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GATOR-GCMM: A global- through urban-scale air

pollution and weather forecast model

‘1. Model design and treatment of subgrid soil, vegetation,
roads, rooftops, Water, sea lc_e, and snow

Mark Z. Jacobson

Department of Civil and Environmental Engineering, Stanford Utiversity, Stanford, California

Abstract. A model that treats nestmg of gas, size- and composition-resolved aerosol radiative,
and meteorological parameters from the global through urban scales (<5-km grid spacing) was
developed. The model treats multiple one-way-nested layers and multiple air quality and
meteorological domains in each layer bétween thé global and the urban scales. This latter feature
allows forecast of air pollution and weather at several urban or regional sites during the same
simulation. Regardless of the humber of domains used during a single continuous sirnulation, the
central memory required never exceeds 1.5 times and 2.1 times that of the largest domain for gas
and gas/aerosol simulations, respectively. A submodule was developed for all domains to_treat
ground temperatures,; latent heat fluxes, and sensible heat fluxes over subgrid soil types (with and

~ without vegetatlon), water, sea ice, and urban areas. Urban areas are divided into road surfaces,
rooftops, vegetation, and bare soil. Snow is treated over all surface types. The global-through-
urban model is applied in a compamon paper to study elevated ozone, ozone in national parks, and
weather during a field campaign in northem and central California. -

1. Introduction

Limited-area models (LAMs) are used for predicting weather
and air quality on urban and regional scales. Nesting is -a
comirion method of providing lateral boundary conditions for
LAMs. Unfortunately, unless the largest LAM scale is the
global scale, boundary conditions are still needed for the
largest L.AM domain. Thus, an ideal nested model uses a global
model for boundary conditions around the largest LAM
domain.

- Two widely used hmlted-area meteorologlcal models ‘with
nesting features are the Penn State University (PSU)/Natlonal
Center for Atmospheric Research (NCAR) mesoscale model
[Anthes et al., 1987, MM4; Grell et al., 1994, MMS] and the
Colotado  State University reglonal atmosphenc modeling
system (CSURAMS) [Pielke et al., 1992; Copeland et al.,
1996]. Limited-area meteofological models have been nested
with global models or observations to. produce a variety of
reglonal climate models (RCMs) [e.g., Dickinson et al., 1989;
Gzorgl and Bates, 1989; McGregor and Walsh, 1993; Juang
and . Kanamitsu, 1994; Marinucci et al., 1995 Podzun et al,
1995; Giorgi and Marmucc;, 1996; Dudek et al., 1996; Giorgi
and Mearns, 1999; Qlan et al., 1999; Leung and Ghan, 1999;
McGregor, 1997; Jones et al.; 1997, Laprise et al., 1998].

‘Nested limited-area meteor010gxcal models have also been
used t0 provnde boundary conditions for limited-area chemical
transport models (CTMs). In some cases, the CTM and

mesoscale model have both been nested {although not

necessarily occupying the same domains) [e.g., Pleim et al.,
1991; Jakobs et al., 1995; Odrian and Ingram, 1996; Byun and
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" Ching, 1999; McHenry et al.,

1999]. In other cases, the
meteorological model has been nested, but the CTM has
occupled only the innermost meteorological- model domain
[e.g., DaMassa et al., 1996; Qian and Giorgi ; 1999; T. Umeda
and P. T. Martien, Evaluation of a data assimilation techhique
for a mésoscale meteorological model used for air quality
modeling, J. Appl. Meteorol., i1 review, 2001]. In other
cases, the CTM has been nested [Morris et al., 1992; Kumar et
al., 1994] or configured with heterogeneous grid spacing
[Mathur et al., 1992], and winds were obtained off line from

» meteorologlcal observations or -model predictions.

Although RCMs in use today treat meteorology from the
global scale to resolutions of 20 km [Marinucci et al., 1995],
45 km [Laprise et al.; 1998], or 50 km [Jones et al., 1997;
Giorgi and Marinucci, 1996], no RCM has treated
meteorology, gas chemistry, or aerosols from the global to .
urban scale (<5 km). Similarly, whereas all nested mesoscale
LAMs coupled with CTMs account for gas chemistry and some
nested LAMs account for aerosols [e.g., Byun and Ching,
1999, EPA Models 3; McHenry et al., 1999, EDSS], none
treats nesting of aerosols, chemistry, or meteorology up to the
global scale. Current nested models are also limited by
computer memory. They either need a separate memory for -
each grid (limiting the number of gnds on a machine) or require
that simulations for a grid be completed and the code
recompiled for the next grid to be solved.

For this work, a one-way nested model was designed to treat
gases, size- /composition-resolved aerosols, radiation, and
meteorology from the global to the urban (< 5 km) scales. The
model runs over a single, continuous simulation, and
regardless of the number of domains, the central memory
required never exceeds about 1.5 and 2.1 times that of the
largest domain for gas simulations and gas/aerosol
simulations, respectively. The model accounts for radiative
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feedback from photochemically active gases, size-resolved
aerosols, and size-resolved liquid water and ice particles to
meteorology on all scales. The model treats subgrid- soil and
surface classes, including rooftops and road surfaces for
ground-temperature calculations. The model is described below
and applied in Jacobson [this issue] to study elevated ozone
layers, ozone in national parks, and weather in northern and
central California.

2. Description of the Model

The model, GATOR- GCMM (gas, aerosol, transport,
radiation, general circulation, and mesoscale meteorological)

model, derives from a global model, GATORG (gas, aerosol, .

transport, radiation, and general circulation model) [Jacobson,
2000, 2001], and a regional model, GATORM (gas, aerosol,
transport, radiation, and mesoscale meteorological model)
[Jacobson et al., 1996; Jacobson, 1997a, 1997b; 1998a,
1999b, 1999c]. The gas, aerosol, and radiative parts of the two
models are the same, but the meteorological and transport
parts differ. There is no a priori reason why the regional and
global metorological parts cannot be the same (except that
boundary conditions must differ).

GATQR-GCMM is. a single, unified model where all
processes are run on line. It uses one common block and has
switches to run in global mode, regional mode, nested mode,
and with/without gases, aerosols, radiation, meteorology,
transport, deposition, cloud physics, surface processes, etc.
The model allows any number (limited only by computer time)
of one-way nested layers of domains between the global and
the urban scales, and in each layer, any number of domains for
both air quality and meteorological calculations. In all
domains in all layers, the air quality and meteorological
domains occupy the same space and have the same grid
“spacing, except that in all nonglobal domains, each
meteorological domain contains two more rows and columns
than each air quality domain. In this- "buffer zone,"
topographic gradients are eliminated to dampen gravity-wave
reflections at boundaries. The horizontal and vertical
coordinates in all domains are the spherical and sigma-pressure
coordinates, respectively. '

The model is presently run without spin-up or data
assimilation so, it is prognostic, except for the emission
inventory. Data assimilation of meteorology is useful for
“hindcasting air quality, improving modeled meteorological
fields, and extending the length of simulations, but
disadvantages are that it makes analysis and correction of
meteorological prediction errors difficult; since such errors are
hidden during the assimilation. It also prevents the study of
feedbacks between air quality and meteorology, since such
feedbacks depend on natural responses.

Figure 1 shows the processes solved in GATOR- GCMM, and
Table 1 compares features of this model with those of two
other nested models. Below, each -model component is
discussed, except that aerosol processes are discussed in a

manuscript in preparation. “Time steps for ‘model processes are

listed in Jacobson [this issue, Table 1].

2.1. Gas Processes

Gas processes in . GATOR-GCMM include emissions,
photochemistry, heterogeneous chemistry, ‘nucleation,
condensation/evaporation, dissolution/evaporation, and dry
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dep(;sition. These processes are solved in all domains. Area-
and mobile-source emissions are placed in the bottom model
layer of all domains. Point-source emissions are placed in a
layer determined from the stack height and estimated plume
rise of the emissions. The method of determining plume rise
height is obtained from Briggs [1975].

Gas photochemistry and heterogeneous chemistry are solved
with SMVGEAR 1I [Jacobson, 1995, 1998b]. In all domains,
115 gases, 220 kinetic reactions, and 27 photolysm reactions
are treated, except that three additional photolysis reactions
are solved for in the global domain, since the top of the global
domain extends to 55 km, whereas the tops of the regional
domains are-limited here to 16 km. The kinetic reactions used
found in Jacobson [1999a, reactions 1-220 of Appendix Table
B.4, corrections given at http://efml.stanford.edu/
FAMbook/FAMbook.html]. Photolysis reactions include
reactions. 297-326 for the global domain and all except
reactions 297, 300, and 305 for the regional domains. The
chemical mechanism described above was recently compared
by Liang and Jacobson [2000] with smog-chamber data and
with two other mechanisms. For this study, the only
heterogeneous reaction considered is N;Os(g) + H,0(a) —
2HNO3(g).

Dry  deposition velocltle,s for gases are calculated as the

- inverse sum of three resistances [Jacobson, 1999a, equations

20.10ff]. The surface resistance treatment [Wesely, 1989;
Walmsley and Wesely, 1996] depends on land cover type. Land
cover categories at 1-km resolution were obtained from USGS

. [1999]. Table 2 suminarizes the fractional coverage, over the

globe, of each category, found from the data. The 24 USGS
land cover classes are compressed into each of Wesely's 11
land cover categories in each cell in each domain for dry
deposition calculations. Predicted deposition velocities over

GATOR-GCMM Processes
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Figure 1. Processes and interactions in the GATOR-GCMM
model.
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each category in each cell are weighted by the fractional land
cover of the category in the cell.

2.2. Radiative Transfer

Radiative transfer is used to determine diabatic heating rates
for temperature calculations and actinic fluxes for photolysis
calculations. Radiative calculations in the model depend on
scattering and absorption by gases, aerosols, cloud liquid, and
cloud ice. UV and visible gas absorption by all photolyzing
gases, solar-IR absorption by H,O, CO,, O3, and O, and
thermal-IR absorption by H,0, CO,, O3, CHy, N;0O, CFCl;,
CF,Cl,, CFCl3, and CCly (with absorption coefficients from
Miawer et al. [1997]) are included.

Table 1. Identification of Major Features of a Global-to-
Regional (RegCM), Regional-to-Urban (EPA Models-3),
and Global-to-Urban (GATOR-GCMM) Nested Model

RegCM EPA
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Tai)le 2. Percent Global Land Cover for 24 USGS

Categories
Land Cover Category Percent
1, Urban and built-up land 0.051
2, Dryland cropland 2.137
3, Irrigated cropland 0.661
4, Mixed dry/irrig. cropland/pasture 0.000
5, Cropland/grassland mosaic 0.916
6, Cropland/woodland mosaic 1.813
7, Grassland ) 2.168
8, Shrubland 3.127
"9, Mixed shrubland/grassland 0.267
10, Savanna 2.871
11, Deciduous broadleaf forest 1.223
12, Deciduous needleleaf forest 0.387
13, Evergreen broadleaf forést 2.529
14, Evergreen needleleaf forest 1.171
15, Mixed-forest 1.222
16, Water bodies 71.32
17, Herbaceous wetland 0.060
18, Wooded wetland 0.195
" 19, Barren or sparsely vegétated 3.145
20, Herbaceous tundra - 0.012
21, Wooded tundra 0.986
22, Mixed tundra 0.472
23, Bare ground tundra 0.009
3.255

24, Snow or ice

GATOR
Models-3 -GCMM
Recent reference - ] Giorgi Byun
: and and .
Mearns  Ching this
: [1999] [1999]  Work
Chemical tracer model (CTM)? --- yes yes
Is the CTM nested? --- yes yes
Mesoscale meteorological model? yes yes yes
Is the mesoscale model nested? yes yes yes
Global meteorological model? yes --- yes
Gas processes
gas photochemistry? --- yes yes
gas-to-particle conversion? --- yes yes
dry deposition? --- yes 'yes
photolysis feedback to weather? --- - yes
Aerosol processes *
prognostic number concentration?  --- - yes -
mass or mole concentration? --- mass mole
bins or modes --- modes bins
emissions? - yes yes
nucleation? --- yes yes
coagulation? --- yes yes
condensational growth? --- yes ‘yes
dissolutional growth? --- --- yes
chemical equilibrium? --- yes yes
aerosol aqueous chemistry? --- - yes
sedimentation? -~ yes yes
dry deposition? --- yes yes
aerosol feedback to radiation? --- - yes
Radiative transfer o
heating rates? FMM FMM FRT
actinic fluxes? ) --- LT FRT
Rayleigh scattering? yes yes yes
all photolyzing-gas absorption? - --- yes
greenhouse-gas absorption? yes yes yes
aerosol scattering/absorption? --- --- yes
cloud lig. scattering/absorption? - - yes
cloud ice scattering/absorption? --- --- yes
cloud fraction treatmerit? yes yes ---
Ground temperatures
treatment of urban surfaces? -—- --- yes
~ treatment of subgrid soil types? --- --- yes
Cloud processes
curhulus parameterization? yes yes yes
precipitation chemistry? --- yes yes
TCF TCF TLI

feedback to radiation?

FMM, from meteorological module calculation; FRT, from

spectral radiative transfer calculation; LT, from lookup table; TCF,
through cloud fraction; TLI, through liquid and ice size distributions.

*Binkowski and Shankar [1995].

Data summed from 1-km global land cover data, as described in the
text. The global data set did not include any pixels corresponding to
category 4.

Cloud liquid and ice affect optics in each domain as follows:
Bulk cloud liquid and ice contents from the cumulus
parameterization are combined with modified-gamma size
distribution data from Welch et al. [1980] and power-
law/Marshall-Palmer distribution data from Platt [1997] for
different cloud types to estimate cloud drop and ice crystal
number and cross-sectional area distributions. Mie
calculations are then combined with the distributions to give
spectral cloud liquid and ice optical depths, single-scattering
albedos, and asymmetry parameters, which are input into the
radiative calculation. Surface albedos for the global domain are
interpolated daily from a monthly averaged 1°x 1° global data
set [NASA, 1992], except that snow and sea-ice albedos are
varied according to changes in modeled snow cover and sea-ice
cover, respectively. Ground albedos for California are obtained
from a 1-km resolution data set derived from AVHRR
measurements for August, 1990 [Martien and Umeda, 1993].
Irradiances for diabatic heating rate calculations are determined
for 86, 67, and 256 wavelength intervals in the regions <0.8,
0.8-4.5, and 4.5-1000 pm, respectively, with the radiative
transfer algorithm described by Toon et al. [1989]. Actinic

" fluxes are determined for the 86 intervals in the region <0.8

pm.

2.3. Global Dynamics

The global dynamics module integrates equations for
momentum (under the hydrostatic assumption),
thermodynamic energy, and total water. The solution schemes
originate from a 1994 version of the UCLA GCM [Arakawa and
Lamb, 1977, 1981; Arakawa and Suarez, 1983). The solution
to the momentum equations is a fourth-order scheme that
conserves potential enstrophy and energy [Arakawa and Lamb,
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1981}, designed to improve nonlinear aspects of flow over
steep topography. The advection of thermodynamic energy
and water are solved with a 13-point fourth-order scheme
[Arakawa, 1995] that conserves the global mass integral of the
square of the transported variable. '

2.4. Global Transport

Transport of gases other than water vapor and transport of
all aerosol components are performed with a code written here
. that uses the 13-point fourth-order scheme of Arakawa [1995].
The code was written to minimize redundant calculations when
applied to different trace species. The scheme exactly
conserves the constant mixing ratio of a species. Air density
changes during advection of each species are also exactly
consistent with air density changes during advection of
momentum. ‘

2.5. Regional Dynamics
The regional dynamics module integrates equations for
momentum - (under - the hydrostatic assumption),

thermodynamic energy, and total water. The hydrostatic
assumption limits the accuracy of the model when the
horizontal resolution is less than 3-4 km. The module was
developed by Lu and Turco [1994, 1995] from ﬁmte-dlfference
solutions to the momentum, thermodynamic energy, and water
continuity equations by Arakawa and Lamb [1977] and
Arakawa and Suarez [1983]. The solution to the momentum
equations is a second-order scheme that conserves kinetic
energy from inertial processes, integrated over the domain,
and enstrophy during advection by the nondivergent part of
the horizontal velocity. The difference scheme for advection of
thermodynam1c energy and water is second order in space.
Lateral-boundary fluxes for all equations are determined from a
mass-conservation relattonshlp [Arakawa, 1982; Lu and Turco,
1994].

The regional dynamics module contains a hybrid boundary-
layer turbulence scheme [Lu and Turco, 1994] in which three
turbulence regimes are considered. Under strongly stable
conditions, turbulence is suppressed and flow is assumed to be
laminar. Under strongly unstable conditions, a convective
plume model, which simulates rising convective turbulence
and subsidence, is used to calculate turbulent fluxes and the
height to which thermals accelerate buoyantly. Between these

two limits, a first-order closure technique is used, and diffusion -

coefficients are calculated from Blackadar [1976].

2.6. Regional Transport

Transport of gases and aerosols in regional-scale domains is
carried out with the scheme of Walcek and Aleksic [1998]. The
scheme uses operator splitting and is monotonic (mixing
ratios never fall below or rise above initial mixing ratios in
current or neighboring cells durmg a time step) and exactly
mass conserving. The scheme is absolutely monotonic for all
dimensional flows, and constant mixing ratios are guaranteed
to be maintained through a treatment of the density changes in
each dimension of a multidimensional calculation. The scheme
preserves peaks and odd shapes extremely well.

2.7. Cumulus Parameterization

The cumulus parameterization used for all nested domains is
a modified Arakawa and Schubert [1974] algorithm developed
by Ding and Randall [1998]. The algorithm allows cloud bases
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at any altitude; the ongmal scheme allowed cloud bases in the
boundary layer only. The modified scheme also accounts for
downdrafts. The scheme predicts cumulus precipitation, liquid
water and ice contents, and a_djustments to large-scale potential
temperature, momentum, and water vapor due to cumulus
convection. The original UCLA GCM also included algorithms
that estimated large-scale precipitation (large-scale plus
cumulus precipitation is total precipitation), stratus cloud
occurrence, and adjustments to large-scale potentlal
temperature and water vapor due to stratus. These algorithms
were retained here for the global domain and added to the
regional domains. The stratus algorithm was modified to
permit extraction of cloud liquid water and ice contents, which,

along with cumulus liquid water and 1ce contents, were
dlstnbuted over multiple size bms

2.8. Nestlng Boundary Conditions

When nesting is active, meteorological variables from a
coarse domain are interpolated horizontally then vertically
each nesting time interval (Apeg;, typically 1800 s) to a
boundary point inside a finer domain. In the horizontal,
bilinear interpolation from four coarse-domaln points to a

- fine- -domain point is used. In the vertical, a logarithmic

interpolation from two coarse-domain pressure points to a
fine-domain pressure point " is used. Interpolations are
performed in the same manner between the global and the
reglonal domams as they are between reglonal domains, and
this is made easy by the fact that the global and regional
dynamics schemes use the Arakawa C grid in the horizontal and
the sigma-pressure coordinate in the vertical. As such, in the
horizontal, potential temperatures and mlxmg ratios are
interpolated from coarse to fine grid-cell centers, and u and v
velocities are interpolated from coarse to fine cell edges. ,
At the end of each regional-domain dynamical time step
(hdy,,, typlcally 4-6 s), variables inside the fine-domain
boundary are relaxed to their values interpolated from the
coarser domain (as described above) with [Kurzhara and Bender,
1983 Lu and Turco, 1994]

. 0‘o"’fat
o ==L )

where ; is the updated parameter value inside the fine-domain
boundary, o, is the parameter value interpolated from the
coarse domain to the same position as o;, and f is the
relaxation coefficient. The relaxation time here is set to
f= (hnest hd},,,)/hdyrl For example, if Pnest = Payn» f-O and
o; =0,. The product Shayn is the e-foldmg hfetlme for
damping.

Boundary conditions for trace gases and aerosols differ
somewhat from those for meteorological variables. The
advection scheme used for regional transport [Walcek and
Aleksic, 1998] requires mixing ratios at the horizontal center
of a grid cell outside rather than inside a boundary. Thus,
coarse-domain mixing ratios are interpolated to points
outside, instead of inside, fine-domain points. The
interpolation techniques used for meteorologlcal vanables are
also used for gases and aerosols.

3. Surface Temperatures and Soil Moisture

. An important parameter for predicting near surface air
temperatures and pollutant concentrations is soil moisture
[Jacobson, 1999c]. Soil moisture affects ground surface
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temperatures, and both affect latent heat fluxes, sensible heat
fluxes, and water vapor fluxes to the air. The inherent difficulty
with treating ground temperatures is that a variety of surface
covers and soil types must be considered.

For this work, a module was developed to treat ground
temperatures over subgrid soil types (with and without
vegetation), water, sea ice, and urban areas. Snow is treated
over all surfaces. Accounting for subgrid heterogeneity over
land is important, since soil parameterizations are tuned for
specific soil types, yet grid cells in models contain many soil
classifications. In the past, this problem was addressed by
assuming a dominant soil type in a grid cell or averaging the

- soil parameters over all soil classifications. A problem with
the first technique is that it does not account for the minority
soil classes in a grid cell. Two problems with the second are
that it is unclear how best to average certain soil parameters,
such as exponential terms, and it is uncertain whether resulting
averages have any physical meaning [e.g., Kabat et al., 1997,
Dolman and Blyth, 1997].

3.1. Treatment of Subgrid Heterogeneity

Ground temperatures over heterogeneous soil surfaces are
treated as follows: First, each grid cell in each model domain is
divided into as many as 15 surface classes, including 12 soil
texture classes (sand, loamy sand, sandy loam, silt loam,
loam, sandy clay loam, silty clay loam, clay loam, sandy clay,
silty clay, clay, and organic matter) and three additional
classes (liquid water, rooftops, and road surfaces). The fraction
of each cell consisting of each soil class was derived for the
United States from the 1 x 1 km data set of Miller and White
[1998] and for the rest of the world from the 10 x 10 km data
set of Food and Agricultural Organization (FAO ) [1995]. Plate
1 shows maps of the dominant soil classes in each grid cell
over a 4°x 5° global domain and a 0.05° x 0.05° northern
California domain after the two data sets were merged. Whereas
Plate 1 shows the dominant soil classes in each cell, each grid
cell in the model consists of up to 15 surface classes. For fine-
resolution domains (e.g., S-km resolution) 2-7 surface classes
exist in a grid cell. For coarse-resolution domains (e.g., 400-
km global domains), a majority of surface classes exist in a
grid cell.

Whether soil was covered by roofs or roads was estimated
from the global 1 x 1 km AVHRR land cover data set discussed
earlier. The: data set contains 24 USGS land cover categories,
including an "urban and built-up land" category. Whena 1 x 1
km urban land cover square fell over a soil type, the soil was
assumed to be covered by a specified fraction (section 3.3) of
rooftop, road surface, vegetation, and bare soil.

Similarly, water bodies over soil were determined by laying
the land cover data over the soil data. Although the soil data
also contain water bodies, the resolution of the soil data was
coarser than was that of the land cover data outside of the
United States; thus, the land cover data set was used to
determine the location of inland and coastal water. Water
bodies from the soil data set that did not fall directly under
higher-resolution water bodies from the land cover data set
were filled in with the nearest soil class.

Once fractions of water, roofs, roads, and each soil class
were known in each cell, the fractional vegetation (f,) over
each subgrid soil class was found. This was done by assigning
a percent vegetation cover to each USGS land cover category,
determining the category overlying each 1x1 km soil class,
then summing and normalizing the product of the vegetation
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fraction and percent coverage of a particular land cover
category over the soil class. The result was that in each grid
cell, soil texture classes 1,...,12 were covered by a different
percent vegetation. Parameters, such as leaf area index, canopy
height, and minimum stomata resistance, were similarly
obtained for each soil class in each grid cell.

The above information was then used during model
simulations (where soil-module time steps were 10 s) to
determine surface temperatures, sensible heat fluxes, latent
heat fluxes, water vapor fluxes, friction velocities, etc., over
each surface type in each grid cell of each domain. At the end of
a step, each parameter was weighted by the fractional surface
type in the cell to give an effective parameter value for the cell
as a whole. In sum, instead of weighting individual soil
parameters over all soil types in a cell, final products, such as
ground temperatures and fluxes, were weighted. The averaging
of, for example, latent heat fluxes from a lake, a sandy loam
soil, roads, and roofs in-a grid cell makes more physical sense
than averaging properties of water, soil, roads and roofs, then
calculating the flux on the basis of the average properties.
Even the proposed treatment could be improved if subgrid
variations in atmospheric parameters over each surface class
were accounted for. Atmospheric variables are currently
assumed to be an average over the grid cell as a whole. Below,
the calculation of temperatures over different surface classes is
discussed.

3.2, Soil Covered with Vegetation

For this work, a 10-layer bare-soil module originating from
Lu and Turco [1994] was modified to treat vegetation and
subgrid surface heterogeneity. The time-dependent equations
solved in the below-surface module are the heat-conduction and
liquid-water transport equations,

Mye 13 Ty f
== 3 . 2
3 Paecee 2\ ¢ oz @

S ow p) oy P ow
&< =— 1214 = — & K s 3
o oz [Kg’c( 0z +l)] oz (Dg’c 0z * g'c] ©

where the subscript ¢ (used hefe) identifies the soil class in a

particular grid cell, Ty . (K) is the sub-surface soil temperature

in soil class ¢, k;,  m! 51 K1) is the thermal conductivity
of the soil-water-air mixture, p, . (kg m-3) is the density of the
mixture, cg . (J kg'! K1) is the specific heat of the mixture,
Ks,c0T; [0z (J m2 s71) is the conductive heat flux through the
soil-water-air mixture, w, . (m® m'3) is the volumetric water
content of the soil (soil moisture), Ko (m s1) is the
coefficient of permeability of liquid water through the soil
(hydraulic conductivity), D,. (m? s!) is the diffusion
coefficient for water in the soil, y p,c (m) is the moisture
potential (soil-water tension), and K, . a(\y P +z) /az (m [m3
m-3] s71) is the kinematic flux of liquid water through the soil.

The expression used for the thermal conductivity (J m™! s
K1) is [McCumber and Pielke, 1981]

Kse = max(418e"l°31°|1°°"’l’-0l‘2‘7,0.172). )

Clapp and Hornberger [1978] parameterized moisture
potential, hydraulic conductivity, and the diffusion coefficient
of water in soil with
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Dasmanant soil elass

Plate 1. Dominant soil texture class in each grid cell of a 4°x5° global domain and a 0.05° x 0.05° northern
California domain.

(1, sand; 2, loamy sand; 3, sandy loam; 4, silt loam; 5, silt; 6, loam; 7, sandy clay loam; 8, silty clay loam; 9,
clay loam; 10, sandy clay; 11, silty clay; 12, clay; 13, peat; 14, water/sea ice; 15, bedrock; 16, other; 17,
road surfaces; 18, rooftops; 19, snow). -



JACOBSON: GATOR-GCMM, 1

. et :
Kg,c =Kg,s,c(w &< ) , 6)
8&»5,C
b.+2 '
oy,. bk w ¢
Dg,c =K pe __ "¢ g,;,c“’p,s,c( 8,C ) | :

8¢ a

Wec Wesc \ Wg.s.c

where W, o - (m) is the moisture potential at saturation, wy

(m3 m3) is the volumetric water content at saturation, Kg ..
" (m s!) is the hydraulic conductivity at saturation, and b, is a
fitting coefficient. The product of density and specific heat in
(2) can now be written as pg Coc =(l—wg,s,c Ps,cCs,c
+Wg cPyCy Where pg . (kg m3) is the density of solid soil,

csc (kg1 K1) is the specific heat of solid soil, p,, (kg m3)

is the density of liquid water, and ¢, kg K1) is the specific
heat of liquid water. Values of Py cCsco Wpsicr Wescr Keser

and b, used here are shown by Jacobson [1999a, Table 8.3] for,

different soil types. - T

Equations (2) and (3) were solved by Lu and Turco [1994] by
-dividing the subsurface into 10 layers of thickness (from top
to bottom) of 0.005, 0.01, 0.01, 0.01, 0.015, 0.025, 0.05,
0.075, 0.10, and 0.20 m (thus, the deepest soil layer was 0.5

m below the surface), then writing the equations in central--

difference form in space and Crank-Nicolson form in time and
solving them as a tridiagonal matrix. No fluxes were allowed
in or out of the bottom boundary, but each time step, the
deepest soil moisture layer was reset to its initial value. Thus,
a constant moisture source was assumed to exist at the bottom
boundary.

At the top, the energy flux in (2), X, 0T, /dz (J mZ2s1),
is replaced by F,,—Hg .- L,E, ., accounting for radiative,
sensible, and latent heat fluxes, and the moisture flux in (3)
D, 0w, o [3z+ Ky . (m s'1) is replaced by E, ., accounting for
condensation/evaporation. These terms were previously
applied over one bare soil class per grid cell. Here, they are
modified for subgrid soil, vegetation, urban surfaces, water,
and sea ice, and snow over all surfaces. F, . (W m'2) is defined
here as the net downward minus upward solar irradiance
(positive is downward) over bare soil in soil class ¢ at ground
level plus. the net downward minus upward thermal-infrared
(thermal-IR) irradiance over bare plus vegetated soil in class ¢
at ground level, H, . (W m2) is the sensible heat flux between

bare soil and open air plus that between vegetated soil and
canopy air (positive is upward), L, (J kgl is the latent heat of

evaporation, E,. (kg m2s) is the turbulent moisture flux
between bare soil and open air or vegetated soil and canopy air
(positive is upward), and L, E, . (W m2) is the latent heat flux.

The numerical solution to (2) gives temperatures in the
middle of each subsoil layer, not at the soil surface. Surface
temperatures can be obtained from a surface energy-balance
equation that accounts for radiative, sensible heat, and latent
heat fluxes between the. ground and the air, and conductive heat
~ fluxes between the top and the middle of the first soil layer.
Vegetation modifies fluxes to and from the surface. In the
presence of vegetation, the ground-surface energy balance is
written as

Fge—Hgo—LEgc+Xsc1 —Zfzﬁ =0, ®)
~ where k. (Wm'! K1), from (4), is the thermal conductivity

of a soil-water-air mixture in the top model-layer of soil. At
the ground surface, T, ;=T (K), which is the average (over
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vegefated and nonvegetated soil) ground-top temperature for
subgrid soil class ¢.

The fluxes in (8) are specified as
Fg,c = f:s',cf:s' + F; + GB(E.Tg4 - es,ch‘tc) s ()
L PaCp,d | = Toc * Pac p,d Ta{,c Tec|
Hg’c =—fsc R [ep(z’)— P “foe R P _—13— ’
‘ a,c ‘ g fie f g
(10)
LeEg,c ==fscLe p_aﬁg,c[zl-v(zr); qv,s(Tg,c)] (11

Ry
=frcLe %Bg,c[Qaf,c - qv,s(Tg,c)]’
»C !

where f,.and f, . are the fractions of soil class ¢ in the grid
cell covered with bare soil and vegetated soil, respectively
(frc*tfoe=1), F, (W m?2) is the grid-cell-averaged net
downward minus upward solar irradiance absorbed by the
ground (positive is downward), F, (W m2) is the grid-cell-
averaged net downward minus. upward thermal-IR irradiance
absorbed by the ground (positive is downward), o5 (5.67051
x 1088 W m2 K) is the Stefan-Boltzmann constant, € is the
grid-cell-averaged thermal-IR emissivity of bare and vegetated
surfaces together, €. is the thermal-IR emissivity of soil in
soil class c, T"g (K) is the grid-cell-averaged (over all subgrid
surface classes and vegetation covers) ground temperature, P,
(kg m3) is the grid-cell-averaged air density, c, 4 (J kg'! K1)
is the specific heat of dry air at constant pressure, R, (s m!)
is the aerodynamic resistance between bare soil outside of a
canopy and a reference height z, (m), Ry, (s m1) is the
aerodynamic resistance between the vegetated soil and the
overlying foliage, 'ep(z,') 9] is the grid-cell-averaged
potential temperatyre at the reference height,
P, =[ﬁa,g /1000 mbar] - converts temperature at the ground to -

“potential temperature (in this expression, P, is air pressure

at the surface i% millibars and x=0.286),
Pp= [ﬁa, £ /1000 mbar] converts temperature in the foliage to
potential temperature, Taf,c (K) is the temperature of air in the
foliage, B, . is a wetness function that accounts for resistance
to vapor diffusion through soil macropores, G,(z,) (kg kg™
is the grid-cell-averaged water vapor mass mixing ratio at the
reference height, qv,,(Tg,‘c) (kg kg') is the saturation mixing
ratio (over liquid or ice) at the ground temperature, and qgr,c
(kg kg'1) is the mixing ratio of water vapor in foliage air.
Equation (9) accounts for net direct and diffuse solar
radiation hitting bare soil and net infrared radiation over bare
soil and soil underneath a canopy. It assumes that the net
shortwave radiation reaching the .ground in a canopy is small.
Pielke [1984] found that this assumption is reasonable for
dense forests, where only 6-8% of shortwave radiation reaches
the surface. F, and F, in (9) are calculated with grid-cell-
averaged emissivities and ground temperatures, € and T,
respectively. Thus in (9), the grid-cell-averaged ground
emission term is first subtracted from the downward-oriented
E, then a ground radiative emissions term over the current
soil class is added back to give a better estimate of the net
radiation reaching the soil. The first terms on the right-hand.
sides of (10) and (11) account for fluxes to/from bare soil and

 the second terms account for fluxes to/from vegetated soil.
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The expression for Bg,c used in (11) is

2
1 wg,c
—|1-cos] —=—=m
ﬁg,c': 4 W ,

Wy o<W

e "N F (12)
1 WeeZWg of Ty(z,)> qv,c(zo,V)
from Lee and Pielke [1992], who obtained the fit from data of
Kondo et al. [1990]. Here, w,, . (m* m'3) is the soil liquid water
content (LWC) of the top soil layer and wy, (m3 m3) is the soil
LWC at field capacity, which is the LWC after all macropores
of soil have emptied due to gravitational drainage and liquid
water remains only in soil micropores. When condensation
occurs, and for water, ice, and snow surfaces, B, .=1.

The aerodynamic resistance (s m'!) over bare soil in (10) and.

(11) is calculated as

dz
Izz(;h¢h,c—
=2

, 13
™ (13)

a,c

where k is the von Karmén constant, u, . is the friction
velocity (m s'!) over soil class c, Op,c is the dimensionless
potential temperature gradient, and zj; (m) is the roughness
length for energy. A roughness length and dimensionless
gradient for moisture should be used in (13), but these
parameters are often assumed to equal the corresponding
energy parameters. The integral of ¢y . is calculated with
(8.25) of Jacobson [1999a], derived from equations of
Businger et al. [1971] and parameters of Hogstrom [1988].
0, cand u, . are calculated from the parameterization of Louis
[1979], as shown by Jacobson [1999a, equations 8.27-8.29].
Whereas, an advantage of the Louis method is that it is
noniterative, a disadvantage is that it assumes that the surface
roughness length for energy equals that for momentum, which
is incorrect and a source of some model error. An alternative is
an iterative calculation involving 0, ., u, ., and the Monin-
Obukhov length.

The surface roughness length for momentum over the ocean
in the model is determined from 0.013u2 /g+0.11v/u,,c
[Zeng et al., 1998], where g is gravitational acceleration (m s
2) and v is the kinematic viscosity of air (m? s'!). The
roughness length over land was determined from
z2(1-0.91e'°-°°75LT,c [Sellers et al., 1996], where z5 is the
canopy height (m), and Lg . is the one-sided leaf area index
(square meters of leaf surfaces per square meter of underlying
ground). Canopy heights for each land use/land cover category
are estimated bySellers et al. [1996, Table 5]. L7, values are
estimated as 7f, .. Deardorff [1978] argued that 7f, . must be an
upper limit, since at higher values, insufficient light is
available to support further growth in a canopy. Zero-plane
displacement heights are set to three-quarters of canopy
heights [e.g., Deardorff, 1978; Pielke, 1984].

In the foliage, the aerodynamic resistance (s m!) is
calculated as

1
4 fuaf ’
where uge =0.83ux (m) is the wind speed in the foliage and
¢y =0.01’-—0.003/uaf (ugr in meters) is the dimensionless
heat-transfer coefficient [e.g., Deardorff, 1978; Pielke, 1984].
The two remaining terms needed in (10) and (11) are the

temperature and mixing ratio of air in the foliage. These
parameters were estimated by Deardorff [1978] as

Rf,c = (14)
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.

Tyf,c =0.3T,(2,) +0.6Tf . +0.1T, ., (15)
Qaf,c = 0.3q,(z,)+0.6q 5, +0.1q, ., (16)

where T,(z,) (K) and q,(z,) (kg kg'!) are the grid-cell-
averaged temperature and mixing ratio, respectively, at the
reference height, T . and qj . are the temperature and water
vapor mixing ratio, respectively, in leaf stomata, and 7, . and
Qg are the temperature and water vapor mixing ratio,
respectively, in soil macropores. These equations require two
further terms, T . and qy . The latter term was calculated by
Deardorff [1978] as

Afc = min['mv,s(Tf,c) + (l - 'Y)qaf,c ’qv,s(Tf,c)] ’ a7n
where
2/3
Ry, w.
y={Rsc+ ;st,c l>1 _(Wmacx,c ) } Gare qv,s(Tf,c). 18
0 Qaf,c 2 Av,s (Tf,c)

In this equation, W, (m?® m2 or m) is the depth of liquid water
on an individual leaf surface (m) multiplied by the one-sided
leaf area index, Lt (square meters of leaf surfaces per square
meter of underlying ground), and Wy, . (m) is the maximum
possible value of W, A prognostic equation for W, is given
shortly. Wiyax o is assumed to be 0.0002Lr . (m) [Dickinson,
1984]. In (18), Ry, (s m1) is the leaf stomata resistance, )
given as [Baldocchi et al., 1987]

R, = min,c _200 ]2] 400
st,c F, F,+0.1 J T_}a,c(“'o - Tsa,C) ,

where Rpyn . is the minimum bulk canopy stomata resistance,
obtained here from Wesely [1989] for several land cover
categories and seasons, T}a'c is the grid-cell and time-step

averaged surface air temperature (°C), and )

(19)

w = Wi
F, = max| min| —£2&¢_WIC 4 011 0x10712|  (20)
i Wer,e ~ Wilt,c :

is a factor accounting for loss of transpiration due to drying up
of the soil toward the wilting point, wyj, . (m? m3) [e.g.,
Noilhan and Planton, 1989]. In this equation, w, yg  (m3 m)
is the average liquid water content in the root. layers of soil,
and w,, . (m3 m3) is a critical liquid-water content taken as
0.75w, ¢ . [Thompson et al., 1981], where wg, ;. (m3 m3) is
the soil moisture content at saturation. In (19), Ry, is
assumed to be infinite when Ty, < 0°C and Ty, ¢240°C and is
predicted to be large at nighttime, when F, is zero. When
water transpires through leaf stomata, 30% is removed from
model soil layers above a soil depth of 0.1 m and the rest is
removed from model soil layers below this depth, down to 1.5
m for forests and 1.0 m for grassland [Sellers et al., 1996].

The foliage temperature Ty, must be computed iteratively
by solving a foliage energy balance equation that considers
net solar fluxes at the top of the foliage, net thermal-IR fluxes
at the top of the foliage and at ground level, and sensible and
latent heat fluxes at the top of the foliage and at ground level
[e.g., Deardorff, 1978; McCumber, 1980; Pielke, 1984]. The
equation solved here is
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€, €
Eviclsc G oT?
€ycTE5c ~Eyclsc

. fv,clip_:v + ev,t:l;l,c b+

eV C + 283 C eV,CES C o
ev,c + ss,c ev,ces,

=H, +LEg.+LE,, 2n

where €y is the thermal-IR emissivity of vegetatlon over
soil class ¢ , F. I w m -2) is the downward thermal-IR
irradiance at the top of the canopy over soil class ¢, H, . (W

m-2) is the sens1ble heat flux between air in the foliage and
leaves, E;. (kg m2 s°1) is the turbulent moisture flux due to
direct evaporatlon from/condensatlon to leaves in the foliage,
and E,, (kg m2s1) is the turbulent moisture flux due to

transpiration from leaf stomata. The downward thermal-IR ;

irradiance over soil class ¢ 1s calculated as-

F+ecBT

Fi. ¢— @2)

The sensible heat flux, direct evaporatlon/condensauon, and
transpiration terms in (21) are '

Htf,c =-11Ly, %[Taﬂc - Tf,c] ’ 23)

Ey.=- ,cML af,c "qv,s(Tf,c) P (24)
R

Fic= “Lr, ————,f; El+ 1[:;),_. [aar.c ~GualTr.)]: (25)

respectively, where the factor 1.1 in (23) accounts for the
effects of stalks, stems, twigs, and hmbs that exchange energy
but do not transpire, and

' w Y .
Ba= (Wm; c) o age<anlle) ,

1 . Agfc2 QV,s(Tf,c)

(26)

accounts for the decrease in the evaporation rate when the
leaves contain little water [Deardorff, 1978] During
condensation, direct moisture flux to leaf surfaces via (24)
occurs at the potential rate (B;=1). When ‘dew condenses on
leaves, 1—-B,=0 and no transpiration occurs by (25). When
direct evaporation occurs, the transpiration rate is limited by
the fraction of leaf surfaces not covered by liquid watet. The
saturation mixing ratios in (24) and (25) are at the temperature
of the foliage, determined from (21).

Equation (21) is solved iteratively for . Ty by substituting
(23)-(25) 1nto it, then linearizing T} and q, S(Tf c) with

f,c,t,n+1_ = Tf,c,t,n + 4Tf,c,z,n(Tf,c,t.n+_l - Tf ,c,l,n)’ 27
Qy,s (Tf LGl n+1 ) =qy,s (Tf ,c,t,n) (28)
Ev"'s(d%ifl(Tf,c,t,nﬂ - Tf,c,t,n) ’

respectively [Deardorff, 1978], where the subscript ¢ indicates
a value at the end of the time step and the subscript » indicates
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iteration number. Applying these steps gives the foliage
temperature as '

v Tf,c,t,n+l =

€y,c€s,c

Fo+e, Fod+ ,
€yctEsc 8y s

4
'GBTg,c,t—h
Foe ev ct 285 c

Ev ct€sc-

V,C SS,
sv,ces,

ev,CoBT;,c,t,‘n
Eaﬁt 7 \

R fic + Rst,c
Tf RN }

Pac p.d
Ry .cPs

B
{+L1Lp = ”Z_, Ty + ,cpa{}:d
Ry cPr fie

X v‘laf,}c -{q;,s(Tf,cm) Ev,_(dlf‘,i)_

-, (29)

€yt 28, ‘sn,cas,c ‘ ’
42 €,c08T 7 cpn 1107
€vc T €50 "EycBsc

Ba 4 Pa(1-Ba) ] dqv. ( fien )
Rpc Rfc+R,,,J dr

""Lel’I’,cl—)a{

where the subscript ¢-h mdlcates a value at the beginning of a
time step. Equation (29) needs to be iterated only four times in
the model to achieve significant convergence.

One more equation needed before ground temperatures can be
predicted is a prognostic equanon for water on leaf surfaces.
Such an equation is- :

W _p_Lac g (30)
ot Pw

where P (m s'!) is the grid-cell and time-averaged rainfall
precipitation rate, p,, (kg m3) is the temperature-dependent
density of liquid water, and R (m s~ 1y is the runoff rate from leaf
surfaces. Substltutmg (26) into (24) and (24) into 30) and
ﬁmte-dlfferencmg the result over time step B (s), where t-h and
t are initial and final tlmes, respectively, gives

2
f Pr"' l’I‘,c Pa (L"'_"_c] [qaf' ~Qv,s (Tf, )]

Rf,c Pw
‘Vc,t = Wt—h-,c ;l-s ‘ Qaf,c < qv,s(Tf,c)
: h(P + ,c ‘L[Qaf, -qQy ( e )]]
af.c 2 QV,s(Tf,c) (31)

The solution is - limited by W, min(max[Wc,O] Wonax,c )

‘which accounts for the fact that any liquid water over depth

Wiax,c i runoff [thus R does not appear in (31)]. Each solution
from (31) is substituted into (26), which is itself substituted
into (24) to. give the  direct gvaporation rate and into (25) to
give the transpiration rate.

Ground temperatures in the model are calculated by
substituting (9)-(11) into (8), linearizing the result, and
iteratively solvmg the resulting energy balance equauon, ,
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Tg,c,t n = Tg,c,z n-1

ﬁacpd [— Tgct n-1
- 28, (2,) - £
1 $,C Ra,c p (z’ ) Pg
_ Eacp,d [Taf,c,t _ Tg,c,t,n—l j'
e Rf Py Py
J —fs, ﬁg, [QV zr st(Tgct h)] \

fv, Bg,c[qaf, —qy s( 8- h)]

_fsc (ST -h ~Esc Tgctn—l)
1
SD: (Tl .t Tg,c,t,nél)
+ P Py ‘x . (32)
a®p, 3 s,1,c
“ocRyp, e Rfc 40 e~

where Dy (m) is the positive distance between the surface and
the middle of the first soil layer, and Tj., (K) is the
temperature at the middle of the top soil layer, predicted with
the solution to (2). Equation (32) is iterated four times for each
surface class without updating the saturation mixing ratio in
the soil dunng each 1terat10n Finally, the gnd-cell-averaged
fluxes of sensible heat (J m'2 s!) and moisture (kg m2s71) to
the boundary layer are

H-f =Z‘f;'(Hng +Hv,'c),
c

Ey =§lfc(

respectively (positive is up in both cases), where the
individual fluxes for each soil class are calculated with updated
values of ground and foliage temperatures.

Eg,c + Ed,c + Et,c) ’ (34)

3.3. Road and Rooftop Surfaces

Construction materials, such as asphalt, concrete, wood,
brick, and composites cover a sufficient portion of
metropolitan areas that such surfaces should be treated
differently from soil surfaces. Ideally, each surface would be
treated separately by considering sensible, latent, and
radiative heat fluxes to the surface and heat conduction through
the surfaces. The problem with such treatment is that so many
compositions exist, and material compositions change
significantly over short distances. Here, urban and built-up
land surfaces are treated by assuming they consist of roads (and
other impervious ground surfaces), rooftops, vegetation, and
bare soil. Since vegetation and bare soil aré separated out of
the urban portion of each grid cell, only road and rooftop
surfaces are discussed here. Another important component of
the energy balance in urban regions is wall surfaces. Wall
surfaces are ignored for the present study due to the additional

complexity involved in treating the nonhorizontal nature of ,

these surfaces. )

Oke [1999] found that 25% of surfaces affecting the energy
balance in a densely built-up central Mexico City site
consisted of impervious ground materials, 32% consisted of
rooftops, 42% consisted of walls, and 1% consisted of
vegetation. A similar Vancouver site consisted of 32%
impervious ground materials, 37% rooftops, 27% walls, and

(33)
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4% ;'egetation. These two studies indicate that the ratio of
rooftop to impervious ground material surfaces was about 1.22
to 1. This ratio is used for the present study. The fraction of
vegetation in urban/built-up regions varies widely. While the
above studies reported low vegetation fractions, other studies
cited by Oke [1999] reported vegetation fractions of 94% for a
rural site, 70% for an urban residential site, and 16% for an
urban commercial site. To account for this wide range of
possible vegetation fractions, it is assumed that an average of
40% of all 1 x 1 km urban and built-up land cover/land use cells
are covered by vegetation and 10% are covereéd by bare soil.
The remainder of each cells is assumed to consist of
impervious ground material (22.5% of total area) and rooftops
(27.5% of total area).

Temperatures of impervious ground matérial are calculated
by first assuming that such material consists primarily of
asphalt (although concrete is another important material
overlying the ground). It is assumed that an average asphalt .
layer is about 6 cm thick and that it overlies the dominant soil
class in the gtid cell. When the 10-layer soil model is applied
to this configuration, the top five layers are asphalt, and the
remaining layers, extending down to 0.5 m, are soil
containing liquid water. The asphalt is assumed to be
impermeable to water, and the heat conduction equation is
solved assuming a mean thermal conductivity of various
asphalts of k,=1.7 W m'! K'! [Anandakumar, 1999] and a
thermal conductivity of an air-soil-water mixture below.

At the ground, an equilibrium energy balance equation that
accounts for sensible heat, latent heat, radiative, and
conductive heat fluxes is iterated four times to calculate final
ground temperature after a time stép (s) k. Although the asphalt
is impermeable to liquid water, water can condense onto,
precipitate onto, or evap.orate'from the surface. Snow can fall
on or sublimate from the surface as well. Snow cover is treated
in section 3.4. The predicted temperature oveér non-snow-
covered asphalt after a time step is calculated as -

Tg,c,t,n = I:g,c,t,n—l

- PaCpd | = Ty ctn-1
S e

a,c 4

Pa e Bd[ )=y ( g»C»t"')]

T4
GB(S gt-h ~€4T g,ctn 1)

- D, (n,c,tth,c,t,n—l) :
e K @35)
atpd as.
- 2 —4e,,6pT2 —
Ra,c g @™ Blgctn-l Dl

where €,,=0.95 is the thermal-IR emissivity of asphalt [Oke,
1978], Dy (m) is the distance between the ground surface and
the middle of first asphalt layer, and B, is the function from
(26), which requires the calculation of W, from (31). Here, W,
accounts for condensation/evaporation and precipitation/
runoff over the asphalt surface. When precipitation or
condensation (dew formation) occurs, all liquid water
above Wy, o is runoff, and the liquid water below Wy o is
allowed to evaporate.

Many types of roofing exist, and rooftop types generally
differ between residential and commercial buildings.
Throughout the United States, four out of five residential
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rooftops contain asphalt shingles. Asphalt-shingle roof
systems consist of asphalt shingles overlying saturated felt,
overlying a water-impermeable membrane, overlying a roof
deck, overlying insulation or air. Asphalt shingles are either
organic or fiberglass based. Organic-based shingles contain a
base of cellulose fibers, which is saturated with an asphalt
coating and surfaced with weather-resistant mineral granules.
Fiberglass-based shmgles contain a base of glass fibers
surfaced with an asphalt coating and weather-resistant mineral
granules. The saturated felt is an asphalt-impregnated, organic-
based felt between the roofing ‘material and the waterproof
membrane [Asphalt Roofing Manufacturers Association,
1999]. Other residential rooftops consist of wood shake,
concrete tiles, or slate over a membrane over a deck and
. insulation over air.

Many commercial rooftops also consist of asphalt shingles,
but others consist of two to four layers of bitumen
strengthened with a fabric, such as polyester or fiberglass, or
with a felt. Gravel or granules are usually embedded on the top
layer of strengthened bitumen. The bitumen layers usually
overlie insulation, a vapor retarder, and a deck. ‘Bitumen is a
black or dark-colored cement-like, solid, semi-solid, or
viscous substances composed of high-molecular-weight
hydrocarbons and found in asphalts, tars, pitches, and
asphaltines.

Since asphalt shingles are the most common residential
rooftop and possibly the most common rooftop in the United
States, it is assumed that they are the most representative. It is
assumed that the average rooftop consists of 1.5-cm-thick
asphalt shingles over a 1.0-cm-thick saturated felt (asphalt-
felt composite) over a 1.25-cm-thick plywood base over air.
This configuration is fitted into the 10-layer surface module by
assuming that asphalt shingles and saturated felt have thermal
conductivities and specific heats similar to those of asphalt. It
is assumed that no liquid water passes through a roof, but it can
condense or precipitate onto the roof. Snowcan also deposit
on the roof. When the 10-layer subsurface module is applied to
a rooftop, (35) is used to calculate rooftop temperatures.

3.4. Snow on Soil, Vegetation, and Asphalt

When snow falls or preexists, the snow surface temperature
is calculated iteratively with (32) for soil/vegetation surfaces
and (35) for road/soil and rooftop/air surfaces with
modification. The thickness of each layer of the 10-layer
subsurface module stays the same, but the module as a whole
moves upward when snow accumulates and downward when
snow melts, so that the top of the module is always at the air-
surface interface. Thus, the number of subsurface snow layers
depends on the snow depth. If any snow is present, the top
layer, 0.005 m thick, is assumed to consist entirely of snow.

Ground and direct turbulent moisture fluxes from snow over
soil and vegetation are calculated with (11) and (25),
respectively, except that in the equations, Bg,c is set to unity,

qy S(Tf c) (kg kg'!) is defined as the saturation mixing ratio '

over ice, not liquid water, and L, is replaced with Ly, the latent
heat of sublimation (J kg!). The sensible heat fluxes across
soil and vegetation, given by (10) and (23), respectively, are
not changed. In (23) and (33), the emissivity of snow is set to
€50 =€y =€5=0.99 and the thermal conductivity of snow is
set 10 Ky 1. =K,=0.08 W m! K’ [Oke, 1978]. For snow on
" top of vegetation, transpiration through leaf surfaces is set to
zero ( E, .=0). For snow on top of asphalt road surfaces or
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asphalt shingle rooftops, €,, K4, and L, in (35) are replaced
by em, Kg» and Ly, respectively, B, is set to unity, and
Qv,s Tgc-n) (kg kg'1) is defined as the saturation mass
mixing ratio over ice rather than liquid water.

Snow depth Dy is initialized with a monthly-averaged 1°x
1° global data set [NASA, 1992]. The depth is predicted in time
by accounting for snowfall and melting. Rain in the model is
converted to snowfall when the ground air temperature <T ,.
In such a case, ¢ the grid-cell-averaged snowfall (m s1) rate is-
calculated as P, = F,p,/p,, where pg,=100 kg m> [Oke,
1978] is the densny of fresh snow. When snow preexists, and
the snow temperature, predicted by (32) <T,,, no melting is
considered and the new snow depth is calculated as
Dy, =Dy, _p+hP,. When the predicted snow temperature
exceeds T ,, melting occurs from the top, the snow
temperatute is set to T, and the snow depth over asphalt/soil
surfaces (where f; =1 and f, .=0) or vegetation/soil surfaces
is recalculated as

Dy, =D, p+hP +hx

[-)-C d|= T,
_fs,c ;p [ep(z,r)_ s»]

Pac p,d Taf,c,t _ Tim }
P, | e Re | % R
—qy,s\ T

4
)|~ Foc

V-

L: [Qaf,c ~Qys (rs,m )]

_fs,civ"f GB(ET t—h ssnT:s4m) l;:l (Tl,c,t'_Ts,m)

pSan
(36)

where L, is the latent heat of melting (J kg 1y, and q, s( s m)
is the saturation mass mixing ratio (kg kg'!) over ice at the
melting point of snow. Equation (36) assumes that all snow on
vegetation (except a small amount sticking to leaf surfaces)
falls to the ground.

3.5. Water, Sea Ice, and Snow-Covered Sea Ice

Over oceans, inland seas, and lakes, the water-top
temperature is predicted with

6acpd = Tgc,t-h
- 9 Z _—-’=—
Ryc [ plzr) P,

Pa e [qv Zr Qg (Tg,c,z h)] $

T _T. T4 4
~F~F-0p(ET - e Tiesn)

Tg,c,t

=Ty ct-nth= L, 6D

PswCp,swD
where q, ¢ ( Bcii- h) (kg kg'!) is the saturation mas$ mixing
ratio over liquid water at the temperature of the water, €,,=0. 97
is the thermal-IR emissivity of liquid water [Oke, 1978], Py
is the density of seawater (1028 kg m" 3 at 0 °C in the présence
of 35 parts per 1000 of salinity [Lide, 1998]), ¢, ,, is the
temperature-dependent specific heat of liquid water at constant
pressure (3986.5 J kg'! K™ at 0°C in the presence of 35 parts
per 1000 of salinity), and D;/=30 m is the assumed depth of
ocean water in which energy and salinity are well mixed
[Parkmson and Washmgton, 1979] Initial -sea surface
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temperatures are obtained from the Fleet Numerical
Meteorology and Oceanography Center.

When the water temperature predicted by (37) falls below
T;~271.23 K, the freezing point of seawater in the presence
35 parts per 1000 of salinity [Lide, 1998], a layer D; = 0.01 m
thick of ice is as,sumed to form. The ice surface temperature is
then determined with the four-iteration equilibrium calculation,

~ PaCp,d 3 (z,)- Tg,c_,_t,n—l
Ry P P,
_PaL
I;a . [Qv zr ~Qy,s ( g.ct— h)]
ﬁ '
“F-F- (STg 1-h siTg‘tc,t,n—l)
K.
T D; zl B (T’f gehn= 1) .
Tg,c,t,n = 7:g,c,t,n--l += DC o "y =, (38)
‘ Ppd g, €ilpctn-1"T
actg sein D;yp

where q”( 8.\t h) is the saturation mixing ratio over ice,
8,-0 97 is the thermal-IR emlssmty of ice [Parkinson and
Washington, 1979], and ¥;=2.20 W m'! K'! is the thermal
conductivity of ice [Lide, 1998]. If the ice temperature
predicted by (38) exceeds T;,,=273.05 K, the melting point of
ice, the ice-surface temperature is set to T}, and the change in
ice thickness due to melting at the top is

Dy, =Dy, p+h= ., (39)

where p; (kg m3) is the density of ice (916.7 kg m3 at 273.05
K). When the temperature of ice predicted by (38) is below T,
no change in thickness at the top occurs. A change in
thickness ‘at the water-ice 1nterface contmuously occurs and is

calculated as
. - (7;, f- Tg,c,t)
Dj;=Djspth bizh

T PiLm

F, -

. @0)

where F, (W m'2) is the net flux of energy from below the
interface, assumed to be 2 W m2 for Arctic waters and 25 W m™
for Antarctic waters, and the second term accounts for
conduction between the interface and the top of the ice
[Parkinson and Washington, 1979]. Maximum ice thickness
are typically 4 m in the Arctic and 1.5 m in the Antarctic.

When sea ice exists and snowfall occurs, the snow is
assumed to coat the ice. The temperature at the top of the snow
is predicted with

.
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Tgctn = Toctn-1
Pacpd |5 L1
- Rp [e"(z')_'ls_
a,c g
S Lot
_ Pals {qv(zf)_quS(Tg,c,t-h)] .
{ R c
"1_:_;. -F _GB(ST ) es"T;ctn—l)
KsnXKi { tf gctn—l)
L KsrtDi,t—h"'Kli,t h\ ’ " @1
..Pa_cpld_._.48 T3 i KsnKi
P m 2 Coly A
R, P, 8:C:ln KenDj—n +%iDss_p

where the thermal conductivity term accounts for conduction

through ice and snow layers. The temperature at the snow-ice
interface is [Parkinson and Washington, 1979]

T = KsnDys-nTgcn +€iDs-nT 5
I - .

.Ksn Dz,t—h + KtD.\',t—h

(42)

If the temperature predicted by (41) exceeds the melting point
of snow, T ,,; the change in snow thickness on top of the ice
is calculated with (36), except that T; from (42) is substituted
for T ;- Meltmg from the bottom of the ice layer when snow
is present is still calculated w1th (40).

3.6. Analysis of Ground Surface Predictions

Here, predictions of several temperature parameters from an
August 1990 northern California simulation (where grid
spacing was 0.05° x 0.05°) are analyzed, and the resulting air
temperatures are compared with data. Details of the model
simulations, data used, and additional comparisons of
temperature predictions with data are given in Jacobson [this
issue].

Figure 2a shows time series predictions of foliage air
temperature (Taf,c), foliage “temperature (Tf,c), grouild ’
temperature (T, ), and above-canopy air .temperature (T,
taken at the midlevel of the bottom model layer) over sandy
loam in a grid cell containing the Lodi (LOD) temperature
monitoring site. The Lodi site is rural and located in the San
Joaquin Valley [Jacobson, this issue, Figure 2]. Figure 2a here
indicates that during the day, foliage temperatures exceeded
foliage air temperatures, which exceeded ground temperatures,
which exceeded air temperatures. The Lodi cell contains about
58.4% sandy loam and 41.6% clay loam. Figure 2b shows the
modeled differences in temperatures between sandy loam and
clay loam in the cell. Above-canopy air temperatures above
both soil classes are the same in the model. The figure shows
that differences in ground temperatures over the two soil types
were up to 10°C during the day. The differences are most likely
due to the large differences in soil parameters between sandy
loam and clay loam. The large difference implies that
representation of this grid cell by one but not both of the 'soil

" classes will cause differences in predicted air temperatures.

Figure 2c shows predicted and observed air temperatures at
Lodi when both soil types were retained for the cell. The
predictions were obtained from bilinear interpolation of air
temperatures from four adjacent grid cells to the vertical center
of the bottom model layer at the Lodi site, then interpolated
vertically to the observation altitude, estimated at 5 m, an
average height for temperature measurements in northern
California.
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Figure 2. (a) Time series plot of predicted foliage air
temperature (T4 foliage temperature (Tp), ground temperature
(T), and air temperature above the canopy (T,) over clay soil
in a grid cell of the NCal domain containing the Lodi (LOD)
monitoring site. (b) Difference between temperatures over clay
and those over clay loam in the same grid cell. (c) Predicted air
temperatures at 5 m versus observations at the Lodi
monitoring site. The predicted values were obtained from
bilinear interpolation of modeled air and ground temperatures
at four grid cells to the Lodi site. Air and ground temperatures
were then interpolated vertlca.lly to the observation altitude.

Figure 3 shows results similar to Figure 2, but for a suburban
site, Fremont, whose surfaces were estimated to consist of 40%
silt loam, 26.2% silt clay loam, 13.4% roof, 11.4% clay,
8.9% road, and 0.001% loam. Fremont is just to the east of the
San Francisco Bay; thus, its diurnal temperature variations are
weaker than those at Lodi. Figure 3a shows predicted
temperatures over clay, and Figures 3b-3d show differences
between the temperatures over clay and those over other soils.
The differences in temperatures over different soils at Fremont
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were smaller than those at Lodi, due primarily to smaller
differences in soil parameters among the soil types at
Fremont.

Figure 3e shows predicted soil, road, and roof temperatures
at Fremont. Roads were the hottest surfaces during the day,
since asphalt contains no water, and energy conduction to soil
below asphalt is slow. Peak temperatures over asphalt varied
from 43° to 52°C. Anandakumar [1999] shows a peak August
temperature over an asphalt road at Vienna, Austria, 10°
latitude farther north than Fremont, of 44°C. Rooftop
temperatures here were cooler than road temperatures, because
air under a rooftop convects away energy conducted to it by the
roof faster than soil conducts away energy conducted to it by
asphalt.

4. Minimization of Memory During Nesting

An important feature of the one-way-nested model is that
memory requirements are minimized so that total required
central memory never exceeds about 1.5 times the central
memory of the largest model domain for gas simulations and
2.1 times the central memory of the largest domain for
gas/aerosol simulations. Thus, if the largest domain requires
53 megawords (0.4 GB) of central memory and ten nested
domains are used, the total central memory of the model
increases to only 80 megawords (0.64 GB) for gas
simulations. In the absence of array savings the central
memory requirement would increase to about 500 megawords (4
GB), beyond the central memory capacity of most computers.

Memory savings are obtained by solving one domain at a
time over a specified time interval (e.g., 30 min.), writing
information from the domain to hard disk at the end of the
interval, and reusing the same arrays for all variables in all
subsequent domains. The first domain solved is the global
domain. At the end of a nesting time interval, all arrays for
restarting the global computation and for providing boundary
conditions for domains in the next layer of nesting are written
to hard disk. Each domain in the next layer of nesting is then
solved, one at a time. Such domains read in boundary-
condition information from their "parent" domain. After each
domain is solved, arrays from it are written to hard disk.
Subsequent layers of nesting are solved in a similar manner.

Once the last domain in the last layer is solved, the global
domain reads in arrays stored from the last time interval, and
the next time-interval is solved. When the interval is finished,

"arrays are written again to disk, overriding the arrays from the

previous interval. Since all domains in the model reuse the
same arrays and carry the same variables, the total memory
required for the model as a whole is limited only by the domain
with the largest number of grid cells. There is no requirement
as to which domain has the largest number of grid cells, and
there is no requirement as to how many grid cells a given
domain can have (except that total memory for the domain
with the largest number of grid cells is limited by the memory
available on the computer).

" The use of this technique requires a fixed amount of hard disk
space for each domain, regardless of the time interval or length
of simulation. The information from a domain stored on disk
includes all arrays from the end of the most recent time
interval. For 100 domains in which 1 GB each of array
information is stored, 100 GB total of hard disk space is
needed. Currently, the total cost of disk storage for 100 GB is
less than $6,000.
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Figure 3. (a) Same as Figure 2a, except for clay soil at the Fremont (FRE) monitoring site. (b-d) Same as
Figure 2b, except for clay minus silt loam, clay minus loam, and clay minus silt clay loam at Fremont. (e)
Predicted ground temperatures over four soil types, road surfaces, and rooftops at Fremont. (f) Same as Figure

2c, except at Fremont.

The storage technique above permits two-way and one-way
nesting, but two-way nesting is avoided here, because such
nesting results in perturbations to velocities, potential
temperature, etc., in the middle of the coarse domain that
degrade the energy/potential enstrophy (global scale) and
energy/enstrophy (regional) conservation properties of the
numerical solutions to the momentum and thermodynamic
energy equations used -here. Numerical schemes in
meteorological models that do not conserve these parameters
(e.g., those that perform central differencing to high order
across a cell) may not be concemned with this issue although

~ two-way nesting may erode other properties of such models. In
one comparison of a storm prediction with observations: with
the MM5 model, one-way nesting produced domain-averaged

precipitation, a 500-mbar trough, and the location of
maximum precipitation as well as. or better than the two-way
nesting [Lozej and Bornstein, 1999].

GATOR-GCMM can be implemented on a parallel computer
in at least two ways. The first is to solve all domains
sequentially but to parse out sections of each domain to
different processors. Since chemical, radiative, aerosol, and
transport solution processes are already divided into grid
blocks, columns, or rows, such parsing is straightforward for
these processes. A second method is to put different domains
on different processors. This requires solving "parent"
domains one or more time intervals ahead of finer domains,
since solutions from parent domains are needed to provide
boundary values for finer domains. '
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5. Computer Time Requirements

The computer time required to solve gas chemistry (115
gases, 220 reactions), meteorology, radiative transfer (409
wavelengths), species - transport - (115 gases), ground
temperature calculations, and input/output with GATOR-
GCMM over an average domain size of 100,000 cells on an
SGI Origin 2000 was about 53 min per hour of simulation per
" domain. The use of five domains this size required about 4.4
days of computer time per day of simulation on a single
processor (or 21 hours per domain per day). Of the computer
time, about 32 s per hour of simulation per domain (<1% of
total computer time) was required for writing to plus reading
from disk. Thus, the memory-minimization technique
described here uses minimal computer time. On a Compaq

21264 (667 MHz) 64-MB chip, the speed is approximately.

three times faster than on an SGI Origin 2000, reducing
computer time of a five-domain model on a single processor to
1.5 days per day of simulation (or 7 hours per day per domain
Per processor).

6. Conclusion

A global- through urban-scale air pollution/weather forecast
model was developed. The model treats nesting of all
important air quality and meteorological parameters in each
domain, any number of nested layers, and any number of
domains in each layer. The central memory requirement of the
model as a whole never exceeds 1.5 (2.1) times the central
memory requirement of the largest domain when gas
(gas/aerosol) processes are solved. The model treats ground
temperature, latent heat fluxes, and sensible heat fluxes over
subgrid soil and vegetation covers. The module also treats
temperatures and fluxes over water, sea ice, snow-covered sea
ice, and urban areas. Urban areas are divided into road surfaces,
rooftops, vegetation, and bare soil. A high-resolution global
soil texture classification data set was derived from an existing
1 km x 1 km high-resolution U.S. texture classification data
set and from a 10 km x 10 km soil-type data set. The soil
texture data set was coupled with 1 km x 1 km land use/land
cover data to define subgrid soil texture classes, vegetation
fractions, and urban land cover. The GATOR-GCMM model is
applied to an air pollution case study in part 2 of this work.
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