can only provide an estimate of the
errors related to the dispersion process, instead of an accurate
Fig. 6. Comparison of observed (x-axis) and calculated (y-axis) calculation.
concentration of CO, @ NOy, NOz, NOx, toluene, alkanes,
HCHO, and aldehydes along C-130 flight tracks. Each point repre-3.2 Evaluation of O3 concentration during the flights
sents the averaged values in the city plume or background air during
each flight. The red line and dots represent adjusted values by usinghe in-situ comparison of the calculateds @and other
Eq. (1). species) to the measured values along the flight tracks sug-
gests that the model is capable of capturing the variability of
O3, showing a rapid enhancement when city plumes are de-
as indicated in Fig. 1. Otherwise, it is considered as thetected. In the following sections, we will show the one by
background condition. This criterion is also applied for other one comparisons between the calculated and measured mean
species (such aszONOy, NOy, and VOCs) which showed values in both the city plumes and in the background during
elevated values correlated with the CO plumes. Based olifferent flights. This comparison illustrates the systematic
this separation, the lower panels of Fig. 5 show that the averbias of the calculations, and the correlations between the cal-
aged CO concentrations in the city plumes range from 200 taulations and measurements.
350 ppbv and the averaged background CO concentrations Figure 6 shows the one by one comparison f@r and
range from 100 to 150ppbv. The calculated CO concen-other species. Table 1 gives the calculated and measured
trations in both the city plumes and in the backgrounds aremean values in both the city plumes and background, and
systematically lower than the measured values. For examalso correlations between the calculated and measured val-
ple, the differences between the calculated and measured C@es, and ratio between the background and city values. The
concentrations in the city plumes a7, 2,—9, —24, and  results suggest that the calculategli©consistently underes-
—25% for the flights on 8 March, 10 March, 18 March, 22 timated in both the city plumes and in the background com-
March, and 29 March, respectively. The averaged differenceared to the measurecgs@oncentrations. The averaged un-
is —18%. As described before, the calculated surface CQderestimates are 16% in the city plumes, and 7% in the back-
concentrations are generally consistent with the measuredround. One reason for the underestimates gfc@ncen-
values, and even slightly higher than the measurements. Thiations is attributed to the underestimates of the transport
systematic underestimates of the CO concentrations in therocesses. The effect of these underestimates can be reduced
city plume suggest that the model is underestimating disperby application of Eq. (1) to get adjusteds ©oncentrations.
sion processes from the surface to the plume levels (some-owever, CO is determined mostly by transport, bgtalso
times in the PBL and sometimes outside of the PBL), anddepends non-linearly on NO Before applying Eqg. (1), the
possibly overestimating mixing with cleaner background air. relationship between D[CO] (CéAL-COmea) and D[Qs]
As a result, this underestimation is likely a systematic trans{O3 caL-O3mea) nheeds to be examined. D[CO] and QO

Alkana HCHO 8- ALD
20 4

i i L |
[#] 10 20 30 o 2 4+ ] o 2 4 6 B8 10
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207 - plume as well as the strong variability seen in the measure-
ments (not shown). However, the calculated Néncen-
R=0.72 trations are consistently smaller than the measuregl d¢@-
0 centrations in both the city plumes and the backgrounds. The
averaged underestimates are 40% in the city plumes, and
40% in the backgrounds (see Fig. 6 and Table 1). One of

E . the reasons for the underestimates of the city plume concen-
o trations is related to the large underestimates of the back-
E -40 ground values (by about 0.8 ppbv). Another reason results
0 from the underestimation in the transport from the surface to
Q' 60 the downwind plumes, as already discussed for CO. In order
) to take into account this transport underestimate, Eq. (1) is
applied for the N@ concentrations in the city plumes. With
-80 this consideration, the underestimates ofN@ncentrations
in the city plumes reduce from 40 to 30%. Furthermore, if the
100/ underestimates of the background Néncentrations (with
an averaged value of 0.8 ppbv) are added in to the calculated
-30 -20 -10 0 10 NOy concentrations, the underestimates of plume, ¥Gn-

D_O3 (ppbv) centrations decrease from 30 to about 20%. This remaining
underestimate may then be mainly attributed to uncertainties
Fig. 7. Comparison of model-measurement differences for CO,in surface emissions of NO

D[CO]=COcaL-COmEeA, and D[G]=03 caL-O3 mea- Each point As suggested by Godowitch et al. (2008) and Fischer et
represents the averaged values in the city plume or background ai| (2003), NQ (NOy-NOy) concentrations and the correla-
during each flight. tion between N@ and G are good indicators for the rate

of O3z production in differently aged city plumes. Thus, the

calculated N@ concentrations are evaluated by comparing
represent the discrepancies between the calculated and megy the measured NOconcentrations in the flights (shown
sured CO and @during different flights. If the discrepancies |, Fig. 6 and Table 1). The results suggest that the simu-
in CO and Q are positively correlated, the underestimates ated NQ variability is consistent compared with the mea-
of Oz are at least partly attributable to the transport error.gyred results. High concentrations of N@re seen in the
Figure 7 shows that D[CO] and DiDare correlated with a ¢ty plumes, while during the flight of 28 March (background
correlation coefficient of 0.7. Thus, the adjustment fgr O case) both the calculated and measured R@hcentrations
concentrations can be applied by using Eq. (1). After this ad-re |ow with concentrations near 1.0 ppbv. However, the
justment, the difference between the calculated and measureghiculated N@ concentrations are consistently smaller than
Oz concentrations is improved (see Fig. 6) from about 16%the measured concentrations in both the city plumes and
to 1%, which suggests that the underestimatesgof@dcen-  packgrounds. The calculated B@oncentrations in the city
trations in the city plumes is largely a result of the underes-p|umes are underestimated by 40%. Because @ long-
timates of the transport from the surface to the city plumes,jiyed chemical species like NQthere is a possibility that
At present, due to limitations of the computation capability, the underestimate is also partially resulting from the under-
the chemical scheme used in regional models are all simplizstimate of transport from the surface to the city plume. Af-
fied to some degree for ozone calculations, e.g., WRF-Chengg, Eq. (1) is applied for the NOconcentrations in the city
(RADM scheme) and CAMx (SAPRC-99 scheme) (Lei et plymes, the underestimates of NEncentrations in the city
al., 2008). However, even though both the models use simpiymes reduces to 28%. Furthermore, if the underestimate of
plified chemical schemes, the basic ozone chemistry is weljphe background N@concentrations (with an averaged value
represented as shown by comparisons with the surface meags g 7 ppbv) is added in the calculated N€oncentrations
sured ozone values. Both the model results showed that i, the city plumes, the underestimate of Néncentrations

Mexico, the ozone chemical production is in VOC-limited reduces to 17%, which is generally the same error shown in
regime, while in the rural areas, the ozone chemical producype NQ, calculations.

tion is in NG-limited regime. The calculated N@Q concentrations have a stronger vari-
ability than the calculated CO,£Dand NG. The enhance-
3.3 Evaluation of nitrogen species during the flights ment of NQ; concentrations in the city plumes is much

higher than the N concentrations. For example, the ra-
The evaluated nitrogen species in this study include, NO tios between background concentrations and city plume con-
(NO+NGy), NOy (all nitrogen species), and NQNOy- centrations and are 0.2 and 0.1 for Nénd NQ, respec-
NOx). The model captures the timing/location of the city tively. Unlike CO and N@, NOy has a very short chemical
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lifetime (from hours to days) (Ridley et al., 1996; Tie et al., city plume are 2.2 and 2.1 ppbv, respectively. The correla-
2006). Because there are rapid and complex chemical readion coefficient between the calculated and measured values
tions inside the city plumes, the calculation of N the is 0.99 (see Table 1). Background concentrations are very
city plumes is more difficult than the less reactive species,Jow, suggesting that toluene originates mainly from urban
such as CO and NO As a result, a large variability oc- emissions, and the high concentrations in the city plumes
curs for the NQ calculations. For example, during the flight decrease rapidly due to fast reaction with OH. The ratio be-
of 10 March, the calculated NQOconcentrations are close tween the background and city is about 0.12.

to the measured values with a difference of 7%. However, As described above, the alkane in the WRF-Chem model
during the flight of 29 March, the calculated N®@oncen- is a surrogate compound with an OH reaction coefficient
trations are underestimated by 70% (not shown). In generalof less than 6.81012. As a result, the measured alkane
the calculated NQconcentrations are consistently underesti- species which have a reaction coefficient ©8.8x 1012
mated for all flights, with an averaged underestimate of 50%were summed for comparison with the surrogate alkane
The underestimate is partially due to the underestimate ofFig. 6 and Table 1). The results suggest that the calculated
surface emissions of NCas suggested by the N@nalysis  alkane is consistently higher than the measured values, show-
(about 20% underestimation of surface emissions). Howeveling a strong urban enhancement. The averaged alkane con-
the large variability in calculated NCerrors during different  centrations for the calculations and measurements in the city
flights suggests that the calculated errors are also attributedlumes are 24 and 15 ppbv, respectively. However, the calcu-
to the complication of the interaction between fast chemi-lated background alkane concentrations are generally closer
cal reactions and transport processes from the surface to the the measured values, respectively 1.6 and 1.9 ppbv,. The
plumes as well as the uncertainties related to the simulationsverestimated alkane concentrations in the city plumes are

of timing of spatial positions of the city plumes. likely attributed to the overestimate of the surface emission
of alkanes in the model, because this difference cannot be ex-

3.4 Evaluation of VOC species during the flights plained by the transport adjustment or errors in background
concentrations.

As suggested by Sillman (1995), VOCs are considered as the Unlike the alkanes and toluene, which are primarily emit-
initiators for the ozone production process. In VOC-limited ted from the surface, the oxygenated VOCs (OVOCs, such as
regions, the amounts of VOCs are a crucial factor in control-HCHO and higher aldehydes) are not only emitted, but also
ling the rate of @ production. Because there are different chemically produced in the plumes. As a result, the OVOCs
types of VOCs, the rate of ozone production is not only de-could play relatively more important roles irs@roduction
termined by the concentrations of VOCs, but also the rate oin the downwind region of plumes. The result shows that
oxidation of VOCs. Most VOCs are first oxidized, mainly the calculated HCHO concentrations are slightly underesti-
by OH with a rate coefficient ofonyx. The reactivity of  mated during the flights of 18 March and 22 March, but are
OH with various VOC compoundsX]|, i.e. kon+x[X], isa  overestimated during the flight of 29 March. The averaged
key parameter to determine the contributions of an individ-concentrations for the calculations and the measurements are
ual VOC to the rate of @production. For example, alkane 3.5 and 3.8 ppbv in the city plumes, with about 7% underesti-
species generally react with OH more slowly than do aromat-mate. The background concentrations are also slightly under-
ics, but their concentrations are normally higher than aromatestimated, with averaged concentrations of 0.6 and 0.8 ppbv
ics in citiesAs a result, both VOC classes could be importantfor the calculations and measurements, respectively. The cor-
for ozone productions in the city plumes. Although VOC relation coefficient between the calculated and measured val-
reactions are generally numerous and complex, the chemues is relatively high, with a value of 0.90.
ical scheme of WRF-Chem (RADM2) simplifies the VOC  Acetaldehyde is another important OVOC species is, hav-
reactions into a relatively smaller set. For example, severalng a reaction rate with OH that is higher than the corre-
alkane species are lumped into one alkane with a mean responding rate rate for HCHO. In the city plumes, the mea-
action rate. Thus, some assumptions are needed to matgured aldehyde concentration is 3.1 ppbv, which is compa-
the calculated VOC species to measured VOC species. Acrable with the measured value of HCHO (3.8 ppbv). With
cording to the availability and reliability of the VOC data a higher reaction rate, acetaldehyde could play a relatively
collected in the aircraft, the following VOC species are eval- more important role in @ production in downwind region
uated in the model calculation, i.e. a surrogate alkane (alkaef plumes. The calculated acetaldehyde concentrations in
nes with OH reaction coefficient less than 8871%), an  the city plumes are overestimated compared to the measured
aromatic species (toluene), and oxygenated VOC speciegalues. However, the calculated background aldehyde con-
(HCHO and higher aldehydes). centrations are slightly underestimated compared with the
The calculated toluene concentrations are in good agreemeasured values. The averaged concentrations for the cal-
ment with the measured values (see Fig. 6). The enhancecdulations and the measurements are 4.1 and 3.1 ppbv in the
concentrations in the city plume are well captured. The aver-<ity plumes, respectively. The averaged background concen-
aged calculated and measured toluene concentrations in theations are 0.51 and 0.70 ppbv for the calculations and mea-

Atmos. Chem. Phys., 9, 4624638 2009 www.atmos-chem-phys.net/9/4621/2009/



X. Tie et al.: Simulation of Mexico City plumes during the MIRAGE-Mex field campaign 4631

in the G; production in different ages of the plumes. First,

200 y
Measured we define the chemical “age” of plume.
150 ee® . .
‘(J' \'.3:. o 4.1 Chemical age of the city plume
>
a S »
(% 100 AR o n Ba . In order to chemically characterize the Mexico City plume in
o] *&1 Se%® % ° different age regimes, the chemical age of the city plume is
50 'Lr-‘v‘ﬁz “eepe o . defined by Kleinman (2008) and is expressed by;
0 AG = —Ln(NOx/NOy) 2
o 10 20 30

The conversion from NQto NG, results mainly from the

reactions of NQ—HNOz and NGQ— organic nitrates. In ad-
dition, there is also an important pathway to convertyN®

NOy through the hydrolysis of pDs on the sulfate aerosols.
However, this 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 N@®
NOy can be neglected. In some of the following discussion,
we will define plumes as young, middle-aged, or old depend-
ing on whether the value ofG is 0-1, 1-2, or larger than 2,

0 10 20 30 respectively.
NOx ppbv

4.2 Oz and NOy relationship
Fig. 8. Measured (upper panel) and calculated (lower pangl) O
NOx correlation with different ages of the plume. The black, green, Ozone precursors such as CO, N@nd VOCs are found
and red (dots and lines) present the young age (AG-1), middle aggo be closely correlated to{droncentrations. First, we will
(AG-2), and old age (AG-3) plumes, respectively. The lines usedshow the @-NOy correlation with different chemical ages
the first-order polynomial fits for measured and modeled results. (see Fig. 8). It shows that in the young plume, which is nor-
mally near the city area, £concentrations are not very sen-

. . sitive to NG, concentrations. The ratio ak[O3]/ A[NOx]
surements, respectively. The correlation between the calcuyho slope of the fits shown in Fig. 8) is only about 4.7. By
lated and measured values is very good, with a coefficient o ontrast, @ concentrations are very sensitive to N€bn-
0.99. centrations in the aged plume. The ratioAfOz]/ A[NOy]

rapidly increases to 30 in the aged plume, indicating that the
slope of A[O3]/A[NOy] is about 7 times higher in the aged
4 Analysis of the G; production in the plumes plume than in the young plume. The calculated slope of
A[O3])/ A[NOy] is consistent with the measured result. Be-
The production of @depends non-linearly on the concentra- cause the aircraft measurements did not generally follow the
tions of precursors (N CO, primary VOCs and secondary city plumes, the measured results can be considered as the
VOCs) (Kleinman et al., 2000). As a concentrated city plumeyalues of NQ and G measured in different locations (Eu-
leaves from city and the primary chemicals start to be diluted ¢|idian domain). The @NOy relationship in different chem-
the O; production rate and efficiency is expected to vary jcal age regimes can also be applied for different spatial lo-
non-linearly. Furthermore, the concentrations of oxygenatettations (such as nearby cities, remote areas). The analysis of
VOCs (such as HCHO and other aldehydes) are continuouslyy,-NO, relationship in this study suggests that the slope of
produced and destroyed in the downwind of the Mexico C|ty A[Og]/A[NOX] is lower in the areas nearby C|ty than in the
plume. Because the OVOCs are also importagtp@cur-  remote areas.
sors (Singh et al., 1995; Apel et al., 2008), OVOC oxidations
lead to additional @production along plumes. In this study, 4.3 Oz and CO relationship
we will focus on 3 issues regardings@roduction along the
Mexico City plume; (1) what is the ©production behavior  Parrish et al. (1998) studiedz€CO correlations and found
at different ages of the plume; (2) what is the @oduction  that there were different slopes nfO3])/ A[CO] under dif-
efficiency (molecules of @produced per N@molecule con-  ferent conditions (locations), with a largeg@O slope im-
sumed) in different plume ages; and (3) what are the roles oplying a higher @ production efficiency. In this study, the
different G; precursors (such as CO, alkanes, OVOCs, etc.)O3-CO correlation is shown in Fig. 9. The data in this study
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Fig. 9. Measured (black dots and line) and calculated (green dotsrig. 10. Same as Fig. 9 except forsNO; correlation.

and line) @-CO correlation. 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 thesimilar to the measured value. Because of this non-linear re-

second-order polynomial fits for measured and modeled results. lationship, the correlation coefficient betweeg &nd CO is
reduced, with values of 0.88 and 0.74 for measurement and

. . . calculation, respectively.
are somewhat different than the previous studies. For ex- P y

ample, Parrish et al. (1998) studied thg-QO correlation 4 4 0, and NO, relationship

for 5 surface sites. By contrast, the data used in this study

are collected from aircraft which covered a larger spatial do-NO, is the product of NQ oxidation, and the rate of ox-
main, including different chemical conditions (city plumes, idation of NQ, to NO, is a main factor to determine O
backgrounds, young, and aged cases). In other words, thgroduction efficiency which is defined by number of ozone
03-CO correlation in this study can be considered a com-molecules produced per molecule of nitrogen oxides con-
bined result from multiple local sites. The result of this study sumed (Liu et al., 1987). Because @roduction is also
suggests that the43CO correlation is non-linear. When the correlated to N@ in a non-linear way (Godowitch et al.,
concentrations of CO are less than 400 ppbv, the measureg008; Fischer et al., 2003), the slopeafiOz]/ A[NO,] pro-
slope of A[O3)/ A[CO] is large, with a value of 0.175. While vides useful information for the £production efficiency in

the concentrations of CO are greater than 400 ppbv, the meatifferent chemical conditions. Figure 10 shows the calcu-
sured slope is reduced to 0.05. As we described beforelated and measuredsENO, correlations. It shows that when
the data used to calculates@O correlation covers differ-  NO, concentrations are high nearby the city area (young city
ent aged plumes (as shown in Fig. 1). If we assume that thglume) G concentrations are not very sensitive to Nn-

high CO concentration conditions represent young city aircentrations. The ratio oA[O3])/A[NO,] is about 3.3. The
and low concentrations aged background conditions, the highatio increases to 5.7 in the low NQ@egime (in the aged
03-CO suggests that additionak@ produced in the aged plume). According to the study by Zanis et al. (2007), the
plume. Otherwise, the slope oB&CO correlation should be  |large A[O3]/ A[NO,] slope indicates high ozone production
the same in different ages of plumes. This result is consisefficiency, a result consistent with what we found here. s The
tent with the study by Wood et al. (2008) who found that the WRF-Chem calculation shows a similar result to the mea-
ratio A[Og]/A[CO] increases with the age of plumes, sug- surement in the aged plumes. However, the calculated ratio
gesting that secondary VOCs are more efficient at producof A[O3]/A[NO,] is generally overestimated in the young
ing Oz in aged plumes. The WRF-Chem calculated ratio of plumes. Recent studies by Shon et al. (2008) and Mena-
A[O3]/A[CQ] is consistent with the measured result. How- Carrasco et al. (2009) also suggest that the ozone production
ever, theA[O3]/A[CO] slope in the young plume is over- efficiency is higher in remote regions than in urban areas.
estimated. In the aged plume, the calculated slope is very
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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 to-
ward the northeast. The cross section (altitude vs. downwind
distance) of @ 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 the sur-
face (the calculated PBL height in the model ranges 1.5 to
2km on this day). The calculateds@oncentrations 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 @aximum at 300—
400 km downwind of the city. At this location, thes@on-
centrations have another maximum of 75 ppbv (the plume
age is about 4.6). In order to understand the secondagry O
maximum, the air mass from the city was tracked from 21
March (first-day) to 22 March (second-day). During the two
day period, the prevailing wind shifted from northward wind
(21 March) to northeastward wind (22 March). As a result,
the first-day CO maximum was transported northwardly to
100-200 km downwind during evening of 21 March. Dur-
ing the second day, there was a second-day CO maximum
in the city area, while the first-day CO maximum was trans-
ported northeastwardly to 200-300 km downwind during the
morning of 22 March. The first-day CO maximum was fu-
ture transported northeastwardly to 300-400 km downwind
of the city.
0 100 200 300 400 In order to estimate the causes for the ozone maximum
Downwind plume (km) in the aged plume, the reactivity of OH with various com-
pounds X, i.e. kon+x[X] is calculated. These chemical
compounds include CO, slow reactive VOCs (alkanes), very
reactive VOCs (alkenes and aromatic), and OVOCs (oxy-
. . genated VOCs including cresol, formaldehyde, ketones, gly-
Fig. 11. Calculated plume track for the flight of 22 March (upper oxal, methyl glyoxal, unsaturated dicarbonyl, peroxyacetyl

panel). The contour lines are the calculated CO column concentra- . - . .
tions from the surface to 2 km at 12:00 p.m., and the cross dots rep- itrate, and organic nitrate). Figure 12 shows the reactivity of

resent the downwind plume track. The lower panel shows the O OH with these 4_“_"“?3 O_f cqmpounds. The re§ult shows that:
(ppbv) cross-section of the plume following the downwind plume (1) the CO reactivity is significant both in the city area and in

track, with two G maxima shown for different chemical ages. 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 major chem-
4.5 The roles of different precursors for O3 production ical destruction for CO, and the rate constant is relatively
in the plume small. As a result, large amounts of CO are transported from
the city to the downwind area. For example, the CO con-
In order to study the causes of the different slopes ofNO centration is about 300 ppbv at 300 km along the plume (not
O3, CO-03, and NG-O3 in different aged plumes, the WRF- shown), and the high CO concentrations in the aged plume
Chem model was extensively applied to study the roles ofresult in the high OH reactivity in the aged plume. (2) The
0zone precursors on ozone production along the city plumesiate constants for OH+alkenes and OH+aromatics are about
The model has several advantages in analyzing ozone pr@0-100 times higher than the rate constant for OH+CO. The
duction in different aged plumes. First, tracing plumes in fast rate constants lead to high OH reactivity in the city area,
the model can be considered as a Lagrangian way for studymaking these precursors the major ones for ozone production
ing chemistries coupled with dilution in plumes. Second, thewithin Mexico City (Madronich, 2006; Tie et al., 2007). As
individual effect of @ precursors on @formation can be a result, a large portion of alkenes+aromatics is chemically
separately studied in the model. destroyed near the city, and thus less is transported down-
The methodology used here is to track the city plume bywind leading to the small OH reactivity in the aged plume.
following the high CO column concentrations from the city (3) OVOCs are mainly produced by chemical reactions in the
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Mar-22 12PM 4.6 The O; production efficiency in the plume

The oxidization of CO and VOCs leads to the production of
HO, and RQ radicals. Thus @is produced in the presence
of NO by following reactions:

EPETROTE BITYTETT| YT et S

HO, + NO — NO, + OH (R1)
0 100 200 300 400  RO2+NO— NO2+RO (R2)
NOz + hv — NO+ O (R3)
O+0; — O3 (R4)

As a result, Q is produced through the Reaction (R1)
through (R4) reactions and the rate-determining steps are
Reactions (R1) and (R2). The NO is re-generated in Reac-
tion (R3), so that it can participate in thig@roducing cycle
more than once. At high NQ the main termination of this

0 100 200 300 400

;E cycle is the reaction
£ NO; + OH — HNO3 (R5)
E The O; production efficiency {) was defined by Liu et
al. (1987) as
S = P(O3)/L(NOy) 3)

where P(O3) and L(NOy) are the production of and the
loss of NQ, respectively. According to the studies by Liu
et al. (1987) and Lin et al. (1988), the advantage of using
the Qs production efficiency is that the variations i Pro-
duction and NQ loss are often similar and therefore cancel
0 each other. The ©production efficiency) is the ratio be-

tween @ production and NQ loss, which reduces substan-

tially the uncertainty in the estimated total regional @o-
——— 0 2 W duction. However, significant nonlinearity still exists (Liu
et al.,, 1987). Lin et al. (1988) used both absolutepDo-
Fig. 12. Calculated OH reactivities (minuted) for CO, alka-  duction and net ©@production (including @ chemical pro-
nes, alkenes+aromatic, and oxygenated VOCs (including cresolguction and the effect of transport) for the calculation of the
formaldehyde, ketones, glyoxal, methyl glyoxal, unsaturated dicar-o3 production efficiency, and found that the; roduction
bpnyl, peroxyacetyl nitrate, and organic nitrate) at noontime for theefficiency is about 20—-30% (??) by using absolutep@o-
flight 22 of March. duction than net @ production. In this study, we use the
absolute @ production calculated from the Reactions (R1)
and (R2) to study the @production efficiency along the city
plume, which is expressed by

100 200 300 400
Downwind plume (km)

outflow, including the reactions of OH with alkenes, aromat-
ics, etc. and make important contributions to the OH reactiv-

ity near the city as well as in the aged plume. (4) The rateg _ (P[HO,] + P[RO,])/(kg x [NOL][OH]) )
of alkane reactions with OH is relatively low compared to

alkenes or aromatics. In the Mexico City area, the alkanep[HO,] = (ks x [HO,][NOJ) (5)
concentrations are lower than CO (Velasco et al., 2007; Tie

et al., 2007), although the rate of reaction with OH is higher P[ROz] = (Xkg; x [RO2];[NQJ) (6)

than CO. As a result, alkanes contribute to OH reactivity in

both young and aged plumes, but are usually not the domiWWhereP[HOz] and P[RO.] represent the @production due
nant species in either. to the oxidation of NO with H@and RQ, respectively. Note

that there are several types of R@nd thus [RGQ]; repre-
sents different R@ species, which are mainly produced by
the oxidation of VOCs by OH. The parameterskgf kg;,
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andkg are the rate coefficients for Reactions (R1), (R2), and Mar-22 12PM
(R5), respectively.

The calculated @production efficiency {) along the city
plume is shown in Fig. 13a (upper panel). ThegPoduction
efficiency is higher in the aged plume with a maximum value
of 60—-80 and is lower near the city with a minimum value of
10, suggesting that thesQproduction is about 6 times more
efficient in the aged plume than in the young plume. This
result explains that the secondary @aximum in the aged
plume shown in Fig. 11 arises from the facts that: (1) there
are high OH reactivities, largely due to the OVOCs oxida- i
tion, leading to the production of large amount RQ2) The o 100 200 300 400
O3 production efficiency is much higher in the aged plume Downwind distant (km)
than in the young plume, leading to more production gf O
molecules with each NPmolecular being consumed in the
aged plume. As a result, even though the Nfoncentra-
tions are low, a fairly large amount ofs@s produced in the
aged plumes. The high4roduction efficiency is associ-
ated with lower concentrations of NOAs a result, the high
O3 production efficiency cannot be considered as high O S
production rate. For example, the lower panel of Fig. 13a
shows that although the production efficiency is lower in the
city, the rate of @ production is highest (30 ppbv/hour). By
contrast, the rate of ©production is low in the aged plume
(0.3 ppbv/hour), although the production efficiency is highest
in this region.

From Eg. (4), there are 2 important components in con-
tributing to the @ production and production efficiency. One
is through the H@+NO reaction £[HO2]), and another is

L EEER——————]
[¢] 1 5 10 20 30 40 50 60 80 100

Ozone Production Efficiency

through the R@+NO reaction P[ROz]). Because H@ and ° i - BP0 == ==

RO, result from different oxidation processes (e.g., CO ox- Dowmwind distant (km)

idation produces only H@radicals, while VOC oxidation RN R R LA L L

produce both H@ and RQ radicals), it is important to un- ©zene Preduction (ppbv/hour)

derstand the individual contributions of H@nd RQ to the

O3 production and production efficiency. Fig. 13a.Calculated @ production efficiency (upper panel) and the

rate of G production (ppbv/hour) along the plume track at noon-

Figure 1 hows the individual contribution of P
gure 13b shows the individual contribution of P[0 time for the flight of 22 March.

and P[RQ] for the Oz production and production efficiency.

SHo, = P[HO2]/ (kg x [NO2][OH]) (7) L ,

aged plume (showing in Fig. 13a) is largely results from the
Sro, = P[RO]/(kg x [NO2][OH]) (8) RO,+NO reactions and a small portion from the F¥NO

reaction. Figure 13c shows the noontime concentrations of

The result shows that both th#io, and Sro, are lower o o, and RQ along the city plume. The results indicate

nearby the city (young plume) than the aged plume. FOr eXyhar oH concentrations are lower inside the plumezldan-
ample, values ofho, and Sro, are about 10 and 5 in the o ations are more uniformly distributed:; andR@ncen-
young plume and 20 to 50 in the aged plume, respectivelyy iions are enhanced inside the plume. This result suggests
However, there is an |mport.ant difference between the Val'that the air pollutants emitted from the city intend to convert
ues ofSho, and Sro,. The high values ofro, are mostly o4, RQG inside the plume. There is also a clear indication

located in the aged plume (as shown in lower panel). By CONy a4 the |argest enhancement of Raccurs at aged plume
trast, the high values dfo, are distributed throughout the region, which results in highests®roduction efficiency in

entire plume. The wide distribution 6to, can be explained  .< raqion (see the lower panel of Fig. 13b
by the fact that CO concentrations are widely distributed be- gion ( P 9. 13b).

cause of its long chemical lifetime. As a result, the HOn-
centrations are more uniformly distributed, while the large
RO, concentrations are mostly found in the plume. This re-
sult suggests that the highs@roduction efficiency in the

www.atmos-chem-phys.net/9/4621/2009/ Atmos. Chem. Phys., 9, 46382009
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Mar-22 12PM Mar-22 12P
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Ozone production Efficency

— : T ——
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Fig. 13b. Calculated @ production efficiency from H@ and RQ

contributions, respectively. pptv

Fig. 13c. Calculated OH, H@, RO, concentrations (pptv) along
5 Summary the plume track at noontime for the flight of 22 March.

The O; concentration and its evolution in the Mexico City

plume during the MIRAGE-Mex field campaign were stud- by about 0 to 25% during 5 different flights. This contributes
ied. The in-situ aircraft measurements of, O, VOCs, to the underestimation of some long-lived chemical species
NOy, and NG concentrations were compared to the calcula-(CO, O;, NOy, etc.) in the plumes. (3) The uncertainties
tions of a regional chemical/transport model (WRF-Chem).in calculating CO, @, NOy, VOC concentrations in the city
The model calculation was also used to interpret the meaplumes are-50 to +20%. After adjustment for the transport
sured results, and to understand the &olution in the  processes based on CO concentrations and background con-
downwind of the Mexico City plume. The comparisons be- centrations, the uncertainty range is reduced to ab@atto
tween the calculations and measurements can be summarize@0% which is probably mostly related to the surface emis-
by the following aspects: (1) the WRF-Chem model has asion estimates, and other uncertain processes.

capability to capture the measured city plumes, and the cal- The results show that OH reactivity with CO is relatively
culated variability along the flight routes is generally con- low in the city area (the young plume), but increases rela-
sistent with the measured results, showing a rapid enhancedively in the aged plume. This is because the OH reaction
ment when city plumes are detected. (2) From the evaluawith CO is a major chemical destruction mechanism for CO,
tion of CO concentrations (considered as a chemically inac-and the rate of reaction is low. As a result, large amounts
tive tracer) in both the surface measurements and the aircrafif CO are transported from the city to the downwind area,
measurements, the transport from the surface of the city toesulting in ongoing OH reactivity. Alkene and aromatic re-
the plume levels (ranging from 3 to 5 km) is underestimatedaction rates with OH are high. As a result, the fast reactions
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lead to high OH reactivity in the city area, and low OH re-  ment campaign at Mt. Cimone, Atmos. Chem. Phys., 3, 725-738,
activity in the aged plume. OVOCs are mainly chemically 2003,

produced by chemical reactions. Thus, OVOCs are contin- http://www.atmos-chem-phys.net/3/725/2Q03/

uously produced along the city plume, and have importantGodowitch J. M., Hogrefe, C., and Rao, S. T.: Diagnostic analy-
contributions to the OH reactivity near the city as well as in €S of a regional air quality model: Changes in modeled pro-
the aged plume. Alkanes contribute to the OH reactivity in cesses affecting ozone and chemical-transport indicators from

. NOx point source emission reductions, J. Geophys. Res., 113,
both young and old plumes, but usually are not the domi D19303, doi:10.1029/2007JD009537, 2008.

nant species in either. The a”a'YS'S of measuremem§ © Grell, G. A., Peckham, S. E., Schmitz, R., McKeen, S. A., Wilczak,
CO, Os-NOy, and Q-NO; F:orrelatlons) and the calculation 3 "ang Eder, B.: Fully coupled “online” chemistry within the
of the O production efficiency §) showed that the ozone  \WRF model, Atmos. Environ., 39, 6957-6975, 2005.

production was more efficient in the aged plume than in theHong, S., Noh, Y., and Dudhia, J. A.: New Vertical Diffusion Pack-

young plume, indicating that substantiad @roduction occur age with an Explicit Treatment of Entrainment Processes, Mon.
downwind of the city, adding to the {already produced in Weather Rev., 134, 2318-2341, 2006.
the city and exported with the plume. Horowitz, L. W., Walters, S., Mauzerall, D. L., Emmons, L. K,
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