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Abstract

The resolution of regional chemical/dynamical models has important effects on the cal-
culation of distributions of air pollutants in large cities. In this study, the sensitivity of air
pollutants and photochemical O3 production to different model resolutions is studied
by using a regional chemical/dynamical model (version 3 of Weather Research and5

Forecasting Chemical model – WRF-Chemv3) in Mexico City. The model results with
3, 6, 12, and 24 km resolutions are compared to the surface measurements for CO,
NOx, and O3. The study shows that the model resolutions with 3 and 6 km have rea-
sonable simulations of surface CO, NOx, and O3 concentrations and diurnal variations.
The model results intend to underestimate the measurements when the resolution is10

reduced to 12 km. The calculated surface CO, NOx, and O3 concentrations signifi-
cantly underestimate the measured values at 24 km resolution. This study suggests
that 12 km is a threshold resolution for the O3 and O3 precursor calculations for using
a regional chemical/dynamical model in Mexico City. There are three major factors
related to the effects of model resolution on the calculations of O3 and O3 precursors,15

including; (1) the calculated meteorological conditions with different model resolutions,
(2) the emission spatial distribution of ozone precursors, and (3) the non-linearly O3
photochemical productions with different resolutions. Model studies suggest that model
resolution (resulting in different meteorological condition and transport process) have
larger impacts than emission inventory resolutions for the calculations of O3 and O320

precursors. The model calculations show that with coarse resolution of emission in-
ventory (24 km) and fine meteorological condition resolution (6 km), the calculated CO
and O3 are considerably improved compared to the calculation with coarse resolution
for both emission inventory and meteorological condition (24 km), suggesting that the
impacts of resolution on meteorological condition and transport process are largest25

for the calculations of O3 and O3 precursors. The emission resolution has important
effects on the calculation, but the effects are smaller than the model resolution. This
study also suggests that the changes of O3 precursors at different resolutions lead to
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important impacts on O3 chemical formation due to the non-linear relationship between
O3 formation and O3 precursors. Finally, this study suggests that with the balance be-
tween the model performance and required computation time, the 6 km resolution is an
optimal resolution for the calculation of O3 and O3 precursors in Mexico City.

1 Introduction5

In large cities, ozone (O3) is often a major air pollutant, especially in the industrialized
countries. For example, in Houston and the coast cities of California, the ozone con-
centrations often exceed to 200-300 ppbv (Davis and Speckman, 1999; Lei et al., 2004;
Zhang et al., 2004; and Mahmud et al., 2008). Such high ozone concentrations have
important effects on human’s health (Noyes et al., 2009). High ozone concentrations10

are photo-chemically produced through a complicated path of photo-chemical process
(Crutzen, 1975; Chameides and Walker, 1976; Sillman, 1995; Kleinman et al., 2000).
The formation of ozone is-nonlinearly related to the presence in the troposphere of car-
bon monoxide (CO), nitrogen oxide (NOx=NO+NO2), and volatile organic compounds
(VOCs). In large cities, these ozone precursors are mainly emitted from anthropogenic15

activities, i.e., combustion by automobiles energy production and industrial activities.
Determination of the spatial distribution of the ozone precursor emissions is always a
difficult task, especially in urban areas where high concentrations and variable point
sources are present.

In order to better quantify the formation of ozone in large urban areas, numerical20

chemical/dynamical models are used to assess the path towards high ozone episode
events (Lei et al., 2004, 2008; Li et al., 2007; West et al., 2004; Tie et al., 2009a, b;
Ying et al., 2009; Zavala et al., 2009a, b; Zhang et al., 2009). However, there are
many uncertainties in the calculation of the ozone formation, which is associated with
the spatial resolution adapted in these three-dimensional chemical-transport models.25

The choice of the horizontal resolution adapted in regional chemical/dynamical model
has an important impact on the calculated concentrations of ozone and its precursors.

9803

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/9801/2010/acpd-10-9801-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/9801/2010/acpd-10-9801-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 9801–9838, 2010

Impact of model
resolution in Mexico

City

X. Tie et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

This is explained by the fact that (1) meteorological conditions, which play important
roles in distributing ozone and its precursors, changes with model resolutions; (2) emis-
sion spatial distribution of the ozone precursor emissions is modified; and (3) due to
the strong non-linearly relationship between O3 and O3 precursors, differences in O3
precursor spatial distributions produce different O3 production rates. These three im-5

portant problems related to resolution of chemical/dynamical models for calculating
ozone formation in large cities are illustrated by a schematic picture (Fig. 1), which lay
out clearly the problems we are facing when a chemical/dynamical model is used for
studying O3 photochemistry in large cities.

Model studies at varying horizontal resolutions had performed to study the ef-10

fects of resolutions on several meteorological parameters. For example, Mass et
al. (2002) used a regional dynamical model (MM5- the fifth-generation Pennsylvania
State University–National Center for Atmospheric Research Mesoscale Model) to eval-
uate wind, temperature, and sea level pressure with different model resolution (4, 12,
and 36 km). Their result showed that there are significant improvements for calculating15

these dynamical parameters, especially changing from 36 to 12 km resolution. Colle
et al. (2000) used the MM5 model to study precipitation at different model resolution.
Their result indicated that the calculated precipitation was noticeable improvement by
changing resolution from 36 to 12 km in the model. Cairns and Corey (1998) used the
MM5 model to study mountain winds. Their study suggested that the calculated winds20

were improved by increasing model resolution from 27 to 3 km. In addition to dynam-
ical parameters, previous study was also applied for the impact of model resolutions
on predicting fire danger. For example, Hoadley et al. (2004) used the MM5 model to
evaluate the model’s skill in predicting fire danger at three different resolutions (36, 12,
and 4 km). However, their result indicated that little significant improvement was found25

in skill with increased model resolution, suggesting significant timing and magnitude
errors at all resolutions could jeopardize accurate prediction of fire danger.

So far, little attention has been paid to the effects of model resolutions on ozone
formation, which involve more complicated scientific issues as mentioned in the above
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paragraphs. This study focuses on ozone (O3) and ozone precursor calculations with
various model horizontal resolutions. The model used in this study is a newly de-
veloped chemical/dynamical model (version 3 of Weather Research and Forecasting
Chemical model – WRF-Chemv3). The WRF-Chem model is used to address scientific
questions related to the effects of changing model resolution and emission resolution5

on O3 and O3 photo-chemistry in a mega city (Mexico City). The calculated results are
compared to the surface measurements in the city to evaluate the model performance
at different resolutions. The paper is organized as follows: In Sect. 2, we describe the
regional chemical/dynamical model (WRF-Chem). In Sect. 3, the simulated O3 and O3
precursors are compared to the measurement data. Section 4 presents result analy-10

sis to determing the effect of the model resolutions on the calculated O3 distributions
and to study the individual contributions from transport, emission, and photochemical
processes related to the model resolutions to calculated O3 and O3 precursors.

2 Chemical model

An important objective of this study is the intensive use of a regional chemi-15

cal/dynamical model to study the sensitivity of ozone chemistry to the model emission
resolutions. The model used in this study is a recently developed regional chemi-
cal/transport model (WRF-Chem, version 3). There are two major parts of the model,
i.e., a dynamical model (WRF) and a chemical model (Chem). The Weather Re-
search and Forecasting (WRF) model is a mesocale numerical weather prediction sys-20

tem designed to serve both operational forecasting and atmospheric research needs.
The effort to develop WRF has been a collaborative partnership, principally among
the National Center for Atmospheric Research (NCAR), the National Oceanic and
Atmospheric Administration (NOAA), the National Centers for Environmental Predic-
tion (NCEP), the Forecast Systems Laboratory (FSL), the Air Force Weather Agency25

(AFWA), the Naval Research Laboratory, Oklahoma University, and the Federal Avi-
ation Administration (FAA). The WRF model is a fully compressible and Euler non-
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hydrostatic model. The Yonsei University (YSU) PBL scheme (Hong et al., 2006) is
used for calculating PBL height in this study. The detailed description of WRF model
can be found in the WRF web-site http://www.wrf-model.org/index.php. In addition
to dynamical calculations, a chemical model is coupled on-line with the WRF model
(WRF-Chem). A detailed description of WRF-Chem is given by Grell et al. (2005), and5

is used here with some modifications in the chemical scheme (Tie et al., 2007).
In this study, the model resolutions are selected to be 3, 6, 12, and 24 km in a

900×900 km domain centered on Mexico City. The emission inventory used in this
study for SO2, CO, NO, and VOCs are shown in Table 2 of Tie et al. (2009b). In this
model resolution task, the total emissions are the same with different model resolu-10

tions, but the horizontal distributions are different due to the different model resolutions
(illustrated in Fig. 2). The model runs from 26 March 2006 to 28 March 2006, and only
the last day result (28 March 2006) are used (the first two day results are considered
as spin up of the model calculations). In previous studies, the WRF-Chem model was
evaluated by comparing calculated O3, CO, and NOx to the ground measurement from15

operational monitors in the Mexico City (Tie et al., 2007; Ying et al., 2009; Zhang et al.,
2009). The model results showed that the magnitude and timing of simulated diurnal
cycles of O3, CO, and NOx, and the maximum and minimum O3 concentrations were
generally consistent with surface measurements with 6 km resolution. However, there
were also noticeable differences between calculated and measured values (about 10–20

30%). In this study, the difference between calculated and measured values is further
evaluated by considering different model and emission resolutions.

3 Model results

In order to evaluate model performance at different resolutions, modeled results are
compared to the surface measurement in Mexico City. Air pollutants in Mexico City25

have been monitored routinely since 1986 by automatic air quality monitoring network
(RAMA) (Molina and Molina, 2002). The measurement site locations are depicted in
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Fig. 3 and detailed in Table 1. As indicated in Table 1, there are totally 15 measure-
ment sites, and each site measures different chemical species. For example, the red
marked lines show that these measurement sites include only O3 concentrations; the
green marked lines show that these measurement sites include only CO and NOx con-
centrations; and the blue marked lines show that these measurement sites include O3,5

CO, and NOx concentrations. On 28 March, the observed noon time wind is from SSW
with wind speed of 5–10 m/s and clear sky (Fast 2007). The simulated wind is gener-
ally from south with the wind speed of 3–8 m/s at noontime in outside of the city (see
Fig. 3). However, inside the city, there is an indication that mountain breeze has strong
influences on both the wind directions and speeds. In Table 1, the measurement sites10

are listed from south to north, except CHA site which is located in far-east location.
This site generally has less effect from the city pollutions.

In order to better understand the individual contributions of different processes (such
as meteorological condition, transport process, emissions, and non-linear photochem-
istry) due to changes in horizontal resolutions of the model to the calculations of air15

pollutants, several chemical species (CO, NOx, and O3) are calculated at different res-
olutions and compared to the measured surface concentrations. For example, the cal-
culated CO concentrations at different resolution are mainly resulted from the changes
in meteorological condition, transport process, and emission inventory, but are not re-
sulted from the non-linear photochemistry (CO has a slow chemistry reaction rate). By20

contrast, O3 is a strong photochemical active species, and is strongly controlled by
non-linear photochemistry due to changes in horizontal resolution. As a result, com-
parisons for different characterizations of chemical oxidants can show some insights of
the contributions from different processes to different chemical species due to changes
in horizontal resolutions.25

Figure 4 shows the calculated surface CO distribution at different resolutions. It
shows that the surface CO has generally the same horizontal pattern at 3, 6, 12,
and 24 km resolutions. The surface CO concentrations have highest concentrations
in center of city, and are transported northward with apparent downwind plumes. How-
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ever, there are apparently different in detailed horizontal structures. The maximum CO
concentrations are higher with high resolutions (3 and 6 km), and decrease sharply
with lower resolutions (12 and 24 km). For example, the maximum concentrations are
2000–3000 ppbv at center of the city with 3 and 6 km resolutions. The maximum con-
centrations decrease to 1000–1500 ppbv at center of the city with 12 km resolution,5

and further decrease to 700 ppbv with 24 km resolution. At lower resolution, the CO
concentrations are more diffused than the CO concentrations at higher resolution. For
example, the high CO concentration has relatively fine structure in the center of the
city at 3 or 6 km resolution. By contrast, the high concentration of CO at 24 km is more
uniformly distributed in the city. There is also noticeable feature that the high CO con-10

centration is shift northward of the city at 24 km resolution due to the coarse resolution
of emission (see Fig. 2). The diffusion of high concentrations coupling with the north-
ward shift has important impacts on the calculated surface concentrations of CO and
O3 as shown in the following sections.

Figure 5a shows the measured and calculated diurnal variations of surface CO con-15

centrations at the measurement sites. The result suggests that there are 2 maxima and
2 minima in both the measurements and the calculations. The first maximum of CO
occurs around 8 a.m. and second happens in late evening. The first minimum of CO oc-
curs around noon time and the second happens in the early morning. As explained by
Tie et al. (2007), this strong diurnal variation is mainly due to the combination of diurnal20

variations of PBL (Planetary Boundary Layer) height and emission of CO. The calcu-
lated diurnal variations have similarity compared to the measured variations. However,
some distinguished differences are noticeable between the measured and calculated
values, especially for the lower resolution (24 km) results. The results for 3 and 6 km
resolutions have generally similar results and are close to the measured values, except25

that the evening maximum is somewhat different between 3 km and 6 km resolutions.
For the 12 km resolution, the calculated CO diurnal variation is similar to the results of 3
and 6 km. However, the magnitude of the morning maximum is smaller than the results
of 3 and 6 km, and in some sites (SUR, PED, LAG, and HAN) the calculated morning
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maximum at 12 km resolution is underestimated the measured values. As indicated in
Figs. 2 and 3, these sites are located in the center of the city with highest emission rate.
As a result, the lower emission resolution (12 km) causes dilution of the calculated CO
in these sites, leading to underestimation of the calculated CO concentrations. How-
ever, in north side of the city (TLA, SAG, TLI, and VIF), the calculated CO at 12 km5

resolution is very similar to the calculated CO with 3 and 6 km resolution. At 24 km
resolution, the calculated CO concentrations have a significant changes compared to
the calculation at 3 and 6 km, and largely underestimate the measured values. In the
center of city sites (SUR, PED, PLA, and LAG), the calculated CO concentrations are
close to background value (100 ppbv) and no diurnal variation is apparent, suggesting10

that this coarse resolution is not suitable for the model calculation in the center of the
city. In the north edge of the city sites (SAG, TLA, TLI, and VIF), the calculated CO
concentrations are much improved compared to the city center sites, especially at VIF
site (far-north of the city and downwind of city plume), indicating that in the edge of the
city, the coarse resolution has better calculation than the center of the city.15

Figure 5b shows the measured and calculated diurnal variations of surface NOx con-
centrations at the measurement sites. The result suggests that the NOx calculations
at different resolutions have similar diurnal variations to the CO calculations. The main
conclusion is that the calculated NOx concentrations are generally consistent with the
measured NOx diurnal variation at 3, 6, and 12 km. However, at 24 km resolution, the20

calculated NOx diurnal changes sharply, and the calculated NOx significantly underes-
timates the measured values, especially in the center of the city sites. In the north edge
of the city sites, the calculated NOx concentrations at coarse resolutions are improved
compared to the city center sites, especially at VIF site. Because both CO and NOx are
directly emitted from the surface sources, the calculation nearby the city sites is largely25

dependent upon the resolution of emission inventory. There is an indication that the
24 km resolution for emission and model is too coarse to apply the regional model for
studying the detailed distributions in Mexico City.
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Figure 5c shows the measured and calculated diurnal variations of surface O3 con-
centrations at the measurement sites. Unlike CO and NOx which are directly emitted
from surface sources, O3 is photochemically formed and the chemical formation of O3
has complicated non-linear relationship with O3 precursors (CO, NO, and VOCs). As a
result, the different distributions of O3 precursors (such as CO and NOx) resulted from5

the different resolutions have important impacts on O3 distributions. The calculated O3
diurnal variations suggest that the O3 concentrations at 3 and 6 km resolutions have a
strong maximum in the afternoon, and the maximum is comparable to the measured
O3 maximum. There is also an indication that at the center of the city (TAC, HAN,
and TLA), the calculated O3 maximum overestimates the measured O3 values. The10

calculated O3 minimum occurs in the morning at 3, 6, and 12 km resolutions, which is
consistent with the measured minimum. However, the calculated O3 concentrations at
24 km resolution are very different compared to the measured result, showing smaller
diurnal variations. The maximum of O3 in the afternoon is significantly underestimated
in the downwind city and city center sites. The minimum in the morning is largely over-15

estimated in these sites. In the downwind and edge of the city sites (such as CHA and
CUA sites), the O3 diurnal variations are better calculated than in the center of city.

Figure 6 shows that the mean diurnal variations of CO, NOx, and O3 averaged from
all measurement sites. The result suggests that the calculated NOx diurnal variations
are generally consistent with the measured values at resolutions of 3, 6, and 12 km.20

During the early morning the measure NOx concentrations are about 30 ppbv, and the
calculated concentrations at 3 and 6 km resolution are slightly overestimated the mea-
sured values. At 8 a.m., the measured NOx concentrations increase rapidly, reaching
a maximum of 160 ppbv. In comparison, the calculated NOx maximum (140 ppbv) is
close to the measured maximum at 3 and 6 km resolutions. During daytime, the mea-25

sured NOx concentrations are reduced to a minimum of 40 ppbv, resulting mainly from
a rapid increase in the PBL height (Tie et al., 2007). The calculated NOx with 3, 6, and
12 km resolutions are also rapidly decreased from the morning maximum to the mini-
mum. At 24 km resolution, there is a very weak diurnal variation and the calculated NOx
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concentrations are consistently lower than the measured values, especially during the
morning maximum. For example, the calculated morning maximum is about 30 ppbv,
which is approximately 80% lower than the measured maximum (160 ppbv). The cal-
culated mean CO diurnal variation has similar features with the calculated mean NOx.
In general, the calculated CO concentrations at 24 km resolution have significantly un-5

derestimated the measured values, especially during the morning maximum.
The averaged O3 diurnal variation (shown in the lower panel of Figure 6) is very dif-

ferent compared to the averaged CO and NOx diurnal variations. There is a minimum
in the morning (at 7 a.m.) and a maximum in the afternoon (at 14 p.m.). The calculated
O3 concentrations at 3, 6, and 12 km have a similar diurnal variation. However, the10

calculated O3 concentrations at 3 km resolution are higher than the measured values,
especially in the afternoon maximum (by about 35%). By contrast, the calculated O3
diurnal variation at 24 km resolution is very different compared with the measured diur-
nal variation. The calculated O3 concentrations during daytime (from 8 a.m. to 19 p.m.)
are consistently lower than the measured values. For example, at 14 p.m., the calcu-15

lated O3 concentration is 45 ppbv which is about 45% lower than the measured value
(80 ppbv). The calculated O3 concentrations during nighttime (from 18 p.m. to 7 a.m.),
are consistently higher than the measured values. Because the O3 diurnal variation is
strongly regulated by O3 precursors in large cities (Zhang et al., 2004), the smaller O3
diurnal variation at 24 km resolution suggest the O3 precursors are underestimated in20

the city region, which is consistent to the calculated results of CO and NOx indicated in
the upper and middle panels of Fig. 6.

The above results clearly indicate that there is a threshold value for the model reso-
lution in calculating O3 and O3 precursors in regional chemical/dynamical models. At
the threshold resolution, the model is unable to adequately describe the air pollutant25

distributions in large cities. In our study, the calculated results from 12 km to 24 km
show strong changes for CO, NOx, and O3 concentrations. The results at 24 km show
considerable differences compared to the measured results, and are not suitable for
calculating the distributions of air pollutants in Mexico City. At 12 and 24 km resolu-
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tions, the ratios of the city range (about 70 km in length and width) to each horizontal
grid length are about 6 to 1 and 3 to 1. This result suggests that the threshold value
for the model resolution is 12 km, which implying that the ratio between range of city
and grid length of models is about 6 to 1. However, this threshold value may only be
suitable for Mexico City, and need to be further tested in other large cities.5

4 Discussions of results

The above study indicates that the model resolution has very strong impacts on the
calculated O3 and O3 precursor concentrations, and there is a threshold value for the
resolution of chemical/dynamical models when they are applied in calculating the dis-
tributions of air pollutants in large cities. As we illustrated before (shown in Fig. 1), the10

impacts of model resolutions on the calculated O3 and O3 precursor calculations can be
attributed to the 3 main factors; (1) the emission spatial distributions of ozone precur-
sors, (2) the calculated meteorological parameters associated with transport process
at different model resolutions, and (3) the non-linearly photochemical between O3 and
O3 precursors. In order to study the individual contribution of the above 3 factors to the15

calculated results, 5 model runs are conducted and are listed in Table 2. In the table,
the Run-1 through Run-4 changes model resolutions from 3 to 24 km, and the changes
in the calculated O3 and O3 precursors are due to the combination of all 3 factors. The
individual contributions due to the 3 factors cannot be separated from the results. Thus,
the Run-5 is designed to separate the 3 factors. In the Run-5, the model contains 6 km20

resolution, but emission resolution is averaged to be 24 km resolution. As a result, the
difference between Run-5 and Run-2 is mainly due to the difference of emission reso-
lutions, and the difference between Run-5 and Run-4 is mainly due to the difference of
resolutions of the calculated meteorological conditions and photochemistry.
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4.1 The effects of meteorological conditions at different resolutions

Figure 7 shows the calculations of CO surface distributions for the 3 cases (Run-2,
Run-4, and Run-5). Because CO is a relatively chemical inactive species in a short
time scale (a few days), the calculated CO distributions are only affected by the resolu-
tions of transport processes (driven by the calculated meteorological conditions, such5

as wind direction and speed) and emission inventory. As shown in Fig. 7, there are very
large differences between Run-5 and Run-4, suggesting that the transport processes
at different resolutions have significant effects for the calculated CO distributions. For
example, the calculated wind pattern in Run-4 is in a coarse distribution and the de-
tailed wind distributions shown at 6 km resolution (Run-5) cannot be calculated in the10

calculation in Run-4. There are also indications that the mountain breeze in west and
east edge of Mexico City is shown at 6 km resolution, but cannot be calculated in 24 km
resolution. These detailed wind distributions play important roles in distributing the CO
which emitted from the city sources. In addition, the calculated CO concentrations at
the 24 km resolution tend to be diluted or averaged in the large grid area (576 km2),15

leading to reduce CO concentrations in the center of city and enhance CO concentra-
tions in the outside of the city area (see Fig. 7).

4.2 The effects of emission inventory at different resolutions

As shown in Table 2, for Run-2 and Run-5, both the model resolutions are at 6 km
except that the emission inventories are different (6 km in Run-2 and 24 km in Run-5).20

As a result, the calculated CO is mainly due to the different emission resolutions. The
result in Fig. 7 shows that the calculations of CO surface distributions of Run-5 are con-
siderably improved compared to the result of Run-4, suggesting that the improvement
in meteorological conditions associated with transport process lead to more detailed
CO distributions in center of the city. However, there are also clear differences between25

Run-2 and Run-5. This suggests that the resolution at which the emissions are pro-
vided, has also a significant impact on the calculated CO distributions. For example,
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the maximum of CO in the center of city is reduced from 1000 to 700 ppbv, when higher
resolution emissions are adopted. There are also indications that the CO distributions
obtained with Run-5 are more diffusive than with Run-2. However, the changes in the
atmospheric resolution of dynamics and photochemistry appear to affect the model re-
sults more substantially than when the resolution of surface emissions is increased.5

As shown by Fig. 8, the CO calculations with the fine model resolution (6 km) and the
coarse resolution of emissions (24 km) improved CO diurnal variations, especially in
the sites at the center of the city (such as SUR, PED, PLA, and LAG), but still underes-
timate the measured values at other sites (such as HAN and SAG).

4.3 The effects of ozone photochemistry10

As we described above, ozone is not directly emitted from surface sources, but is
closely related to O3 precursors (including CO, NOx, and VOCs). Thus, the calculated
O3 distributions are not directly dependent upon the resolution of the emission inven-
tories, but are indirectly related to the resolution of precursor emissions. Because the
ozone formation rate is a nonlinear function of O3 precursors (Lin et al., 1988; Klein-15

man, 2000), the chemical production rate of ozone is a function of model resolution.
In order to get insights of the effects of resolution on ozone photochemistry, ozone

chemical productions are calculated for Run-2, Run-4, and Run-5. The ozone chemical
production is initiated by the oxidization of CO and VOCs, which leads to the production
of HO2 and RO2 radicals. In the presence of NO, ozone is produced by the following20

reaction chain (Brasseur et al., 1999):

HO2+NO → NO2+OH (R1)

RO2+NO → NO2+RO (R2)

NO2+hv → NO+O (R3)

O+O2 → O3 (R4)
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From Reactions (R1) and (R4), the O3 chemical production rate is expressed by

P (O3) = (PHO2
(O3)+PRO2

(O3)) (1)

PHO2
(O3) = (k1× (HO2)(NO)) (2)

PRO2
(O3) = (Σk2i × (RO2)i (NO)) (3)

where P (O3) represents the total rate of O3 production and PHO2
(O3) and PRO2

(O3) the5

rate of O3 production due to the oxidation of NO, HO2 and RO2, respectively. Note
that RO2 stands for several types of peroxy radicals that produced by the oxidation by
the OH radical of VOCs. The parameters of k1, and k2i are the rate coefficients for
Reactions (R1) and (R2), respectively.

Figure 9 shows the calculated noontime rate of ozone photochemical production10

(P (O3)) (ppbv/hour) with Run-1, Run-2, Run4, and Run-5, respectively. These graphs
show that the distribution of P (O3) is generally similar for Run-1 and Run-2 with a max-
imum value of 50–60 ppbv/hour at the center of the city. However, it appears that the
O3 distribution of Run-1 has a finer structure than in the case of Run-2 due to the finer
resolution of the model. The distribution of P (O3) produced by Run-4 is very different15

than in Run-1 and Run-2, highlighting that the coarse resolution (24 km) is not suitable
for applying ozone chemical study in urban area. The calculated P (O3) has a maxi-
mum (30–40 ppbv/hour) in northwestern area of the city instead of in the center of the
city (as shown in Run-1 and Run-2). As a result, the calculated O3 diurnal variations
are close to the measured values in these sites (such as HAN, SAG, and CHA), but20

are largely underestimated when compared to the values measured in the center of
the city, and in the southern area (such as TPN, TAH, PED, and TAX). At these sites,
the calculated ozone production rates are very low, and the afternoon O3 concentra-
tion maxima are significantly underestimated when compared to the measured diurnal
variations (see Fig. 9). The result of Run-4 also suggests that the calculated ozone25

production is diluted outside the city due to the large grid cell (576 km2). For example,
at the west edge of the city, the ozone production rate is about 10–15 ppbv/hour in
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Run-5, while the values are less than 5 ppbv/hour in the finer resolution calculations
(Run-1 and Run-2).

The calculated O3 production is considerably improved in Run-5 compared to Run-4,
even though both calculations use the same spatial resolution for the surface emission
rate (24 km). However, with the finer grid resolution of Run-5 the distribution of P (O3) is5

similar to the results of Run-1 and Run-2. The P (O3) maximum in the center of the city
is about 50–60 ppbv/hour, which is similar to the values provided by Run-1 and Run-2.
As a result, the calculated O3 diurnal variation is also considerably improved compared
to the measured values. In this case, the diurnal variation in ozone concentration
is better represented, especially at the southern and city sites (TPN, TAH, PED and10

TAX). The ozone diurnal variation derived in Run-4 is significantly underestimated at
these sites (see Fig. 10).

4.4 Overall discussion

In order to gain some integrated insights of the effects of model resolution on the calcu-
lated CO, NOx, and O3 concentrations, the measured and calculated CO, NOx, and O315

concentrations are averaged at all sites as shown in Fig. 11. The upper panel shows
that the mean measured NOx concentration is 60 ppbv, which is close to the calculated
NOx concentrations preferment at 3 and 6 km resolution. The averaged NOx concen-
tration calculated at 12 km resolution is lower than the measured value, but the aver-
aged NOx concentration obtained at 24 km resolution is significantly lower (70%) than20

the measured value. It appears therefore that 12 km is a threshold resolution for the
calculation of NOx distribution in Mexico City. The calculation with a coarse emission
inventory (24 km) and a fine model resolution (6 km) has significantly improvement for
the calculated NOx concentrations, but has slightly underestimation of the measured
NOx concentration.25

The averaged CO concentrations (middle panel) are characterized by features that
are similar to those of the average NOx concentrations. The model shows that the
calculated CO concentrations at 3 and 6 km resolution are most representative of the
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measured values. The average CO concentration at 12 km resolution is lower than the
measured value, while the average NOx concentration at 24 km resolution is signifi-
cantly lower than the measured value. This result confirms that 12 km resolution is the
threshold value for the calculation of CO distribution in Mexico City.

Ozone chemistry is very different during daytime and nighttime (Sillman, 1995;5

Zhang et al., 2004). As a result, the O3 concentrations are separately averaged for
daytime (8 a.m to 19 p.m.) and nighttime (20 p.m. to 7 a.m.). The mean measured O3
daytime concentration is about 45 ppbv, which is close to the calculated O3 concen-
trations at 6 and 12 km resolution. The calculated O3 concentration at 3 km resolution
overestimates the measured value. The average daytime ozone density at 24 km res-10

olution is lower than the measured value by about 35%. Interestingly, the measured
ozone concentrations are characterized by a very large difference (30 ppbv) between
the daytime and nighttime values. The calculated O3 concentrations with 3, 6, and
12 km also exhibit a large daytime to nighttime difference. This difference, however,
is limited to only 6 ppbv when a 24 km is adopted for the model resolution. The small15

difference between day and night for this resolution suggests both the day and night O3
chemistries cannot be well calculated, resulting in a poorly calculated O3 diurnal varia-
tion at 24 km resolution. The main reason is that ozone formation is strongly regulated
by NOx concentrations, which is not reasonably simulated at 24 km. This is a further
confirmation that the threshold resolution for the calculation of O3 is at 12 km.20

Regional chemical/dynamical models (such as the WRF-Chem model) requires a
large amount computation time, which often exceeds the capability for some comput-
ers. The reduction of model grid points (decreasing model resolution) can reduce the
computation time of models. As indicated from Fi. 13, increasing the grid points from
24 km resolution to 3 km resolution leads to the increase of computation time by 51225

times. However, increasing the grid points from 24 km resolution to 6 km resolution
only requires 64 times more computation time. From the above analysis, the threshold
resolution is at 12 km. With the balance between the model performance and required
computation time, the 6 km resolution is considered as an optimal resolution for the
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calculation of O3 and O3 precursors in Mexico City.

5 Summary

The effects of model resolutions (including grid resolution and emission inventory res-
olutions) on the calculated CO, NOx, and O3 distributions are studied by using the
WRF-Chem chemical/dynamical model in Mexico City. This study is focused on the5

3 major issues regarding the impacts of model resolutions on the calculations of O3
formation; (1) the calculated meteorological conditions changes due to different model
resolutions, (2) the different resolutions of emission spatial distributions of ozone pre-
cursors, and (3) the non-linearly O3 photochemical productions due to different reso-
lutions. In this study, 5 model calculations are performed to study the above effects,10

including Run-1 (3 km resolution), Run-2 (6 km resolution), Run-3 (12 km resolution),
Run-4 (24 km resolution), and Run-5 (6 km grid resolution with 24 km emission inven-
tory resolution). The results suggest that the model resolutions have important effects
on the calculations of O3 and O3 precursors in Mexico City. The calculated CO, NOx,
and O3 surface concentrations are reasonably simulated the measured distributions in15

Mexico City at 3 and 6 km resolutions. The calculated results show some underesti-
mations at 12 km resolution. When the model resolution changes to 24 km, the model
performance are very poor compared to the measured values in Mexico City, suggest-
ing that there is a threshold value for model resolution for the calculations of O3 and O3
precursor for regional chemical/dynamical models. In our case, the suggested thresh-20

old value is 12 km. When model resolution is lower than the threshold resolution, the
calculated results are very different compared to the measured distributions for O3 and
O3 precursors. The ratio of the city range (about 70 km in length and width) to threshold
resolution is 6 to 1, and this ratio can be considered as a threshold model resolution
for other cities in general. However, for each individual large city, model calculations25

should be performed to study the threshold resolutions.
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The sensitivity studies suggest that the largest impacts of the changes in model res-
olutions on the calculated O3 and O3 precursors are due to the changes in meteorolog-
ical conditions and the transport processes. The changes in emission resolutions have
modest impact on the model calculations. Finally, this study suggests that the changes
of O3 precursors at different resolutions lead to important impacts on O3 chemical for-5

mation due to the non-linear relationship between O3 formation and O3 precursors.
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Table 1. The information of surface measurement sites in Mexico City for O3, CO, and NOx.

Sites Lon Lat Name Measured Spec.

1 −99.01 19.25 TAH O3
2 −99.18 19.26 TPN O3
3 −99.15 19.31 SUR CO, NOx
4 −99.20 19.33 PED O3, CO, NOx
5 −99.12 19.34 TAX O3
6 −99.30 19.36 CUA O3
7 −99.20 19.37 PLA CO, NOx
8 −99.08 19.42 HAN O3, CO, NOx
9 −99.14 19.44 LAG O3, CO, NOx
10 −99.20 19.45 TAC O3, CO, NOx
11 −99.20 19.53 TLA CO, NOx
12 −99.03 19.53 SAG O3, CO, NOx
13 −99.18 19.60 TLI CO, NOx
14 −99.10 19.66 VIF CO, NOx
15 −98.90 19.47 CHA O3

The reds represents for O3 measurement only; the yellows for CO and NOx only; and the blues
for O3, CO, and NOx.
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Table 2. The information regarding the model runs at different resolutions.

Resolution Note

Run-1 3 km Emission (3 km) and Grid (3 km)
Run-2 6 km Emission (6 km) and Grid (6 km)
Run-3 12 km Emission (12 km) and Grid (12 km)
Run-4 24 km Emission (24 km) and Grid (24 km)
Run-5 6 km Emission (24 km) and Grid (6 km)
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Fig. 1. Schematic representation of the different processes by which the horizontal resolu-
tion of a chemical transport model affects the calculated concentration of reactive compounds
such as ozone in the vicinity of large urban areas: (1) Impact of resolution on the calculation
of meteorological quantities and transport of air pollutants (upper panel). This panel indicates
that the result of meteorological condition at higher horizontal resolution intends to transport
air pollutants in different locations in compared to the result at lower resolution. (2) Impact of
resolution on the calculation of meteorological conditions with changes in emission inventory
resolutions (model panel). This panel illustrates that in addition to transporting in different lo-
cations as the above panel, the uniformed emission distribution at high resolution can result
in more uniformed distribution of air pollutants than the distribution of lower resolution emis-
sion case. (3) The impact of resolutions on the calculations of meteorological conditions with
changes in emission inventory resolutions and non-linear photochemistry (lower panel). This
panel suggests that the non-linear chemistry adds more uniformed distribution for air pollutants
(such as ozone) at high resolution case than lower resolution.
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Fig 2,    

Fig. 2. Emission inventory of carbon monoxide in Mexico City at different resolutions; (a)
3×3 km2, (b) 6×6 km2, (c) 12×12 km2, and (d) 24×24 km2.

9826

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/9801/2010/acpd-10-9801-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/9801/2010/acpd-10-9801-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 9801–9838, 2010

Impact of model
resolution in Mexico

City

X. Tie et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 

30 

 

 

Fig 3 

 

 

 

 

 

 

Fig. 3. Surface measurement sites in Mexico City. The red dots represent sites for only ozone
measurements; the green dots represent the sites when CO and NOx are measured; and the
blue dots represent the sites when CO, NOx, and O3 are measured. The calculated wind
pattern at 12 p.m. on 28 March 2006 is also shown.
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Fig 4 

 

 

 

 

Fig. 4. Calculated CO surface mixing ratio (ppbv) at different resolutions in Mexico City, includ-
ing; (a) 3×3 km2, (b) 6×6 km2, (c) 12×12 km2, and (d) 24×24 km2.
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Fig 5a 

 

 

 

 

 

Fig. 5a. Calculated and measured surface diurnal variations for CO mixing ratio (ppmv) at various sites of Mexico
City (shown in Table 1) in the different resolutions. Black lines represent the calculated value at 3 km resolution; blue
lines for 6 km resolution; green lines for 12 km resolution, red lines for 24 km resolution. Black dots represent the
measured values.
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Fig 5b 

 

 

Fig. 5b. Same to Fig. 5a except for NOx (ppbv) diurnal variations.
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Fig 5c Fig. 5c. Same to Fig. 5a except for O3 (ppbv) diurnal variations.
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Fig 6 

Fig. 6. Calculated and measured surface diurnal variations for NOx (upper panel), CO (middle
panel), and O3 (lower panel). Averaged mixing ratios measured at selected sites in Mexico City.
The black lines represent the calculated mixing ratios at 3 km resolution; the blue lines at 6 km
resolution; the green lines at 12 km resolution, and the red lines at 24 km resolution. The black
dots show the measured values.
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Fig 7 

 

 

 

 

Fig. 7. Calculated surface distributions of the CO mixing ratio (ppbv) in Mexico City with wind
patterns at different resolutions. Run-2 corresponds to 6 km resolution, Run-4 to 24 km resolu-
tion, and Run-5 to 6 km resolution with 24 emission resolution.
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Fig 8 
Fig. 8. Calculated and measured CO diurnal variations in the surface mixing ratio (ppmv) at different sites (shown in
Table 1) for different resolutions in Mexico City. The black lines represent the mixing ratio calculated in Run-2; the blue
lines represent the values calculated in Run-5; the red lines represent the values calculated in Run-4. The black dots
represent the measured values.
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Fig 9 

Fig. 9. Calculated surface distributions of the O3 production rate (ppbv/hour) (see Eq. 1) in
Mexico City from Run-1 (3 km resolution), Run-2 (6 km resolution), Run-4 (24 km resolution),
and Run-5 (6 km resolution with 24 emission resolution).
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Fig 10 

 
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 calculated result from Run-4. The black dots represent the measured values.
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Fig 11 
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Fig 11 
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Fig 11 

Fig. 11. Calculated and measured mean surface concentrations for NOx (upper panel), CO
(middle panel), and O3 (lower panel) averaged at the measurement sites for different model
resolutions in Mexico City. The arrows indicate the sharp change of concentrations at the
threshold resolution point.
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Fig 12 

Threshold Resolution 

Fig. 12. Relationship between the WRF-Chem model resolution and computation time required
for the each individual calculation.
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