11.4

IMPLEMENTATION OF AN URBAN CANOPY PARAMETERIZATION IN MM5
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INTRODUCTION

The Pennsylvania State University/National Center
for Atmospheric Research Mesoscale Model (MM5)
(Grell et al. 1994) has been modified to include an urban
canopy parameterization (UCP) for fine-scale urban
simulations (~1-km horizontal grid spacing). The UCP
accounts for drag exerted by urban structures, the
enhancement of turbulent kinetic energy (TKE)
especially near the tops of the buildings, and the
modification of the energy budget within the urban
canopy (i.e., from the surface to the tops of buildings).
This UCP is applied to grid cells in MM5 that have a
non-zero fraction of urban land use. This refinement of
MM5 is targeted to enable the Community Multiscale Air
Quality (CMAQ) Modeling System (Byun and Ching
1999) to capture the details of pollutant spatial
distributions in urban areas.
2.

URBAN CANOPY PARAMETERIZATION

2.1 Momentum
The horizontal components of the momentum
equations are modified to account for the area average
effect of the sub-grid urban elements following Brown
(2000). The modifications are implemented in MM5 via
the TKE-based Gayno-Seaman planetary boundary
layer (PBL) parameterization scheme (e.g., Shafran
et al. 2000). The momentum equations accounting for
the urban elements are:
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2.2 Energy Budget
To account for the impact of urban settings on the
energy budget, the anthropogenic heat flux is included
in the heat equation and not in the surface energy
budget (e.g., Chin et al. 2000). The anthropogenic heat
flux is set as a function of urban land use subcategory,
and it has a temporal weighting function (e.g., Taha
1999). The heat equation also includes the heat
contribution of the city canyons following Yamada
(1982); the contribution due to rooftops has not yet been
implemented. The surface energy balance includes the
shadowing/trapping effect of the net radiation reaching
the ground in the city canyons modified by extinction of
the radiation through the urban canopy using a simple
exponential function (e.g., Brown 2000).
2.3 Urban Morphology

)

∂TKE
2
2
2
= FTKE + 0.5f urbC d A(z) U + V + W
∂t
where F are the general forcing terms in each equation;
U, V, and W are the wind components; and TKE is the
turbulent kinetic energy. In this formulation, it is
assumed that the buildings affect the flow, but do not
take up any volume within the grid cell. Cd is a drag
coefficient (assumed to be constant and set to 1). The
urban fraction of the grid cell is described by f urb . A( z)
is the canopy area density, or the surface area of the
obstacle (e.g., building) perpendicular to the wind, per
–1
unit volume of the urban canopy, expressed in m .
There are several approaches to describe A( z) (e.g.,
Uno et al. 1989, Brown 2000) where the function
reaches its maximum at the ground level, but vanishes
at the top of the obstacles (so the drag term vanishes
∗

also at that level). The integral of A( z) from the ground
level to the tops of the tallest buildings (H) is λf , which
corresponds to the ratio of the frontal area to the total
surface area of the buildings. In general A( z) is a
function of the location within the domain as it depends
on building morphology. A( z) can be estimated from
λf and H assuming some functional form for A( z) ; here
we use a linear function.
To solve the modified momentum equations (the
added new term), we follow the analytical solution
suggested by Byun and Arya (1986). The TKE equation
is solved explicitly. To take proper account of the
influence of A( z) , the vertical resolution in MM5 is
increased in the domain such that several prognostic
layers are below H.
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Parameters that are required for the UCP (e.g., H
and λf ) can be extracted from digital imagery (e.g.,
Ratti et al. 2001) which is commercially available from
several vendors for various cities and with different
degrees of accuracy and precision. We did not have
access to a true urban morphology database for our
area of interest, so we modified the MM5 land use
database for our domain to have seven subcategories of
urban areas adapted from Ellefsen (personal
communication 2001).
These categories crudely
represent urban zones such as high-rise, industrial, and
urban residential. Each of the urban subcategories has
a different value for H, λf , canyon fraction, and
maximum anthropogenic heat flux.
3.

PRELIMINARY RUNS

The unmodified MM5 was run in a one-way nested
mode for several days in July 1995 during which there

was a high-ozone episode in the Northeastern U.S. that
coincided with a photochemical field study. The MM5
domains included a five-domain configuration (108, 36,
12, 4, and 1.33 km grid spacing). The first four domains
were run with 30 vertical layers (about 12 layers in the
PBL, and lowest level at 19 m) and physics options
appropriate for each resolution.
To include the influence of smaller obstacles, the
UCP was used on the 1.33-km domain with 40 layers
that included 10 new layers in the lowest 100 m (lowest
level at 2 m). Several simulations have been made with
the 1.33-km domain to determine the impact of the UCP
and the morphology on the simulation. As expected, the
UCP acted to increase the TKE at the top of the urban
canopy (near rooftops) and decrease wind speed within
the urban canopy. The TKE profile exhibited a peak at
the top of the canopy that is consistent with wind tunnel
measurements for a simulated urban area (e.g.,
Kastner-Klein and Rotach 2001). At urban points, the
UCP increased the surface temperature by ~2°C
overnight and ~0.5°C in late afternoon in the city center
compared to the runs without the UCP. In addition, the
UCP created an unstable temperature profile overnight
at urban points (not shown). At non-urban points, the
TKE, wind speed, and temperature profiles remained
largely unchanged.
Figure 1 shows a comparison of the surface (~2-m)
temperature for Philadelphia International Airport (PHL)
from runs with and without the UCP compared to
observations for 14 July 1995. This figure shows that
the experiment with the UCP had significantly better
temperatures
overnight
and
somewhat
better
temperatures during the day. Overall, the diurnal
temperature pattern of the simulation with the UCP
compares more favorably with observations.
4.

FUTURE DIRECTIONS

Additional comparisons against observational data
will be performed to assess the viability of the UCP for
air quality modeling applications. The parameterization
will be expanded to add the roof energy budget and to
use more detailed land use databases and morphology
databases so that the urban areas can be more
accurately characterized. Finally, the urban canopy
parameterization will be coupled with a land-surface
model and urban soil model.
Disclaimer. The information in this manuscript has been
prepared under funding by the United States
Environmental Protection Agency.
It has been
subjected to Agency review and approved for
publication. Mention of trade names or commercial
products does not constitute endorsement or
recommendation for use.
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Figure 1. Temperature at PHL for 14 July 1995 for
observations and simulations with and without UCP.
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