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ABSTRACT
The National Centers for Environmental Prediction (NCEP)/Environmental Modeling Center regional spectral model
(RSM) has been improved in several aspects since Juang and Kanamitsu. The major improvements of RSM are its efficiency and functionality. The change of the map factor in the semi-implicit scheme from a mean value to maximal value
over the regional domain, the relaxation of the lateral boundary from explicit method to implicit method (or simple blending), and the local diffusion over areas of strong wind allowed the doubling of the model computational time step. The
model physics was upgraded with the improvements in the operational global spectral model (GSM) and with an additional explicit cloud scheme. An option to run in either hydrostatic or nonhydrostatic mode has been introduced. Another
option to run on a CRAY machine or on a workstation has been fully tested. The nesting process has been changed to
provide the capability of nesting into a coarse-resolution RSM, besides the GSM, in a one-way fashion. Thus, multinesting
becomes possible, even with different map projections. Regional data assimilation with a gridpoint version of statistical
interpolation and the three-dimensional variational method on sigma surfaces has been incorporated. All the output has
been encoded in GRIB format, so it can be read on different machines.
The authors have tested the improved functionalities of the RSM over a broad range of applications, at resolutions
between 80 and 10 km. The daily routine experimental forecasts over North America have acceptable performance.
Because the perturbation method, used in the RSM, results in smaller computational error than the full field method, and
because the consistency between the GSM and RSM allows for a better treatment of the lateral boundary, the RSM could
be used to enhance the reanalysis and regional climate simulations that have long-range integrations. The RSM is also
used in the regional ensemble experiments at NCEP. The model was also applied in case studies, such as the case of
PYREX in the regional COMPARE project. Several institutions both in the United States and overseas started using the
RSM, mostly for regional short-range forecast and climate modeling studies.
The RSM has been scheduled to implement into operations at NCEP to possibly enhance the guidance on aviation
and on daily weather forecast over Hawaii. The current version of the RSM is available to any institution requesting
from the director of NCEP.

1. Introduction
During the past few years, the regional spectral
model (RSM), developed at the Environmental Modeling Center (EMC, formerly Development Division)/
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National Centers for Environmental Prediction
(NCEP, formerly N ational Meteorological Center) by
Juang and Kanamitsu (1994a), has been enhanced to
have more functionality and efficiency; not only for
possible operational use but also for research applications. Important and unique features of the RSM are
the time-dependent perturbation method and the
higher-order accuracy of spectral computations.
Furthermore, the RSM has the same model physics
and model structure as the global spectral model that
is used for medium range forecasting (MRF) and for
aviation guidance (AVN) as described in Kanamitsu
et al. (1991), thus the RSM model development and
management efforts are reduced. Also, the inconsistency arising at the lateral boundary is much smaller
since the same model formulation in dynamics and
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physics is used in the global and regional models.
Hereafter, we will refer to the NCEP global spectral
model as GSM, which is also called MRF or AVN.
The major differences between the computational
methods used in the RSM and those of the other regional spectral models are the spectral representations
and the perturbation method. The Japan Meteorological Agency's (JMA) limited-area spectral model
(Segami et al. 1989) uses spectral transformation for
both lateral boundary and inner fields. The other operational spectral limited-area model is Meteo France's
ARPEGE/Aladin, which uses a larger domain than limited area of interest with Fourier series for full fields.
RSM uses spectral transformation for perturbation. The
spectral representation of the RSM is two-dimensional
cosine series for perturbations of pressure, divergence,
temperature, and mixing ratio, but two-dimensional sine
series for perturbation of vorticity. Shown in Fig. 1 is
a schematic illustration of (a) the conventional method
and (b) the perturbation method in one dimension over
a regional domain. All the variables in the figure are
time dependent. Here AG is the value contributed from
the outer coarse grid, and A is the full field obtained
from fine-grid integration. The shaded area can be
called A , which is predicted value in the model by

dt

dt

dt

The conventional method is used for nearly all regional
models (see Fig. la), including all gridpoint models
and spectral models such as JMA's. It computes the
fine grid variable in full field within the inner domain
and has a blending zone along the lateral boundary to
blend the forecasted field between the parts from finegrid model, AP, and the parts from a coarse-grid model,
AG, thus the inner domain A equals AP with no contribution of AG. Instead of getting a portion of the contribution from AG only along the lateral boundaries like
in the conventional methods, the full field of AG is used
all over the domain in the perturbation method (see
Fig. lb), and the AP is evaluated by the full field of a
regional model result A minus the full field of coarsegrid results Ag. And the linear computations, say horizontal diffusion and semi-implicit adjustment, are
treated in perturbation only. Even though the perturbation method requires more memory and computation time to deal with base field over the entire regional
domain, the error due to reevaluation of the linear forcing from the base fields by the regional model can be
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FIG. 1. Schematic diagram of the amplitudes of any variable
over a regional domain in one dimension for (a) the conventional
method and (b) the perturbation method. The notation A represents
a full field, and AG represents the contribution from the global
spectral model.

eliminated. This is one of the reasons that the RSM
can be easily used for long-range climate simulations.
The earlier version of the RSM (Juang and
Kanamitsu 1994a) was nested into GSM to form a
single executable code. The base fields used to supplement the perturbation for computing the perturbation
forcing are from the global model forecasts by spherical transformation from global spectral coefficients
directly to a regional grid point without any interpolation. This implies that the RSM could not be executed without the GSM. Thus, a package for nesting
the RSM into a coarser-resolution RSM has to be developed. Furthermore, the RSM could only be used for
resolutions no finer than about several kilometers due
to the hydrostatic approximation. The nonhydrostatic
version of RSM had to be considered for resolutions
finer than several kilometers. The earlier version of the
Vol. 7 8 , , No. 70, October
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model code was used on CRAY computers with
multitasking capability written in the same fashion as
the GSM. Because the model code contained nonstandard FORTRAN extensions for the CRAY, the
earlier version could not be used on other machines,
such as high speed workstations.
The purpose of this paper is to describe and summarize the model improvements and model applications in all aspects since the paper of Juang and
Kanamitsu (1994a). In section 2, we will describe
model improvements that include a nonhydrostatic
option in the same sigma coordinate, lateral boundary
treatment with a larger time step, local diffusion designed for saving time especially in regional climate
integration, model physics improvements as in the
GSM, optimal multinesting either into GSM or RSM,
mass conservation with lateral boundary mountain
blending to make integrations possible over small

domains, regional data assimilation to implement
higher-resolution initial conditions, postprocessors in
GRIB format to support output portability, and a workstation option. In section 3, we will describe several
applications of RSM with these new features including quasi-operational daily weather forecasting on different scales and areas, regional enhancement of
NCEP-NCAR reanalysis, regional climate simulations, and case studies. A summary and the near future plans are in section 4. Applications at institutions
other than NCEP will also be discussed.
2. Model improvements
a. Model dynamics and numerical techniques
The RSM was originally developed as a hydrostatic model (Juang and Kanamitsu 1994a). The ma-

FIG. 2. The horizontal domain of the 80-km version of the RSM with model orography with 300-m interval.
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jor improvement in the model dynamics is that a
nonhydrostatic version of RSM, which we called
MSM [the mesoscale spectral model (Juang 1992,
1994, 1996b)], has been developed. The sigma coordinate system used in hydrostatic RSM is used in the
nonhydrostatic version, and a model-determined hydrostatic base state is used to determine the hydrostatic
sigma coordinate. Details of the revised nonhydrostatic RSM will be published later. Since both systems
are in the same structure, the nonhydrostatic version
retains all advantages of the hydrostatic version.
Furthermore, a preprocessor has been incorporated
with an option to switch between hydrostatic and
nonhydrostatic modes. Thus, it becomes a complete
regional model that can be used for prediction over
all scales. With multitasking on the CRAY C9(X the
computational cost for the nonhydrostatic version is
about double of that for the hydrostatic version because of the extra equations and the fact that a smaller
time step may be necessary. To save computer time,
the nonhydrostatic version should be used only for
resolutions at or below 10 km.
Other dynamical improvements were aimed at stability and time saving. Besides rewriting and eliminating time-consuming parts of the code by rearranging
the computations, two methods were implemented for
stability and time saving. The mean value of the map

factor used earlier in a semi-implicit time integration
scheme has been changed to the maximum value over
the computational domain. Since larger values of a
mean map factor provide larger weighting for semiimplicit integration, the computations become more
stable. Thus, stable integrations become possible with
a larger time step, especially in Mercator projection.
Furthermore, an option for using different map projections has been implemented. With the Mercator
projection, and the south and north polar stereographic
projections, the model can be relocated all over the
world.
A local horizontal diffusion option in the MRF
(Iredell and Purser 1994) has been implemented into
the RSM, so that it can be integrated with a larger time
step by checking and diffusing the areas of strong wind
that could otherwise cause computational instability.
This option may not be ideal for predictions where the
jet stream is the major dynamical trigger of a significant weather system, However, it may be a useful option to save computing time for regional climate
studies that require multimonthly integrations with a
high-resolution RSM,
b. Model physics
The current version of the model physics just as
the operational GSM (NOAA/NMC Development

FIG. 3. (a) Equitable threat score and (b) bias score for 24-h accumulated precipitation of 24-. 36-; and 48-h forecasts for the period
from December 1994 to September 1995 in 8 categories from 0.01 to 2 in, from the 80-km early Eta (indicated by ERLY ETA), 106-km
global MRF (indicated by MRF GLOBAL), 80-km RAFS (indicated by RAFS 80/16), and 80-km RSM (indicated by RSM 80), The
x axis indicates the threshold in inches and the total number of observed points at 80-km RSM grid over the entire period.
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Division 1988) has an improved PBL physics and a
simplified Arakawa-Schubert cumulus convection
(Pan and Wu 1994; Pan and Hong 1996; Hong and Pan
1996). Besides the physics used in the GSM, we
have implemented and tested several different kinds
of physical packages, particularly for convective
parameterization.
A moist adjustment has been added as an option
to large-scale precipitation to treat the possible largescale moist "bombs" that create extreme, unrealistic
single-grid point precipitation (Juang et al. 1996).
Recently, an explicit cloud scheme has been tested
with success (Hong and Juang 1996b). The explicit
cloud scheme is used to replace the large-scale precipitation. Used along with the cumulus parameterization, it helps to reduce the problem with single
gridpoint precipitation when resolution is about several tens of kilometers of grid spacing. Where the resolution is finer than several kilometers but coarser than

the cloud scale, it is not clear to us whether the cumulus parameterization should be turned off or not.
However, the RSM is ready to be used with very high
resolution, say, less than several kilometer gridspacing, with an explicit cloud scheme in quasi-operational experiments.
To generalize the model physics for hydrostatic
and nonhydrostatic models, the calling arguments of
all model physics routines have been changed to pass
pressure and height on the coordinate surface, instead
of surface pressure and sigma values. Furthermore, all
occurrences of a hydrostatic relation between temperature, pressure, and height have been eliminated. The
vertical integration for the hydrostatic version as
-psAa

(2a)

has been changed to

FIG. 4. The horizontal domain of the 50-km version of the RSM with model orography with 300-m interval.
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RT

•Az

And the concept of the height changes due to the temperature changes in the hydrostatic approximation has
been changed, so that the temperature changes can alter
the pressure directly in the nonhydrostatic version. In the
hydrostatic system, pressure change is related to surface pressure change. Surface pressure change is the
vertical integration of divergence and its horizontal advection. This is obtained by the conservation of the sigma
coordinate with hydrostatic approximation, thus there
is no direct relation between pressure and temperature.
However, the thickness of height between two given
pressure surfaces is related to temperature by

Sz = ^Td

Az = — ATS In <7
g

(2b)

lncr

(3a)

(3c)

In the nonhydrostatic system, equations are considered
without any hydrostatic approximation. The density
equation, the thermodynamic equation, and the equation of state are
dp
dt

=-v3.pv

(4a)

cW
=0
dt

(4b)

p = pRT.

(4c)

After we eliminate density and replace potential temperature by temperature, we have

and while temperature change AT is added to T. the
new thickness should be
dt

c„

CJ

(5a)

(3b)

so the change of the height, Az = &* -

should be

dT _ Rd d\np
+ FT
dt
Cp dt

(5b)

FIG. 5. The same as in Fig. 3 except from 11 January to 31 May 1996 for the 48-km early Eta and 50-km RSM.

2130

Vol. 78,

No.

JO, October

1997

Unauthenticated | Downloaded 01/09/23 03:16 PM UTC

where FT equals /r0. From the above
equations, (5a) and (5b), we know that
the temperature change AT by model
physics (as in F r ), the pressure has to be
changed accordingly as
CAT
A In = — —
CT '

(6)

c. Lateral boundary conditions
Lateral boundary relaxation is used by
almost all regional models, and RSM is not
an exception; it uses the explicit relaxation as shown in Juang and Kanamitsu
(1994a). In a numerical computational
stability analysis with the relaxation
term, it can be easily shown that explicit
relaxation requires a smaller time step as
compared to that without explicit relaxation. This is indicated by

m£<i
Ax:
(7)
1

'a*

where U is the maximum velocity, and
jiAx is from relaxation. It is clear that Atr
has to be less than At to have the same
stability of integration. According to our
experiences, the instability started from
the lateral boundary instead of interior
while a larger time step was used. Nevertheless, lateral boundary relaxation is
FIG. 6. The 24-h forecast horizontal wind field at 850 hPa from 0000 UTC
necessary to relax the errors of the lateral
7 June 1996 over the Hawaii Islands. The blank circle over the island of Hawaii
boundary values to the global or coarse shows the intersection between 850-hPa surface and ground surface with results
grid results, and a smaller time step has from (a) the nonhydrostatic version and (b) the hydrostatic version of RSM.
to be used with the explicit relaxation.
To use larger time steps, alternative
methods for explicit relaxation are considered. A where A is any prognostic variable, F is the total
simple lateral boundary blending and an implicit re- forcing, and a is the coefficient and approaches zero
laxation using the same coefficient as the explicit re- along the lateral boundary zone, as shown in the
laxation were tested with success, while a larger time section 3b of Juang and Kanamitsu (1994a). The
step was used. The simple lateral boundary blending above equation can be rewritten for perturbation used
can be written as
as
dA
ot
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dt

= a

F -

dt

(8b)
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This simple lateral boundary blending is stable but not
dA
as effective as relaxation. Nevertheless, our experience
(10)
dt
indicates it can be used with larger domains and moderate mountain heights along the lateral boundaries. where ji is equal to (1 - a)/T and T is the ^-folding
The stability analysis can be written as
time of about 1-3 h. It is the same form for explicit
relaxation if n + 1 is replaced by n - 1. However, the
above equation cannot be used directly, since the n
(9) + 1 time step term of A is unknown. With the expresAx
sions of
which indicates stability along lateral boundaries
where a approaches zero.
The implicit relaxation can be written as

An+X - An~x + 2 At

dA
dt

Ar1=Ar1+2Af

d\,

(11)

dt
the n + 1 time step terms can be replaced with the n - 1 time step. Thus,
the applicable form of the implicit relaxation can be written as

dA
- =
dt

—
1 + 2jjAt

—,(12)

which results in a stability analysis
\U + /uAx\ At ^ t
1 + 2/LiAt Ax

(13)

indicating that larger time steps can be
used. For our perturbation model, the
perturbation form of Eq. (12) can be
rewritten as
dA

In-1

(14)
dt

1 + 2/xAr

and the explicit relaxation in perturbation form can be written as

(15)

at
FIG. 7. The 480-h forecast of sea level pressure in hPa with contour interval of
4 hPa from 0000 UTC 3 January 1992 for (a) the 40-km RSM and (b) the T62 GSM.
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It can be seen that the implicit lateral
boundary relaxation requires a little
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more computation than the explicit relaxation;
however, it is very efficient to relax the lateral boundary condition with a larger ^-folding time for any domain size, even with mountains along the lateral
boundaries. The combination of lateral boundary
blending or lateral boundary implicit relaxation and
the previously mentioned maximal map factor for
semi-implicit and local diffusion of strong wind areas (section 2a) have allowed for doubling the RSM
time step (Juang 1995).

where subscript / is for the second nested fine grid and
the symbol " indicates perturbation related to the
coarse regional grid value. It can be seen that more
nestings, require more computation and memory to
obtain the inner fine-grid value and its derivatives.
To reduce this problem, a high-order interpolation

d. Multinesting
Since RSM is a perturbation model,
it has a unique nesting technique, For
perturbation nesting, the base field and
its derivative have to be provided for
model integration all over the domain.
In the case of global nesting (nested
into global model), the base field and
its derivative can be obtained by spectral transformation from the global
coefficients. In the case of the regional
nesting (nested into regional model),
the base field can be separated into
two parts, one from the GSM and the
other from the perturbation of the
coarse-grid RSM. Thus, there will
have three parts to be computed: besides the global coefficient and the
coarse-grid perturbation just mentioned, the fine-grid perturbation has
to be computed to form a total field in
the fine-grid RSM. For the first nesting, the regional grid value A should
be equal to the sum of spherical transform of global spectral coefficient and
Fourier transforms of regional perturbation spectral coefficient:

where S and F are spherical transformation and Fourier transformation
from spectral to grid, respectively; the
power to —1 is the inverse transformation,fromgrid to spectral; and subscript
c indicates the first nested coarse grid.
The symbol ' indicates the perturbation related to the global value. For the
second nesting, it should be written as
Bulletin of the American
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FIG. 8. The monthly mean of the 850 hPa temperature in kelvin with contour
interval of 4 K for February from the initial date of 0000 UTC 3 January 1992 for (a)
the 40-km RSM and (b) the T62 GSM
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where Ic indicates interpolation from coarse grids to
fine grids. The high-order interpolation and finitedifference method coded in the model could be third
order or higher. Under this condition, the RSM becomes
a model with the combination of spectral (for perturbation) and finite-difference (for base field) computations.
An option to use high-order finite-difference methods in the case of the global nesting was coded to check
the results between the finite-difference method and
the direct spectral transformation. The results suggest
that the truncation error in the base field due to the
high-order finite-difference is negligibly small (not
shown here). With this high-order finite-difference
method for determining the base field and its derivative, the multigrid nesting from the GSM to coarseFIG. 9. The area-averaged daily rainfall in mm from 1 May to grid RSM and to fine-grid RSM becomes simpler.
30 August 1987 over the entire domain shown in Fig. 10 from the Instead of using several parts to compute the total forcresult of integrated GSM (line with open circles) and RSM (line ing in the regional nesting, the new method needs only
with closed circles).
the perturbation part from the fine-grid RSM and the
base field from the coarse-grid RSM. This multigrid,
and finite-difference method was introduced to com- one-way nesting has been used, for example, in the
pute the coarse-grid value and its derivatives in the case study of PYREX of the regional COMPARE
case of the regional nesting without global transfor- project (Bougeault 1994). Furthermore, the nesting of
mation. Thus, the previous equation can be written the nonhydrostatic RSM into the hydrostatic RSM or
into the nonhydrostatic RSM is based on the same
as
method as the multinesting of the hydrostatic RSM.
Furthermore, the regional nesting can be done in
a / = /c(4)+F,[/71(A;)],
(is)
two different map projections; for example, the
Mercator map projection used in the
fine grid can be nested into the coarse
grid with either a Mercator projection
or polar projection. The main problem
in dealing with different map projections is the transformation of the wind
components related to the different
horizontal coordinates. This can be
done the following way. For example,
the first nesting regional grid is a polar projection, then the model wind in
the regional domain can be written as
/

*\

ur
*

VVr)

FIG. 10. The monthly precipitation in mm with contour interval of 200 mm in July
1988 from the 30-km RSM integration starting from 0000 UTC 1 May 1988.
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1 (-s,

m I

cr

-Cr)
Sr)

U L (19)

where m is map factor; ur and vr are
regional wind in x and y directions; us
and v are east-west and north-south
winds, respectively, for spherical COordinates; and S and C are functions
related to the latitude and longitude
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transform from spherical coordinate to regional coordinate, say sine longitude and cosine longitude by
polar projection. For the second nesting, say Mercator
projection, let subscript R replace subscript r, and M
replaces m, then the above equation set is still valid.
But for nesting into the regional model, we will need
a relation between a regional wind and
another regional wind. To do so, let us
use two sets of equations, one by m and
subscript r, another by M and subscript
/?, then eliminating wind in the spherical
coordinate, subscript s, we will have
r

m 'SDS +CDC
M

S C

C S

\R r - Rr

-5C +CJ
S.S+C.C

V

of which will be published later. It is a three-dimensional variational method over a regional grid on
sigma surfaces. After it is fully tested and implemented, RSI will improve the initial conditions compared to initial conditions just interpolated from a
T126 GSM analysis.

u^
\VrJ

(20)
for transformation from one given
regional mapping wind to another regional mapping wind. The transformed
coefficients from the spherical wind to
both regional mapping winds, Sr, Cr, SR,
and CKu are known.
e. Preprocessor, data assimilation,
and postprocessor
A blending method for terrain height
between the GSM and RSM or between
coarse-grid RSM and fine-grid RSM
along the lateral boundary (Hong and
Juang 1996a) reduced the inconsistency
in sea level pressure between the two
models, especially in case of small regional domains. Using this method, the
wind along the lateral boundary is the
same at the same height in the coarsegrid and in the fine-grid models. Thus,
the mass fields should be consistent. Use
of the blend orography along the lateral
boundary makes the multimonthly integration for a regional climate possible
over a small regional domain.
The regional data assimilation for the
RSM (Wu and Juang 1996) has been
implemented with the gridpoint version
of the NCEP three-dimensional variational global data analysis (Derber et al.
1 9 9 1 ; Parrish et al. 1996). The regional
data assimilation system is called RSI
(regional statistical interpolation), details
Bulletin of the American
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FIG. 11. (a) The seasonal mean precipitation in mm for June-September from
the upper right-hand corner of Fig. E-l in Shea and Sontakke (1995), and (b) the
2.5° x 2.5° satellite estimate precipitation (MSU) observed data from July 1988.
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weather forecasting and case studies, but also for
multimonthly integrations for regional climate studies and regional enhancement of the reanalysis.
Hereafter, note that all horizontal figures of the RSM
show the entire domain including the lateral boundary zones, except where noted otherwise.
a. Daily weather forecasting
The RSM has been fully tested for daily weather
forecasting in a quasi-operational environment for an
extended period. The RSM using a north polar stereographic projection with about 80-km resolutions
FIG. 12 Schematic diagram to illustrate the regional
enhancement in a quasi-assimilation mode. Line segments of A (90 km at 60°N) covering the North American region
indicates the evolution of GSM analysis, G the GSM 6-h forecast, (see Fig. 2 for the domain with model terrain) has been
R the RSM 6-h forecast, and P the perturbation generated from tested for more than two years. It is called the 80-km
the 6-h forecast of RSM defined by R-G. At the start of each cycle, RSM because the resolution over the continental
G is replaced by A and R is replaced by A + P.
United States is about 80 km. The orography is interpolated from the navy 10 min x 10 min data with the
regional wave truncation to be the same wavenumber
The model output files include 1) two restart files, as the RSM. Figure 3 shows (a) the averaged equitable
one contains fields on sigma surfaces and another one threat score and (b) bias scores of 24-h accumulated
on the ground surface; 2) diagnostic files for all kinds precipitation from 24-, 36-, and 48-h forecasts for the
of fluxes and weather conditions, such as precipitation; categories of 0.01, 0.10, 0.25, 0.50, 0 75, 1.00, 1.50,
and 3) a station type of output, called KENPOLNT. The and 2,00 in. during the period from December 1994
restart file with forecast fields on sigma surfaces is to September 1995 for early Eta, MRF, RAFS, and
used to produce pressure surface fields and some more RSM. The domain over which the scores were computed
diagnostic fields, such as lifted indexes, total precipi- is the model land point over continental United States,
table water. All these outputs are packed into GR1B and the observed precipitation is interpolated from
observed points to the model grid with mass conserformat for portability .
vation. The equitable threat score T can be written as
/ Workstation versions
The source codes have been written with a
H-E
precompilation option to run the same model source
T=(21)
F+O-H-E9
code on either a workstation or a CRAY machine. For
time saving, the CRAY internal routines are used for
CRAY precompilation option, and for portability, where E = FO/N, H is number of the forecasts hits, F
standard FORTRAN codes replaced the CRAY inter- is number of model forecast of the event, O is the numnal routine for workstation option, such as the fast ber of observed points, and N is total verification grids
Fourier transform.
on a given grid system. And the bias score B is equal
With the portability of the GRIB format output to forecast points over observation points as
files and the adaption of GrADS (Doty 1995) for visualization, the workstation implementation and use
(22)
become straightforward. Currently, RSM is running
O'
on the following UNIX platforms* Dec alpha, SGI,
During the period shown in Figs. 3 and 4, no changes
Sun, HP, and IBM workstations.
were made to the RSM (about 80 km) or the early Eta
(Rogers et al. 1996, 80-km resolution). The MRF (glo3. Applications
bal spectral model) has a resolution of about 106 km
and RAFS (Regional Analysis and Forecast System,
Due to the diverse functionalities of RSM, the DiMego et al. 1992) about 80 km. The score for the
model can be applied not only for short-range daily RSM was better than that of the GSM from the "MRF
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FIG. 13. The monthly mean precipitation for February 1985 from NCEP-NCAR reanalysis in mm day-1 with a contour interval
of 1 mm day-1.

Run," which is the base field for the RSM, and was
highly competitive with the scores of the Eta Model
from "early run," which at that time was the operational regional model at NCEP. The RAFS is the
NGM (Nested Grid Model, Phillips 1979), which is
an EMC/NCEP frozen operational regional model. It
gives a measure of the improvement seen in operational NCEP precipitation forecasts, an improvement
that the RSM has matched. The MRF and RSM have
a larger bias at low precipitation and a smaller bias at
heavy precipitation when compared to the Eta Model.
For another comparison with the early Eta Model,
RSM has been run with a 50-km resolution (north
polar projection with 60 km at 60°N, see Fig. 4 with
model terrain) in a parallel experiment since the early
Eta Model has been changed to 48 km since October
1995. The equitable threat scores and bias score for
24 h accumulated precipitation from January to May
in 1996 shown in Fig. 5 indicates again that the RSM
has precipitation forecasts of the same quality as the
Eta in terms of the equitable threat score. However,
the larger bias of the RSM over all categories has to
be improved. A comparison between Figs. 2 and 4 indicates a significant improvement due to the model terrain from 80- to 50-km RSM.
In the 80- and 50-km versions of the RSM, the
Hawaiian Islands are not resolved. Tests indicate that
one needs a 10-km resolution to resolve the finescale
circulation associated with the effects of mountains
over the islands (Juang 1996a). A 10-km resolution
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version of the hydrostatic RSM over the Hawaiian Islands has been run twice daily since November 1995,
and experimental tests of nonhydrostatic RSM over the
same domain were conducted during late May to early
July 1996. The model reveals interesting mesoscale
features over its domain. Figure 6 shows an example
of the horizontal wind on the 850-hPa surface with lee
vortexes and a lee wake from the island of Hawaii
easterly flows. Figures 6a and 6b are the hydrostatic
and nonhydrostatic versions of the RSM, respectively.
The differences between the two versions are small
except under the lee vortexes. These differences may
be due to the different degrees of freedom in vertical
mode associated with the nonhydrostatic and hydrostatic approximation in the vertical.
GRIB outputs on pressure and sigma surfaces (plus
surface- and column-integrated fluxes from all of the
forecasts) are posted and updated daily at ftp://
nic.fb4.noaa.gov/pub/rsm. All the above weather forecasts are running twice a day, except four times a day
for 50-km North American forecasts, and these forecasts extend to 48 h with output every 6 h.
b. Regional climate studies
According to the initial design (Juang and
Kanamitsu 1994a), the RSM and GSM are as consistent as possible in model dynamics and physics. Due
to this consistency along the lateral boundary treatment and the blending of the orography, the climatology of the RSM will not be far from that of the GSM.
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FIG. 14. The monthly mean precipitation for February 1985 from the 40-km RSM in mm day-1 with contour interval of 1 mm day l.

Thus, multimonthly integration is possible over any
domain for regional climate studies.
Multimonthly integration of the RSM requires that
the GSM be integrated for the same period. The sea
surface temperature is updated daily either from observations or climatology. We have run multimonthly
integrations over the contiguous United States (Juang
and Kanamitsu 1993) and India (Juang and Kanamitsu
1993; Kanamitsu and Juang 1994). For experiments
over the United States, we examined how suitable the
RSM was for regional climate studies. Figure 7 shows
a comparison between the 40-km RSM (Fig. 7a) and
the T62 (about 216-km resolution) GSM (Fig. 7b) after a 20-day integration, in terms of the sea level pressure starting from 0000 UTC 3 January 1992. It
indicates that the differences between them are not significant. This result is consistent throughout the whole
integration. Figure 8 shows the monthly mean of the
850-hPa temperature for the second month of integration, that is, February 1992, from the RSM (Fig. 8a)
and the GSM (Fig. 8b). They have nearly the same
pattern and values. This is encouraging since regional
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models often exhibit a climate that is different from
the driving model's climate, even for the larger scales
on which they should agree.
For the case of India, we were interested in the
summer monsoon climatology of the RSM. Figure 9
shows the time series of the daily averaged precipitation for the GSM (line of open circles) and the RSM
(line of big dots) over the entire domain of the RSM
for India (see Fig. 10) during the entire forecast period from May to August 1988. The increase of the
rainfall in late May indicates the onset of the monsoon,
and the decrease of the rainfall early August indicates
the decay of the monsoon. The main trends in the precipitation are the same for the two models, but the
changes are more dramatic in the RSM.
Figure 10 shows the simulated monthly precipitation in mm from the 30-km RSM with a contour
interval of 100 mm for July 1988. The major precipitation areas over India are 1) along the west coast over
the west side of the Ghat mountains, 2) over central
eastern India, and 3) over northern India along the lee
side of the south Tibet Plateau. The three major rainVol. 7 8 , , No.

70, October
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fall areas during the Indian summer monsoon compare well with
climatological data, for example,
of those analyzed by Shea and
Sontakke (1995) shown in Fig.
1 la for the period from June to
September. The rainfall over the
ocean offshore of the eastern
coast of India can be validated
from satellite-estimated rainfall
observations in Fig. lib.
c. Regional enhancement of
the reanalysis
-1
The RSM was tested to enFIG. 15. The monthly mean precipitation for February 1985 from observation in mm day
-1
hance the NCEP-NCAR re- with contour interval of 1 mm day .
analysis over the United States
(Juang and Kanamitsu 1993) in
an "assimilation" mode, by carrying over the fore- let the global and regional analysis be Ag0 and A^, recasted regional perturbation to the next analysis cycle spectively, at time 0, AG6 and AR6 the next cycle, at time
without doing a regional analysis. In this case, the cli- of 6 h, and the 6-h forecasts of the global and regional
matology of the regional model forecast is much more model F 6 and FR6. Thus, the next cycle at time of 6 h,
different from the GSM analysis than those of GSM the regional analysis is defined as
forecast, thus the perturbation resulting from the difference between the regional model forecasts and
(23)
A-6 _
+ Fr6
Fgt
analysis of the observations will be large. We observed
that the large perturbations may grow larger and larger
not only for the smaller scales but also for the large and the difference between the two forecasts, F , and
scale. Therefore, the large-scale perturbations will
move the synoptic conditions far away from the analysis after continuous monthly integrations if the reP = FR6-FG(
(24)
gional perturbations are carried over and added onto
the analysis of the next cycle. There are two ways to where P consists of mostly small-scale perturbations.
overcome this problem.
Thus, the regional analysis, defined as A^, will be close
In the first method, we redefine the perturbation by to AG6 on the large scales.
In the second method, before reintroducing the
integrating the RSM together with GSM, as shown in
Fig. 12. This technique is similar to the breeding perturbation (FR6~ AG6) for the next 6-h integration into
we redefine it by using a high-frequency pass
method of Toth and Kalnay (1993) for determining the
most unstable perturbations. Instead of using two per- filter so its large-scale components will be zeroed
turbed GSM runs and rescaling the growth perturba- out. This method is cheaper because it uses only anation between them, we use the RSM and GSM to lyzed global fields and thus does not require an inobtain the growing perturbation P in Fig. 12, where P tegration with the GSM. The underlying assumption
is equal to regional forecast R minus global forecast is that the large-scale perturbations should be zeroed
G. Since the climatologies of the GSM and RSM are out since they represent noise introduced by the
very similar, the large-scale perturbation in P is neg- inconsistency between the analysis and RSM foreligibly small. In other word, P consists mostly of cast fields. The procedure can be formalized as
small-scale perturbations. These small-scale perturba- follows:
tions represent an enhancement due to the higher resolution of the RSM. In this technique, P is onto the
N
M
global analysis of the next cycle to represent the re(25)
n=nnm=m„
gional initial condition for the next cycle. Formally,
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with consistent model dynamics and
model physics, or even no global model
to use. Nevertheless, the first method is
dynamically oriented, while the second
is an empirical approach in nature. Since
the RSM does have a consistent GSM,
we used the first method for enhancement of the NCEP-NCAR reanalysis
for several months in an experimental
mode. Figures 13 and 14 show, as an
example, the monthly mean precipitation
in mm/day for February 1985 from the
GSM and RSM. The RSM results show
more variation in space on smaller scales.
When compared with the observation in
Fig. 15, both models give well-simulated
FIG. 16. The 12-h forecast geopotential height in meters with contour interval precipitation in general. However, the
of 50 m and temperature in Celsius with contour interval of 2°C on 500-hPa surface RSM gives more precipitation above
with initial conditions from 0000 UTC 15 October 1990 from 25-km RSM with 5 mm day-1 along the coast of Washing40 vertical sigma layers. The thick solid rectangle indicates the domain for the ton and Oregon and hence is closer to the
10-km RSM as a second nesting.
observations than those from the GSM.
The RSM results also show much more
precipitation
(above 4 mm day-1) and hence is closer
where [] indicates spectral coefficient; n and m are the
wavenumber in x and y directions, respectively; and to the observations over the border of Oklahoma and
the global forecast is replaced by global analysis in the Arkansas and the border of Louisiana and Texas than
first and third terms of the right-hand side. It is obvi- those from the GSM.
ous that Fr6 and Ag6 have two different climatologies.
Thus, the perturbation defined by their difference will d. Regional ensemble forecasting
contain both large- and small-scale features. The optimal
The RSM is also applied in regional ensemble forewavenumbers no and mo are chosen in the previous
cast
experiments once a week at NCEP (Rogers et al.
r
1996).
The same model domain, 48-h forecast period
equation to remove the contribution of the large-scale
perturbations in the regional analysis. These optimal and 80-km grid spacing, as mentioned in section 3a,
cutoff wavenumbers should be larger than the length is used for this experiment. There are two pairs of
of the RSM domain in either direction divided by the positive and negative perturbed forecasts started from
GSM perturbed analyses (Toth and Kalnay 1993), in
minimal resolvable wavelength of the GSM:
addition to a control run without perturbation. These
five runs are used and combined with the Eta Model
with different initial conditions for the regional enn„>
2Axa
semble forecasts. The results can be used to study re(26) gional ensemble forecasting for different initial
m„ >
conditions with the same model, for different models
2Av
with the same initial conditions, or for different models and different initial conditions, such as in Hammill
Experiences show that for simplicity, the coefficient et al. (1996), Brooks et al. (1996), and other papers at
of waves with numbers from zero to the optimal the 11th Conference on Numerical Weather Prediction
wavenumber can be zeroed after a period of inte- in Norfolk, Virginia, 1996.
gration, such as every 6 h (Juang and Kanamitsu
1994b).
e. Case study—A regional comparison project
The advantage of the second method, beyond beThe RSM has been used in several case studies.
ing inexpensive, is that it can be applied to any regional We present here results from the PYREX case, from
model that may not have an associated global model the COMPARE project (Bougeault et al. 1990;
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Bougeault 1994). to illustrate the multiple nesting
feature of the RSM.
Figure 16 shows the 12-h forecast geopotential
height in meters with a contour interval of 50 m and
temperature in Celsius with a contour interval of 2°C
on the 500-hPa surface from the 25-km RSM that is
nested into the GSM as the so-called first nesting
mode. The inner rectangle is the domain for the 10-km
RSM. Figure 17 shows the temperature field in Celsius with a contour interval of 1°C on the 500-hPa
surface from (a) the 25-km RSM over the 10-km RSM
domain and (b) the 10-km RSM over its 10-km RSM
domain that is nested into the 25-km RSM as the second nesting mode. The dotted line in Fig. 17 indicates
model terrain above 1500 m with a 300 contour interval. The results from the 10-km RSM show larger
magnitudes of the mesoscale features than that from
the 25-km RSM, especially over mountainous areas.
The warming effect along the lee side of the Pyrenees
is much stronger in the 10-km RSM integration than
that in the 25-km RSM.
4. Conclusions a n d future plans
Since Juang and Kanamitsu (1994a), the EMC/
NCEP RSM has been improved in many aspects, including code options to have hydrostatic and nonhydrostatic versions, CRAY and workstation versions,
nesting to the GSM, and nesting to itself. For portabil-

ity, all the outputs are packed in GRIB format that can
be read on different platforms. The improved model
has been applied in a wide variety of operational
weather forecasting situations as well as in experimental studies, including regional climate studies and reanalysis enhancement, both within and outside of
NCEP.
Several national and international institutes have
been running the RSM. At several of those, the RSM
is used to support daily weather forecasting, while at
others it is used primarily in case studies for research
purposes. The users include the Climate Research
Division of the Scripps Institution of Oceanography
of the University of California at San Diego; the National Center for Medium Range Weather Forecast at
New Delhi, India; the Tennessee Valley Authority
(Mao et al. 1996; Mueller et al. 1996); the leading
universities in Taiwan, such as the National Central
University, the National Taiwan University, and the
Chong-Cheng Institute of Technology; Korea Meteorological Administration; University of Hawaii with
the National Weather Service (NWS) regional office
in Honolulu (Wang et al. 1996); and NOAA Air Research Laboratory (see McQueen et al. 1996).
In the future, the model's portability, efficiency,
and functionality can be further improved. New or
improved physical packages will be introduced into
the RSM. Other model developments, such as the adjoint code, momentum, temperature, moisture, and
other budget analysis options in the model, will be

FIG. 17. The 12-h forecast temperature (contour interval of 1°C) on 500-hPa surface over the lU-km RSM domain from (a) the first
nesting 25-km RSM run and (b) the second nesting 10-km RSM run. The dotted lines indicate mountain height above 1500 m with
contour interval of 300 m.
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added. Also, we will adapt a semi-Lagrangian version
of the GSM into the RSM. Also, massively parallel
codes for the RSM should be developed.
Although final operational implementation at
NCEP has not yet been made, the RSM is scheduled
to become part of the operational aviation (AVN) forecast system. With its higher resolution, it is expected
to enhance the skill of aviation forecasts over North
America. And its relocatability will make it easy and
suitable for supporting special regional operations all
over the globe in the operational environment.
As mentioned in the previous sections, the original purpose of the RSM was daily weather forecasting; it was not planned to be used as a community
model such as NCAR MM4 (Anthes et al. 1987) and
MM5 (Grell et al. 1994). Nevertheless, with its accuracy, efficiency, functionality, and portability, RSM
is used for daily weather forecasting and numerical experiments by research and forecast communities.
A copy of the currently released version of the RSM
is available to any institution that requests it from
the director of NCEP. It should be noted that NCEP
model codes are made available in their current status, without NCEP support to either install or upgrade
them.
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