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J4.11 EFFECT OF TURBULENCE CLOSURE SCHEMES ON GAS/AEROSOL
PHASE CHEMISTRY IN MEXICO CITY

James R. Stalker + and Laurie A. McNair

Los Alamos National Laboratory*
LOS AkUllOS, NM 87545

1. INTRODUCTION

Planetary boundary layer (PBL) growth in
complex terrain is tiected by many processes such
as surface radiative properties, surface inhomo-
geneities, flow interaction with the topography, and
exchange of heat and momentum with the free at-
mosphere. An equally important aspect of simulat-
ing the PBL in complex terrain is adequate repre-
sentation of subgrid-scale processes. Subgrid-scale
turbulence leads to an unclosed system of hydrody-
namic equations so that a closure scheme is required
to solve it. Several schemes that are available in
a meso/microscale atmospheric model called the
Regional Atmospheric Modeling System (RAMS)
are tested in this study. The meteorology data
sets produced horn RAMS simulations are used
in running an atmospheric chemistry model, the
Carnegie/California Institue of Technology (CIT)
airshed model. In this study we show how differ-
ent turbulence schemes affect, through changes in
meteorology data, the amounts of simulated air pol-
lution (e.g., 03 and aerosol nitrates).

2. MODELS

2.1 RAMS description

RAMS is a widely-used, comprehensive atmo-
spheric modeling system based upon fundamental
conservation relationships. A general description
of RAMS can be found in Pielke et al. (1992).
The model prognoses wind, ice-liquid water poten-
tial temperature (’Tripoli and Cotton 1981), per-
turbation Exner function, total water mixing ra-
tio, and mixing ratios and number concentrations
of seven hydrometer types. Some of the impor-
tant diagnosed variables are the dry air density,
potential temperature, and temperature. A surface
layer scheme based on a soil model developed by
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Tremback and Kessler (1985) is used in this study.
This surface layer scheme also includes a vegetation
model based on Avissar and Pielke (1989) that has
18 dif7erent types of vegetation.

2.1.1 Turbulence closure schemes

Three turbulence closure schemes are tested in
this study to evaluate their effects on simulated
gas phase chemistry (ozone concentrations) and
aerosol chemistry (concentrations of ammonium
sulfate). The iirst two schemes are used in
simulations in which the horizontal resolution is
coarse compared to the vertical resolution. This
requirement essentially validates the underlying
assumption of the above schemes, that vertical and
horizontal diffusion can be de-coupled. Stronger
horizontal -Ion is used in these schemes for
numerical damping (Walko et al. 1995). The
di.ilerence between the above two schemes, however,
is in the way vertical filon is treated. In the fist
scheme, vertical diffusion is computed by solving
a prognostic turbulent kinetic energy equation
(TKE) based on Mellor and Yamada (1974). The
second scheme employs a first order closure scheme
in the vertical as well (Smagorinsky 1963). In
both the above schemes, horizontal diffusion is
computed based upon Smagorinsky (1963). The
third scheme is similar to the second scheme except
that the decoupling of the horizontal and vertical
components is not assumed. The third computes
horizontal and vertical =lon coefficients from
the three dimensional rate-of-strain tensor (see
Walko et al. 1995 for further details).

2.1.2 Model setup and initialization

The calculation domain includes three nested
grids having horizontal resolutions of 36, 9, and
2.25 km in grids 1, 2, and 3 respectively. Very
high vertical resolution of 50 m near the surface
is used in all three grids. This resolution becomes
coarser with altitude. Grid 1 is centered at 20°
north latitude and 100° west longitude. Grids 2 and
3 are centered at 19.45° north latitude and 99.25°
west longitude. Grid 3 (74x74x42) covers the entire
calculation domain used in the CIT airshed model
simulations (see section 2.2.1). Wind, temperature,
humidity, and diffusion coefficients simulated in
grid 3 of RAMS are extrapolated to a 5x5 km grid
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Figure 1. RAMS grid 3 topography in meters above
the mean sea level.

of CIT. Vertical interpolations are performed on
the simulated data to constant thicknesses above
the local topography. This vertical interpolation
procedure is implemented for the CIT airshed
model (see section 2.2). A procedure to adjust the
interpolated wind field for mass consistency is used
(see Smolarkiewicz and Margolin 1994).

RAMS is initialized and nudged horn the
National Center for Environmental Prediction’s
(NCEP) 2.5”x2.5” global reanalysis data. Topog-
raphy of the region is obtained horn the National
Center for Atmospheric Research (NCAR) data
sets. A rigid lid condition (w= O m s–l) is used
for the top boundary. The bottom boundary con-
dition used is a rigid wall with no slip. RAMS is
integrated for several days starting horn OZ 1 March
1997.

2.2 CIT airshed model description

The CIT airshed model (McRae et al. 1982
and 1983) has been used extensively for simulating
air pollution in Los Angeles (McNair et al. 1996),
the northeast corridor of the United States (Ku-
mar and Russell 1996), and Athens, Greece (Gio-
vannoni and Russell 1994). Aw pollutant forma-
tion is described by the following reaction- filon-
advection (RDA) equation for an ensemble, grid-
averaged field

g + v ● (w-+)=v ● (Kvd)
+Rj(cl, c2, c3,..., 2’, t)+ Sj (1)

where cj is the ensemble averaged concentra-
tion of species j, Ui is the averaged velocity vector,

K is the second order difhwhity tensor, Rj is the
chemical production of species j , T is the temper-
ature, t is the time, and Sj is the elevated source
rate of emissions of species j.

A simplified representation of the chemistry
of ozone in the CIT airshed model is given by
equations 2-7 below:

N02+hv*NO+0 (2)

03+ NO* NOZ+OZ (4)

ROG+OH*R+-H20 (5)

R+-02+R02 (6)

R02 + NO & N02 + other products (7]

The Lurmann-Carter-Coyner (LCC) lumped
molecule chemical mechanism (Lurmann et al.
1987) represents the relevant atmospheric photo-
chemistry. The LCC mechanism includes 35 ac-
tive chemical species and 106 reactions. Eight of
these lumped species simulate the reactions of all
directly emitted organic gases: CA and higher alka-
nes, ethene, C3 and higher alkenes, monoalkyl ben-
zenes, di- and tri-alkyl benzenes , formaldehyde,
acetaldehyde, and methyl ethyl ketone.

The CIT airshed model converts sulfur diox-
ide (S02) to sulfur trioxide (S03) via OH radical
attack. Other models often include the transforma-
tion of S03 into sulfuric acid (H2S04) by reaction
with water. However, this reaction is omitted from
the study and it is assumed that water vapor is
available for S03 to react rapidly to form Hz S04.
In order to simulate the inorganic sulfur aerosols
the reaction of ammonia gas with sulfur trioxide
is added to the LCC mechanism, forming ammo-
nium bisulfate (AMBS). Subsequently, the prod-
uct AMBS reacts with another ammonia molecule
to form ammonium sulfate (AMS).

HzS04 + NH3 ~ NH4HS04(AMB5’) (8)

NH4HS04 + NHs * NH4S04(AMS) (9)

The rate constants for equations 8 and 9 are
set to the gas kinetic limit so that ammonia will
preferentially combine with S03 and AMBS. If
additional NH3 is available, it reacts reversibly
with nitric acid (HN03 ) to form ammonium ni-
trate (AMN), as described in detail in Russell et
al. (1983). Gas phase concentrations of NH3 and
HN03 are used to calculate the amount of par-
ticulate ammonium nitrate (NH4N03) present at
thermodynamic equilibrium (Stelson and Seinfeld
1982). The free energy is a strong function of tem-
perature and humidity and if the ambient humidity
is less than the deliquescence point (roughly 5070)
NH4N03 will be present as a solid.
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Figure 2. 03 concentration simulated in experi-
ments 1, 2, and 3 and observed (on 2 March 1997)
at Pedregal.

Application of the ammonium nitrate equilibria
to U.S. cities has often entailed the assumption of
negligible sulfate levels (Russell et al. 1983; Watson
et al. 1994), thus, the presence of large sulfur and
NH3 emissions in Mexico City provides a unique
air pollution modeling opportunity.

2.2.1 Model setup and initialization

The model domain has a 5 km horizontal
resolution with a variable vertical resolution of 21 m
near the surface to 230 m near the top of the domain
(4110 m). The grid is defined by 14x16x26. The
model inputs consist of data from three groups:
emissions inventory, meteorology, and initial and
boundary conditions. The government of Mexico
City published an emission inventory in tons per
year for 1994 shown in table 1 (DDF 1996). Mobile
sources are responsible for 6070 of CO, 7170 of
NO= and 54% of HC. These data were taken by
researchers at the Instituto Mexicano del Petroleo
(IMP) and were temporally and spatially resolved.
Ammonia was not a component of the official
inventory and IMP constructed ammonia emissions
by determining the population of each source (i.e.,
cows, rats, and humans) and assumed emission
rates published in the literature (IMP-personal
communication).

3. RESULTS

Ozone concentrations as a function of time
for the entire day of 2 March 1997 are shown in
Fig. 2. This panel includes 03 concentrations for
experiment 1 (horizontal difFusion by Smagorinsky
1963 and vertical difli.wion by Mellor and Yamada
1974), experiment 2 (both horizontal and vertical
diflusion by Smagorinsky 1963), experiment 3 (both
horizontal and vertical dithsion by Smagorinsky
1963 using full three dimensional deformation), and
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Figure 3. Six hour average sulfate concentration
simulated in experiments 1, 2, and 3 and observed
(on 2 March 1997) at Xalostoc.

TABLE 1

Pollutant I Emissions (tons/year)
so, 45.000

observations at a station named Pedregal (site of
03 maximum) located in the southwestern corner
of the basin.

The first order scheme with decoupling of hori-
zontal and vertical components (experiment 2) pre-
dicts the largest 03 concentration of - 250 ppb
between all experiments. While it follows the diur-
nal variation of the of the observed ozone it consis-
tently overestimates by as much as 75 ppb. This
is largely due to the fact that an unrealistic strong
-Ion in the horizontal is required (but not used
in the current study) to suppress high iiequency
vertical motions (Walko et al. 1995). A second or-
der closure scheme (experiment 1) in the vertical
closely duplicates the observed concentration un-
til 1500 LST when the concentration falls rapidly
unlike the observations. We feel this discrepancy
is largely due to decoupling of the horizontal and
vertical components. The first order scheme with
fully coupled computations of diffusion coefficients
(experiment 3) has duplicated observations with er-
rors less than 25 ppb during the peak concentration
period. Also this scheme does not reduce the con-
centration sharply beyond 1400 local standard time
(LST) as experiment 1. Further simulations will be
conducted to systematically analyze these dispari-
ties.

The production of sulfate is shown in Fig. 3
at the station named Xalostoc (site of sulfate
maximum) located in the northeastern quadrant of



the basin. What is striking horn Fig. 3 is that all
simulations produce peak sulfate amounts in the
afternoon between noon and 1800 LST. All the
simulated quantities are well above the observed
amounts. The amounts produced in experiment 3
are closer to observations than in either experiment
1 or 2. We have reason to believe that the
discrepancy in simulated sulfate concentrations is
not due to meteorology, but to the assumption
of gas phase equivalent reactions for the aerosol
chemistry with no size resolution or physics. This
factor will be investigated further in future work.

4. DISCUSSION

For the horizontal resolution used in the
current study, decoupling of the deformation tensor
in computing difksion coefficients seems to be more
limiting than the order of the turbulence scheme
used (fist or second). We believe a fidly coupled
second order turbulence scheme will simulate the
PBL with affordable horizontal resolution to model
air pollution within the Mexico City basin and to
devise realistic pollution control strategies. Our
future work will look at evaluations of errors
in observed data and interpolations, and also at
implementing a full second order closure scheme in
RAMS.
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