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Abstract

Since mesoscale numerical models do not have the spatial resolution to directly simulate the fluid
dynamics and thermodynamics in and around urban structures, urban canopy parameterizations are
sometimes used to approximate the drag, heating, and enhanced turbulent kinetic energy (tke) pro-
duced by the sub-grid scale urban elements. In this paper, we investigate the effect of the urban
canopy parameterizations used in the HOTMAC mesoscale meteorological model by turning the
parameterizations on and off. The model simulations were performed in the Paso del Norte region,
which includes the cities of El Paso and Ciudad Juarez, the Franklin and Sierra Juarez mountains,
and the Rio Grande. The metropolitan area is surrounded by relatively barren scrubland and strips
of vegetation along the Rio Grande. Results indicate that the urban canopy parameterizations do
affect the mesoscale flow field, reducing the magnitude of wind speed and changing the magnitude
of the sensible heat flux and tke in the metropolitan area. A nighttime heat island and a daytime
cool island exist when urban canopy parameters are turned on, but associated recirculation flows
are not readily apparent. Although model-computed solar and net radiation values look reasonable,
the relationship between urban and rural longwave radiation fluxes does not agree with published
measurements.

Introduction

The US Environmental Protection Agency and the US Department of Energy are sponsoring a US-
Mexico border air quality project in the Paso del Norte. Some of the key players in the project are
EPA Region VI, Sonoma Technologies, the Mexican Petroleum Institute, the Texas Natural Re-
source Conservation Commission, the Environmental Defense Fund, Ciudad Juarez Department of
Water and Sanitation, EPA National Exposure Research Laboratory, Environ, the Desert Research
Institute, as well as Los Alamos National Laboratory (LANL). As part of this larger project,
LANL is involved in studying the atmospheric circulations that develop in the region for the pur-
pose of better understanding ozone production and transport. One area of particular focus involves
assessing the importance of the urban heat island circulation on the overall wind patterns that de-
velop due to interaction with mountain-induced flows and synoptically-driven winds. Using the
HOTMAC mesoscale meteorological model, we can separate the effects of the urban canopy from
the mountain-induced and synoptically-driven winds by turning the urban canopy parameteriza-
tions on and off. Although the urban canopy parameterizations are themselves approximations,



placing a minimal amount of confidence in them allows us to obtain a first-order evaluation of the
importance of the urban canopy. Future research efforts include evaluating the urban canopy pa-
rameterizations by comparing model results to meteorological measurements performed during a
summer 1996 intensive field campaign held in the Paso del Norte region. (1)

Background

Field experiments indicate that the mean temperature of a city center can be from 1-10 °C warmer
than the surrounding rural areas during the night and anywhere from a few degrees warmer to a
few degrees cooler during the daytime. (2) The nighttime warming results, in part, from the high
heat capacity of building and road materials, the release of heat from combustion and other anthro-
pogenic sources, and trapping of longwave radiation in urban canyons. (3) In calm wind condi-
tions, the warmer central core results in a thermally-induced recirculation that is radially inward
near the surface, rising upward above the city center, and radially outward at elevations aloft. (4)
The buildings in an urban area result in reduced wind speeds by imparting drag onto the larger-
scale flow and mechanically create turbulence due to increased surface roughness. (2)

A number of numerical modeling studies of an idealized urban heat island have been performed,
where the only driver of fluid flow is the horizontal temperature gradient. (5,6) In a study more
representative of an actual city, the Tokyo urban heat island was simulated in a cross-flow. (7) Al-
though the authors ignored topography, they found reasonable agreement between measured and
modeled vertical profiles of temperature. Numerous numerical modeling studies have been per-
formed with cities situated in complex topography, but in general the urban canopy was not fully
parameterized. (8,9) One 2-d simulation performed in the Los Angeles basin area found that the
urban canopy effects on the mesoscale flow field are negligible when compared to the sea-breeze
and mountain-induced slope flows. (10) However, in a 3-d simulation of the St. Louis area using
the RAMS prognostic meteorological model, it was discovered that the urban heat island had a sig-
nificant impact on the computed meteorological fields. (11) The differences between the simula-
tions are most likely due to the steeper topography and the land/ocean interface found in the Los
Angeles case, although model and urban canopy parameterization deviations might also be respon-
sible. In all of the modeling studies sited above, it appears that urban canopy parameterizations for
short- and longwave attenuation, momentum drag, and tke production were not utilized. Below,
we describe how the urban canopy is accounted for in the HOTMAC meteorological model.

Model Description

HOTMAC (Higher-Order Turbulence Model for Atmospheric Circulation) is a three-dimensional
time-dependent mesoscale meteorological model. (12) Using the hydrostatic approximation, a
gradient-diffusion closure scheme for the horizontal turbulence components, and a terrain-follow-
ing coordinate system, the governing conservation equations for mass, momentum, heat, and mois-
ture are solved numerically using the alternating direction implicit (ADI) finite difference scheme.
A simple 4-point diffusive smoothing scheme with smoothing parameter y = 0.3 is used to remove
2 Ax waves. The vertical momentum, heat, and moisture fluxes are approximated using a one-
equation 1 1/2 order turbulence closure scheme, where the turbulent length scale (1) is determined
from an algebraic equation and the turbulent kinetic energy (tke) is solved numerically by an ap-



proximated differential equation.

The lower boundary conditions are defined by similarity theory and a surface energy balance be-
tween short- and longwave energy and sensible, latent, and soil heat fluxes (eqn. 1). The two-
stream delta-eddington method is used to solve for the incoming shortwave energy flux (13), while
a prescribed surface albedo determines the outgoing shortwave flux. The upward and downward
longwave radiation fluxes are determined using the Stefan-Boltzmann relation and the method of
Sasamori (14), respectively. The sensible heat flux is obtained from similarity theory, while the
latent heat flux is computed from a daytime-prescribed and nighttime-computed Bowen ratio. The
soil heat flux is obtained by solving a 5-level heat conduction equation in the soil which ignores
lateral heat transfer.

The urban canopy, too small to be resolved by the mesoscale model, has been parameterized
through a) the land class descriptions, b) the short- and longwave energy flux above the ground, ¢)
addition of an anthropogenic heating term (Qy), d) drag in the momentum equations, and e) artifi-
cial tke production within the canopy. Table 1 lists the land classes and associated thermal prop-
erties used in the present simulation. In our formulation, the urban land class specification is
denoted by a relatively high density, low specific heat, high thermal diffusivity, high Bowen ratio,
low albedo, and low emissivity. It should be noted that these values have large uncertainty, are
difficult to validate, and may vary widely within the city and from city to city. Within the HOT-
MAC model, the short- and longwave radiation are forced to decay exponentially with height with-
in the urban canopy. An anthropogenic heating term is added to the temperature equations below
the canopy height, but it has not been added to the surface radiation balance (eqn 1). Finally, mo-
mentum loss and tke production within the urban canopy are approximated using drag coefficient
(Cy) terms applied to the momentum and tke prognostic equations, similar to work done on forest
canopies. (15)

Problem Description

The meteorological simulation was performed using a double-nested mesh composed of 13 x 16,
26 x 29, and 20 x 23 grids of size 18, 6, and 2 km, respectively (fig. 1). Sixteen vertical grid levels
were used, with the vertical grid spacing (in terrain-following coordinates) being 4 m for the lowest
four cells and expanding to a maximum of 700 m at the model domain top. The domain extends
4000 m above ground level (agl) in terrain-following coordinates and 6826 m above sea level (asl)
in cartesian coordinates. The outermost mesh is dominated in the northern-half by the Black Range
on the west, the Sacramento Mountains to the east, and San Andres Mountains in between. The
topography is primarily scrubland, except on the higher mountains where mountain vegetation is
the predominant landclass. The Rio Grande river valley becomes apparent on the intermediate
mesh, as well as the El Paso/Ciudad Juarez metropolitan area. On the fine mesh, one can see that
the Rio Grande river valley runs between the Franklin Mountains to the north and Sierra Juarez
Mountains to the south and separates El Paso, Texas from Ciudad Juarez, Mexico. The thermal
characteristics of the landclasses depicted in fig. 1 are given in Table 1.

The meteorological simulations were started at 6:00 pm on Sep. 9, 1994 and run for approximately
thirty hours. The initial conditions for the simulations were obtained from the local airport rawin-
sonde sounding. A data assimilation scheme using the rawinsonde data taken at 12 hour intervals



was used to "nudge" the winds above 2500 meters agl. The synoptic conditions during this time
period are characterized by a high pressure system over the region with northerly upper-level winds
of 3-5 m/s switching to southwesterly by the end of the simulation.

Two cases were simulated, one in which the urban areas were given an urban landclass identity and
the other a vegetation-scrubland landclass identity:

» Case 1: urban areas = urban landclass, Q¢ = 20 watts/m2

» Case 2: urban areas = vegetation/scrubland landclass, Q¢ = 0 watts/m2

Results and Discussion

Temperature Fields. Figure 2 illustrates the effect of the urban canopy on the diurnal temperature
pattern at two different heights. The ground-level potential temperature (6) computed at an urban
(Sunland Park) and rural site (Turf Road, scrubland landclass) for Case 1 shows that (AO =0, -
0 min 1S smaller at the urban site. This is due primarily to larger nighttime temperatures, i.e., cooling
of the urban area at night occurs at a slower rate relative to the scrubland region. At 2 m, A0 at the
urban site is about 10 K, close to the 12 K value measured at Sunland Park during the Sept. 1994
Border Air Quality Study. (16) Figures 3a and 4a depict the surface temperatures computed on
the innermost gridmesh at 6:00 am and 2:00 pm, respectively. At 6:00 am, the urban areas are from
2-5 K warmer than the rural scrubland sites, which falls within the range measured for an ambient
ten meter wind speed of roughly 3 m/s. (2) The vegetative regions that line the Rio Grande River
valley have temperatures that are 5-10 K cooler than the urban area. In the afternoon, the urban
landclasses are clearly cooler than the surrounding scrubland regions. This urban "cool" island
phenomenon has been observed previously in several cities. (17) Comparing the above results to
surface temperatures computed with urban replaced by scrubland landclass (Case 2), we find that
the scrubland region along the Rio Grande river valley is quite warm relative to the surrounding
areas at 6:00 am (fig. 3b). Why this occurs is not clear. Without the urban thermal properties, the
urban cool island has dissappeared in the afternoon (fig. 4b).

Surface Radiation Budget. Figure 5 shows the surface energy budget computed at the urban and
rural sites for Case 1, along with solar radiation data collected at the Sunland Park site during the
Border Air Quality Study. (16) Four major features stand out: the total incoming solar radiation
flux S\ is approximately the same over urban and rural sites and agrees quite well with the data;
the magnitude of the outgoing solar radiation flux S/ is smaller at the urban site as found in prior
field studies; the magnitudes of the upward and downward longwave fluxes are largest for the rural
site, opposite of what is frequently measured; and the net radiation Q* is nearly the same for the
urban and rural sites in agreement with field measurements. (17) The anomalous relationship be-
tween model-computed rural and urban upward longwave radiation might be attributable to both
a low model-prescribed emissivity (0.90 versus 0.95 suggested by ref. (17)) and the modeling as-
sumption that only the non-building fraction of the urban canopy contributes to the upward long-
wave radiation flux at the surface. The anomalous relationship between urban and rural downward
longwave radiation might be caused by uncertainty in the extinction coefficient, the value of the
downward longwave radiation at canopy top, and not accounting for warming due to urban air pol-
lution. Urban-rural longwave anomalies might also stem from a) the fact that the rural area is char-



acterized by a relatively dry and barren landscape with high thermal admittance and b) whether or
not measurements of longwave fluxes are taken at canopy top or the surface.

Figure 6 depicts the net incoming shortwave radiation S* = S\v+ S/ on the innermost grid mesh.
S* is about 20 watts/m2 less over the metropolitan area for Case 1. The net shortwave radiation
includes the effect of landclass albedo and attenuation by the urban canopy. The smaller albedo
for the urban canopy (see Table 1) is offset by the attenuation of the incoming shortwave radiation
and the smaller optical depth computed over the urban landclass, resulting in smaller S* values
over the metropolitan area for Case 1. The soil heat flux at 2:00 pm shows similar patterns for both
Case 1 and 2 (fig. 7). The heat flux into the soil in the urban area is very similar to that in the scru-
bland regions (fig. 7a).

The upward longwave energy flux at 6:00 am is shown in fig. 8. Although the urban site is warmer
than the rural site at night, less longwave energy is emitted upwards in the urban area according to
the model (fig. 8a). The latter disagrees with most measurements and as mentioned above probably
results because of a low model-prescribed emissivity and the modeling assumption that only the
non-building fraction of the urban canopy contributes to the upward longwave radiation flux at the
surface. The downward longwave energy flux at 6:00 am is shown in fig. 9. The downward long-
wave energy flux is smaller at the surface in the urban canopy due to longwave attenuation by the
building elements (fig. 9a). The anomalies in the upward and downward longwave fluxes cancel,
so that the net radiation is consistent with measurements. (17)

There is a noticeable difference in the nighttime sensible heat flux computed over the metropolitan
area with and without the urban canopy (fig. 10). The heat flux is larger over the urban canopy due
to tke production, anthropogenic heating, and the release of heat within the canopy during the
night. Large negative values are found at the interface between the scrubland of the Franklin
Mountains and the river valley vegetation to the west. This probably occurs due to advection of
warmer drainage air over the cooler air in the river valley (see fig. 3). Figure 11 shows the daytime
sensible heat flux for Case 1 and 2. The sensible heat flux is slightly smaller over the urban canopy
than in the surrounding scrubland for Case 1 (fig. 11a) and is mostly likely explained by slightly
cooler temperatures and weaker turbulence over the urban canopy. The relatively large sensible
heat flux over the river valley vegetation is somewhat unexpected, as the temperatures are cooler
and the Bowen ratio (Hs/LE) is smaller.

Wind and Turbulence Fields. Wind vector fields computed at ten meters on the innermost grid-
mesh are depicted in figs. 12 and 13. Mountain-induced upslope flows are the predominant me-
soscale forcing mechanism in the afternoon for both Cases 1 and 2, respectively (figs. 12a and b).
The winds are slightly smaller over the city region for the urban canopy Case 1. A few hours after
sunset, the winds have reversed direction on the mountains (fig. 13). Winds are clearly much
smaller over the city region for Case 1, showing that the urban canopy drag parameterizations are
having an effect and in qualitative agreement with measurements. (2)

Figures 14 and 15 show the turbulent kinetic energy computed at ten meters on the innermost grid-
mesh. In the afternoon, the tke over the metropolitan area is smaller when the urban canopy is
turned on (fig. 14). The smaller tke values may result from the drag reduced winds and smaller
sensible heat flux. Measurements suggest, however, that the tke should increase relative to back-



ground at the canopy height, but this is for a given prevailing wind speed. During the evening, the
tke is significantly larger over the metropolitan area for Case 1 (fig. 15). This most likely results
from the stronger wind shear and larger sensible heat flux when the urban canopy parameteriza-
tions are turned on.

Conclusions

Based solely on prognostic mesoscale meteorological model results, the urban canopy of El Paso
and Ciudad Juarez does have an impact on the flow patterns that develop in the region. Relative
to simulations performed with the urban landclass replaced by a scrubland landclass, the winds
over the metropolitan region were generally smaller and the tke and sensible heat flux were larger
during the night and smaller during the day. The surface potential temperatures showed a distinc-
tive urban heat island during the night with intensity of 2-5 K. During the day, a cool island existed
at the surface. Magnitudes of surface radiation budget terms were, in general, of similar magnitude
to reported measurements. However, the magnitudes of the urban upward and downward long-
wave radiation fluxes were smaller than the rural values, opposite of what has been reported in the
literature. This may be due to incorrect longwave flux urban canopy parameterizations, the rural
area being scrubland, and/or differences in terminology. Future work involves comparison of
model results to field measurements performed in the summer of 1996 (1), evaluation of longwave
radiation parameterizations, and sensitivity tests of emissivity, attenuation, and anthropogenic heat
flux input parameters.
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Table 1. Landclass thermal properties used in the HOTMAC model.
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Equation 1. Surface energy balance at surface.
Ox= RN + RN+ RNV + RN =H + LE + G,
where
O+« = net radiation
RN = downward shortwave radiation
RN = upward shortwave radiation = RN/ (1-a)
R;\¥ = downward longwave radiation
R;™ = upward longwave radiation = €07, G4 + (1-e)R; Vv
H, = sensible heat flux ~ —pc,u+T'x
LE = latent heat flux = H/B
G, = soil heat flux = K 9T ,/dz
and a is the albedo, ¢ is the emissivity, o'is the Stefan-Boltzman constant, 7i; is the ground temperature,

p s the air density, c,, is specific heat, ux is the friction velocity, T is the temperature scale, B is the

Bowen ratio, and K is the thermal diffusivity of the soil.
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Figure 1. The three computational grid meshes with topography and landclass. The landclass key is: (1) - vegetation, (2) - bare soil, (3) - dark
soil, (4) - rock (basalt), (5) - urban, (6) - scrubland, and (7) - mountain vegetation. The utm coordinates for the SW corners of the coarse, inter-
mediate, and fine meshes are (338, 3498), (266, 3468) and (230, 3450) kilometers, respectively.
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Figure 2. The ground-level and 2 meter potential temperature computed at the urban (Sunland Park) and
rural (Turf Road) sites on Sept. 10, 1994. Notice that the urban site is always warmer than the rural site at
2m agl, but that the rural site is warmer in the afternoon at ground-level. Simulation start time at 6 pm on

Sept. 9.
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Figure 3. The ground-level potential temperature fields computed at 6:00 am for a) Case 1 and b) Case 2.
For Case 1, the metropolitan areas are represented by the urban landclass, while for Case 2 by scrubland
landclass. Suprisingly, for Case 2 the scrubland region in the metropolitan region remains quite warm
during the night. The metropolitan area is outlined in white. S, A, and T are the Sunland Park, Airport,

and Turf Road sites, respectively.
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Figure 4. The ground-level potential temperature fields computed at 2:00 pm for a) Case 1 and b) Case
2. For Case 1, an urban “cool” island is apparent (however, at 2 meters agl, the “cool” island dissap-

pears).
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Figure 5. Diurnal variation of the computed surface energy budget terms at the urban (Sunland Park) and
rural (Turf Road) sites on Sept. 10, 1994. Incoming solar radiation measurements are from the Border
Air Quality Study. (17) Note that S\, LN/, and LA are computed at the top of the urban canopy.
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Figure 6. The net incoming shortwave computed at 2:00 pm for a) Case 1 and b) Case 2. The net short-
wave includes the effect of albedo and attenuation by urban canopy elements. A shortwave deficit is
found over the urban area for Case 1.
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Figure 7. The soil heat flux computed at 2:00 pm for a) Case 1 and b) Case 2. Results are similar for
both cases. An interesting variation in soil heat flux intensity is occuring to the northwest of the Sierra
Juarez Mountains paralleling the surface potential temperature variation (see fig. 4).
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Figure 8. The canopy-top downward longwave energy flux computed at 6:00 am for a) Case 1 and b)
Case 2. The magnitude of the flux for Case 2 is largest in the valley where the air temperatures are
warmer. For case 1, the effect of the warmer urban canopy on the flux magnitude is apparent, though not
pronounced due to the competing factor of air temperature variation with height.
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Figure 9. The canopy-top downward longwave energy flux computed at 2:00 pm for a) Case 1 and b)
Case 2. The effect of the urban canopy parameterization is clear in Case 1, where the cooler temperatures
over the metropolitan area result in smaller L, values.
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Figure 10. The sensible heat flux computed at 6:00 am for a) Case 1 and b) Case 2. The model-com-
puted heat flux is larger over the metropolitan area when the urban canopy is present (Case 1). This is
most likely due to warmer surface temperatures and stronger turbulence in the urban canopy relative to
the rural scrubland during the nighttime (see figs. 3 and 13, respectively).
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Figure 11. The sensible heat flux computed at 2:00 pm for a) Case 1 and b) Case 2. The model-com-
puted heat flux is smaller over the metropolitan area when the urban canopy is present (Case 1). This is
most likely due to cooler surface temperatures and weaker turbulence in the urban canopy relative to the
rural scrubland during the daytime (see figs. 4 and 13, respectively).
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Figure 14. The turbulent kinetic energy computed at 2:00 pm for a) Case 1 and b) Case 2 at ten meters.
The model-computed tke is smaller over the metropolitan area when the urban canopy is present (Case 1)
resulting from the smaller winds in that region (see fig. 12).
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Figure 15. The turbulent kinetic energy computed at 9:00 pm for a) Case 1 and b) Case 2 at ten meters.
The model-computed tke is significantly larger over the metropolitan area when the urban canopy is
present (Case 1).
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