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Abstract. The resolution of regional chemical/dynamical olution for meteorological conditions (6 km), the calculated
models has important effects on the calculation of the distri-CO and @Q are considerably improved compared to the re-
butions of air pollutants in urban areas. In this study, the sensults obtained with coarse resolution for both emission in-
sitivity of air pollutants and photochemical ozone production ventory and meteorological conditions (24 km). The resolu-
to different model resolutions is assessed by applying a retion of the surface emissions has important effects on the cal-
gional chemical/dynamical model (version 3 of Weather Re-culated concentration fields, but the effects are smaller than
search and Forecasting Chemical model — WRF-Chemv3) tdhose resulting from the model resolution. This study also
the case of Mexico City. The model results with 3, 6, 12, andsuggests that the effect of model resolution gnp@ecursors

24 km resolutions are compared to local surface measureeads to important impacts on the photochemical formation
ments of CO, N, and G. The study shows that the model of ozone. This results directly from the non-linear relation-
resolutions of 3 and 6 km provide reasonable simulations ofship between @formation and @ precursor concentrations.
surface CO, N@, and G concentrations and of diurnal vari- Finally, this study suggests that, considering the balance be-
ations. The model tends to underestimate the measurementaeen model performance and required computation time on
when the resolution is reduced to 12km or less. The cal-current computers, the 6 km resolution is an optimal resolu-
culated surface CO, NQ and G concentrations at 24km tion for the calculation of ozone and its precursors in urban
resolution are significantly lower than measured values. Thisareas like Mexico City.

study suggests that the ratio of the city size to the thresh-
old resolution is 6 to 1, and that this ratio can be considered

as a test value in other urban areas for model resolution set- ]

ting. There are three major factors related to the effects oft Introduction

model resolution on the calculations o @nd & precur- . ) . .

sors, including; (1) the calculated meteorological conditions, " 1arge cities, ozone (§) is often a major air pollutant.
(2) the spatial distribution for the emissions of ozone precur-FOr €xample, in Houston, Texas and the coast cities of Cali-
sors, and (3) the non-linearity in the photochemical ozonefornia, the ozone concentrations often exceed 200-300 ppbv

production. Model studies suggest that, for the calculations(l:)"’“’i_S and Speckman, 1999; Lei et al., 2004; Zhang et al.,
of O3 and G precursors, spatial resolutions (resulting from 2004; and Mahmud etal., 2008). Such high ozone concentra-

different meteorological condition and transport processesjions have important effects on human health (Noyes et al.,

have larger impacts than the effect of the resolution associ2009)- Ozone is photo-chemically produced through a com-

ated with emission inventories. The model shows that, withPlicated path of photo-chemical processes (Crutzen, 1975;

coarse resolution of emission inventory (24 km) and high res-Chameides and Walker, 1976; Siliman, 1995; Kleinman et

al., 2000). The formation of tropospheric ozone is non-
linearly related to the presence of carbon monoxide (CO),

Correspondence toX. Tie nitrogen oxide (NQ =NO+NO,), and volatile organic com-
BY (xxtie@ucar.edu)

pounds (VOCs). In large cities, these ozone precursors are
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mainly emitted from anthropogenic activities, i.e., combus-
tion by automobiles, energy production and industrial activ-
ities. Determination of the spatial distribution of the ozone 7
precursor emissions is always a difficult task, especially in o |
urban areas where highly variable sources are present.
In order to better quantify the formation of ozone in large >
urban areas, numerical chemical/dynamical models are use(
to assess the path towards high ozone episode events (Lei ¢ |
al., 2004, 2008; Li et al., 2007; West et al., 2004, Tie et al., o — |
20094, b; Ying et al., 2009; Zavala et al., 2009a, b; Zhang et
al., 2009). However, there are many uncertainties in the cal-
culation of the ozone formation, which are associated with
the spatial resolution adopted in three-dimensional chemical-
transport models. The choice of the horizontal resolution 5
adopted in regional chemical/dynamical model has an im- O___._--——-""""
portant impact on the calculated concentrations of ozone and
its precursors. Three factors must be considered: (1) the
spatial resolution of meteorological features, which affects
transport of chemical substances, (2) the spatial resolution of
surface emissions, and (3) the spatial resolution at which the
non-linear chemical reactions are taking place. These three
important issues, which have an impact on the quantitative
estimate on the ozone production and distribution rates espe
cially in urban areas, are schematically illustrated in Fig. 1.
Model studies have been performed at varying horizon-
tal resolutions to assess the influence of spatial resolution > Low resolution
on several meteorological parameters. For example, Mass et O
al. (2002) used a regional dynamical model (MM5- the fifth-
generation Pennsylvania State University-National Center
for Atmospheric Research Mesoscale Model) to evaluate the
effects of model resolution (4, 12, and 36 km) on calculated
wind, temperature, and sea level pressure. They showed that
there are significant improvements in the calculation of these
dynamical parameters, when increasing the resolution from
36 to 12 km. Colle et al (2000) used the same MM5 model to
study precipitation rates at different model resolutions. Theirgig. 1. Schematic representation of the impact of model resolution
result indicates that calculated precipitation rates are considen the calculation of chemical oxidants in large cities, including (1)
erably improved by changing the model resolution from 36 toimpact of resolution on the calculation of meteorological quantities
12 km. Cairns and Corey (1998) also used the MM5 model toand transport of air pollutants (upper panel); (2) impact of resolu-
analyze mountain winds. Their study suggests that the calcution on the calculation of meteorological conditions with changes in
lated winds are improved by increasing the model resolutiormission inventory resolutions (middle panel); (3) impact of resolu-
from 27 to 3km. The impact of model resolution on predict- _tlons on thg cglcu_latlons of meteor_ologmal condltl_ons with changes
ing fire danger was also addressed. Hoadley et al. (2004), fop both emission inventory resolutions and non-linear photochem-
example, used the MM5 model and found little improvementIStIry (lower panel).
in the prediction of fire danger with increased model resolu-
tion. It is likely that significant timing and magnitude errors
at all resolutions jeopardize the accurate prediction of firelutions. The model used here is a newly developed chem-
danger. Misenis and Zhang (2010) suggested that the calcueal/dynamical model (version 3 of Weather Research and
lated chemical oxidants are sensitivity to the nesting method~orecasting Chemical model - WRF-Chem-v3). It is used to
at 4 km than 12 km resolution. investigate the effects of changing spatial resolution and cal-
So far, little attention has been paid to the effects of modelculated Q concentrations in a mega city (Mexico City). The
resolution on ozone formation. This question involves com-calculated concentrations are compared with surface mea-
plicated scientific issues as mentioned in the above parasurements in the city. This comparison helps in evaluating
graphs. The present study focuses on ozong) @hd  the effect of resolution on model performance. The paper is
ozone precursor calculations with various horizontal reso-organized as follows: In Section 2, we briefly describe the

Low resolution

== High resolution

High resolution

High resolution
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regional chemical/dynamical model (WRF-Chem). In Sec-
tion 3, the simulated concentrations of ozone and ozone pre-
cursors are compared to observations. Section 4 focuses o
the effect of the model resolution on the calculated ozone
distribution and specifically assesses the importance of the
resolution at which transport, emission, and photochemical
processes are treated.

2 Chemical model

The calculations presented in the present study are performe
by using the WRF-Chem model (version3). This modeling
system includes two components: a dynamical module and
a chemical module. The Weather Research and Forecast
ing (WRF) model used here as the dynamical module is a
mesocale numerical weather prediction system designed tc
serve both for operational forecasting and atmospheric re-
search needs. The effort to develop WRF has been througt
a partnership between the National Center for Atmospheric
Research (NCAR), the National Oceanic and Atmospheric
Administration (NOAA), the National Center for Environ-
mental Prediction (NCEP), the Forecast Systems Labora-
tory (FSL), the Air Force Weather Agency (AFWA), the 6T 2 3 5 7 10 1m0
Naval Research Laboratory, the University of Oklahoma,
and the Federal Aviation Administration (FAA). The model

equations are solved for fully compressible and nonhydro-rig > Emission inventory of carbon monoxide in Mexico City at

static conditions. The Yonsei University (YSU) PBL scheme gjfferent resolutions(a) 3x3 km?, (b) 6x6km?, (c) 12x12 kn?,
(Hong et al., 2006) is used for calculating the PBL height. and(d) 24x 24 kn?.

A detailed description of WRF model can be found on the
WRF web-sitehttp://www.wrf-model.org/index.phpin ad-
dition to dynamical calculations, a chemical module is cou-the maximum and minimum £concentrations were gener-
pled on-line with the WRF model. A detailed description of ally consistent with surface measurements. In this study, the
the chemical component of the model is given by Grell etdifference between calculated and measured values is further
al. (2005). The model is used here with some modificationsevaluated by considering the influence of different model and
introduced by Tie et al. (2007). emission resolutions.

In this study, the horizontal model resolutions are selected
to be 3, 6, 12, and 24 km in a 92@00 km domain centered
around Mexico City. The emission inventory for 5CGCO, 3 Model results
NO, and VOCs are shown in Table 2 of Tie et al. (2009b).
In all cases, the total emissions are the same while the horiln order to evaluate model performance at different resolu-
zontal distributions of these emissions vary according to thetions, model results are compared to surface measurements
model resolution that is adapted (illustrated in Fig. 2). Thein Mexico City. Air pollutants in Mexico City have been
model equations are integrated for several days from 26 to 2#nonitored routinely since 1986 by an automatic air quality
March 2006, and only the last 2 day results (28 and 29 Marchmonitoring network (RAMA) (Molina and Molina, 2002).
2006) are used in the analysis (the first two day results ar@he locations of the measurement sites are shown in Fig. 3
considered as spin up of the model calculations). Becausand detailed in Table 1. As indicated in Table 1, there is a to-
the model result for the two days is quite similar, the analysistal of 15 measurement sites. For example, the red dots show
focuses on the result of 28 March. In previous studies, thesites provide @ measurements only, green dots correspond
WRF-Chem model was evaluated by comparing calculatedo sites where CO and N&oncentrations are measured, and
03, CO, and NQ concentrations to ground measurementsblue dots correspond to measurement sites fgr@D, and
from operational monitors in Mexico City (Tie et al., 2007; NOy concentrations. On 28 March, the observed noon time
Ying et al., 2009; Zhang et al., 2009). The simulated con-wind was blowing from the SSW with wind speeds of 5-
centrations at model resolution of 6 km, the magnitude andlO m/s and clear sky conditions (Fast 2007). The simulated
timing of simulated diurnal cycles of CO, and NQ, and  wind is generally from the south with a speed of 3-8 m/s at

Mole*0.1/s/km2
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Table 1. The information of surface measurement sites in Mexico
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The reds represents forsOneasurement only; the yellows for CO and fNenly; and
the blues for @, CO, and NQ. Fig. 3. Surface measurement sites in Mexico City. The red dots rep-
resent sites for only ozone measurements; the green dots represent
the sites when CO and NGare measured; and the blue dots repre-
noontime outside of the city (see Fig. 3). However, inside sent the sites when CO, NQand G are measured. The calculated
the city, there is an indication that the mountain breeze hadvind pattern at 12 p.m. on 28 March 2006 is also shown.

a strong influence on both the wind direction and the wind

speed. In Table 1, the measurement sites are listed from south

to north, except in the case of the CHA site, which is locatedthe downwind area. However, there are apparent differences
at a far-east location. This particular site is generally not sub4n the detailed horizontal structures. The peak CO concen-

stantially affected by city pollution. trations are higher in high resolution (3 and 6 km) models
In order to better understand the individual contributions than in lower resolution (12 and 24 km) models. For exam-
to the calculation of air pollutants of different processes (suchPle, the maximum concentrations reach 2000-3000 ppbv at
as meteorological condition, transport process, emissionghe center of the city when the 3 and 6 km resolutions are
and non-linear photochemistry) due to changes in horizontapdopted, but reach only 1000-1500 ppbv at the center of the
resolution of the model, several chemical species (CO,,NO City when 12km resolution is used. This maximum becomes
and Q) are calculated at different resolutions and comparedonly 700 ppbv with the 24 km resolution model. At low reso-
to the measured surface concentrations. For example, thiition, the CO concentration patterns are therefore consider-
calculated CO concentrations at different resolutions mainlyably more diffused than at higher resolution. In addition, one
result from the changes in meteorological conditions, trans-notices that the high CO concentration area is shifted north-
port processes, and emission inventories, but are not substafard in the 24 km resolution case due to the coarse resolution
tially affected by non-linear photochemistry (CO has a slowadapted for the emissions (see Fig. 2). The lack of detailed
destruction reaction rate by OH). By contrass, i©strongly spatial structure of high concentrations in the CO concentra-
controlled by non-linear photochemistry. As a result, com-tion pattern together with a northward shift in the CO dis-
parisons of calculated patterns for different chemical speciedribution has important impacts for air pollution issues, and
can highlight the contributions of different processes that arespecially for the calculation of the production of secondary

affected by model resolution. pollutants.
Figure 5a provides a comparison between measured and

calculated diurnal variations of surface CO concentrations.
In both cases, two maxima and two minima are seen in both
Figure 4 shows the calculated surface distribution of carborthe measurements and the calculations. The first maximum
monoxide at different horizontal resolutions. It indicates thatof CO occurs around 8 AM and second one in late evening.
the surface CO concentrations are generally characterized b&s explained by Tie et al. (2007), this strong diurnal varia-
the same horizontal patterns at 3, 6, 12, and 24 km resolutiortion is mainly due to the combination of diurnal variations
The surface CO concentrations are highest in the center of thimm the height of the planetary boundary layer (PBL) and in
city. Carbon monoxide is transported northward as plumes irthe CO emission rate. The calculated diurnal variations have

3.1 Carbon monoxide
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Fig. 5a. Calculated and measured surface diurnal variations for CO
similarities with the measured variations. However, somemixing ratio (ppmv) at various sites of Mexico City (shown in Ta-
distinguished differences are noticeable, especially for in thedle 1) in the different resolutions. Black lines represent the calcu-
low resolution (24 km) model configuration. Less noticeable ated value at 3km resolution; blue lines for 6 km resolution; green
differences are found for 3 and 6 km resolution. Note hOW_Iines for 12 km resolution, red lines for 24 km resolution. Black dots
ever that, the evening maximum is somewhat different in the SPresent the measured values.
3 and 6 km resolution models. At 12 km resolution, the cal-

culated CO diurnal variation is similar to the variations ob- | 4o is not suitable for model calculations in the center

tained at 3 and 6 km. However, the magnitude of the morning¢ 11« city. At the north edge of the city (SAG, TLA, TLI
maximum is less pronounced, and at some sites (SUR, PED,q v/|F) the calculated CO concentrations are considerably
LAG, and HAN), the calculated morning maximum is un- jynroved compared to the situation at the city center, espe-
derestimated. As indicated in Figs. 2 and 3, these sites argja|y at the VIF site (far-north of the city and downwind of
located at the center of the city where the emission rate arity plume), indicating that, at the edge of the city, the coarse

highest. As aresult, the choice of a lower emission resolution g ytion provides better results than the center of the city.
(12 km) causes dilution of the calculated CO in the vicinity

of these sites, leading to an underestimation of the calculated.2  Nitrogen oxides

CO concentrations. However, on the north side of the city

(TLA, SAG, TLI, and VIF), the calculated CO concentration Figure 5b shows the measured and calculated diurnal varia-
at 12 km resolution is very similar to the calculated CO at 3tions of surface N@ concentrations. In this case, the model
and 6 km resolution. For a resolution of 24 km, the calcu-shows that the NQconcentrations derived at different res-
lated CO concentrations are substantially different from theolutions have diurnal variations similar to what is seen in
corresponding concentrations derived at 3 and 6 km. Theyhe case of CO. The main conclusion is that the calcu-
largely underestimate the measured values. In the center dated NG, concentrations are generally consistent with the
the city (SUR, PED, PLA, and LAG), the calculated CO con- measured NQdiurnal variation at 3, 6, and 12 km resolu-
centrations are close to background values (100 ppbv) and ntion. However, at 24 km resolution, the calculated ,Nd)
diurnal variation is apparent, suggesting that this coarse resdrnal variation changes sharply, and the model significantly
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Fig. 5b. Same to Fig. 5a except for NGppbv) diurnal variations. ~ F19- 5¢- Same to Fig. 5a except fors@ppbv) diurnal variations.

underestimates the NOneasured values, especially at the with the different resolutions have important impacts on the
center of the city. At the north edge of t’he city, the calcu- calculated ozone distributions. For example, the calculated

lated NQ concentrations at coarse resolution are improvedo3 concentrations at 3 and 6 km resolution are characterized

compared to the values derived at the city center, especiall{y @ Srong maximum in the afternoon. This maximum is
at the VIF site. Because both CO and Néve directly emit- comparable to the measured Maximum. At the ce_nter of
ted by surface sources, the calculation nearby the city sites i€ City (TAC, HAN, and TLA), the calculatedInaximum
largely dependent upon the resolution of the adopted emis'S higher than the measureds @alues. The calculated£O

sion inventory. The 24 km resolution for emission and for minimum OCcurs in the morning whe_n the 3_' 6, and 12km
the model is too coarse when applied to the regional model€solution are adopted, which is consistent with the measure-
in Mexico City ments. However, the calculateg ©oncentrations obtained

at 24 km resolution are very different compared to the mea-
3.3 Ozone sured values, and are characterized by smaller diurnal varia-

tions. The maximum of @in the afternoon is significantly
Figure 5¢c shows the measured and calculated diurnal varidower than the measured values downwind of the city and at
tions of surface @ concentrations at the measurement sites.the city center. The morning minimum is largely overesti-
Unlike CO and NQ, which are directly emitted from surface mated at these sites. Downwind of and at the edge of the
sources, @ is photochemically produced and its chemical City (such as CHA and CUA sites), the calculategidurnal
formation has a complicated non-linear relationship with O Vvariations are closer to the observation that in the center of
precursors (CO, NO, and VOCs). As a result, the differentthe city.
distributions of @ precursors (such as CO and N@erived
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2001 1 a minimum of 40 ppbv due to a rapid increase in the PBL
| height (Tie et al., 2007). The calculated N@ixing ratio at
150 ! 3, 6, and 12 km resolution are also rapidly decreasing after
: 8a.m. At 24 km resolution, there is a very weak diurnal vari-
ation and the calculated N@oncentrations are consistently
lower than the measured values, especially during the morn-
ing hours. For example, the calculated morning maximum
in the mixing ratio is about 30 ppbv, which is approximately
80% lower than the measured value (160 ppbv). The calcu-
lated mean CO diurnal variation is characterized by similar
features than the calculated mean,N@ general, the calcu-
lated CO concentrations at 24 km resolution are significantly
lower than the measured values, especially during the morn-
ing hours.
The averaged @diurnal cycle (shown in the lower panel
of Fig. 6) is different from the averaged CO and Ndurnal
variations. In the case of ozone, the cycle exhibits a mini-
mum in the morning (at 7 AM) and a maximum in the after-
noon (at 2p.m.). The calculateds@oncentrations at 3, 6,
and 12 km exhibit a similar diurnal variation. However, the
calculated @ concentrations at 3km resolution are higher
than the measured values, especially during the afternoon
(by about 35%). By contrast, thesQ@liurnal variation de-
rived at 24 km resolution is very different from the measured
diurnal variation. The @ concentrations calculated during
daytime (from 8 a.m. to 19 p.m.) are consistently lower than
the measured values. For example, at 2 p.m., the calculated
O3 concentration is equal to 45 ppbv, which is about 45%
lower than the measured value (80 ppbv). The calculated
concentrations during nighttime (from 6p.m. to 7a.m.) are
consistently higher than the observations. Since the diurnal
variation of ozone is strongly regulated by the chemical pre-
i i . cursors in large cities (Zhang et al., 2004), the small ozone
(FngGe'rizlr?gllftce:doa(T:ié?j?jzl;fg)s:izc&%iinsgxilr;ax/gsra{gfegO diurnal variation calculated at 24 km resolution suggests that
' ’ . the concentrations of £precursors are underestimated by

mixing ratios measured at selected sites in Mexico City. The black

lines represent the calculated mixing ratios at 3 km resolution; thethe model in the urban area. This is consistent with the cal-

blue lines at 6 km resolution; the green lines at 12 km resolution, anPulated concentrations of CO and N@s represented in the

the red lines at 24 km resolution. The black dots show the measuretipper and middle panels of Fig. 6.

values. The results presented above clearly indicate that there is
a threshold value in the model resolution under which the
discrepancy between calculated and observed concentrations

3.4 Diurnal variation and horizontal distribution becomes larger than acceptable, especially in large urban ar-
eas. In our study, the concentrations of ozone and its precur-

Figure 6 shows that the mean diurnal variations of COxNO sors change considerably when the model resolution changes

and G averaged over all measurement sites. The calcufrom 12 to 24 km. Specially, a resolution of 24 km is not suit-

lated NQ diurnal variations are generally consistent with able for calculating the distributions of air pollutants in Mex-

the measured values at the resolutions of 3, 6, and 12 kmico City. At 12 and 24 km resolution, the ratios of the city

During early morning, the measured N€oncentrations are  boundary (about 70 km in length and width) to the size of the

about 30 ppbv, and the calculated concentrations at 3 anflorizontal grid are about 6 to 1 and 3 to 1, respectively. The

6 km resolution are slightly higher than the measured val-threshold value for the model resolution is therefore approx-

ues. After 6 a.m., the measured NEncentrations increase imately 12 km, which implies that the ratio between the size

rapidly to reach a maximum of 160 ppbv at 8a.m. By com- of the city and the grid size of the model should be at least a

parison, the calculated NOmaximum at 3 and 6 km reso- factor of 6 to 1.

lution (140 ppbv) is close to the measured value. During

daytime, the measured NCzoncentrations are reduced to

0 5 10 15 20
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Table 2. The information regarding the model runs at different res- |
olutions.

Resolution  Note

T

Run-1  3km Emission(3 km) and Grid (3 km)
Run-2  6km Emission(6 km) and Grid (6 km)
Run-3  12km Emission(12 km) and Grid (12 km)
Run-4  24km Emission(24 km) and Grid (24 km)
Run-5 6km Emission(24 km) and Grid (6 km)

4 Discussion of results

The above discussion shows that the model resolution has ?
Py~

very strong impacts on the calculated concentration of ozone , .~

Py

and its precursors in urban areas. As highlighted and illus- |7 7
trated Fig. 1, the impact of model resolution on the calculated i

Oz and G precursor concentrations can be attributed to three ;7 %
main factors; (1) the spatial resolution of the surface emis- {{ f
sion of ozone precursors, (2) the resolution of meteorolog- H"
ical fields, and (3) the effect of resolution on the calculated 1' {{

photochemical ozone production and destruction rates. In or
der to study the individual contribution to these three factors,
five model simulations are performed. They are listed in Ta-
ble 2. In Run-1 through Run-4, the model resolution varies ppbyv

from 3 to 24 km, and the changes in the calculated concentra-

tion of ozone and its precursors are due to the combination ofig. 7. Calculated surface distributions of the CO mixing ratio
all these three factors. In Run-5, the model resolution is sefppbv) in Mexico City with wind patterns at different resolutions.
at 6 km resolution, except for the emissions, for which the Run-2 corresponds to 6 km resolution, Run-4 to 24 km resolution,
resolution is equal to 24 km. Thus, the difference betweena“d Run-5 to 6 km resolution with 24 emission resolution.

Run-5 and Run-2 is mainly due to the difference of emission

resolution, while the difference between Run-5 and Run-4 is

mainly due to the difference in the resolution adopted for thedt 24km resoluyon tend ta be diluted in the Igrge .urban area
calculated meteorological conditions, (576 kn¥), leading to reduced CO concentrations in the cen-

ter of city and enhanced CO concentrations in the edge of the

4.1 The effects of meteorological conditions at different ~ City area (see Fig. 7).
resolutions

[ — I I I [ —
100 150 200 300 400 500 700 1000150020003000

4.2 The effects of emission inventory at different
Figure 7 shows the calculations of the CO surface distribu- resolutions
tions obtained for Run-2, Run-4, and Run-5. Because CO
is only weakly chemically reactive, the calculated CO dis- As shown in Table 2, the differences between Run-2 and
tribution derived after a few days of integration is affected Run-5 provide information on the effect of the resolution
by the spatial resolution of transport processes (driven byassociated only with surface emissions (6 km in Run-2 and
the calculated meteorological conditions, such as wind di-24 km in Run-5). The overall model resolution is the same
rection and speed) and of surface emissions. As shown iiin both cases. Figure 7 shows that the distribution of the
Fig. 7, there are very large differences between the results o£O surface concentration is considerably improved in Run-
Run-5 and Run-4, suggesting the importance of the spatiab compared to Run-4, suggesting that more accurate mete-
resolution adopted for the simulation of transport processesorological parameters improves the CO distributions in the
For example, the detailed wind pattern calculated in Run-5center of the city. However, there are also clear differences
(6 km grid) cannot be resolved in Run-4 (24 km grid). There between Run-2 and Run-5. Thus, the resolution at which the
are also indications that the mountain breeze at the west anemissions are provided, has also a significant impact on the
east edges of Mexico City is resolved in a grid size of 6 km calculated CO distributions. For example, the maximum CO
but not of 24 km. These detailed wind distributions play im- density at the center of city is reduced from 1000 to 700 ppbv,
portant roles in distributing the CO that is emitted from the when higher resolution emissions are adopted. There are also
city sources. In addition, the calculated CO concentrationgndications that the CO distributions obtained with Run-5 are
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, to the concentration of its precursors (including CO,,NO

E SUR and VOCSs). Thus, the calculateg @istributions are not di-

2 . rectly dependent upon the resolution of the emission inven-
1 *e tories, but are indirectly related to the resolution of precursor
0 le i) 3 emissions. Because the ozone formation rate is a nonlinear

function of Qs precursors (Lin et al., 1988; Kleinman, 2000),
the chemical production rate of ozone is a function of model

S PLA i R i resolution.

3 . 3 In order to get insights of the effects of resolution on ozone
2 A o 2 photochemistry, ozone chemical productions are calculated
g]L . [1] for Run-2, Run-4, and Run-5. The ozone chemical produc-

tion is initiated by the oxidization of CO and VOCs, which
leads to the production of HOand RQ radicals. In the

. presence of NO, ozone is produced by the following reaction
chain (Brasseur et al., 1999):

HO, 4+ NO— NO,+ OH (R1)

" RO;+NO— NO,+RO (R2)
.. . . NOz+hv—NO+0O (R3)
i SAG : LA
3 . 3 ‘e ‘" 0+02— O3 (R4)
2 * .. 2 ......
[1]'... iy /s [11 Vs From Reactions (R1) and (R4), the; ©hemical produc-
0 5 10 15 20 ¢ 5 10 15 20 tion rate is expressed by
. . . i P (03) = PH0o,(03) + Pro,(03) 1)
: TL, 3 VIF
3 . 3 . PHo,(03) = k1 x (HO2)(NO) (2
2 . L] 2 .
N Neel)S N1 MRo09= B (ROD(NO) ©
6— 5 10 15 20 . 0 5 10 15 20 .

where P(O3) represents the total rate o @roduction and

Fig. 8. Calculated and measured CO diurnal variations in the sur Pro,(0s) and Pro,(Os) the rate of @ production due to the
face mixing ratio (ppmv) at different sites (shown in Table 1) for oxidation of NO by HQ and RQ, respectively. Note that

different resolutions in Mexico City. The black lines represent the RO standshfor sgverg ! typfes of peroxyhradlcals that ;';lre F:O_
mixing ratio calculated in Run-2; the blue lines represent the valuesduced by the oxidation of VOCs by the .O.H radical. The
calculated in Run-5; the red lines represent the values calculated iRarameters ok, andky; are the rate coefficients for Reac-

Run-4. The black dots represent the measured values. tions (R1) and (R2), respectively.
Figure 9 shows the calculated noontime rate of photo-

chemical ozone productiof(Os) (ppbv/hour) with Run-1,
more spatially mixed than with Run-2. However, the model Run-2, Run4, and Run-5, respectively. These graphs show
results seem to be more sensitive to the atmospheric resoldhat the distribution ofP(O3) is generally similar for Run-
tion of dynamics and photochemistry than to the resolutionl and Run-2 with a maximum value of 50-60 ppbv/hour at
of surface emissions. As shown by Fig. 8, the diurnal varia-the center of the city. However, it appears that thed-
tions in the CO concentrations, especially at the center of thdribution of Run-1 has a finer structure than in the case of
city (such as SUR, PED, PLA, and LAG sites), are improved Run-2 due to the finer resolution of the model. The distri-
when the high model resolution (6 km) and the coarse resolubution of P(O3) produced by Run-4 is very different than
tion in emissions (24 km) are adopted. The calculated value# Run-1 and Run-2, highlighting that the coarse resolution
are still lower than the measured concentrations at other site€4 km) is not suitable for performing ozone chemical stud-

(such as HAN and SAG). ies in urban areas. The calculat®dO3) has a maximum
(30-40 ppbv/hour) in the northwestern area of the city rather
4.3 The effects of ozone photochemistry than in the center of the city (as shown in Run-1 and Run-2).

As a result, the calculatedsQ@liurnal variations are close to
As we described above, ozone, a secondary pollutant, is nadhe measured values at these sites (such as HAN, SAG, and
directly emitted from surface sources, but is closely relatedCHA), but are largely underestimated when compared to the
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Table 3. Statistics of the model performance for different model
resolution.

CO (ppmv)

Mean Min Ma A(Mean) A (Max)
Measured 1.22 0.10 4.40
3km 1.15 0.21 5.48 —-0.07 1.08
6 km 1.12 0.17 4.54 —0.10 0.14
12km 0.89 0.21 2.44 —-0.33 —1.96
24 km 0.40 0.11 1.80 —-0.82 —2.60
6 km* 0.90 0.16 3.48 -0.32 —-0.92

NOx (ppbv)

Mean Min Max A (Mean) A (Max)
Measured 60.0 7.0 277.0
3km 64.6 2.0 311.8 4.6 34.8
6 km 63.8 3.2 257.1 3.8 -19.9
12 km 48.2 31 142.5 -11.8 —-134.5
24 km 16.9 0.1 104.6 —43.1 —-172.3
6km* 47.6 0.9 1945 -12.3 —-82.4

Ogz day (ppbv)

Mean Min Max A (Mean) A (Max)
Measured 43.1 1.0 103.0
3km 67.4 2.0 169.6 24.2 66.6
6 km 524 1.0 192.6 9.2 89.6
12km 49.4 1.5 118.5 6.3 15.5
24Kkm 350 8.0 62.6 -8.1 —40.3
6 km* 58.1 1.3 189.1 15.0 86.7 Fig. 9. Calculated surface distributions of the; @roduction rate

(ppbv/hour) (see Eqg. 1) in Mexico City from Run-1 (3km resolu-

Os3 night (ppb ] . .
3 night (ppby) tion), Run-2 (6 km resolution), Run-4 (24 km resolution), and Run-

Mean Min Max A (Mean) A (Max) ) . P .
Measured 16.3 0.1 58.0 5 (6 km resolution with 24 emission resolution).
3km 219 01 48.7 5.6 -9.2
6km 138 0.1 44.4 —2.4 -135
;i ::m ;g-g (2)1 22-; (1)-224 (1)-372 The calculation of the @production is considerably im-

m : ' ; ’ e proved in Run-5 compared to Run-4, even though both calcu-
6 km* 232 01 72.5 6.9 14.5 X ) , X

lations use the same spatial resolution for the surface emis-
y i Tem&e’at”r‘zo(%'\)ﬂ LA M) sion rates (24 km). However, with the finer grid of Run-5,
ean n ax ean ax . . . . . . .

Measured 149 6.9 26.4 the distribution ofP(Og) is S|m|lar_to the results obtained in
3Kkm 149 108 204 0.02 _59 R_un_-l and Run-2. Th&(0Os) maximum at_th_e center of the
6km 15.0 109 195 0.08 -6.8 city is about 50—-60 ppbv/hour, which is similar to the values
12km 138 638 20.1 -1.1 —-6.2 provided by Run-1 and Run-2. As a result, the calculation of
24km 115 58 19.2 -33 -7.1

the O; diurnal variations is also considerably improved when
compared to the measured values. In this case, the diurnal
variation in the ozone concentration is better represented, es-
pecially at the southern and city sites (TPN, TAH, PED and
TAX). The ozone diurnal variation derived in Run-4 is sig-

nificantly underestimated at these sites (see Fig. 10).
values measured in the center of the city, and in the south-
ern area (such as TPN, TAH, PED, and TAX). At these sites,4.4 Overall discussion
the calculated ozone production rates are very low, and the
afternoon ozone concentration maxima are significantly Uny - order to gain some integrated insights of the effects of
derestimated when compared to the measured diurnal vari-

ations (see Fig. 9). Run-4 also suggests that the calcuIateg]e(:,gf;tirgﬁslL:Egnmoenag;?ega::#éai?cjgég\lngf ,\%30&_
ozone production is diluted outside the city due to the large ’ ’

grid cell (576 kn?). For example, at the west edge of the concentrations are averaged at all sites as shown in Table 3

. . . - and Fig. 11. In addition to the mean values, the mini-
city, the ozone production rate is about 1015 ppbv/hour in . . )
o ; . mum and maximum concentrations of these chemicals are
Run-5, while it is less than 5 ppbv/hour in the finer resolu-

: . also highlighted in Table 3 and Fig. 11. The range between
tion calculations (Run-1 and Run-2). the minimum and maximum concentrations provides useful

6 km* represents the model simulation with 6 km in model grid and with 24km in
emission resolutionA (Mean) is equal to MegfogerMearnmeasured 2 (Max) is equal
to MaxmoderMaXmeasured
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lutions in Mexico City. The vertical bars indicate the range between
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Fig. 10. Calculated and measured diurnal variations in surface
ozone mixing ratio at different resolutions in Mexico City. The
black lines represent the calculated mixing ratio from Run-2; the
blue lines the calculated result from Run-5; the red lines the cal-
culated result from Run-4. The black dots represent the measurec
values.

400

Threshold Resolution

300 -

200 -

Computation Speed

100 -
information on the variability of measured and calculated

concentrations. The model shows that the mean measure! 0 ® ‘

NOy concentrations reach 60 ppbv, which is close to thg NO 2akm 12km 6km 3km

concentrations calculated at 3 and 6 km resolution. Both the

average and the variability of NGconcentration calculated

at 12km resolution (48 ppbv) are onver than_ the measureq:ig' 12. Relationship between the WRF-Chem model resolution

values, but the average N@oncentration obtained at 24km  and computation time required for the each individual calculation.

resolution is significantly lower (70%) than the measured

value. It appears therefore that 12km is a threshold reso-

lution for the calculation of N@distribution in Mexico City.  sentative of the measured values. Both the calculated aver-
The average CO concentrations (middle panel) are charage and variability of CO concentration at 12 km resolution is

acterized by features that are similar to those of the averagwer than the measured value, while the calculated average

NOy concentrations. The model shows that the calculatedCO concentration at 24 km resolution is significantly lower

CO concentrations at 3 and 6 km resolution are most reprethan the measured value. This result confirms that 12 km

Model Resolution
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resolution is the threshold value for the calculation of CO to study the above effects, including Run-1 (3 km resolution),
distribution in Mexico City. Run-2 (6 km resolution), Run-3 (12 km resolution), Run-4
Ozone chemistry is very different during daytime and (24 km resolution), and Run-5 (6 km grid resolution with
nighttime (Sillman, 1995; Zhang et al., 2004). As a result,24km emission inventory resolution). The different simu-
the O3 concentrations are separately averaged for daytimdations show that the model resolution has important effects
(8a.m. to 19p.m.) and nighttime (20 p.m. to 7a.m.). Theon the calculated concentrations of ozone and its chemical
mean measured {ddaytime concentration is about 45 ppbv, precursors in a dense urban area such as Mexico City. The
which is close to the calculatedz@oncentrations at 6 and CO, NG, and Q surface concentrations calculated at 3 and
12 km resolution. The calculateds@oncentration at 3km 6 km resolution reasonably simulate the measured concen-
resolution overestimates the measured value. The averageations in Mexico City. Slight underestimations of the cal-
daytime ozone density calculated at 24 km resolution is lowerculated concentrations occur at 12 km resolution. When the
than the measured value by about 35%. Interestingly, thenodel resolution decreases to 24 km, the model performance
measured ozone concentrations are characterized by a velyecomes very poor compared to the values measured in Mex-
large difference (30 ppbv) between the daytime and night-ico City, suggesting that there is a threshold value for model
time values. The calculatedg@oncentrations with 3, 6, and resolution for the calculations of ozone and its precursors. In
12 km also exhibit a large daytime to nighttime difference. our case, the suggested threshold value is 12 km. When the
This difference, however, is limited to only 6 ppbv when model resolution is lower than the threshold resolution, the
24 km is adopted for the model resolution. The small differ- calculated concentrations are very different from the mea-
ence between day and night for this resolution suggests thaured values. The ratio of the city boundary (about 70 km in
both the day and night £xxhemistries cannot be well calcu- length and width) to the threshold resolution is 6 to 1. This
lated at 24 km resolution, resulting in a poorly simulated O ratio can be considered as a test value in other urban areas
diurnal variation. The main reason is that ozone formation isfor model resolution setting. The most important factor re-
strongly regulated by NQconcentrations, which is not rea- quired to maintain the threshold ratio (6:1) in model resolu-
sonably simulated at 24km. This is a further confirmationtion is due to the calculation of meteorological parameters
that the threshold resolution for the calculation of ® at  and transport of chemical pollutants. When model resolution
12 km. is lower than the threshold ratio, the calculated meteorolog-
Regional chemical/dynamical models (such as the WRF4cal parameters cannot be properly represented, resulting in
Chem model) require a large amount computation time. Thepoor representation of horizontal distributions of ozone and
reduction in the number of model grid points (decreasingair pollutants. The effects of emission inventory and pho-
model resolution) can reduce the computation burden neede®chemistry also play important roles on the calculated dis-
for the model integration. As indicated in Fig. 12, increasing tributions of air pollutants under different resolutions, and
the resolution from 24 km to 3 km leads to an increase in thebetter simulations can be obtained when the resolution of
computation burden of a factor 512. However, increasing theemission inventory is lower than the threshold ratio. How-
resolution from 24 km to 6 km only requires an increase of aever, the effects of the resolution of emission inventory and
factor 64. From the above analysis, the threshold resolutiorphotochemistry on the calculated distributions of ozone and
for accurate simulation in an urban area like Mexico City is other air pollutants are smaller than the effect of meteoro-
12 km. An appropriate spatial resolution that balances modelogical calculation. It notes that, for each individual large
performance and computation burden is of the order of 6 kmgcity, model calculations should be performed to confirm this
This resolution appears to be optimal for the calculation ofhypothesis.
ozone and its precursors in Mexico City. The present study suggests that the largest impacts of
model resolution on the calculated @nd its precursors are
associated with changes in meteorological conditions and the
5 Summary transport processes. The changes due to the emission reso-
lution have modest impact on the calculated concentrations.
The effects of model resolution (including grid resolution Finally, this study suggests that the model resolution has im-
and emission inventory resolution) on the calculated CO,portant impacts on ©@chemical formation due to the non-
NOy, and @ distributions are investigated by applying the linear relationship betweens@ormation and @ precursors.

WRF-Chem chemical/dynamical model to the area around
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