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Summary

The Regional Atmospheric Modeling System (RAMS) has
been widely used to simulate relatively short-term atmo-
spheric processes. To perform full-year to multi-year model
integrations, a climate version of RAMS (ClimRAMS) has
been developed, and is used to simulate diurnal, seasonal,
and annual cycles of atmospheric and hydrologic variables
and interactions within the central United States during 1989.
The model simulation uses a 200-km grid covering the
conterminous United States, and a nested, 50-km grid
covering the Great Plains and Rocky Mountain states of
Kansas, Nebraska, South Dakota, Wyoming, and Colorado.
The model's lateral boundary conditions are forced by six-
hourly NCEP reanalysis products. ClimRAMS includes
simpli®ed precipitation and radiation sub-models, and
representations that describe the seasonal evolution of
vegetation-related parameters. In addition, ClimRAMS can
use all of the general RAMS capabilities, like its more
complex radiation sub-models, and explicit cloud and
precipitation microphysics schemes. Thus, together with its
nonhydrostatic and fully-interactive telescoping-grid cap-
abilities, ClimRAMS can be applied to a wide variety of
problems. Because of non-linear interactions between the
land surface and atmosphere, simulating the observed
climate requires simulating the observed diurnal, synoptic,
and seasonal cycles. While previous regional climate
modeling studies have demonstrated their ability to simulate
the seasonal cycles through comparison with observed
monthly-mean temperature and precipitation data sets, this
study demonstrates that a regional climate model can also

capture observed diurnal and synoptic variability. Observed
values of daily precipitation and maximum and minimum
screen-height air temperature are used to demonstrate this
ability.

1. Introduction

Current global-scale, general circulation models
(GCMs) used to simulate weather and climate do
not operate at ®ne enough grid resolutions to
resolve many observed regional weather and
climate features. To simulate these meteorological
features, regional or limited-area atmospheric
models have been used. These models are run at
higher resolution than the GCMs and are thus able
to better represent mesoscale dynamics and
thermodynamics, including processes resulting
from ®ner-scale topographic and land-surface
features. Typically the regional atmospheric
model is run while receiving lateral boundary-
condition inputs from a relatively-coarse resolu-
tion atmospheric analysis model or from the
output of a GCM. The model simulations
performed as part of the Project to Intercompare
Regional Climate Simulations (PIRCS) (Takle
et al., 1999) are an example of these kinds of
simulations. Additional discussions of regional
climate modeling efforts can be found in Giorgi
(1995), Christensen et al. (1997), McGregor
(1997) and Beniston (1998).

Typically, full-year regional climate model
integrations have been validated against monthly
mean temperature and precipitation observations
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(e.g., Giorgi et al., 1993; Marinucci et al., 1995;
L�uthi et al., 1996; Christensen et al., 1997;
Christensen et al., 1998). Such studies have been
able to demonstrate the model's ability to
simulate the seasonal cycles associated with the
particular domain of interest. Because of the non-
linear interactions between the land surface and
atmosphere, a realistic climate model must also
be able to simulate the diurnal and synoptic
cycles that average to make up the observed
monthly climatologies. Mearns et al. (1995), for
example, has compared regional climate model
outputs with daily observations. As a speci®c
illustrative example of why comparison with
daily observations is important, consider an
observed monthly precipitation total of 30 mm
of water; the behavior of the land-atmosphere
system is expected to be quite sensitive to
whether this precipitation falls as a one-day,
30 mm precipitation event, or if it falls for 30 days
at 1 mm dayÿ1. These differences are expected to
in¯uence a wide range of land-surface and
atmospheric processes and interactions, includ-
ing: soil-moisture characteristics, vegetation
response, runoff, and surface energy and mois-
ture ¯uxes. Consequently, efforts to validate the
performance of regional climate models should
include an assessment of the model's ability to
simulate general atmospheric variables at a range
of temporal scales. Speci®cally, a regional
climate model should be able to reasonably
simulate diurnal, synoptic, and seasonal cycles.
An additional measure of a regional climate
model's performance, is its competence in
simulating interannual variability; something that
is not addressed in this paper. The analyses
presented herein assesses a regional climate
model's performance on diurnal, synoptic, and
seasonal time scales.

The Regional Atmospheric Modeling System
(RAMS) is a general-purpose, atmospheric-
simulation model that includes the equations of
motion, heat, moisture, and continuity in a
terrain-following coordinate system. This
includes a land-surface sub-model that represents
the storage and exchange of heat and moisture
associated with the atmosphere-terrestrial inter-
face, and cloud, precipitation, and radiation
sub-models representing physical processes
associated with atmospheric energy and moisture
interactions. RAMS has been widely used to

simulate relatively short-term (hours to several
days) atmospheric and land-surface processes,
and the interactions between the two (Pielke
et al., 1992; Nicholls et al., 1995). To perform
full-year to multi-year regional atmospheric
model integrations, a climate version of RAMS
(ClimRAMS) has been developed. It contains
additional features required to satisfy both
computational constraints and time-evolving
boundary conditions and land-surface features
like vegetation parameters and seasonal snow-
cover. The model is used to perform historical
simulations where atmospheric analyses data are
available to de®ne the lateral boundary-condition
forcing. The model could also be con®gured to
use GCM outputs for the lateral boundary
conditions. A necessary (although not suf®cient)
condition for using GCM outputs as lateral
boundary conditions, is that realistic regional
climate model simulations should result when the
analyses lateral boundary conditions are used.

A primary purpose of this ClimRAMS devel-
opment and validation effort is to provide a
version of RAMS that can be used to support
vegetation- and snow-related evolution and
atmospheric interaction studies. These types of
projects require a model capable of simulating
the full annual cycle. For example, ClimRAMS
has been coupled to the CENTURY ecosystem
model (Lu et al., 2001) and the GEMTM
ecosystem model (Eastman, 1999). A current
de®ciency in most regional and global climate
model land-surface parameterizations is that they
use only simple climatological approaches, based
on time-of-year, to de®ne the model vegetation
parameters (e.g., leaf area or albedo de®ned
according to Julian date). What is lacking in
these schemes is a realistic representation of
vegetation response, or changes in live biomass,
to atmospheric and hydrologic in¯uences. The
climatological approach is incapable of realisti-
cally responding to deviations from climatology,
such as wetter and drier than average seasons, or
to changes in climate. CENTURY (Parton et al.,
1996), when coupled with ClimRAMS, provides
that biospheric response and allows an analysis
of the interactions and feedbacks between the
atmosphere and vegetated surface. In addition,
ClimRAMS has been used to develop subgrid-
scale snow-distribution representations for appli-
cation in regional and global climate models
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(Liston et al., 1999). Both of these research
efforts require an atmospheric model capable of
performing realistic diurnal, synoptic, and sea-
sonal cycles.

2. Study area and background

For the model simulation discussed herein, the
model domain and grid con®gurations are given
in Fig. 1, where a 200-km grid covers the
conterminous United States, and a 50-km nested
grid covers Kansas, Nebraska, South Dakota,
Wyoming, Colorado, and parts of the regions
surrounding those states. The ®ne-grid domain
has been chosen to include portions of both the
Great Plains and the Rocky Mountains, thus
including the different in¯uences of topography
and vegetation on atmospheric process found to
occur in those regions.

The winter weather over the ®ne-grid area of
Fig. 1 is dominated by frequent migratory high
and low pressure systems that are associated with
the polar jet stream and its associated polar front.
If the jet stream ¯ow is basically zonal, the air
masses associated with the front are Paci®c in
origin, producing substantial snows in the
mountains, and relatively mild air just to the
lee of these barriers. Further east, the weather in
the Great Plains is cooler, with some air from
Canada entrained south into the region west of
the low pressure systems. Occasionally, Arctic
high pressure systems travel southward over the
region producing the area's coldest weather of
the year. These intrusions of Arctic air occur
when the polar jet stream travels far north into

Alaska and northwest Canada, before plunging
south over the Great Plains. Upslope snows
frequently occur in the western High Plains
during these cold outbreaks.

Spring is a transition season when the higher
sun angles can produce warmer days, yet cold air
masses still occasionally travel southward bring-
ing heavy snows to the Plains. In the western
high Plains, March and April are the snowiest
months of the year. At this time in the eastern
high Plains, thunderstorms become common.
Thunderstorms can often be quite intense at this
time of the year as a result of strong solar surface
insolation and relatively cold air aloft. The
tornado season in that region peaks in April,
May, and June, as a still vigorous polar jet stream
provides large changes in wind speed and
direction with altitude. This large wind shear
provides the initial horizontal wind circulation
for tornadic thunderstorms, when the wind shear
is tilted on its side by intense thunderstorm
updrafts and downdrafts. A tornado can subse-
quently be produced when this horizontal wind
circulation is concentrated into a small area by
intense updrafts. By summer, the polar jet has
typically migrated far to the north. Rainfall
becomes dominated by topographically-heated
upslope ¯ows, and weak migratory low pressure
systems. During this period, the weather-pattern
changes are relatively slow. Organized clusters of
thunderstorms, called mesoscale convective sys-
tems (MCSs), can develop and are associated
with weak frontal boundaries or higher terrain.
These MCSs usually move eastward in response
to the weak westerly winds in the middle and
upper troposphere found during this time of the
year. A dryline boundary usually forms in the
western Plains, separating humid air coming
from the Gulf of Mexico from dry air originating
in the desert Southwest and northern Mexico.
During summer, thunderstorms frequently form
in this dryline region.

In late summer, the Mexican monsoon starts to
affect the western portion of the region. Sub-
stantial rains often occur as moisture originating
in tropical Paci®c Ocean is advected northward
into the southern Plains and southern Rocky
Mountains. This monsoon ¯ow regime weakens
in late August, and relatively dry weather,
dominated by persistent and often nearly sta-
tionary high pressure systems, begins to dom-

Fig. 1. ClimRAMS simulation domain and grid con®gura-
tion. The coarse and ®ne grid intervals are 200 km and
50 km, respectively
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inate the fall months. Occasionally, snowstorms
occur as early as September in the northern and
central Great Plains and Rocky Mountains, when
the polar jet stream migrates southward in early fall.

In general, the climate of the Great Plains and
Rocky Mountains of the United States displays a
strong seasonal cycle. Each season is character-
ized by signi®cantly different meteorological
conditions that are described by weather events
such as the passage of frontal systems and the
production of convective storms. These weather

events operate on time scales ranging from
several hours to a few days. ClimRAMS has
been designed to represent these individual
weather events and their seasonal evolution.

Model validation is performed using National
Climatic Data Center (NCDC) Summary-of-the-
Day (SOD) meteorological-station precipitation
and maximum and minimum air temperature
data. These SOD observations are available
throughout the year and have a daily temporal
coverage that includes approximately 3800 sta-
tions distributed across the United States (Fig. 2).
Also shown in Fig. 2 is the outer-boundary of the
50-km grid from Fig. 1. The SOD station data are
gridded to the 50-km ClimRAMS grid using an
objective analysis scheme (Cressman, 1959), and
then compared with the model outputs. Before
this comparison is made, the model-produced
maximum and minimum temperature ®elds are
adjusted to account for the difference between
the model and station elevations. This is done by
gridding the station elevations to the model grid,
and then applying a spatially- and temporally-
constant lapse rate of ÿ 6.5 �C kmÿ1 to the
difference between the station and model topog-
raphy. The resulting temperature correction
(Fig. 3) is then added to the model temperatures.
We have chosen to adjust the model temperatures

Fig. 2. Locations of National Climatic Data Center
(NCDC) Summary-of-the-Day (SOD) meteorological sta-
tions. The inset box de®nes the ®ne-grid boundary shown in
Fig. 1

Fig. 3. Temperature correction (�C) added to
the model temperatures to account for differ-
ences between station and model elevations; in
the western area of the ®ne-grid domain the
model topography is generally higher than the
station elevations
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to the station elevations to avoid any modi®ca-
tion of the observed data. We also recognize that
the observations are biased towards lower eleva-
tions, and that, in some sense, the modeled
temperatures may be more representative of the
true grid-cell averages. The observational data
sets are known to include other errors, such as
urban heat island effects on temperature (Karl
et al., 1988; Gallo et al., 1996) and wind and
wetting effects on precipitation (Groisman and
Legates, l994), that have not been taken into
account in our model validation.

Copeland et al. (1996) used a preliminary
version of ClimRAMS to perform two month-
long simulations for July 1989. These simula-
tions were used to compare the in¯uence of
changing the vegetation distribution over the
United States from its pre-settlement, natural
vegetation distribution (from, say, 200 years
ago), to the current vegetation distribution. To
be compatible with the Copeland et al. (1996)
model simulations, 1989 was chosen for the
model simulations presented herein. To highlight
how representative 1989 is of the area's general
climatology, 15 years spanning the period 1982
through 1996, of monthly mean, daily precipita-
tion and screen-height average maximum and
minimum air temperature observations were
gridded to the 50-km grid in Fig. 1 and averaged
over the domain represented by that grid. These
monthly data were used to compute yearly
averages. Over the 15-year period the mean
temperature was 8.52 �C, with a standard devia-
tion of 0.65 �C, and a 1989 mean of 8.29 �C. The
mean precipitation over the period was 1.37 mm
dayÿ1, with a standard deviation of 0.16 mm
dayÿ1, and a 1989 mean of 1.13 mm dayÿ1.

In what follows, a summary of the main
ClimRAMS components, initial and boundary
conditions, and general model con®guration are
presented. Detailed comparisons of the model
results and the observational data sets are
presented in Section 4. Section 5 summarizes
our general ®ndings and conclusions.

3. Model description

3.1 ClimRAMS

RAMS was developed at Colorado State Uni-
versity primarily to facilitate research into

mesoscale and regional, cloud and land-surface
atmospheric phenomena and interactions (Pielke,
1974; Tripoli and Cotton, 1982; Tremback et al.,
1985; Pielke et al., 1992; Walko et al., 1995a).
The model is fully three-dimensional and non-
hydrostatic (Tripoli and Cotton, 1980). The
RAMS horizontal grid uses an oblique (or
rotated) polar-stereographic projection, where
the pole of the projection is rotated to an area
near the center of the simulation domain, thus
minimizing the projection distortion in the main
area of interest. The grid's vertical structure
uses a �z terrain-following coordinate system
(Gal-Chen and Somerville, 1975; Clark, 1977;
Tripoli and Cotton, 1982), where the top of the
model is ¯at and the bottom follows the terrain.
An Arakawa-C grid con®guration is used in the
model, where the velocity components u, v, and
w are de®ned at locations staggered one-half
a grid length in the x, y, and z directions,
respectively, from the thermodynamic, moisture,
and pressure variables (Arakawa and Lamb,
1977). Grid nesting is available to provide high
spatial resolution in selected areas, while cover-
ing a larger domain at lower resolution. The grid-
nesting technique follows Clark and Farley
(1984) and Clark and Hall (1991), with a
generalization for stretched grids and a spa-
tially-variable nesting ratio described by Walko
et al. (1995b). This implementation includes a
two-way communication of all prognostic vari-
ables between any nested grid and its parent grid,
and the methodology conserves mass, momen-
tum, and internal thermodynamic energy.

ClimRAMS contains all of the above features,
with the addition of several changes designed to
allow full-year to multi-year integrations. To
meet the requirements of a regional model
running at both weather and climate time scales,
several modi®cations to the base modeling
system were made, including: (1) sea-surface
temperatures and vegetation parameters are
updated daily; (2) a collection of routines that
simulate grid-scale snow accumulation, snow
melt, and their effects on surface hydrology and
surface energy exchanges were added; (3) a
moisture- and precipitation-physics scheme for
long model runs was implemented; and (4)
simpli®ed incoming shortwave and longwave
radiation schemes were introduced. Details of the
ClimRAMS model implementation and physics
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representations are provided in the following
paragraphs.

In ClimRAMS, the Mahrer and Pielke (1977)
shortwave and longwave radiation model is used
in conjunction with the scheme presented by
Thompson (1993) to account for the presence of
clouds. In this scheme a threshold relative
humidity is used to de®ne the presence of clouds,
and Neiburger's (1949) curve is used to relate
cloud depth to cloud albedo for shortwave
radiation. For longwave radiation, these de®ned
clouds modify the downward radiative ¯uxes
following Hurley and Boers (1996). Other, more
complex, shortwave and longwave radiation
schemes are also available in ClimRAMS/RAMS
(Chen and Cotton, 1983, 1987; Harrington,
1997).

In addition to the standard explicit cloud and
precipitation microphysics representation gener-
ally available in RAMS (Meyers et al., 1992;
Meyers, 1995; Walko et al., 1995a), two addi-
tional precipitation schemes have been imple-
mented in ClimRAMS. The most simple
precipitation scheme is based on the `̀ dump-
bucket'' parameterization used in the RAMS
forecast model (Cotton et al., 1995). In this
parameterization, water vapor in excess of
saturation is assumed to condensate, and then
the precipitation amount is computed and
removed from the saturated layer by applying a
precipitation ef®ciency that is a function of the
saturated-layer temperature (Rhea, 1978). The
resulting precipitation is assumed to reach the
ground without any further interactions with the
atmosphere. This method does not distinguish
between the various types of precipitation (e.g.,
rain, snow, hail), and thus additional information
is required to identify whether liquid (rain) or
ice-phase (snow) precipitation reaches the
ground. This is accomplished by assuming that
when the air temperature in the lowest atmo-
spheric model layer is less than 2.0 �C, snow
reaches the ground; all other conditions lead to
rain (Auer, 1974). The explicit cloud physics
parameterization of Schultz (1995) has also been
implemented in ClimRAMS. The complexity of
this precipitation scheme lies between the full
microphysics and the `̀ dump-bucket'' options.
Schultz (1995) includes ®ve categories of con-
densate in this precipitation sub-model: cloud
liquid, assumed to have a zero fall velocity;

pristine cloud-ice crystals; rain; snow; and
precipitating ice (includes graupel, sleet, and
hail). Condensation, evaporation, collection,
freezing, and melting are all accounted for as
part of the precipitation evolution and interac-
tions with the surrounding atmosphere. Both the
`̀ dump-bucket'' and Schultz schemes reduce the
computational requirements considerably over
the full microphysics option, with apparently
only minimal loss in precipitation skill score for
the 50-km grid increment considered in this
study. For the case of the `̀ dump-bucket'' scheme,
the ClimRAMS computation time is approxi-
mately reduced by half when compared to the
full microphysics scheme. In addition to simulat-
ing large-scale precipitation, ClimRAMS uses a
modi®cation of the generalized form (Molinari,
1985) of the Kuo (1974) convective parameter-
ization (Tremback, 1990) to account for convec-
tion-produced precipitation.

Each surface grid cell in RAMS is divided into
three different surface-type classes: water, bare
soil, and vegetated. Prognostic temperature and
moisture variables are carried for the bare soil
and vegetated surfaces. A vegetated surface is
assumed to have bare ground under the vegeta-
tion canopy. For bare soil, the McCumber and
Pielke (1981) and Tremback and Kessler (1985)
multi-level prognostic soil model is used. The
surface temperature is determined from the
surface energy balance, accounting for incoming
and outgoing shortwave and longwave radiation,
latent and sensible heat ¯ux, and the soil
conductive ¯ux. The soil model includes equa-
tions for the diffusion of heat and moisture
following Philip and DeVries (1957) and Clapp
and Hornberger (1978). The soil thermal proper-
ties are temporally-evolving as a function of soil
moisture. The soil-moisture boundary condition
at the deepest soil level is held constant in time
and equal to the initial value. Plant transpiration
extracts soil moisture through the roots by the
method outlined in Avissar and Mahrer (1982).
The vertical root pro®le is de®ned to be the same
as that used in the Biosphere-Atmosphere
Transfer Scheme (BATS) (Dickinson et al.,
1986). The vegetation classi®cation and param-
eter descriptions also follow those used in
BATS, where there are 18 vegetation classi®ca-
tions. Also following BATS, the surface char-
acteristics of albedo, emissivity, roughness
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length, displacement height, canopy transmissiv-
ity to solar radiation, fractional vegetation cover-
age, and leaf area index (LAI) are de®ned based
on climatological temperatures and vegetation
type. The seasonal variation of vegetation canopy
transmissivity, fractional coverage, and LAI are
prede®ned by assigning a cosine function to the
climatological temperatures used to compute
these parameters. Example seasonal evolutions
of these parameters are provided in Fig. 4. The
soil-texture-class spatial distribution is de®ned
according to the United States Department of
Agriculture, STATSGO soils database (Miller
and White, 1998). The soil-texture distribution
for the ®ne grid in Fig. 1 is given in Fig. 5. The
temperature of the bottom soil layer varies
following the deep-soil temperature model of
Deardorff (1978). The model implementation
presented herein uses 10 soil layers, with the
bottom of each layer at the following levels (m):
0.05, 0.125, 0.2, 0.3, 0.45, 0.65, 0.95, 1.3, 1.65
and 2.0.

The surface-layer ¯uxes of heat, momentum,
and water vapor are computed using the method
of Louis (1979, 1982), who ®tted analytic curves
to the ¯ux-pro®le relationships determined by
Businger et al. (1971). This scheme is applied to
each grid-cell fraction of water, bare-soil, and
vegetated surfaces, and the resulting ¯uxes are

weighted according to the fractional area of each
surface type. The surface roughness is speci®ed
over land according to vegetation type, and over
water it is a function of wind speed. Parameter-
ization of the horizontal and vertical diffusion
coef®cients is done using K-theory based on
Smagorinski (1963), where the mixing coef®-
cients are related to the ¯uid deformation rate,
and corrections are made to account for the
in¯uence of Brunt-V�ais�al�a frequency (Hill, 1974)
and Richardson number (Lilly, 1962).

In ClimRAMS, a simple snow sub-model
accounts for key features of the snowcover and
its atmospheric and hydrologic interactions and
feedbacks. The primary components of the snow
model are: (1) precipitation is assumed to fall as
snow if the temperature of the lowest atmo-
spheric model level is < 2.0 �C (Auer, 1974); (2)
the snowpack is represented by one layer of
constant density and thermal properties; (3) the
albedo decreases linearly with snow depth,
towards the vegetation albedo, when the snow-
water-equivalent depth is less than 5 cm, and is
modi®ed depending on whether the snow is dry
(albedo� 0.8) or melting (albedo� 0.5) (Male
and Gray, 1981); (4) the ground heat-¯ux
computation is modi®ed as a function of snow
depth; (5) the surface roughness is modi®ed
when snow is present; (6) the snow surface

Fig. 4. Example seasonal evolu-
tions of leaf area index, vegetation
fraction, and canopy transmissivity
to solar radiation, for shortgrass
prairie, evergreen needleleaf tree,
and semi-desert vegetation classi®-
cations. The ®ne-grid spatial dis-
tribution of these classes are given
in Fig. 7
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temperature is constrained to be � 0 �C; (7) the
available energy to melt snow is computed as
part of the surface energy balance; and (8) snow
meltwater is added to the soil-moisture store.
Additional details of the ClimRAMS snow sub-
model, and the model's ability to simulate
observed snow distributions, can be found in
Liston et al. (1999).

3.2 Boundary and initial conditions

The model topography is de®ned using a global,
30 arc-second latitude-longitude (approximately
1-km) topographic data set called GTOPO30
(Gesch et al., 1999) and available through the
United States Geological Survey's (USGS) Earth
Resources Observation Systems (EROS) Data
Center. In processing these data for the Clim-
RAMS grids, each coarse grid cell is assigned an
elevation equal to the mean of the coincident
collection of ®ne grid cells, thus ensuring
compatibility of terrain heights between nested
model grids, while still allowing higher-resolu-
tion terrain features to be included in the ®ner
grids. The topographic distribution for the ®ne
grid in Fig. 1 is given in Fig. 6. The model
vegetation distribution is de®ned using the

International Geosphere-Biosphere Programme
(IGBP) land-cover classi®cation, available through
the USGS EROS Data Center. The dominant
land-cover class coincident with each Clim-
RAMS grid cell is used to de®ne the model's
land-cover distribution. The vegetation distribu-
tion for the ®ne grid in Fig. 1 is given in Fig. 7.
The water-surface temperatures are de®ned
according to National Oceanic and Atmospheric
Administration (NOAA) sea-surface-temperature
analyses produced weekly on a global one-
degree grid (Reynolds and Smith, 1994), and
interpolated to the ClimRAMS grids.

The method used to generate snow-water-
equivalent distribution initial conditions closely
follows Liston et al. (1999), and are provided by
®rst generating observed snow-water-equivalent
depth distributions for the conterminous United
States. This is done by merging two data sets: the
National Operational Hydrologic Remote Sen-
sing Center (NOHRSC) snow-water-equivalent
depth data, and the NCDC SOD meteorological-
station snow-depth data. The NOHRSC data
cover the western United Sates on a 30 arc-
second latitude-longitude grid, and are derived
from a variety of remote sensing and ground-
based observations (Carroll, 1997). They are

Fig. 5. The soil-texture-class spatial distribu-
tion for the ®ne grid in Fig. 1, de®ned according
to the United States Department of Agriculture,
STATSGO soils database (Miller and White,
1998). The numbers correspond to the following
ClimRAMS soil classes: 1, sand; 2, loamy sand;
3, sandy loam; 4, silt loam; 5, loam; 6, sandy
clay loam; 7, silty clay loam; 8, clay loam; 10,
silty clay; 11, clay. Soil class 9 (sandy peat) and
12 (peat) are not included in this domain at this
resolution
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available approximately twice per week during
the middle-winter through early-summer months.
The SOD snow-depth observations are available
throughout the year and have a daily temporal
coverage that includes the stations given in Fig. 2.

The SOD station data are ®rst gridded to a
5-km grid using an objective analysis scheme
(Cressman, 1959). The resulting snow-depth
distributions are then converted to snow-
water-equivalent distributions using the snow-

Fig. 6. The topographic distribution for the
®ne grid in Fig. 1. Also shown are the city/grid
locations used in Figs. 11 and 12

Fig. 7. The vegetation distribution for the ®ne
grid in Fig. 1, de®ned according to the
International Geosphere-Biosphere Programme
(IGBP) land-cover classi®cation. The numbers
correspond to the following ClimRAMS vege-
tation classes: 1, crop/mixed farming; 2, short-
grass prairie; 3, evergreen needleleaf tree; 5,
deciduous broadleaf tree; 7, tallgrass prairie;
10, irrigated crop; 11, semi-desert; 18, mixed
woodland. Vegetation class 4 (deciduous nee-
dleleaf tree), 6 (evergreen broadleaf tree), 8
(desert), 9 (tundra), 12 (ice cap/glacier), 13
(bog/marsh), 14 (inland water), 15 (ocean), 16
(evergreen shrubland), and 17 (deciduous
shrubland) are not included in this domain at
this resolution
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classi®cation distribution of Sturm et al. (1995),
where the snow density used for each of the snow
classes is given in Table 1. The NOHRSC data
are then gridded to the 5-km grid used for the
SOD data, and the two data sets are merged to
provide spatially continuous, 5-km coverage over
the conterminous United States. Because of the
broader collection of data sources used in the
NOHRSC data sets (including mountain-based
United States Natural Resources Conservation
Service SNOTEL (SNOw TELemetry) observa-
tions), the NOHRSC data are used wherever both
data sets are coincident. These 5-km data are
then regridded to the 200 and 50-km RAMS
grids (Fig. 1) for use in the model simulations.
As part of the model simulations, any required
conversion from snow depth to snow-water-
equivalent depth, and back, is accomplished
using the Sturm et al. (1995) snow-classi®cation
distribution and the density values provided in
Table 1.

Horizontal wind components, relative humid-
ity, air temperature, and geopotential height are
required to be used as atmospheric lateral
boundary conditions for the ClimRAMS simula-
tions. These data sets are available from the
National Centers for Environmental Prediction
(NCEP) in the form of six-hourly atmospheric
reanalyses products, on pressure levels and a
global 2.5� latitude by 2.5� longitude grid
(Kalnay et al., 1996). The variables are inter-
polated to the ClimRAMS coarsest grid, and then
linearly interpolated in time to each model time
step. Lateral boundary-condition nudging is
performed on the two outer-boundary grid cells
of the 200-km grid following the ¯ow-relaxation
scheme of Davies (1976, 1983); there is no
nudging performed in the interior of the coarse

grid or over any of the ®ne grid. Initial
atmospheric ®elds are also provided by the
NCEP reanalyses.

Soil moisture initial distributions are generated
by ®rst de®ning a spatially-constant soil moisture
content over the domain, and running the model
for one year. The soil moisture distribution on the
last day of that simulation is then used as the
initial conditions for the next year's simulation.
A spatially-constant soil moisture of 55% of the
total water capacity was used to start the one-
year soil-moisture `̀ spin-up'' simulation. The
simulation started on 1 January, and the 31
December soil moisture distribution was used as
the 1 January soil moisture initial conditions for
the simulations presented herein.

For the model simulations discussed in this
paper, ClimRAMS has been set up with the
horizontal grid con®guration summarized in
Fig. 1, and with 20 vertical levels having a
thickness of 119 meters at the surface and
stretching to 2000 meters at the 23-km domain
top. The simulations span the period 1 January
through 31 December 1989. The model uses a
120-second time step for both the 200 and 50-km
grids. The pole point for the oblique polar-
stereographic projection is de®ned to be 40�N
latitude and 100�W longitude. The land-surface
sub-model is called at every atmospheric-
dynamics time step, and the simple `̀ dump-
bucket'' large-scale precipitation scheme is used.
Under the assumption that the convective and
radiative tendencies evolve on a time scale
greater than that de®ned by the model dynamics
time step, the convective parameterization and
radiation schemes are called every 7.5 and
30 minutes, respectively.

4. Results

The model's ability to simulate domain-averaged
daily maximum and minimum screen-height air
temperature and daily precipitation are shown in
Fig. 8, where these variables have been averaged
over the 50-km grid given in Fig. 1. The
observations and model results are shown, and
the difference between these two values (model
minus observed) are plotted. The difference plots
include the 30-day running mean of the daily
values. Also shown are the mean (mn) and
standard deviation (sd) for each panel and

Table 1. Snow densities used to convert snow depth to
snow-water-equivalent depth using to the snow-classi®ca-
tion distribution of Sturm et al. (1995)

Snow Snow Density
Classi®cation (kg mÿ3)

Tundra 280
Taiga 225
Alpine 250
Prairie 250
Maritime 300
Ephemeral 350
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variable plotted in the ®gure. The model is found
to reproduce the annual cycle of these primary
climate variables and it also closely reproduces
the synoptic cycle that varies on an approxi-
mately one-week time scale. Over the year, the

model-simulated daily maximum and minimum
screen-height air temperatures average 0.23 �C
high and 0.23 �C low, respectively. The deviation
from observed values can vary approximately
� 3 �C on any given day, but deviations outside

Fig. 8. Modeled and observed, domain-averaged daily maximum and minimum screen-height air temperature and daily
precipitation, where these variables have been averaged over the 50-km grid given in Fig. 1. Also shown is the difference
between the model and observations, and the 30-day running mean of the difference values. Included are the mean (mn) and
standard deviation (sd) for each panel and variable
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this range are rare. Over the year, the model-
simulated daily precipitation averages 0.18 mm
dayÿ1 too low. The model captures the timing of
individual precipitation events throughout the
year, and the magnitudes are well-simulated
during the fall and winter months. During spring
and summer, the model produces both excess and
inadequate precipitation amounts, with the great-
est underestimates occurring during May±June
and August±September. The individual daily
precipitation peaks are rarely captured by the
model.

The winter (January through March averages)
spatial patterns of maximum and minimum daily
screen-height temperature and daily precipitation
are given in Fig. 9. Shown are the modeled and
observed ®elds, and the differences between
them (model minus observed). The model is

found to generally capture the observed spatial
patterns, and produces spatially-averaged max-
imum and minimum temperatures 0.28 �C and
0.74 �C less than those observed, respectively, and
spatially-averaged precipitation of 0.10 mm dayÿ1

less than that observed. The modeled maximum
temperature is too low by as much as 7 �C in
portions of the western (mountainous) region of
the domain, and too high by as much as 6 �C in
portions of the eastern (prairie) region of the
domain. The precipitation produced over the
Teton mountain range in north-western Wyoming
is greater than that observed.

The summer (June through August averages)
spatial patterns of maximum and minimum daily
temperature and daily precipitation are given in
Fig. 10. Shown are the modeled and observed
®elds, and the differences between them (model

Fig. 9. The winter spatial patterns of
maximum and minimum daily screen-
height temperature and daily precipi-
tation, averaged over January through
March. Shown are the modeled and
observed ®elds, and the differences
between the two. Also included are
the mean (mn) and standard deviation
(sd) for each panel and variable
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minus observed). The model is found to
generally capture the observed spatial patterns,
and produces spatially-averaged maximum and
minimum temperatures 1.18 �C greater and
0.04 �C less than those observed, respectively,
and spatially-averaged precipitation of 0.04 mm
dayÿ1 more than that observed. The maximum-
temperature winter cold bias present in the
western part of the domain is not present in the
summer period. The observed precipitation
maximum in the south-east corner of the domain
is simulated by the model, although there is some
suggestion that the model's coarse- and ®ne-grid
information transfer in¯uences the precipitation
produced in this area, and that the convective
parameterization has been unable to correctly
represent the transition from the ®ne to coarse
grid at the ®ne-grid out¯ow boundary. The

temperature ®elds do not display any similar
misrepresentation.

The annual cycle of daily maximum and
minimum screen-height air temperature, at the
model grid cells corresponding to three cities
within the ®ne-grid domain, is given in Fig. 11.
These cities are identi®ed by the markers in
Fig. 6, and are: Salina, Kansas; Sioux Falls,
South Dakota; and Casper, Wyoming. They each
exist in different temperature and precipitation
regimes, and the model has been able to capture
this variability. Differences between the model
and observations are also plotted in Fig. 11,
where a 7-day running mean has been applied to
the data to improve clarity. The synoptic cycles
are captured very well in both the maximum and
minimum temperatures, although magnitudes of
the modeled values can differ by several degrees

Fig. 10. Same as Fig. 9, but for
summer, averaged over June through
August
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on speci®c days. For the cases of Salina and
Sioux Falls, the annual average differences are
less than a couple of degrees. Casper has a
similar annual average difference for the max-
imum temperature, but the modeled minimum

temperature is 3.9 �C low. In addition, the
modeled summer maximum temperatures are
consistently high. In the more mountainous
regions of the domain we expect it to be more
dif®cult to model the local terrain forcing that

Fig. 11. The annual cycle of daily maximum and minimum screen-height temperature at the model grid cells corresponding
to three cities identi®ed by the markers in Fig. 6. Also shown is the difference between the model and observations, plotted
using a 7-day running mean to improve clarity. Included are the mean (mn) and standard deviation (sd) for each panel and
variable; the statistics for the difference plots were computed using the original data, prior to applying the running mean
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strongly in¯uences weather and climate features
there. Many of these forcings exist as scales
below those resolved by the 50-km grid used in
these simulations.

The annual cycle of daily precipitation is
provided in Fig. 12, for the same three cities used

in Fig. 11 (see Fig. 6). These stations are able to
capture some of the regional variation that exists
within this domain; Casper receives signi®cantly
less precipitation than the prairie cites. Again it is
clear that the model does not generally capture
the peak magnitudes of the precipitation events,

Fig. 12. The annual cycle of daily precipitation at the model grid cells corresponding to three cities identi®ed by the markers
in Fig. 6. Also shown is the difference between the model and observations. Included are the mean (mn) and standard
deviation (sd) for each panel and variable
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as shown by the negative tails in the difference
plots, but the timing of individual events and the
synoptic and seasonal cycles are well simulated.

5. Discussion and conclusions

ClimRAMS, a climate version of the Regional
Atmospheric Modeling System (RAMS) has
been used to simulate atmospheric and land-
surface processes during 1989, over a portion of
the Great Plains and Rocky Mountains of the
United States. The year 1989 was reasonably
close to the climate averages for the region being
considered. This regional climate modeling study
is unique in that it has used daily observations to
validate the model outputs. While the diurnal
cycle is not explicitly analyzed with sub-daily
observational data, it is implicitly addressed
through the use of daily maximum and minimum
air-temperature data sets. Application of these
daily data, as opposed to monthly-mean data
typically used in the past, has allowed demon-
stration of the model's ability to capture the
synoptic cycles that dominate middle-latitude
weather and climate characteristics. On even
®ner temporal scales, the model has been found
to generally simulate daily maximum and mini-
mum screen-height air temperatures and daily
precipitation. Thus, ClimRAMS has been shown
to simulate the daily- to synoptic-scale atmo-
spheric forcing that collectively merges to de®ne
the climate of a region. Using six-hourly NCEP
reanalysis data to de®ne the atmospheric lateral
boundary conditions, at approximately the outer
boundaries of the conterminous United States,
the model has successfully transferred that
information into the interior of the domain,
roughly the central United States. The model's
analysis domain includes portions of the Great
Plains and Rocky Mountains and, as such, within
this domain there are both north-south and east-
west gradients of important climatological vari-
ables such as temperature and precipitation. The
model has been able to simulate these spatial
distributions, as well as their temporal evolution
throughout the year.

Prior to comparing the modeled and observed
screen-height air temperatures, the modeled data
was corrected to the observation-station eleva-
tions by applying a constant lapse rate to the
elevation differences between model and sta-

tions. In the natural system, the lapse rate varies
in both time and space, and is a function of many
factors, including atmospheric moisture and
stability conditions. Implementing a more
sophisticated elevation correction would likely
change the details of our results, but is not
expected to change any of our general conclu-
sions regarding the model's ability to simulate
the observed weather and climate.

In spite of the general success of the model,
errors in the simulation of the basic observed
climatological ®elds still suggest that signi®cant
model improvements can and should be made.
Modeled errors can be the result of several
factors that are often interrelated. For example,
changes to the precipitation scheme lead to
differences in cloudiness that affect shortwave
and longwave radiation reaching the ground.
This, in turn, modi®es surface energy ¯uxes,
temperatures, and soil moisture; all of which
in¯uence cloud and precipitation processes. As
part of the model development and other studies
using ClimRAMS (e.g., Lu et al., 2001),
improvements to the model's de®nition of the
seasonal evolution of vegetation parameters, like
LAI and albedo, have been suggested. In the
future we anticipate being able to use remotely-
sensed data sets to help de®ne these quantities
and make them more realistic. The soil moisture
distribution and evolution is also something that
the model simulates, and its values in¯uence
surface energy and moisture ¯uxes, and air
temperature and humidity. Unfortunately, there
are only limited soil moisture observations, and
the exact modeled biases are unclear. We also
know that the natural system displays land-
surface variability at scales much smaller than
that represented by the 50-km grid. To account
for this heterogeneity, higher-resolution model
simulations are required. In addition, increased
vertical resolution is expected to lead to
improved representation of the modeled bound-
ary layer. Improvements to any of these model
components should improve the model's physical
realism, and hopefully the simulated climatolo-
gies.

An important attribute of ClimRAMS is its
ability to also use the other RAMS components.
These include the more complex cloud and
precipitation microphysics schemes, and radia-
tion sub-models. For this 50-km grid simulation,
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the use of a simple precipitation scheme has
been found to provide acceptable results. Iden-
tical simulations, but using the RAMS full
precipitation-microphysics scheme (not shown),
did not appreciably improve the model simula-
tion. For higher-resolution simulations, the more
complex precipitation scheme has been found to
improve results (e.g., Gaudet and Cotton, 1998).
In addition, the model's nonhydrostatic and
fully-interactive telescoping-grid capabilities
allow ClimRAMS to be applied to a wide variety
of problems ranging in horizontal scale from a
few hundred kilometers to less than one kilo-
meter.

ClimRAMS has been able to realistically
simulate the seasonal, synoptic, and diurnal
cycles over an entire year. Generally the model
errors become greater as the temporal cycle of
interest becomes shorter. For example, a one-day
shift in a frontal passage will lead to precipitation
falling on the wrong day, and this will show up as
an error in the model simulation. But, averaged
over that synoptic cycle, the precipitation is
generally quite realistic. Analyses of the differ-
ences between model results and observations
suggests that the temperature and precipitation
®elds are acceptable representations of the
region's spatial and temporal climatologies. The
general success of the model simulations pre-
sented herein suggest that ClimRAMS can be
used in support of vegetation- and snow-related
evolution and atmospheric interaction studies.
These research efforts require an atmospheric
model capable of performing realistic annual
integrations that include reasonable representa-
tions of diurnal, synoptic, and seasonal cycles.
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