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The program structure designing and optimizing tests
of GRAPES physics
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According to the modularization and standardization of program structure in Global/Regional Assimilation and Prediction System (GRAPES), the plug-compatible and transplantable regional meso-scale
and global middle-range physics software package is established. The package’s component integrality
is comparative with the other advanced models physics. A three-level structure of connecting GRAPES
physics and dynamic frame has been constructed. The friendly interface is designed for users to plug
in their own physics packages. Phenomenon of grid-point storm rainfall in numerical prediction is
analyzed with the numerical tests. The scheme of air vertical velocity calculation is improved. Optimizing tests of physics schemes are performed with the correlative parameters adjusting. The results
show that the false grid-point storm rainfall is removed by precipitation scheme improving. Then the
score of precipitation forecast is enhanced.
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Representation of physical processes in a numerical
weather prediction (NWP) model has significant effects
on the model’s performance. Therefore, whether it is a
global model or a regional model, the NWP model
should incorporate physics schemes as perfect and detailed as possible. The physics schemes normally include
representations of microphysics, cumulus convection,
radiation, land surface processes, turbulence, boundary
layer processes. Integration and unification of the physics schemes has become a trend in recent years. Many
countries have been trying to develop a unified program
package that includes various advanced physics schemes.
At the same time, model developing groups are trying to
integrate global model and regional model into an integrated model system with the same dynamic framework
and multiple optional physics schemes.
The Global/Regional Assimilation and Prediction
System (GRAPES) is a new generation NWP system
independently developed by Chinese [1–3] . Various
state-of-the-art physics schemes are incorporated into
www.scichina.com | csb.scichina.com | www.springerlink.com

the GRAPES. These schemes are evaluated through short(2―3 days) and middle-range (5―10 days) simulations
of precipitating weather events occurred in China and
are then optimized appropriately. The GRAPES consists
of two sub-systems: the regional meso-scale numerical
forecast system and the global middle-range forecast
system. For the regional meso-scale numerical forecast
system, the key physical processes include cloud microphysics, radiation, surface layer, land surface, planetary boundary layer, turbulence and other physical processes, with a focus on cloud microphysics and planetary
boundary layer processes. For the global middle-range
forecast system, representations of cloud-radiation
feedback, cumulus convection, and atmosphere boundReceived December 26, 2007; accepted June 4, 2008
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1 Components of the GRAPES physics
schemes
As in other state-of-the-art meso-scale and middle-range
forecast models, four categories of physics program
modules are implemented in GRAPES: cloud and precipitation process, boundary layer process, land surface
process, and radiative transfer process. The physics
schemes incorporated in the European Center for Medium range Weather Forecasting (ECMWF) global
forecasting model and the United States Weather Research and Forecast (WRF) model have been implemented into the GRAPES. The plug-compatible and
Table 1

Comparison of the optional physics schemes between the GRAPES and WRF model
Long-wave
Short-wave
Physics
Explicit precipitation
Cumulus
Surface layer
radiation
radiation
GRAPES (1) Kessler
(1) New
(1) RRTM (1) Dudhia
(1) Similarity
(2) Lin (Purdue)
Kain-Fritsch (2) GFDL
simple short
theory
(3) NCEP simple ice
(2) Betts-Mille- (3) ECMWF
wave
(2) MYJ surface
(4) NCEP mixed phase
Janjicr
(2) DFDL
scheme
(5) Eta old microphysics
(3) Kain-Fritsch
(3) GSFC
(6) Eta new microphysics
(4) ECMWF
(7) CAMS simple ice
(8) CAMS mixed phase
(9) ECMWF large-scale
precipitation
WRF
(1) Kessler
(1) New Kain- (1) RRTM (1) Dudhia
(1) Similarity
(2) Lin(Purdue)
Fritsch
(2) GFDL
simple short
theory
(3) NCEP simple ice
(2) Betts-Millewave
(2) MYJ surface
(4) NCEP mixed phase
Janjicr
(2) DFDL
scheme
(5) Eta old microphysics
(3) Kain-Fritsch
(3) GSFC
(6) Eta new microphysics

Land surface

Boundary layer

(1) Thermal diffusion
(2) OSU/MM5 LSM
(3) NCAR LSM

(1) MRF
(2) Mellor-YamadaJanjic
(3) Second-order
turbulence
closure

(1) Thermal diffusion
(2) OSU/MM5 LSM

(1) MRF
(2) Mellor-YamadaJanjic
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transplantable physics software package for both the
regional meso-scale and the global middle-range forecasts are established to couple with the dynamic framework of the GRAPES. Numerical experiments have
been conducted for precipitating events occurred in
China and important parameters/processes are adjusted
to optimize the physics schemes.
The GRAPES physics software package mainly includes convective precipitation process[4–8], stratiform
cloud and precipitation process[9–14], radiation process[15–21], and land surface and boundary layer process[22–25]. Table 1 provides a comparison of the optional
physics schemes between the GRAPES and the United
States WRF model (version 1.3). It is shown that some
physics schemes in the GRAPES have been improved
by the Chinese scientists and are more suitable for the
Chinese weather conditions. For example, ice frozen
process has been added to the CAMS simple ice
scheme[13] so that masses of supercold liquid water and
ice crystal are predicted. In CAMS mixed ice scheme[14],
the forecasting variables are the contents of cloud water,
rain water, ice crystal, snow and graupel, the number
concentrations of rain water, ice crystal, snow and graupel, as well as the topologic wide functions of autoconversion efficiency of cloud water, rain water, snow
and graupel. This scheme includes more complete cloud
microphysical processes at the expense of increased
computation costs. In general, the completeness of the
GRAPES physics schemes is comparable to other advanced NWP models on the world.
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ary layer process are the most important. Currently, a
plug-compatible physics software package that incorporates representations (explicit or parameterization) of the
physical processes to be used in both the regional mesoscale and the global middle-range forecast sub-systems
has been established. By coupling the physics package
with the dynamic framework of the GRAPES, the Chinese new generation prototype numerical prediction
system for both regional meso-scale and global middlerange forecast is developed. The new system can be
applied to different regions of China. To improve the
model’s prediction abilities for precipitating weather
events occurred in China, the physics needs further improvement through optimization of the schemes introduced from other countries. The final goal is for the new
system to be used at the operational NWP centers of
China.

2 Program structure of GRAPES physics
The physics schemes of the GRAPES are programmed
in accordance with the modular requirement and in a
way similar to what utilized by the WRF model1). The
variables of each process program module are registered
first. Then the three-level structure of each physics
module is designed (Figure 1), as described below.

Figure 1 Diagram of the three-level structure of the GRAPES physics
program module.

(1) Solver level. The solver level is the interface
that connects the dynamics framework with the physics
package. The delivery and exchange of variables between the dynamics and the physics schemes is completed at this level.
(2) Driver level. There is a single driver for each
physics process that consists of one or multiple schemes.
The driver level connects the individual physics scheme
with the solver level. The design of the driver level provides a plug-compatible environment for users to plug in
their own physics packages.
(3) Individual scheme level. Each physical scheme
is a module, consisting of all the subroutines related to
the scheme. The individual scheme level is connected to
the dynamic framework through the driver level.
The integration of the GRAPES physics module and
the GRAPES unified dynamic framework has formed a
new generation transplantable NWP system of China
that can be used for both regional meso-scale and global
middle-rang forecast. The dynamics framework can be

either hydrostatic or non-hydrostatic equilibrium. The
prediction domain, grid resolutions, physics schemes,
output variables and other aspects can also be set by users to satisfy their needs for both research and operations.

3 Optimization of the GRAPES physics
schemes
Ensemble numerical experiments were designed to investigate the sensitivity on grid resolutions and physics
schemes of the regional meso-scale GRAPES model.
Analyses of the results from the experiments demonstrate that the regional GRAPES model is able to reasonably simulate the occurrences and evolution of the
high-influential precipitating events occurred in China.
Simulations using the regional GRAPES model with
high resolutions (15 km in the horizontal) can reproduce
the structure and characteristics of typhoon as well as
the distributions of meteorological variables as revealed
by observations. Based on these, we can say that the
GRPARES model has great potential in operational applications. The regional GRAPES system is operationally run at the National Meteorological Center of the
Chinese Meteorological Administration and some regional NWP centers of China during 2007.
The numerical experiments also suggest some biases/
drawbacks in the prediction. One example is the systematic bias in geopotential height around the Qinghai-Tibet
plateau. Another is the false prediction of heavy rainfall,
which is not uncommon to NWP model, this phenomenon is usually known as the grid-point storm rainfall in
NWP research. The most possible cause for the false
prediction of heavy rainfall is probably uncertainties
associated with the cloud microphysics scheme.
3.1 Optimization of the precipitation scheme
3.1.1 Problem: false prediction of heavy rainfall by the
GRAPES. Numerical experiments suggest that the
false prediction of heavy rainfall in the GRAPES is
mainly caused by the grid-scale precipitation scheme in
the model, which is related to an abnormal increase in
the vertical velocity. The overestimate in the magnitude
of precipitation is accompanied by overestimated latent
heating that warms the atmosphere temperature. Warmer
atmosphere favors stronger updraft, and then brings

1) Chen S H, Dudhia J. Annual report: WRF physics. http://www.wrf-model.org, 2000
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where g (0.608qv − qL − qI ) is the effect of precipita-

tion drag on the change of vertical speed. This term is
negative when the sum of liquid water qL and solid water
qI item is nonzero. That is, the effect of precipitation
drag is to decrease the vertical speed and thus reduce the
grid-scale precipitation. However, this precipitation drag
term was ignored in the previous versions of the
GRAPES, which could contribute to the occurrence of
false prediction of heavy rainfall by the model.
3.1.3 Solution No. 2: modification of the criteria to
trigger grid-scale precipitation. In reality, a large precipitating region is normally in accordance with a large
area of updrafts. Yet in numerical prediction, it was
found that the false grid-point storm rainfall mainly occurred at a few grid points with abnormally large
amount of precipitation and strong updrafts. Inclusion of
precipitation drag effect does lighten the false prediction
of grid-point storm rainfall, yet does not eliminate it. To
further reduce the false prediction of grid-point storm
rainstorm by the GRAPES, we modified the criteria to
trigger the grid-scale precipitation. One of the original
criteria is, as long as one grid point has updraft, there is
a possibility for precipitation to occur at this grid point.
This criterion is refined to――there is a possibility for
precipitation to occur only if this grid point and three
grid points surrounding it have updrafts.
The following Section describes a case study to show
that the problem of grid-point storm rainfall is largely
solved using above methods.
3.2 Numerical experiments to eliminate false prediction of grid-point rainstorm

3.2.1 Design of numerical experiments. The case of
July 8, 2003 is simulated with the GRAPES model.
Three experiments are conducted. The same configuration is used for these experiments. The grid spacing is
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0.5625° (approximately 60 km) in the horizontal. There
are 31 layers with varying grid spacing in the vertical.
The model integration starts at 0000 UTC July 8, 2003.
The physical period of the integration is 36 hours. The
time step is 180s. The major physics schemes utilized
are: the ECMWF large scale precipitation scheme, the
RRTM long wave and Dudhia short wave radiation
scheme, the M-O approximate ground surface layer
scheme, the thermal diffusion land surface process
scheme, the MRF boundary layer scheme, and the KainFritsch convection parameterization scheme.
The experiments differ in the calculation of vertical
velocity and/or the trigger of grid-scale precipitation. In
one experiment (denoted as EXP1), the original physics
schemes are used. In another experiment (denoted as
EXP2), the effect of precipitation drag on vertical speed
is included. The third experiment (denoted as EXP3)
utilizes the refined criteria to trigger grid-scale precipitation as well as includes the effect of precipitation drag
on vertical speed.
3.2.2 Results from the numerical experiments. Figure 2(a), (b), (c), (d) depicts the longitude-latitude distributions of surface precipitation during the 36-h period
from 00 UTC July 8 to 12 UTC July 9 from the observations as well as the 36-hour rainfall forecast from the
three experiments (EXP1, EXP2 and EXP3), including
both the grid-scale precipitation and the parameterized
subgrid- scale precipitation. The observed precipitation
has mainly four large precipitation areas (see Figure
2(a)). The largest rainfall area is in the Jianghuai river
basin, distributed from NE towards SW with a maximum of about 300 mm located near (29°N, 111°E). The
other three precipitating area are located in the northeast
China, the eastern part of Qinghai-Tibet Plateau, and
from the southern part of Guangxi to Hainan Province,
respectively, with maxima being less than 100 mm. How
are the precipitation forecasts from the three numerical
experiments compared to the observations? As we can
see from Figure 2(b), (c) and (d), distributions of the
predicted rainfall bands are similar among the three experiments. The shape and direction of the predicted Jianghuai rainfall band agree with the observation. However, the predicted rainfall area in the eastern China is
located slightly too south compared to the observed. The
three experiments also predict precipitation at the other
three regions where precipitation was observed. The
shapes of the rainfall bands predicted by EXP3 are relatively closer to the observation. The intensities of pre-

ATMOSHPERIC SCIENCES

more condensation. Thus a positive feedback could form.
To eliminate the false grid-point storm rainfall phenomenon, the vertical speed calculation was improved
and the precipitation scheme was adjusted as described
below.
3.1.2 Solution No. 1: inclusion of precipitation drag in
the vertical velocity equation. The equation to calculate the change of vertical velocity can be represented
as:
∂Π ′
dw
⎛θ′
⎞
≡ −C p θ
+ g ⎜ + 0.608qv − qL − qI ⎟ + Fw ,
∂z
dt
⎝θ
⎠

Figure 2 Accumulated surface precipitation of the observed and predicted during the period of 00Z of July 8 to 12Z of July 9. Unit: mm. (a) Observation;
(b) EXP1; (c) EXP2; (d) EXP3.

cipitation from the three numerical experiments differ
from the observed. The precipitation center near (29°N,
111°E) around the Jianghuai river basin was not predicted by all experiments. The precipitation maxima are
too small (< 200 mm from EXP1 and EXP2 and < 100
mm from EXP3) and located too east compared to the
observations. However, the 50 mm contour of EXP3 was
closer to the observation. The precipitation amounts
from the three experiments at northeastern China and the
southern part of Guangxi to Hainan Province in China
generally agree with the observation except for that
EXP3 precipitation is slightly smaller than the observation. For the eastern part of Qinghai-Tibet Plateau, precipitation intensity was too large in EXP1 and EXP2
with maxima of about 1000 mm around the grid point
(25°N, 97.5°E). This false grid-scale storm rainfall phenomenon did not occur in EXP3. This false precipitation
was mainly produced by the grid-scale precipitation
scheme rather than the parameterized subgrid-scale precipitation.
Figure 3 shows the time series of the grid-scale pre3474

cipitation on the grid point (25°N, 97.5°E) from the experiments. Precipitations from EXP1 (black line in Figure 3) and EXP2 (green line in Figure 3) increase with
time reaching maxima of 1300 mm and 850 mm at 12 h
and 18 h, respectively. This suggests that grid-point
rainstorm occurs when the large-scale precipitation
scheme is applied with the original trigger criteria even
when the effect of precipitation drag on vertical velocity
change is included. When the more constrained criteria
for grid-scale precipitation to occur is combined with
inclusion of the precipitation drag effect on vertical velocity (EXP3), the accumulated precipitation (yellow
line in Figure 3) reaches a maximum of about 120 mm at
8 h, which is comparable to the observed typical values.
To further investigate the possible causes for the occurrences of false grid-point rainstorm, time-pressure
cross sections of temperature, specific humidity and vertical speed on the grid point (25°N, 97.5°E) from the
three experiments are compared. These results are quite
similar between EXP1 and EXP2. Therefore, the results
from EXP2 and EXP3 are given in Figure 4(a), (b). As
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we can see in Figure 4(a), the vertical speed reaches a
magnitude of a few meters per second (m s−1) at the
middle and upper troposphere, caused by extremely
large latent heating which enhanced the updraft and intensified condensation in EXP2. This positive feedback
continues until the humidity drops to the degree that it
could not maintain the production of precipitation. This
might be the mechanism for the occurrence of false
grid-point rainstorm. What’s accompanying is the occurrences of an abnormally strong warm and moisture
center (Figure 4(a)) to maintain the abnormal grid-point
rainstorm. The difference between EXP2 and EXP1 (not
shown) is mainly that the maximum of vertical speed at
the middle-and-upper troposphere was slightly smaller,
and the warm center and moisture center were a little
weaker, suggesting that the false grid-point rainstorm

Figure 4 Time-pressure cross sections of temperature (red lines), specific humidity (green lines), and vertical speed (black lines) on the grid point (25°N,
97.5°E) from EXP2 (a) and EXP3 (b). The units are K, kg kg−1, and m s−1, respectively.
XU GuoQiang et al. Chinese Science Bulletin | November 2008 | vol. 53 | no. 22 | 3470-3476
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Figure 3 Time series of the grid-scale surface precipitation at the grid
point (25°N, 97.5°E) from EXP1 (black line), EXP2 (green line) and
EXP3 (yellow line). Unit: mm.

phenomenon was alleviated in EXP2. In EXP3 (Figure
4(b)), the maximal vertical speed was less than 1 m s−1.
There were a weak warm and moisture center extending
from the ground surface to 300 hPa. The temperature
contours becomes flat at and above 300 hPa, indicating
little change with time. Based on these, we concluded
that there was no false abnormal marshal of meteorological elements in EXP3.
In the prediction of the vertical speed, the effect of
precipitation drag should be included. The criteria for
grid-scale precipitation to occur are more constrained in
EXP3. These modifications result in reduced maxima in
precipitation amount, with little change in the location
and domain of surface rainfall. While eliminated the
false grid-point rainstorm and improved the accuracy of
surface precipitation forecast, these modifications to the
grid-scale precipitation scheme and the vertical velocity
prediction also increased numerical calculation stability
of the model. In general, prediction of the surface precipitation is more satisfactory with these modifications.
We conclude that the optimization of the grid-scale precipitation scheme and the vertical velocity calculation
can at least partially eliminate the false grid-point rainstorm and improve precipitation forecasting accuracy.
However, there are many other possible reasons for the
occurrences of false grid-point rainstorm such as the
topography treatment. More studies are needed to address this issue more completely.
Other modifications to the GRAPES physics schemes
that we have made include (1) improving the radiation
scheme through including the effect of geographical
slope on radiation, (2) improving the land surface

(1) The new generation GRAPES is developed, which
consists of a dynamics framework and a plug-compatible and transplantable physics software package for both
regional meso-scale and global middle-range forecasts.
On the basis of broad exploration and priority selection
of advanced model physics, the software package includes representations of cloud and precipitation process,
boundary layer process, land surface process, radiation
energy transporting process and other physics processes.
The software package is modularized and standardized,
and the physics schemes are optimized for better performance in predicting weather events occurred in China.
This solved the key issue of physics program package

that is needed for numerical weather prediction of China.
(2) A three-level program interface is designed for the
new generation GRAPES. The interface connects model
physics with dynamics by providing a user-friendly
platform for the plug-in use of physics software package.
The GRAPES physics modules are integrated with the
unified dynamic framework, which can be used as either
a regional meso-scale or a global middle-range numerical weather prediction system. The dynamics framework
can be either hydrostatic or non-hydrostatic equilibrium.
The forecasting domain, grid resolutions, physics schemes, and output variables are set by the users.
(3) Aiming at eliminating the false prediction of gridpoint rainstorm, effect of precipitation drag on vertical
speed calculation is included and the criteria to trigger
the grid-scale precipitation are refined. Numerical experiments show that these modifications have at least
partially removed the false grid-point rainstorm phenomenon and improved the accuracy of surface precipitation forecast.
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scheme by using the most recent datasets to describe
surface properties, and (3) introduction of the geographical gravity wave drag scheme in the ECMWF
model. These topics are out of the scope of the present
paper and will be described in another paper.

4 Conclusions
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