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ABSTRACT

The recent progresses in the research and development of (NWP) in China are reviewed in this
paper. The most impressive achievements are the development of direct assimilation of satellite irradiances
with a 3DVAR (three-dimentional variational) data assimilation system and a non-hydrostatic model with
a semi-Lagrangian semi-implicit scheme. Progresses have also been made in model physics and model
application to precipitation and environmental forecasts. Some scientific issues of great importance for
further development are discussed.
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1. Introduction

Research on numerical weather prediction in China
goes back to the 1950s. Since the mid 1980s, three
big research projects focusing on global medium-range
weather, tropical cyclones and heavy rain, and short-
term climate prediction respectively were carried out
consecutively. As the result of these research projects,
the operational numerical prediction systems for global
medium-range weather, tropical cyclones over the
western Pacific, and rainfall over China were set up.
The progresses in modeling techniques have resulted
in obvious improvement of forecast skill in comparison
with a decade ago. For example, the time range of re-
liable global weather forecasts (6 days) is almost dou-
ble the number (3–4 days) in the earlier 1990s. The
products of numerical models are the main basis for
forecasters in operational forecast centers when they
prepare routine forecasts for the public. However the
current skill of numerical weather prediction is still not
as satisfactory as people expect. The backward data
assimilation technique not being capable of handling
huge amounts of satellite data, and the parameteri-
zation schemes of the model physics being improper
to the Eastern Asian monsoon area, are the two main
problems causing the degradation of numerical predic-
tion in China. These two problems are closely related
to the lack of an advanced high-resolution model dy-
namical frame.

In the late 1990s, in order to enhance its observing
capability, China started to set up its network of next
generation weather radars and initiated its new mete-
orological satellite project. These two projects imply
that more and more remote sensing data will be avail-
able for the use of numerical prediction models. So
the effective application of radar and satellite data in
numerical weather prediction becomes urgent. At the
same time, China has built up its capability of man-
ufacturing high performance computers, so it is much
easier for Chinese scientists to get computer resources
to support research on numerical modeling. The im-
provements in observational networks and computer
resources bring forth a good opportunity to upgrade
the Chinese operational numerical weather prediction
system, and hence the call for more research works
on the development of advanced models. In compari-
son to a decade ago, when introducing a model from
abroad was thought of as the most efficient way to
upgrade the Chinese operational model system, most
Chinese scientists and policy makers now agree that it
is time to develop new model system based on the ef-
forts of Chinese scientists. In 2001, a key state research
project, the Research and Development of the Chinese
New Generation Numerical Weather Prediction Sys-
tem, was launched. The goal of this 5-year research
project is to develop an advanced Global and Regional
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Assimilation and Prediction System (GRAPeS) which
will have the capability of improving routine forecasts
to meet the needs for high quality weather services.
Earlier than GRAPeS, a state basic science research
project, the China Heavy Rain Experiment and Study
(CHeRES), was initiated. This research project em-
phasizes the theoretical researches relevant to numeri-
cal prediction of heavy rain, so it provides some theo-
retical basis applicable to GRAPeS. Implementation of
these two projects and other projects supported by the
National Natural Sciences Foundation or other agen-
cies have caused advances in the researches of numer-
ical weather prediction. The progresses in data as-
similation, high-resolution model development, model
physics, and precipitation forecasts will be given in
the following sections of this paper, ended by a dis-
cussion about near future development. The progress
in climate system models will be a special topic in
this volume, so it is not included in this paper. Some
works which have been completed recently have not
been published or are only presented in the selections
of research achievements of some state projects not
published formally, but they are of great importance
in reflecting Chinese new progresses in researches on
numerical weather prediction. They are cited in this
paper without references, listed with the approval of
the authors.

2. Data assimilation

For a long period, the sparseness of observational
data in some key areas was a major difficulty encoun-
tered in the effort to improve the numerical weather
prediction in China, since most disastrous weather sys-
tems originate in the Tibetan Plateau or the western
Pacific where few conventional data are available. The
development of advanced data assimilation schemes
capable of assimilating remote sensing data is thought
to be the first objective of the GRAPeS project. In
2001, the scientist team of GRAPeS completed the sci-
entific design and coding of a three dimensional vari-
ational assimilation system GRAPeS-3DVAR (three–
dimentional variational) (Xue, 2002). It is set on
a grid system suitable to both global and regional
data assimilation. A spatial filter based on spectral
decomposition or a recursive filter is used as a pre-
conditioning to accelerate the convergence of iteration
used in minimizing the cost function. The fast radia-
tion transfer model and its tangential and ajoint (RT-
TOV) developed by ECMWF (Ewopean Cencre for
Medium-range Weather Forecasting were then intro-
duced into this 3DVAR frame for direct assimilation of
satellite irradiances. The results of preliminary exper-
iments assimilating irradiances from satellite NOAA

(National Oceanic and Atmospheric Administration)–
16 in microwave channels (AMSU-A and AMSU-B)
show prominent improvements in the forecast of ty-
phoon track and intensity by introducing satellite in-
formation (Zhang, 2003). But more impressive is the
inner structure of the typhoon revealed by the assimi-
lation of AMSU data (see Fig. 1 and Fig. 2). Not only
the warm core and spiral belts of moisture, but also
the asymmetric horizontal wind field and secondary
vertical circulation is inferred. In addition to direct
assimilation of satellite irradiances, some products de-
rived from polar or geo-stationary satellites (e.g., cloud
drift wind derived from satellites FY-2 and GMS-5),
Quikscat sea surface wind data are also assimilated
with GRAPeS-3DVAR (Xue, 2002). The combined
use of irradiances in microwave channels from polar
orbiting satellites and cloud drift winds also improves
the analysis of the large-scale environment of tropical
storms and shows positive impact on the forecasts of
typhoons. The application of satellite-derived mois-
ture is also studied and found to be useful in improv-
ing the forecasts of rainfall (Meng, 2002; Zhou et al.,
2002).

The assimilation of radar data is another issue at-
tracting the attention of a number of scientists. By use
of radar observation data collected in two field exper-
iments, the South China Heavy Rain Experiment in
1998 and the CHeRES in 2001–2002, the retrieval and
assimilation of Doppler weather radar data were stud-
ied. The research works include wind retrieval from
single and dual Doppler radar observations, and as-
similation of moisture profiles using precipitation esti-
mated from radar observations. Some simple but prac-
tical algorithms were developed. One example is the
horizontal wind field estimation based on tracking the
movement of clouds. The assimilation of these data
shows a positive impact on improving typhoon fore-
casts.

The techniques to assimilate the vertical profile or
column integration of moisture from the Global Po-
sitioning System (GPS) data or other satellite-borne
sensors are also studied. The key point is the vertical
distribution of water content. Different approaches,
from the simplest statistical model to the sophisticated
variational approach consistent with model parameter-
ization of cloud and precipitation, are studied. There
are evidences showing that the impact of using these
kinds of moisture information on heavy rain forecasts
is obvious. However the results are case dependent, so
more experiments should be done before a conclusion
of the effectiveness of these approaches is reached.

Progress is also being achieved in the research on
four-dimensional variational assimilation (4DVAR).
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摘要 

本文概要回顾了我国最近几年在数值天气预报的研究方面的进

展。最重要的结果是在三维变分同化的框架内实现了卫星辐射观测资

料的直接同化与半拉格朗日半隐式非静力平衡数值模式的建立。在模

式物理过程、降水预报模式以及数值模式在环境预报中的应用方面也

取得了重要的进展。本文还对数值预报进一步发展的一些重要科学问

题进行了讨论。 
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Fig.1 The cross section of the temperature anomaly (ºK) with assimilation of NOAA-16 

 AMSU data for typhoon Rammasun at 1800 UTC 2 June 2002. (Zhang H., 2003) 
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Fig. 1. The cross section of the temperature anomaly (K)
with assimilation of NOAA-16 AMSU data for typhoon
Rammasun at 1800 UTC 2 June 2002. (Zhang, 2003) 

 
Fig.2 The cross section of the tangential wind speed ( m/s ) with assimilation of NOAA-16 

 AMSU data for typhoon Rammasun at 1800 UTC 2 June 2002 (Zhang H., 2003) 
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Fig. 2. The cross section of the tangential wind speed
(m s−1) with assimilation of NOAA-16 AMSU data for
typhoon Rammasun at 1800 UTC 2 June 2002. (Zhang,
2003)

Based on a regional numerical weather prediction
model developed in the Institute of Atmospheric
Physics (AREM), Mu et al. (personal communica-
tion) developed an experimental system of 4DVAR.
Much attention has been paid to the so-called ‘on-off’
problem encountered in developing the adjoint of some
physical parameterization schemes, such as convection
(Zhu et al., 2002a, b). 4DVAR with constraints and
the technique to develop the adjoint of Lagragian mod-
els were studied (Zhu, 2001; Wang et al., 1999).

3. Dynamic core of high resolution models

One goal of GRAPeS is to meet the needs in nu-
merical predictions of different scales with one generic
dynamic core. The highest spatial resolution should

not be lower than 1 km. For this purpose, the
model dynamic core should be optionally either non-
hydrostatic or hydrostatic, and either global or of a
limited area. Along this line, a new high-resolution dy-
namic model has been set up. It is a non-hydrostatic
semi-implicit semi-Lagrangian model based on the
fully compressible atmospheric equations. The model
employs latitude-longitude grid points with Arakawa-
C staggering horizontally. In the vertical, a terrain-
following height coordinate and Charney-Philips stag-
gering are used. A vector discretization is introduced
in order to keep the accuracy of the calculation of the
departure point in the semi-Lagrangian scheme. The
vital issue in the deployment of a semi-implicit scheme
for a non-hydrostatic model is the algorithm solving
the three-dimensional Helmholtz equation of the pres-
sure variable, which is sensitive to vertical boundary
conditions related to the formulation of vertical accel-
eration. A reference atmosphere in hydrostatic bal-
ance is induced to alleviate difficulties caused by the
numerical treatment of topography. A series of ideal
trials were carried out. The model correctly simu-
lates the evolution of geostrophic balanced flows and
other hypothetical flow patterns. Simulation experi-
ments with an isolated bell-shaped mountain were em-
ployed to verify the model’s ability to reproduce the
well-studied mountain waves.

Progress is also being made in the improvement
of existing numerical schemes and the development
of new schemes for modeling atmospheric motions of
different scales. A new algorithm for the application
of the symplectic geometry method in numerical so-
lutions of the general evolution equation was devel-
oped (Zhao et al., 2002). An adaptive grid technique
based on the variational principle was also suggested
(Kang, 2000a, b; Kang et al., 2002). The conserva-
tive property of numerical schemes was stressed by
a number of studies. Some researchers devoted ef-
fort to improving the long-term integration with the
semi-Lagrangian scheme. Chen and Gao (2000) and
Chen and Ji (2001) proposed the application of a non-
interpolating semi-Lagrange scheme, and developed an
energy-conserving semi-Lagrangian scheme by intro-
ducing energy interpolation. The semi-Lagrange or
semi-implicit scheme was also used in modeling con-
vective clouds (Lou et al., 2002). In addition to the
importance of energy conservation for long term inte-
gration, the fully energy-conservative scheme was also
found to be capable of eliminating systematic errors
and improving the weather forecasts (Zhong et al.,
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2002).

4. Model physics

Clouds and precipitation may be what Chinese
scientists are concerned with mostly. More atten-
tion is now paid to explicit schemes due to the in-
crease of model resolution. Lou et al. (2002) devel-
oped a new dual-parameter mixed-phase microphysi-
cal scheme with five species of water substances using
a quasi-implicit calculation method. The scheme in-
cludes water content and number content concentra-
tions of cloud, ice crystals, rain, and graupel, a total
of 11 cloud variables and 31 microphysical processes.
The processes of deposition, freezing, ice nucleation,
auto-conversion of cloud to rain or ice to snow, and
snow to graupel were improved compared to other
explicit schemes currently used in mesoscale models.
This scheme was introduced to mesoscale model MMS
(The PSO/NCAR mesoscale model version 5) with
prognostic variables added. The results of a simula-
tion of a tropical storm with this new scheme were
compared with three explicit schemes in MM5. Some
micro-physical variables seemed well simulated with
the new scheme, but the intensity of the storm was
not as good as with the original explicit schemes. The
scheme was also used to simulate the heavy rain events
in South China and in Eastern China. The results in-
dicate that graupel, snow, and ice are important in
cold areas of clouds and most raindrops result from
the melting of graupel and snow particles.

Efforts were also made to the parameterization of
boundary layer processes. Zhou et al. (2002) de-
signed a new boundary layer model based on Mellor-
Yamada’s second-order turbulent closure method
Level 4. The model was coupled with MM5 to sim-
ulate a rainstorm that occurred in South China in
June 1998. Compared with the MM5 boundary layer
scheme, the new model better reproduces the major
weather system and rainfall pattern. Specifically, the
new model captures the major features of turbulence
in the boundary layer, which removed the unreason-
able rainfall in the western area of South China that
exist in simulations with other schemes.

Using surface observation data in the Tibetan
Plateau, Xu et al. (personal communication) verified
the flux of sensible heat derived by a newly-developed
boundary layer model based on the theory of multi-
scale turbulence. The boundary layer model was then
coupled with the mesoscale atmospheric model MM5.
The comparison with observations indicates that mul-
tiscale turbulence theory well describes the vertical
heat transport process in the real atmosphere and is
more feasible than classic similarity theory. Not only

is it as accurate as classic similarity theory in the com-
putation of gradient transport, but it also gives a rea-
sonable result for anti-gradient transport. The simu-
lations of heavy rain events in both South China and
Central China indicate that in the case of complex ter-
rain and surface categories, the forecasts of the detail
of both the location and intensity of heavy rain with
parameterization based on multiscale turbulence the-
ory are better than with the MRF (Medium Range
Forecast) scheme or the Blackadar scheme. The simu-
lation also indicates that heating by the land surface
contributes to the formation of the low-level jet and
mesoscale systems. Accordingly, in cases of complex
terrain and land surface, the parameterization of the
boundary layer based on the theory of multiscale tur-
bulence has the potential to improve the prediction of
heavy rain. The treatment of a heterogeneous surface
in the parameterization of the atmosphere boundary
and land surface processes was also studied, and some
proposed approaches were shown to be encouraging
(Zeng et al., 1999; 2000; Liu et al., 2002).

The impacts of the parameterization of atmo-
spheric radiation on short and medium range nu-
merical weather forecasts have also been noticed re-
cently. Shen and his collaborators (Shen et al., 2002)
made a series simulation with different parameteriza-
tion schemes to assess their impact on medium range
and extended prediction and concluded that a sophis-
ticated parameterization scheme for the transfer of ra-
diative energy is of importance not only for climate
simulation, but also for medium range forecasting.
The radiative energy transfer model was also used for
predicting the intensity of ultraviolet radiation, which
is an element stressed in environmental issues (Shen
and Kuang, 2002).

5. Precipitation forecast

Improvement of the numerical prediction of pre-
cipitation has always been a main objective of re-
search in numerical weather prediction. The project
CHeRES developed an experimental NWP system fo-
cusing on the heavy rain along the Yangtze River in
the Meiyu season (Yu et al.,2002). The core of the sys-
tem is a regional model AREM (Advanced Regional
Eta-coordinate Model) developed by Yu et al. (2002).
The prototype of AREM is the dynamic frame of a
regional eta-coordinate model (REM) which has been
developed by Yu (1989) since 1989 aiming at dealing
with the significant effects of topography on the pre-
cipitation in China. REM has been popularly used for
summer precipitation predictions and heavy rain stud-
ies since 1992. In upgrading AREM, much attention
has been paid to the standardization and modulariza-
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tion of model codes and the introduction of advanced
model physics. The model physical processes consist
of large-scale condensation,modified Betts-Miller con-
vective adjustment,bulk aerodynamic surface flux,and
non-local diffusion planetary boundary layer parame-
terization. To evaluatine the capability of AREM in
modeling rainfall in China, hindcast experiments were
first conducted using historic data of June and July in
1998 and 2001. The threat scores (TS) for light rain (1
mm d−1), moderate rain (10 mm d−1), and heavy rain
(25 mm d−1) were 0.57, 0.32, and 0.18 respectively in
1998, and even higher in 2001. So the performance of
AREM is encouraging for these two years. In 2002,
the model was tested for real-time forecasts. The TS
skills along the Yangtze River for 1 mm d−1, 10 mm
d−1 and 25 mm d−1 were 0.47, 0.29, and 0.17 respec-
tively, showing the stable performance of the model.
The model was also used for studying the mechanism
of heavy rain forming along the Meiyu front. Some
case studies with AREM show that the model can
capture the structures and evolutions of the rain sys-
tems. For example, the model revealed the mechanism
of the formation and evolution of a mesoscale vortex in
the east periphery of the Tibetan Plateau that caused
torrential rainfall over the Sichuan Basin and down-
stream areas. Careful analysis of the model integra-
tion shows that when the mesoscale eddy moved from
the top of the Tibetan Plateau to the upper level of
the Sichuan Basin and overlapped the southwest vor-
tex, the coupled vortex was able to reach the upper
troposphere. When the system became mature, the
ascending motion was strong in the center of the vor-
tex, and the large latent heating in the middle tropo-
sphere enhanced the deep convection. The heavy rain
was mainly caused by deep convective clouds. This
experiment helps our understanding of the mechanism
of torrential rain.

In addition to the development and improvement
of a model system, the ensemble approach is found to
be a way having the potential to improve the heavy
rain forecasts. The research on this topic is discussed
in the next section.

6. Ensemble prediction

The development and application of ensemble pre-
diction techniques are among the major advances in
the area of NWP in recent decades. In early 1992,
both the National Centers for Environmental Predic-
tion U.S. and ECMWF set up their operational en-
semble prediction systems, reflecting the fact that the
ensemble prediction technique had come to maturity.
The researches on ensemble prediction in China did
not start as early as in the U.S. or Europe. One rea-

son for the delay of the researches on ensemble pre-
diction was the shortage of computer resources neces-
sary for ensemble prediction. The situation changed in
the later 1990s when more computer resources became
available. In 1999, two ensemble prediction systems
based on lagged average forecasts (LAF) and singular
vectors (SV), respectively, were developed and used in
extended forecasting. In the first version of the SV
ensemble prediction system, a low resolution model
T21L19 was used for constructing the initial pertur-
bation. This low resolution model was upgraded to
T42L19 and the forecast model was upgraded from
T63L19 to T106 in its new version (Liu, 2000; Li and
Chen, 2002). Much attention was paid to the perfor-
mance of the system in predicting the evolution of the
subtropical high over the Western Pacific. For this
purpose, some special evaluating indices were devel-
oped; the result favors the use of the ensemble pre-
diction system in medium range forecasts (Mao and
Wang, 2000). Different from the initial perturbation
methods in popular use, Gong et al. (1999) suggested
a new approach which combines the lagged average
forecast and 4DVAR in the construction of the initial
perturbation. Preliminary tests give encouraging re-
sults.

A new area in ensemble prediction is the ap-
plication of the concepts of ensemble prediction in
short range forecasts, especially in forecasts of severe
weather events like heavy rain. Chen’s recent study
(Chen, 2003) shows that ensemble prediction based
on model perturbation is more effective in depicting
the uncertainty of the numerical prediction of heavy
rain events in comparison with that based on the per-
turbation of initial conditions. However, further study
(Chen et al., 2003) shows that the perturbation of ini-
tial conditions is also effective if the proper model ele-
ments are perturbed. Most heavy rain events in China
occur on the large-scale backgrounds of weak baroclin-
ity. The perturbation algorithms for initial conditions
used by most operational centers are based on the the-
ory of dynamic instability, so they are not able to cap-
ture the diversity of predictions of heavy rain due to
the uncertainty in the initial conditions. An approach
to disturb the initial fields relevant to the mesoscale
gravity waves based on the model perturbation is pro-
posed in their work. A hybrid method of perturbations
in initial conditions, in model physics, and in bound-
ary conditions is also tested in Chen’s work and gives
better results than a single perturbation.

7. Application of numerical weather prediction
in environmental problems

As the resolution of numerical weather prediction
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models increases, the model outputs are more useful
in driving models of environmental elements. On the
basis of Shao’s dust storm model (Shao, 2000), an in-
tegrated experimental numerical prediction system for
dust storms has been developed at the National Mete-
orological Center/China Meterological Administration
(NMC/CMA). The system comprises an atmospheric
model, a land surface model, a wind erosion scheme,
a transport and deposition scheme, and a geographic
information database. The system is nested with op-
erational global model T213. The system captured the
main features of severe dust storm events in the spring
of 2002 in its pre-operational trials.

Efforts were also made in the development of pre-
diction models for urban pollution. A high-resolution
model of the concentration of pollutants in Beijing
City was developed at the Chinese Academy of Meteo-
rological Sciences (CAMS). The atmospheric model is
based on the mesoscale non-hydrostatic model MM5
with atmospheric chemistry processes and transporta-
tion of pollutants included. The resolution of the
model is as high as 500 meters, so small-scale ter-
rain and the main features of the city land surface
and building blocks are resolved to some extent in the
model. The model is expected to be applicable to the
environmental management of Beijing City (Xu Xi-
angde, personal communication).

Wang et al. (2002a, b) used a regional climate
model to drive a high-resolution distributed hydrology-
soil-vegetation model (DHSVM). They improved the
parameterization schemes for land surface and vegeta-
tion and the evapotranspiration process in the model.
The model is used to study the hydrological process
in North China and the local response to the climate
change. The model succeeded in simulating the water
cycle in the period 1979–1991, proving its usefulness
in solving water resource issues.

8. Summary and discussion

Stimulated by the requirements for high quality
products of numerical weather prediction and the
rapid progress in the observing system and computer
power in China, a key state research and development
project was launched in China. This 5-year project,
known as GRAPeS, aims at developing a Chinese new
generation data assimilation and prediction system for
global medium range and regional mesoscale weather
prediction. In the past two years, the scientist teams of
the GRAPeS project have completed the development
of a non-hydrostatic model dynamic core and some
main physical processes. A 3DVAR system capable
of assimilating both conventional and satellite irradi-
ance data was also set up. In addition to the studies

conducted by this state key project, pronounced pro-
gresses also came forth out of the scientist team of
GRAPeS on ensemble forecasting, numeric algorithms
of dynamic models, model physics, and coupling of at-
mospheric models with land surface, hydrological, or
pollutant transport models. The achievements have
set up a solid foundation for the new generation nu-
merical system in China. However, the achievements
are still preliminary from the point of view of the long-
term goals of the development of the numerical predic-
tion system. In the near future, some scientific issues
relevant to numerical weather prediction must be em-
phasized, and are enumerated in the following para-
graphs.

(1) Assimilation of radar and other high-resolution
remote sensing data. Few studies have dealt with the
assimilation of radar observations up to now, even
though more and more data have become available.
The assimilation of radar data may be more difficult
than satellite irradiances due to more uncertainties in
dealing with the reflection of radar beams by rain and
cloud drops. The incompleteness of the radar observa-
tions and inconsistency in the spatial resolution with
other observational platforms and background fields
are also big challenges. More studies on the physical
basis of assimilation of radar data may be necessary
before an effective operational scheme is set up.

(2) Numerical algorithms for high-resolution mod-
els. The fully compressible high-resolution model re-
tains the three-dimensional acoustic waves which cause
new difficulties in numerical computations. For in-
stance, the semi-Lagrangian scheme commonly used
in current models may be unstable in these cases. For
the same reason, the treatment of model terrain seems
more difficult in the high-resolution models. Some
schemes of treating terrain used in hydrostatic models
are no longer effective in non-hydrostatic models. The
inaccurate computation of dynamic and thermody-
namic variables around the small-scale mountains may
cause more serious problems and destroy the model
integration ultimately due to the three-dimensional
propagation of the acoustic waves. The development
of a new terrain scheme is necessary for the accurate
prediction of mountain-induced rain.

(3) Model physics. The heavy rain events in China
often occur against the background of weak baroclinic-
ity. However the parameterization schemes used in the
models are based on the studies on either baroclinic
mid-latitudes or typical tropical atmosphere. This dis-
crepancy is thought to be one of the main reasons caus-
ing big errors in forecasts of rainfall. More studies with
the data of field experiments are essential for improv-
ing the forecasting of rainfall.

(4) Coupling with and development of models be-
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yond atmosphere. Many evidences show the impact of
physical processes out of the atmosphere on the short
and medium range variability of weather. Coupling
with land surface models is among the most impor-
tant issues for future model development. The com-
plexity of the characteristics of the land surface in
China makes the problem very complicated and diffi-
cult. The first step may be the development of coupled
atmospheric and land surface models focusing on the
timescale of several days. Since most studies on land
surface or hydrological process models are motivated
for studying climate change, new research is required.
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