Seasonal simulations over North America with a
GCM and three regional models

E. Altshuler, M. Fennessy, and J. Shukla

Center for Ocean-Land-Atmosphere Studies, Calverton, MD

H. Juang, E. Rogers, and K. Mitchell

Environmental Modeling Center, National Centers for Environmental Prediction,
Washington, DC

M. Kanamitsu

Scripps Institution of Oceanography, La Jolla, CA

March 2002






Abstract

Seasonal hindcasts have been carried out using the Center for Ocean-Land-
Atmosphere Studies (COLA) R40 atmospheric general circulation model and 80-km
resolution versions of three regional models: the National Centers for Environmental
Prediction (NCEP) Eta model, the NCEP Regional Spectral Model (RSM), and two versions
of the Pennsylvania State University (PSU)/National Center for Atmospheric Research
(NCAR) MM5 mesoscale model. Simulations for three summer and three winter seasons
have been performed over the North American region. The COLA GCM was initialized
using observed atmospheric analyses, while each of the regional models was provided with
initial and lateral boundary conditions from NCEP/NCAR reanalysis data. All of the models
used observed global sea surface temperature (SST) which was prescribed and updated
throughout the integrations. Initial land surface conditions varied among the models but
were kept as consistent as possible.

Examination of the ensemble seasonal mean simulations shows that all of the
regional models, except RSM, demonstrate greater skill than the GCM in simulating seasonal
mean precipitation for both summer and winter. The RSM simulations contain a large
systematic moist bias in both seasons. For seasonal mean surface temperature, RSM is
clearly superior to the other models, especially in winter. RSM, and to a Iesser extent the Eta
model, provide the best simulation of the summer 850-mb circulation, particularly the low-
level jet (LL.J) over the U.S. southarn plains.

The models’ ability to simulate interannual variability was assessed by examining the
simulated summer 1993 (excessively wet) versus 1988 (drought conditions) climate features
over the central U.S. The overall results are rather disappointing, although the Eta and RSM
do show some apparent skill in capturing the precipitation, surface temperature, and 850-mb
circulation differences between the two years. The GCM and both versions of MMS5 do not
demonstrate any discernable skill in simulating this interannual variability.

The computational efficiency of the regional models has also been evaluated.
Considering both model performance and efficiency, the Eta model appears most favorable
among the models considered. RSM performs well in some respects but is computationally
expensive, while neither version of MMS5 appears to be competitive with the other models
on the basis of either performance or efficiency.






1. Introduction

A body of recent research has shown that seasonal climate anomalies are forced in
part by slowly varying boundary conditions of sea surface temperature (SST) and land
surface conditions. The ability of coupled ocean-atmosphere models to predict tropical SST
anomalies has been well established. Thus, it is possible that accurate predictions of surface
boundary conditions could allow prediction of regional climate anomalies for lead times
beyond the limit of deterministic predictability (Shukla 1998). However, current
atmospheric general circulation models (AGCMs) do a poor job of simulating regional
precipitation anomalies over the continents, even with prescribed observed global SST
anomalies. Tt may be that current AGCMs do not have sufficient horizontal resolution to
adequately resolve regional orographically forced precipitation features.

One approach to acdress this problem is to use a low-resolution coupled ocean-land-
atmosphere model to predict the anomalous surface boundary conditions of SST, soil
wetness and snow depth. The predicted boundary conditions can then be used by a medium-
resolution global atmospheric model that is integrated for a season to produce the global
circulation and planetary-scale waves that occur in response to the anomalous boundary
conditions. A limited area high-resolution atmospheric model is then nested in the global
atmospheric model by applying the global circulation predicted by the medium-resolution
model as a lateral boundary condition to the high-resolution regional model. Given a
sufficiently large domain for the nested model, this matching at the boundaries only specifies
the continental scale heat and moisture flux divergences and allows the actual distribution
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the global model. The regional climatic details that are indistinct or even erroneous in the
medium-resolution model could be more skillfully predicted by the high-resolution model.
This procedure allows us to address the following question: Can the predictable component
of the large-scale circulation be used in conjunction with high-resolution regional dynamical
models to predict regional climate in North America at seasonal and longer lead times?
Results of Giorgi and Bates (1989} and Giorgi (1990) for the western U.S., Ji (1996) and Ji
and Vernekar (1997) for the Indian monsoon region and of Tanajura (1996) for the South
American region, among others, have already provided a strong scientific justification of this
procedure. Most recently, Fennessy and Shukla (2000) have presented results of similar
experiments for the North American region. In this paper, we adopt a slightly different
strategy in that we use the observed large-scale circulation, rather than that obtained from a
GCM, to drive the regional models. This procedure is sometimes referred to as a "perfect -
boundary conditions" experiment, since it eliminates errors associated with the GCM and
theoretically should yield superior results in seasonal hindcast experiments. In our case, we
have used data from the National Centers for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) reanalysis project (Kalnay et al. 1996; Kistler et
al. 2001; now referred to as Reanalysis-I) to approximate the observed large-scale fields.
We have performed seasonal hindcasts for three summers and three winters over the
North American region using the COLA GCM and three regional models: the NCEP
Environmental Modeling Center (EMC) Eta model (Black 1994), the Pennsylvania State
University (PSUYNCAR Mesoscale Model (MMS5) (Dudhia 1993; Grell et al. 1994), and the
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integration domains (shown in Fig. 1) and horizontal resolutions of the regional models have
been chosen to be as consistent as possible with each other. The Eta model was chosen
following the successful results of Ji and Vernekar (1997) in simulating seasonal mean
features and interannual variability of the Indian summer monsoon rainfall, Tanajura (1996)
in simulating the South American climate, and Fennessy and Shukla (2000) in simulating
seasonal mean features and interannual variability of the North American climate. We chose
MM5 because it is a well-supported research model which, given suitable modifications, can
be used in regional climate simulations {the model used by Giorgi and Bates (1939) and
Giorgi (1990) is based on MM4, a predecessor of MMS5]. Finally, we selected the RSM
based on the successful results of Hong and Leetmaa (1999) in simulating regional climate
over the U.S. and Hong et al. (1999) for the East Asian monsoon region.

Tt.e model formulations and experimental design are described in Sections 2 and 3,
respectively. The seasonal mean climate hindcasts are presented in Section 4. Aspects of
the simulation of the observed interannual variability are discussed in Section 5. A summary

and conclusions are given in Section 6.

2. Description of the models
a. COLA GCM

The COLA GCM is based on a modified version of the National Centers for
Environmental Prediction (NCEP) global spectral model used for medium range weather
forecasting [see Sela (1980) for original NCEP formulation; see Kinter et al. (1988, 1997)

and Dewitt (1996) for the modified version]. The land surface parameterization was changed



to the Simple Biosphere model (SiB) biophysical formulation after Sellers et al. (1986) by
Sato et al. (1989) and later simplified by Xue et al. (1991). The model uses relaxed
Arakawa-Schubert convection [Moorthi and Suarez 1992; after Arakawa and Schubert
(1974)] and Tiedtke (1984) shallow convection after Hogan and Rosemond (1991), and is
described by Dewitt (1996).

The COLA GCM is a global spectral model with rhomboidal truncation at zonal
wave number 40 (R40). The model physics calculations are done on a 1.8° latitude by 2.8°
longitude Gaussian grid. The vertical structure of the model is represented by 18 unevenly
spaced levels using o as the vertical coordinate (Phillips 1957). The spacing of the levels is
such that greater resolution is obtained near the earth’s surface and at the tropopause. In
addition to the parameterizations mentioned above, the COLA GCM includes
parameterizations of solar radiative heating (Lacis and Hansen 1974), terrestrial radiative
heating (Harshvardhan et al. 1987), large scale condensation, cloud-radiation interaction
[Hou 1990; after Slingo (1987)], gravity wave drag [ Vernekar et al. 1992; after Alpert et al.
(1988)]} and a turbulence closure scheme for subgrid scale exchanges of heat, momentum and
moisture (Miyakoda and Sirutis 1977; Mellor and Yamada 1982).

In the COLA GCM, each land grid box (approximately 1.8° latitude x 2.8°
longitude) is assigned one of twelve sets of vegetation and soil characteristics, based on the
dominant vegetation observed in the grid box (Dorman and Sellers 1989; Fennessy and Xue
1997). Included in these characteristics are the depth and porosity of each of three soil
layers: the surface layer, the root zone and the drainage layer. The total depth of the three
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capacity ranges from 21 cm for bare soil to 147 cm for trees. The soil wetness is initialized
from proxy seasonally varying soil wetness derived from data produced by the ECMWF
analysis-forecast system (Fennessy and Shukla 1996). The model uses mean orography
(shown in Fig. 2a) calculated from the U.S. Navy 10-minute elevation data.

b. NCEP EMC regional Eta model

The first regional model used in this study is a slightly modified version of the NCEP
EMC Eta model that became operational in March 1997. For the sake of computational
efficiency, the horizontal resolution was reduced from 48 km to 80 km (as used operationally
until October 1995). Aside from changing the horizontal resolution, the model is almost
identical to the operational version that was routinely run for 48 hours, except for procedural
changes that were necessary to make longer climate integrations. The 80-km regional model
integration domain used here (92x141 grid, Fig. 1a) is nearly identical to the "early" Eta 48-
km domain used operationally in March 1997 (160x261 grid, not shown).

The Eta model is a state-of-the-art mesoscale weather forecast model with an accurate
treatment of complex topography using the eta vertical coordinate and steplike mountains
(Mesinger 1984}, which eliminates errors in the pressure gradient force over steeply sloped
terrain that can cause problems in sigma-coordinate models (Mesinger and Black 1992). The
recent version used here follows that described by Mesinger et al. (1988), Black (1994),
Rogers et al. (1995, 1996) and Mesinger (1996). The model employs a semistaggered
Arakawa E-grid in which wind points are adjacent to mass points (Arakawa and Lamb 1977),
configured in rotated spherical coordinates. There are 38 Eta vertical levels and the model

top is at 50 hPa. Split-explicit time differencing is used with a 200-s adjustment time step.



Space differencing is done with a conserving Arakawa-type scheme (Janjic 1984). The eta
steplike mountains are derived from the silhouette-mean orography of Mesinger (1995). The
Eta model orography is shown in Fig. 2b.

The model physics has been described by Janjic (1990, 1994) and includes a modified
Betts-Miller scheme for deep and shallow convection (Betts and Miller 1986; Janjic 1994)
and predicted cloud water and ice (Zhao et al. 1997). The GFDL scheme is used for
radiation (Fels and Schwarzkopf 1975; Lacis and Hansen 1974). Above the lowest model
layer, free atmospheric turbulent exchange is via Mellor-Yamada (1982) level-2.5 and the
surface layer similarity functions are derived from Mellor-Yamada level-2.0 (Lobocki 1993).
A viscous sublayer is used over water surfaces (Janjic 1994). The land surface
parameterization is a version of the Oregon State University (OSU) scheme modified by
NCEP and collaborators (Chen et al. 1996, 1997), now known as the NOAH Land-Surface
Model.
¢. NCEP Regional Spectral Model (RSM)

The second regional model included in our intercomparison study is the NCEP
Regional Spectral Model (RSM). The version of RSM used in this study is the 1997
"portable” version described by Juang et al. (1997), who summarize the changes and
improvements in RSM since the original model formulation (Juang and Kanamitsu 1994).
The only modifications we have made to this version are those required to perform seasonal
climate integrations, namely, the periodic updating of prescribed lower boundary conditions
(SST and sea ice distribution).

The RSM is a hydrostatic model that uses sigma as the vertical coordinate (a



nonhydrostatic version is also available). RSM differs from most regional models in that the
variables are represented as double Fourier series over the domain of interest, while most
other regional models use a grid-point representation using finite differencing to approximate
spatial derivatives. Perturbation fields are computed as the difference between the RSM
prognostic variables and the base fields provided by a global mode! or analysis. Implicit
relaxation (Juang et al. 1997} is applied along the lateral boundaries to force the perturbation
values to approach zero there (equivalently, the full field values approach the base field
values). In operational forecast mode, a global model provides the base fields, while in our
simulations, we have used NCEP/NCAR reanalysis data for the base fields.

The variables in physical space are represented on a Cartesian grid on a polar
stereographic map projection. To be consistent with the other regional models, we chose the
horizontal resolution to be 80 km. The domain consists of 192x107 grid points and covers
a region that is similar, but not identical, to the Eta and MMS5 domains (see Fig. 1).
Differences in domain coverage are due to the use of different map projections and
constraints on the RSM grid dimensions required for efficient fast Fourier transforms (FFT's).
The vertical structure is identical to that of the NCEP/NCAR reanalysis model (28 sigma
layers, with layer interfaces placed at the same values of sigma). A semi-implicit time
differencing scheme is used, with a time step of 240 s.

The RSM model physics is very similar to the physics package employed in the
operational NCEP global spectral model, or MRF, which is described in Hong and Pan
(1996). Deep convection is parameterized using the scheme of Pan and Wu (1995), which
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shallow convection follows Tiedtke (1984). Grid-scale precipitation is produced by a large-
scale condensation scheme. Although explicit cloud water and ice microphysics schemes
are available in RSM, we decided to use the simple condensation scheme for the sake of
computational efficiency. Planetary boundary layer (PBL) processes are represented using
the scheme of Hong and Pan (1996) and the land surface parameterization is a modification
of the Oregon State University (OSU) scheme (Mahrt and Pan 1984; Pan and Mahrt 1987,
Pan 1990). For shortwave radiation, the scheme of Lacis and Hansen (1974) is used, with
the Fels and Schwarzkopf (1975) scheme for longwave radiation. Cloud-radiation
interaction is represented using the scheme of Slingo (1987), and gravity wave drag is
parameterized following Alpert et al. (1988). The RSM orography is shown in Fig. 2c.

d. PSU/NCAR Mesoscale Model (MM)5)

The third regional model we have used in this study is the Penn State/NCAR MMS.
We performed seasonal integrations with two different versions of MMS5, version 2-9
(released in May 1998) and version 3-2 (released in September 1999). The primary
differences between the two versions will be discussed below.

The MMS is a nonhydrostatic model that uses a modified sigma coordinate in the
vertical. Rather than normalizing pressure by surface pressure, as is done with the standard
o-coordinate (Phillips 1957), the modified sigma is defined via a reference state, which is
independent of time. The reference state consists of a specified vertical temperature profile
and its associated hydrostatic pressure profile; once the reference state is specified, the
reference surface pressure depends only on the surface topography (shown in Fig, 2d). The

horizontal discretization is done on a staggered Arakawa B-grid using a Cartesian grid on a



Lambert conformal map projection. Horizontal resolution was chosen to be 80 km,
consistent with the resolution of other regional models used. The domain consists of
139x105 grid points and covers a region that is similar, but not identical, to that of the Eta
model (Fig. 1); differences are due to the use of different map projections. In the vertical,
we chose the standard configuration using 23 layers with the model top at 50 hPa. The time
discretization uses leapfrog differencing with an Asselin (1972) time filter to control the
separation of solutions in time; the fundamental time step is 180 s. The semi-implicit
scheme of Klemp and Wilhelmson (1978) is used to handle the terms representing fast-
moving sound and gravity waves. Near the lateral boundaries, relaxation is applied to force
the variables toward the specified large-scale values. For a more detailed description of the
basic dynamical formulation of MMS5, the reader is referred to Dudhia (1993) and Grell et
al. (1994), although many physical parameterizations have been added since these works
were published.

One of the notable features of MMS5 is its wide selection of available physical
parameterizations. In deciding which schemes to use, we generaily considered two criteria:
a) consistency with the other models, and b) the tradeoff between the scheme’s level of
sophistication and its computational efficiency. For example, in choosing a grid-scale
precipitation scheme, we chose a scheme that is more sophisticated than large-scale
condensation, but does not account for such phenomena as graupel and mixed-phase species
(e.g., supercooled water droplets). Deep and shallow convection are parameterized using the
Betts-Miiler (1986) scheme, and for grid-scale precipitation the scheme of Dudhia (1989),

which includes explicit cloud water and ice processes, is used. The MRF scheme (Hong and



Pan 1996) is used for PBL parameterization. The radiation parameterization of Dudhia
(1989) includes a simple treatment of short- and longwave radiation and cloud-radiation
interaction. There is no treatment of gravity wave drag. In Version 2, the most sophisticated
land surface scheme is the force-restore slab model (Blackadar 1979; Zhang and Anthes
1982) with a 5-layer soil model (Dudhia 1996), which does not allow land surface
characteristics to be modified by atmospheric and surface hydrological processes. In
particular, this land surface scheme has the following serious deficiencies: a) soil moisture
and albedo are fixed and depend only on the season (winter or summer) and the land use
type; b) there is no representation of surface hydrology, such as runoff and snow
accumulation; and c¢) there is no representation of sea ice. We have attempted to partially
remedy the latter two shortcomings by specifying seasonally varying climatological
distributions of snow cover and sea ice. Sea ice points are treated as if they were land ice,
except that for sea ice the temperature at the base of the ice layer (assumed to be 47 cin thick)
is constrained to be -1.8°C, the freezing point of salt water. In Version 3, a comprehensive
land surface model, the NCEP/OSU scheme of Chen et al. (1997) was added to MMS5. Chen
and Dudhia (2001a,b) describe the implementation of this LSM in MM5 and present some
preliminary validation experiments.
e. Computational efficiency of the regional models

In this section, the computational efficiencies of the three regional models are
compared. All of the Eta integrations were run on a Cray J90 at NASA/Goddard Space Flight
Center, while the RSM and MM5V3 simulations were run on Cray J90s at NCAR. The

MM5V?2 experiments were run on a Cray C90 at NCAR. Although the models were run on
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different machines using varying numbers of processors, we have attempted to give a fair
comparison of their efficiency in terms of memory usage and total CPU time required per
day of integration. Table 1 shows typical CPU time and memory requirements for each of
the regional models, as well as the number of processors utilized and the machine type. Note
that a direct comparison of the CPU time requirement for MMS5V2 versus the other models
is not straightforward because there is no simple proportional relationship between the
execution speeds on a C90 versus a 190, although the C90 is significantly faster. We did
perform test runs with RSM and MM5V?2 on the same workstation, with the result that RSM
required 3.5 times as much CPU time as MM5V?2. However, on the workstation the RSM
does not have the benefit of the Cray library fast Fourier transform (FFT) routines, which can
speed up the execution of RSM by at least 33 percent, so the CPU time ratio on a Cray would
likely be sigmficantly less than 3.5. '
1t is apparent from Table 1 that, among the models run on the Cray J90, the Eta is the
most efficient in terms of computing time. This is especially impressive in view of the fact
that the Eta has more vertical levels (38) than RSM (28) and MM5 (23) and has physical
parameterizations that are at least as sophisticated as the other models. For RSM, the
memory requirement is large because a) the base fields must be stored over the entire
integration domain, rather than along the boundaries, and b) the number of processors is a
compile-time parameter that affects how arrays are dimensioned, and thus how memory is
utilized. Both versions of MMS5 have the lowest memory requirement, due in part to the
relatively small number of vertical levels (23), although MMS5V3 is relatively inefficient,

using about twice as much computing time as the Eta model, though not nearly as much as
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RSM.

3. Experimental design

For all of the regional model integrations, the large-scale driving fields are provided
every 12 hours from NCEP/NCAR Reanalysis (Kalnay et al. 1996; Kistler et al. 2001) and
linearly interpolated in time during each 12-hour interval. Although reanalysis data are
available every 6 hours, we chose a 12-hour interval because data were only saved every 12
hours in our GCM integrations. The regional models are also initialized with reanalysis
fields, while the COLA GCM integrations are initialized using either the NCEP reanalyses,
COLA reanalyses, or operational NMC analyses (see Table 2). The reanalysis data are
available in two forms: the original spectral coefficients with T62 resolution on 28 sigma
levels, or evaluated on a 2.5° by 2.5° latitude-longitude grid on 17 pressure levels. Foreach
regional model, we utilized the form of reanalysis data that is most easily handled in that
particular model. All integrations for a given season begin at the same time. Aside from the
time-varying lower boundary fields described below, the GCM receives no additional input
after initialization, while the regional models receive only the lateral boundary fields from
reanalysis.

Three summer seasons and three winter seasons were chosen for performing the
experiments. The summer integrations begin in late May and extend through the end of
September; the winter integrations begin in mid-December and extend through the end of
March. The beginning dates and COLA GCM 1initialization data source for each season are

given in Table 2. The winter seasons were chosen so that there would be two with
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anomalous tropical Pacific SSTs (one warm and one cold) and one with near-normal tropical
Pacific SSTs, while the summers were chosen so that two involved significant North
American precipitation anomalies (one with drought and one with excessive precipitation)
and one with near-normal precipitation over most of the region. It is important to note that
in these experiments a single integration is done for each year rather than three for each year
as performed by Fennessy and Shukla (2000).

Observed time-varying weekly SST (Reynolds and Smith 1994) was linearly
interpolated in time (at 48-h intervals) and used in all of the integrations. The soil wetness
and snow depth were predicted after initialization in the GCM, Eta, RSM and MM5V3 by
their respective land surface parameterizations. Because the surface physics treatments in
these models are quite different, the initializations of the snow and soil wetness are not
identical, but follow the same principles. The snow cover in each model was inittalized from
seasonally varying climatological data. In the COLA GCM, the snow is initialized via an
algorithm that derives daily snow cover and depth from the seasonal albedo data of Posey
and Clapp (1954). In the Eta model, the snow is initialized via an algorithm that derives
daily snow cover and depth from a 1967-1980 daily snow cover climatology calculated from
the weekly NESDIS snow/ice mask. The daily distribution of sea ice in the Eta and RSM
is also specified using this climatology. In RSM and MM5V3, initial snow depth is specified
from the Rand monthly snow depth climatology using the month in which the initial date
falls. Reanalysis snow depth has not been used due to a well-known error in its specification
(snow depth for 1973 was accidentally used from 1974-1994); however, reanalysis sea ice

has been used in the MM5V3 integrations. In the COLA GCM, sea ice distribution is
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derived from the Reynolds and Smith (1994) SST data.

All of the integrations, except those using MM5V2, were initialized with
observationally based soil wetness. The soil wetness used for initialization of the GCM
integrations was derived from the operational ECMWF analysis-forecast cycle soil moisture
via an algorithm described by Fennessy and Shukla (1996). The summer GCM integrations
were initialized with the ECMWE derived soil wetness, while the winter GCM integrations
were initialized with a 1987-1993 climatology of the ECMWE derived soil wetness. The
Eta, RSM and MMS5V3 integrations were all initialized with NCEP/NCAR reanalysis soil
wetness.

In MM5V?2, soil moisture availability is fixed in time and depends only on land use
type and season (summer or winter), while snow cover (not depth) is prescﬁbed and updated
daily using the same method described above for the initial snow cover in the Eta model.

Sea ice is specified daily using the same climatology used in the Eta and RSM integrations.

4. Seasonal mean climate hindcasts

To evaluate how the regional model hindcasts compare to those from the GCM, we
examine seasonal mean maps for each of the models averaged over all three years for which
integrations were made (Table 2). These ensembles are compared to observations averaged
over the same three years. All figures show continental North America (up to 60°N) and the
adjoining ocean areas, which is the main region of interest, rather than the entire domains,
which are shown in Fig. 1. We also calculated mean errors and root-mean-square (RMS)

errors for the ensembles and for each year over this same region, but for land points only.
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In the initial stage of analysis, examination of simulated fields confirmed that the regional
mode] simulations match the global reanalysis fields at the lateral boundaries.
a. Summer

The observed 3-year mean JJAS precipitation from a combination of station and
satellite data (Xie and Arkin 1996) is shown in Fig. 3a. The corresponding ensemble mean
precipitation for the GCM, Eta, RSM, MM5V3 and MM5V2 are shown in Figs. 3b-f,
respectively. The model precipitation errors (with respect to the Xie-Arkin data) are shown
in Fig. 4. Tables 3 and 4 show the JJAS mean errors and RMS errors of surface temperature
and precipitation averaged over all the land points within the region depicted in Figs. 2 -12.
To varying degrees, all of the regional models are superior to the GCM in simulating
seasonal precipitation. The GCM grossly overestimates the summer precipitation over much
of the continent and has ensemble mean (RMS) errors of 0.94 (1.80) mm day™" (last line of
Tables 3 and 4). The Eta model correctly simulates the precipitation maxima over the
northwest and eastern coastal areas, as well as the overall gradient across the western Plains
States and the dry conditions west of the Rocky Mountains, and has ensemble mean (RMS)
errors of -0.50 (0.99) mmday™ , roughly half those in the GCM. However, it fails to capture
the maximum in the U.S. Midwest (which is largely due to the 1993 floods), is too wet over
parts of the eastern U.S. and shows a significant dry bias over the Gulf of Mexico and over
the Atlantic Ocean south of 30°N. The RSM qualitatively captures some of the observed
features, but it is excessively wet over much of the region, including the eastern U.S. and
most of southern Canada. It also shows a spurious maximum to the lee of the Rockies (as

does the GCM and both versions of MMS5) and, despite its overall moist bias, it is actually
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too dry over the U.S. Midwest where a maximum was observed. The excessive wetness of
the RSM is reflected in its ensemble mean (RMS) errors of 1.06 (1.71) mm day”. Both
versions of MMS35 have similar deficiencies, namely, excessive rainfall over the Gulf of
Mexico and the Atlantic Ocean, dryness over the Deep South of the U.S., and a spurious
maximum over Colorado. Both versions show a maximum over the U.S. Midwest, but its
presence is probably fortuitous (see the subsequent discussion regarding the simulated
circulation). Due to compensating errors over the region the MM5 ensemble mean errors are
very small ( -0.05 and -0.15 mm day™’, respectively); the RMS errors are 1.21 and 1.16 mm
day™, respectively.

The 2-meter temperature obtained from the Climate Anomaly Monitoring System
(CAMS, Ropelewski et al. 1985) station data was used as the observational data set. The 3-
year mean June-July-August-September (JJAS errors for the GCM, Eta, RSM, MMJ35V3 and
MM5V2 are shown in Figs. Sa-e, respectively. The model temperatures are adjusted using
a lapse rate of 6.5°C km™ for the difference between the elevation of each model grid box
and the mean elevation of the stations used to form the gridded observations. It should also
be noted that for both versions of MMS, the 2-meter temperature is approximated using the
lowest sigma layer temperature. All of the models show significant errors of 2°C or more
over portions of the continent. The most noteworthy features are the warm bias in the GCM
over parts of the southwest U.S., the cold bias in the Eta and RSM over the southeast U.S.,
the large warm bias (exceeding 4°C in some places) in MMS5V3 over most of western North
America, and the significant cold bias over nearly all of North Americain MM35V2. Because

some of the biases compensate in the regional average, the ensemble mean errors are less
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than 1°C, with the exception of MM5V2 (Table 3). However, the ensemble RMS errors are
all greater than 1°C, though the RSM has the lowest ensemble mean and RMS errors (Table
4).

The 3-year mean JJAS 850-mb wind vectors and isotachs from NCEP/NCAR
reanalysis are shown in Fig. 6a, while the simulated winds from the GCM, Eta, RSM,
MMS5V3 and MM5V2 are shown in Figs. 6b-f, respectively. Regions where the 850-mb
surface is underground are masked out. The most prominent feature in the reanalyzed winds
is the low-level jet (LLJ), which reaches the U.S. coastline as a southeasterly flow near the
southern tip of Texas and curves anticyclonically through the central Great Plains, finally
merging with northwesterly flow over the Great Lakes. Although a portion of the LLJ
simulated by the GCM is masked out, it clearly lies to the west of its observed location.
Also, the flow over the Guif of Mexico is nearly easterly, while the observed flow is
southeasterly. In the Eta model, the LLJ has the correct location and curvature but is
somewhat too strong. The intensity and curvature of the LLJ in the RSM are quite realistic,
but it is placed west of the observed LLJ, although not as far west as in the GCM. Both
versions of MMS3 give a very poor simulation of the LLJ. In MM5V2, the flow from the
Gulf of Mexico has a northerly component when it reaches the Texas/Mexico coastline, and
the jet is too weak and far to the west of its observed location. In MM5V3, the LLI is also
too weak, too far west and does not curve to the northeast, instead extending north and then
northwest around the eastern edge of the Rockies. Finally, the westerly flow over the

northeastern U.S. is well simulated by all the models except MMS5; in both versions the flow

is too weak.
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b. Winter

The observed 3-year mean JFM Xie-Arkin precipitation is shown in Fig. 7a. The
corresponding ensemble mean precipitation for the GCM, Eta, RSM, MM5V3 and MM5V2
are shown in Figs. 7b-f, respectively, and the model precipitation errors are shown in Fig.
8. Tables 5 and 6 show the JFM mean errors and RMS errors of surface temperature and
precipitation averaged over all the land points within the region depicted in Figs. 2-12. The
GCM overestimates precipitation over western Texas, the northwest U.S., and especially
along the coast of British Columbia. It is also too wet over portions of the Gulf of Mexico
and off the Atlantic coast. The GCM shows a marked dry bias over the southeastern U.S.
and has ensemble mean (RMS) errors of 0.66 (1.69) mm day™ (last line of Tables 5 and 6).
The Eta model correctly captures the maxima along the U.S. West Coast and over the
Southeast, although the former is somewhat overestimated and the latter underestimated. As
in the summer case, the Eta tends to be too dry over the Gulf of Mexico and Atlantic Ocean,
but overall is very good, with ensemﬁle mean (RMS) errors of 0.15 (0.75) mm day’. The
RSM, as in summer, roughly captures the distribution of precipitation in a qualitative sense,
but it produces too much precipitation over large areas of the U.S., especially in the Southern
Plains and the Northwest, and has high ensemble mean (RMS) errors of 1.21 (1.53) mm day”
1. The two MMS5 simulations are quite similar to each other; both are too wet over Texas
and the southern Gulf of Mexico and too dry over the southeastern U.S. and the coast of
Washington and Oregon. Their ensemble mean etrors (0.42 and 0.21 mm day™ ) and RMS
errors (1.10 and 1.11 mm day™ ) are between those of the GCM and the Eta.

The 3-year mean January-February-March (JFEM) 2-meter temperature errors for the
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GCM, Eta, RSM, MM5V3 and MM5V?2 are shown in Figs. 9a-e, respectively. The model
temperatures have been corrected for surface elevation differences in the mamner described
in section 4a. The GCM and MM5V?2 show a similar error pattern, with very large warm
biases (exceeding 12°C in some areas) over most of southern Canada and the U.S. Northern
Plains and a cold bias of 2-4°C over much of the eastern and southern U.S. In MMS5V?3, the
warm bias over southern Canada and parts.of the northern U.S. is similar to MM5V?2 and the
GCM, but there is no cold bias over the eastern and southern U.S. The Eta model results
show a significant cold bias (exceeding 4°C in some areas) over much of the U.S. and
southern Canada, especially in the Northern Plains and the Northeast. Compared to the
GCM, the Eta model shows much a much smaller warm bias over parts of western Canada.
The RSM clearly has the smallest biases, with errors less than 2°C in most areas, and
dramatically lower ensemble mean and RMS errors than the other models (last line of Tables
5 and 6). However, the RSM does tend to be too warm over the same areas as the GCM and
both versions of MMS5. We believe that the large temperature difference between the RSM
and the Eta model extending from the U.S. Northern Plains to southeastern Canada, and
specifically the Eta model’s cold bias in this region, are due primarily to a difference in
surface albedo. Examination of the mean JFM surface albedo (not shown) indicates that the
Eta model’s albedo exceeds that of RSM by 0.1 to 0.25 over much of the region described
above. This albedo difference is in part related to the Eta model having significantly greater
mean JEM snow depth than the RSM. We have found that this difference in seasonal mean
snow depth is largely due to a corresponding difference in the initial snow depth, and that

the algorithm in the Eta model which computes initial snow depth from initial snow cover
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results in excessive snow depth over certain regions, including the one noted here. The Eta
model also has a cold bias south of this region, which may be due to the advection of

spuriously cold air from the area of largest cold bias.

5. Interannual variability of summer climate

In order to be useful for practical climate applications, a regional model must be able
to predict features of the observed interannual variability that are due either to local boundary
forcing, such as soil wetness or snow effects, or remote boundary forcing, such as SST
effects that influence the regional model indirectly through the large-scale lateral boundary
conditions. The interannual variability of the GCM and regional models was compared to
that of the observations. In general, the regional model interannual variability is similar and
perhaps somewhat improved compared to that simulated by the GCM. There is relatively
more interannual variability in the precipitation scores than in the surface temperature scores,
but even there, there is little correspondence between the models regarding which are the best
and worst years. A case study of special interest that merits further analysis is the ability of
the models to simulate the observed large differences in regional climate between the
summers of 1988 and 1993,

During April, May and June of 1988, low rainfall caused a severe drought in the corn
belt of the central U.S., establishing a negative soil moisture anomaly that left the region dry
for the remainder of the summer. During June and July 1993, persistent heavy rainfall
caused severe flooding all along the Mississippi River basin. Although each of these two

unconnected events had unique characteristics and life cycles, the difference between them
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is striking and presents a strong and important climatic signal that must be captured by
models that are to be used for climate prediction research. A brief summary of how the
GCM and regional models simulated this signal is presented here.

The 1993 versus 1988 lower boundary forcing differences for the GCM and the
regional models, with the exception of MMS5V2, were nearly identical. All of the models had
identical SST forcing and, except for MMS5V2, had similar positive 1993 minus 1988 initial
soil wetness differences in the corn belt of the U.S. (not shown). (Recall that soil moisture
depends only on season and land use category in MM5V2.)

The observed June-July mean 1993 minus 1988 precipitation difference is shown in
Fig. 10a. The corresponding precipitation differences for the GCM, Eta, RSM, MM5V3 and
MM5V2 are shown in Figs. 10b-f, respectively. Prominent in the observations is a broad 1
mn d positive precipitation difference that spans much of the central U.S. and reaches over
4 mm d"' over the upper Mississippi basin. The GCM daes not capture this signal at all, but
rather has weaker positive differences both eastward and southward of the observed positive
difference. The Eta model does a better job of placing the positive difference in
approximately its observed location and captures its extension to the northwest into
southwestern Canada, but the signal is weaker than observed nearly everywhere, and the area
covered by the positive differences is also smaller than observed. The RSM shows a positive
difference over parts of the central Midwest and Northern Plains, but the signal is too weak
over the central Midwest and does not cover parts of the observed area of positive
differences. In addition, the RSM has erroneous negative differences over most of the

central and southern Plains and large spurious positive differences over much of eastern
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Canada. Neither version of MMS5 gives a good simulation of this signal. In both versions,
the precipitation difference pattern is noisy and incoherent. In MM5V2, parts of the central
Plains and southern Mississippi Valley have positive differences, but there is a very large
negative difference over the northern Mississippi Valley where flooding occurred. MM35V3
shows an even less coherent pattern in the central U.S. as well as spurious negative
differences over the mid-Atlantic region. We believe that these poor simulations of the
precipitation difference signal are linked to the complete failure of both versions of MMS5 to
capture the difference in low-level winds (see the discussion below). Finally, both versions
of MMS show large positive differences along and offshore from the Gulf and Atlantic
coasts, contrary to observations.

The observed June-July mean 2-meter temperature difference for 1993 minus 1988
is shown in Fig. 11a. The corresponding temperature differences for the GCM, Eta, RSM,
MM5V3 and MM5V2 are shown in Figs. 11b-f, respectively. The prominent feature in the
observations is the large area of relatively colder temperatures for 1993 extending from the
Great Lakes to the Pacific coast north of 40°N. Al of the models capture this signal to
varying degrees, but with an incorrect magnitude, location, or both. In the GCM, the region
of negative differences extends well to the south of the observed region and the signal is too
weak over the northern Plains and Rockies. The Eta model produces a stronger signal, but
places it too far west and extends it too far east (across the Great Lakes and into the
Northeast). The Eta also fails to produce negative differences over the western Plains. The
RSM shows an even stronger signal than the Eta, but centers it somewhat north of its

observed location, and there is a large region of spurious positive differences over the
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southern and western Plains, the same region where the RSM showed an incorrect negative
precipitation difference. In MMS5V2, the temperature difference signal has the correct
magnitude but is centered over the Great Lakes, far to the east of the observed pattern. The
MM5V3 signal is centered well to the southeast of observed, is too weak, and extends too
far to the east, into southeastern Canada.

The June-July mean 1993 minus 1988 850-mb wind vectors and isotachs from the
NCEP/NCAR reanalysis are shown in Fig. {2a. The corresponding model winds for the
GCM, Eta, RSM, MM35V3 and MM5V?2 are shown in Figs. 12b-f, respectively. Two notable
features are apparent in the observations. The wind difference signal over the south-central
U.S. indicates that the low-level jet (I.LI.J) was much stronger in 1993 than in 1988; it is
obvious that the moisture transport from this enhanced LLJ was a major factor in the 1993
floods. Another feature worth noting is the relative streng’h of the Pacific high in 1993
relative to 1988; this is evidenced by the relative northerly, anticyclonically curving winds
off the Pacific coast. The GCM completely failed to capture either of these features. In the
Eta model, the LLJ signal is weakly captured over Texas, but the feature does not extend to
the northeast as observed. The circulation difference for the Pacific high also has the wrong
sense. The RSM produces a fairly good simulation of the LLJ signal, although it is slightly
weaker and placed somewhat to the northwest of the observed pattern. The RSM Pacific
high signal is very weak but has the correct orientation. In both versions of MM35, the
simulation of these two features bears no resemblance to the observations. In MM5V2, the
flow difference over the Mississippi Valley is nearly opposite to that observed, the Pacific

high circulation difference is nearly as strong as observed but in the opposite direction, and

23



there is a jetlike feature off the Southeast coast which is completely erroneous. In MMSV3,
there is a very weak difference signal over the Southern Plains that is in the wrong direction,
the Pacific high circulation difference is in the wrong sense, and as in MM3V2, there is a
spurious jet feature off the South Atlantic coast. It is clear that both versions of MM35 have
completely failed to capture the low-level wind differences between 1988 and 1993, just as

they failed to give a good simulation of the precipitation difference signal.

6. Summary and conclusions

In this study, we have compared the abilities of three regional models (NCEP Eta,
NCEP RSM, and two versions of the PSU/NCAR MMS5), as well as the COLA GCM, to
simulate seasonal mean climate over North America for both summer and winter. In
addition, in order to assess the models’ ability to simblate interannual variability in summer,
we have examined the differences in simulated climate between the anomalous 1988 and
1993 summer seasons.

Based on the mean and RMS error scores presented in Tables 3-6, it can be concluded
that all of the regional models, with the exception of RSM, show greater skill in simulating
seasonal mean precipitation than the GCM in both summer and winter. Overall, the Eta
model yields the best results for precipitation. Because the RSM was able to capture the
qualitative distribution of precipitation reasonably well, it is clear that it would give much
better precipitation scores were its substantial moist bias reduced.

The RSM clearly shows the greatest skill in simulating seasonal mean surface

temperature in summer and winter, especially the latter. Of the models presented here, it
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alone is free of major warm or cold biases over most of the domain in winter. The
comparison between the temperature results of the other models is less clear-cut; all exhibit
marked biases over much of the region in both seasons. Two other results are worth stating
here: a) the degradation of the Eta model’s performance is largely due to a systematic cold
bias in both seasons; its reduction could make the Eta more competitive with RSM, and b)
both versions of MM3 are somewhat better than the GCM and Eta in winter, but are
significantly worse in summer.

Toevaluate the models” ability to simulate lower tropospheric circulation in summer,
we compared their simulated 850-mb wind fields, particularly the low-level jet (LLJ) which
is an important feature of the summer circulation. The Eta and RSM both capture the LLJ
more skillfully than the other models, although both have deficiencies. The GCM gives a
less satisfactory simulation of the LLJ, and it 1s very pooily simulated in both versions of
MMS.

To evaluate the models’ ability to capture interannual variability in the summer
season, we compared the simulated June-July 1993 minus 1988 precipitation, suiface
temperature and 850-mb circulation. In general, none of the models display marked skill in
capturing this important climatic signal. For precipitation, only the Eta and RSM show a
pattern that bears any resemblance to the observations, although both have serious
deficiencies, especially the RSM. Neither the GCM nor either version of MMS3 reproduce
the observed precipitation signal in any way. The surface temperature signal is better
simulated than the precipitation signal; all of the models were able to reproduce the

temperature difference with the correct sign, although the magnitude and/or location of the
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pattern are erroneous in each case. It is not clear which of the models is best at capturing the
temperature signal. Finally, in simulating the difference in 850-mb circulation, the RSM
clearly produces the best result, capturing the enhanced LLJ in 1993 versus 1988. Of the
remaining models, only the Eta weakly captures the observed difference in the LLJ. It is
apparent that the MM35’s failure to simulate the observed precipitation difference is linked
to its inability to capture the difference in lower tropospheric circulation,

Taking into account the models’ individual performance as well as their
computational efficiency (Sec. 2e), it is apparent that the Eta model provides the most
favorable combination of performance and efficiency. Although the RSM performs very
well in some respects, it is more than twice as expensive as the Eta, and its moist bias is a
significant drawback. Given their performance, neither version of MMS5 would appear to be
competitive with the Eta and RSM for climate simulations even if they were computationally
efficient, which they are not, at least when compared to the Eta model.

Although this study has shed light on some important modeling questions, it raises
several others. In particular, why are the MMS5 simulations so poor? Despite the coupling
of the OSU L.SM to MMS5V3, this version’s performance is not markedly superior to that of
MMS5V2. We offer two possible explanations. First, MM5 does not include any
parameterization of gravity wave drag. Although it may be relatively unimportant in short-
term weather phenomena, which MMS5 has traditionally been used to study, gravity wave
drag can be an important contributor to the momentum balance in longer-term simulations.
Secondly, the radiation parameterization used in both versions of MMS5 is relatively simple

and designed for computational efficiency, and perhaps is not well suited to climate
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simulations. It is also possible that other features of MMS5 are better suited to simulations
of phenomena on different time and spatial scales than studied here.

An even more important question concerns the fact that the Eta model, nested in the
COLA GCM (Fennessy and Shukla 2000), gives a markedly better simulation of the summer
1988 versus 1993 climate signal than the same model forced by reanalysis data in the present
study. Recently, we have performed a new set of integrations with a more recent version of
the Eta model, using lateral boundary conditions from reanalysis and also from a revised
version of the COLA GCM, for the same three summer and three winter seasons studied in
this paper. The GCM-forced integrations are five-member ensembles. Comparison of
GCM- and reanalysis-forced results has also shown that the GCM-forced Eta model captures
the 1993 minus 1988 signal better than the reanalysis-forced model. This topic will be

addressed in a forthcoming paper.
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TABLE 1. Total CPU time required in minutes per day of integration, maximum memory
usage in megawords (Mw), number of processors utilized, and type of machine used.

Model Eta RSM | MM5V3 | MM5V2
CPU (min/d) 99 230 200 50t
Memory (Mw) 42 67 26 25
Processors 12 9 16 8
Machine Type | Cray J90 | Cray J90 | Cray J9O | Cray C90

T’I‘he CPU time required on a Cray C90 is not directly comparable to that on a J90

TABLE 2. Integration initial dates and GCM initialization data sources.

Summer Integrations Winter Integrations

00UTC 28 May 1987 { NMC Analysis { 00UTC 13 Dec 1982

COLA Reanalysis

00UTC 28 May 1988 | NMC Analysis | 00UTC 13 Dec 1988

NCEP Reanalysis
00UTC 28 May 199% | NMC Analysis

00UTC 13 Dec 1990 | NCEP Reanalysis
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TABLE 3. JTAS mean error averaged over 142°W-60°W, 20°N-60°N, Iand only, for each
year and the 3-year ensemble (E).

Yr Surface Temperature (°C) Precipitation (mm day™)
MMS5 | MMS5 MMS5 | MMS3S
GCM | Eta | RSM V3 V2 GCM | Eta | RSM V3 V2

871 021 | -098 | 039 | 035 | -257 { 099 [-0.29 | 1.04 | 0.04 | -0.07
88| 059 | -0.68 | 0.10 | 143 [ -1.99 ] 098 | -056 | 1.05 | 0.14 | 0.02
93| 041 | -0.63 | 027 | 1.04 | -2.18 | 0.86 | -0.65 | 1.08 | -0.33 | -0.37
E| 040 {-076 | 025 | 094 | -225 | 094 | -050 | 1.06 | -0.05 | -0.14

TABLE 4. JJTAS root mean square (RMS) error averaged over 142°W-60°W, 20°N-60°N,
land only, for each year and the 3-year ensemble (E).

Yr Surface Temperature (°C) Precipitation (mm day™)
. MMS5 | MM5 MMS5 | MMS5S
GCM | Eta | RSM V3 V2 GCM | Eta | RSM V3 Vo

871 167 | 195 | 145 | 1.87 | 292 | 1.80 | 093 | 1.79 | 135 | L1l
g8l 1.78 | 1.66 | 1.65 | 230 | 235 | 1.97 | 1.23 | 1.68 | 160 | 1.57
93| 159 | 1.79 | 1.76 | 253 | 280 | 1.96 | 1.20 | 2.13 | 1.72 | 140
E} 147 | 159 | 141 | 2.00 | 258 | 1.80 | 099 | 1.71 1.21 1.16
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TABLE 5. JFM mean error averaged over 142°W-60°W, 20°N-60°N, land only, for each
year and the 3-year ensemble (E).

Yr Surface Temperature (°C) Precipitation (mm day™)
MMS5 | MM5 MMS5 | MM5
GCM | Eta | RSM V3 V2 GCM | Eta | RSM V3 Vo

83| 255 | -203 § 106 | 1.27 | 070 | 045 | 035 | 142 | 050 | 0.10
891 176 | -235 1 013 | 221 | 169 | 074 | 0.02 | 1.14 | 0.37 { 0.40
91{ 071 | -268 | -001 | 1.36 | -025 | 077 | 0.08 ; 1.08 | 040 | 0.12
E| 1.67 [ -235 | 039 | 161 | 071 | 066 | 0.15 | 1.21 | 042 | 0.21

TABLE 6. JFM root mean square (RMS) error averaged over 142°W-60°W, 20°N-60°N,
land only, for each year and the 3-year ensemble (E).

Yr Surface Temperature (°C) Precipitation (mm day™)
-~ MMS | MMS MMS5 | MMS
GCM { Eta | RSM V3 V2 GCM | Eta | RSM V3 1

83{ 532 | 315 | 242 { 376 | 400 | 229 | 138 | 198 | 1.87 | 1.55
89 396 | 360 | 1.88 | 413 | 399 | 147 | 081 | 1.70 { 1.04 | 1.30
Ol 383 | 350 { 1.83 | 254 | 238 | 1.76 | 1.01 | 1.42 | 1.16 | 1.11

Ej 414 | 320 | 157 | 327 | 323 | 169 { 075 | 1.53 | L.10 | 1.11
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Fig. 1. Integration domain of a) Eta, b) RSM and ¢) MMS5V3. Each model has 80-km

horizontal resolution.
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