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ABSTRACT

On the basis of the joint estimated 1-h precipitation from Changde, Jingzhou, and Yichang Doppler
radars as well as Wuhan digital radar, and the retrieved wind fields from Yichang and Jingzhou Doppler
radars, a series of numerical experiments with an advanced regional n-coordinate model (AREM) under
different model initial schemes, i.e., Grapes-3DVAR, Barnes objective analysis, and Barnes-3DVAR, are
carried out for a torrential rain process occurring along the Yangtze River in the 24-h period from 2000
BT 22 July 2002 to investigate the effects of the Doppler-radar estimated rainfall and retrieved winds on
the rainfall forecast. The main results are as follows: (1) The simulations are obviously different under
three initial schemes with the same data source (the radiosounding and T213L31 analysis). On the whole,
Barnes-3DVAR, which combines the advantages of the Barnes objective analysis and the Grapes-3DVAR
method, gives the best simulations: well-simulated rain band and clear mesoscale structures, as well as their
location and intensity close to observations. (2) Both Barnes-3DVAR and Grapes-3DVAR schemes are able
to assimilate the Doppler-radar estimated rainfall and retrieved winds, but differences in simulation results
are very large, with Barnes-3DVAR’s simulation much better than Grapes-3DVAR’s. (3) Under Grapes-
3DVAR scheme, the simulation of 24-h rainfall is improved obviously when assimilating the Doppler-radar
estimated precipitation into the model in compared with the control experiment; but it becomes a little worse
when assimilating the Doppler-radar retrieved winds into the model, and it becomes worse obviously when
assimilating the Doppler-radar estimated precipitation as well as retrieved winds into the model. However,
the simulation is different under Barnes-3DVAR scheme. The simulation is improved to a certain degree no
matter assimilating the estimated precipitation or retrieved winds, or both of them. The result is the best
when assimilating both of them into the model. And (4) Barnes-3DVAR is a new and efficient initial scheme
for assimilating the radar estimated rainfall and retrieved winds.
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1. Introduction

Heavy rain, which is usually triggered by a series
of severe meso- or -y convective systems (Tao, 1980),
is one of main meteorological disasters. One way of
forecasting heavy rain is mesoscale numerical model.
Whether initial model field contains correct mesoscale
information or not is a key factor in forecasting heavy
rain. So far, the initial fields of mesoscale model
are mainly from radiosoundings and background fields
forecasted by large-scale weather model. Due to spa-
tial sparseness, it is hard to catch mesoscale details of

heavy rain systems, and therefore it is very difficult to

forecast heavy rain accurately. In the last few years,
with the enhancement of detection tools and improve-
ment of detection technology, more and more data
are available. For example, Doppler radar network
in China has become an important observing network.
Besides providing quantitative rainfall monitoring and
disastrous weather nowcasting, Doppler radar detec-
tions, containing sufficient mesoscale information such
as cloud, precipitation, and winds with high tempo-
ral and spatial resolution, are becoming an important
data source for mesoscale model. How to apply these
data into mesoscale numerical model effectively and
sufficiently is a question needing to be solved as soon
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as possible.

Since Gal-Chen (1978) firstly generated initial
pressure field from winds with thermodynamic inver-
sion technology and applied Doppler radar data into
anelastic model, much progress in the assimilation of
Doppler radar detections has been made in a short
time. The meteorologists (Sun et al., 1991; Qiu and
Xu, 1992; Shapiro et al., 1995; Tao, 1992) developed a
series of technologies to retrieve wind vectors and tem-
perature fields from Doppler radar detections. These
technologies have laid a foundation for using Doppler
radar data in numerical model. Shapiro et al. (1996)
made forecasting experiments using initial fields gen-
erated from Doppler radar data based on wind vector
inversion.

Sun et al. (1991, 1994, 1997, 1998) advanced
a 4DVAR system to assimilate and retrieve Doppler
radar data with four-dimensional variational method,
cloud model, and its adjusting model, then improved
the 4D-VDRAS (four-dimensional variational Doppler
radar analysis system), checked it by gust wind data,
and obtained a good result. Weygandt (1998) and Gao
et al. (1998) initialized mesoscale numerical model
with retrieved data from single Doppler radar and also
got a hopeful result. Qiu et al. (2000) put up with a
quasi-four-dimensional variational method to retrieve
wind vectors from single-Doppler radar data, gener-
ated initial pressure field from winds with thermo-
dynamic inversion technology presented by Gal-Chen
(1978), and then made numerical experiments to fore-
cast a squall-line storm system passing through Okla-
homa with the Advanced Regional Prediction System
(ARPS) developed by the Center for Analysis and Pre-
diction of Storms (CAPS). The results indicate that
the forecasts are improved obviously when Doppler
radar data are assimilated into model initial fields. Ma
et al. (2001) carried out single Doppler radar wind in-
version and assimilation numerical experiments, which
show that the application of retrieved horizontal winds
into mesoscale numerical model helps to analyze and
forecast meso- and micro-scale weather systems. Wang
et al. (2004a, b) made one-dimensional variational as-
similation of Doppler radar estimated rainfall by ad-

justment of humidity profiles, which indicates that
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using Doppler radar estimated rainfall into numeri-
cal model can improve heavy rainfall forecasting obvi-
ously. Wan et al. (2005) advanced a method for di-
rectly assimilating Doppler radar radial velocities and
echo intensities in a variational assimilation frame and
carried out numerical case studies.

In the last few years, the assimilation of Doppler
radar data has been given more and more attention in
the formation of model initial values. But as far as it
goes, the Doppler radar data are not used efficiently in
numerical weather forecast. Therefore, it is necessary
to do further research.

During the period of 22-25 July 2002, a weather
pattern of “two troughs and one ridge” is persistent
and stable in the middle-high latitudes of East Asia
with a cold trough dominating this area in the up-
per air and surface cold air surging to the south, a
long-lasting heavy rain with high intensity occurred
widely along the Yangtze River (see Shi et al., 2003).
S-wave Doppler radar at Yichang and Changde and C-
wave portable Doppler radar at Jingzhou detected the
rainfall system with every-6-min volume scanning and
obtained a large amount of detecting data. Xiao et
al. (2005) retrieved hourly rainfall with detections of
the three Doppler radars and Wuhan WSR-81S dig-
ital radar and then made a reflectivity mosaic. At
(2004) made a three-
dimensional wind inversion with VVP (velocity vol-

the same time, Cheng et al.

ume processing) method and found that the heavy rain
is generated by several meso-3 systems embedded on
a meso-a shear line in a favorable large-scale atmo-
spheric circulation. In this paper, a three-dimensional
variational assimilation is carried out to simulate the
heavy rain in 24 h starting at 2000 BT (Beijing Time)
22 July 2002 with these radar-retrieved rainfall and
winds, and to investigate the different effects of radar-
estimated rainfall and radar-retrieved winds on rainfall

forecast under three different model initial schemes.
2. Features of heavy rain on 22 July 2002

At 2000 BT 22 July 2002, a “two troughs and one
ridge” weather pattern dominates stably in mid- and

high-latitudes of Eurasia—two lows are in the east of
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Ural Mountains and North China, respectively, with
a high ridge in Baikal region as a blocking sys-
The West Pacific subtropical high is ori-

ented southwestward-northeastward and stable, with

tem.

its main body further east and north than normal.
The mid-lower valleys of the Yangtze River are domi-
nated by a wide trough and continuously influenced by
eastward moving short waves from Baikal ridge (Fig.1,
Zhao et al., 2003). Heavy rain is generated by the in-
teraction between different scale weather systems un-
der such a favorable large-scale circulation.

During the 24-h periods ending at 2000 BT 23
July, heavy rain occurred widely in the connecting ar-
eas of Hunan-Guizhou, Hunan-Hubei, Hubei-Henan-
Anhui, and Jiangsu-Anhui, with 24-h rainfall more
than 100 mm in over 20 observing stations (Fig.2).
The 24-h rainfall at Dawu is 192.4 mm, with a max-
imum rain rate of 23.2 mm h~!. The rain band is in
an SW-NE orientation and mainly in Sinan, Yuanling,
Jingzhou, Dawu, Yingshang, Bengbu, and Huaiyin,
with several heavy rain centers in the vicinity of Sinan,
Yuanling, Lixian, Jingzhou, Guangshui, Dawu, Ying-
shang, Bengbu, Huaiyin, and Sheyang. The maximum
rainfall is in the middle of the rain band, with six
rainstorm centers, i.e., Dawu, Yingshang, Guangshui,
Bengbu, Yuanling, and Jingzhou, respectively. The

rain mass is small and of typical meso-3-scale

Fig.1. Synoptic scale systems and overlaid
physical variables at 2000 BT 22 July 2002.
The shading denotes T' <-6°C area at 500 hPa,
the dashed line for |V| =25 m s™* at 200 hPa,
the dotted line for |V| > 12 m s™* at 850-hPa,
the solid 588-dagpm line for the characteristic
line of the subtropical high, the 580-dagpm
line for the position of 500-hPa troughs, and
the barbed arrow for the wind at 700 hPa.
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Fig.2. 24-h rainfall observed at 2000 BT 23
July 2002 (the contour interval is 20 mm).
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Fig.3. Hourly rainfall observed at Dawu,
Jingzhou, and Yuanling in 24 h starting from
2000 BT 22 July 2002.
structure. In outside of SW-NE narrow rain band,

there are several scattered rainfall centers in the mid-
dle of Henan Province, with 45-mm rainfall.

The intense observing rainfall data in six torren-
tial rain centers of the rain band are available only
at Dawu, Jingzhou, and Yuanling. The hourly rain-
fall (Fig.3) shows that there are different features in
the three rainfall centers. There are three long-lasting
rainfall peaks at Dawu and only a rainfall peak at
Jingzhou with rainfall mainly in 0000-0800 BT and
a maximum rain rate of 39.8 mm h~! at 0300 BT 23
July. In contrast, the rainfall in Yuanling occurs before
0000 BT and after 0800 BT 23 July, with no rainfall
in Jingzhou.

3. Mesoscale numerical model and initial value

analysis system

3.1 Mesoscale numerical model

Advanced Regional Eta-coordinate Model
(AREM) developed and improved by Yu et al. (1994;
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2004) is used in this study. An n-vertical coordi-
nate is designed in the model. The variables are dis-
tributed in E-horizontal grids, with a 37-km horizon-
tal resolution, 28 vertical levels and 50-hPa model top.
The model physics progresses include non-local PBL,
horizontal diffusion, large scale rainfall condensation,
Betts-Miller convective parameterized schemes, sur-
face thermal balanced equation for temperature fore-
casting, energy budget for long and short wave radia-
tion, surface sensible, and latent heat transportation.
Moisture advection is calculated by advection differ-
ence. Lateral boundary is fixed. The model is inte-
grated in a domain of 15°-55°N, 85°-135°E, with a
grid of 0.5°(long.)x0.25°(lat.) and 150-s time step.

3.2 Model initial value analysis system

3.2.1 Three-dimensional wvariational assimilation
system

A Grapes-3DVAR assimilation system (Zhang et

al., 2004) developed by Numerical Forecasting Center

of the Chinese Academy of Meteorological Sciences is

used as the analysis system, which attributes the as-

similation to a minimization of cost function:

J(X) = %(X - Xx"'B71(Xx - xP)

+5(HX) — )"0 HX) ~y"). ()
In this function, X is the analysis variable, X b is the
background field, and y° is the observing field. H
is an observing numerator, which is a mapping from
model to observing space. B~ is the inverse of covari-
ance matrix of background errors. O~ is the inverse
of covariance matrix of observing errors. And T indi-
cates matrix transposition.

Grapes-3DVAR is designed to be an A-grid hor-
izontally and p-plane vertically. The cost function
takes a form of incremental variable. Model vari-
ables are separated from analysis. The scheme adopts
stream function, unbalanced potential velocity, un-
balanced geopotential height, and humidity as anal-
ysis variables, which are independent of each other.
The balanced restriction relationship of mass and wind
field is also considered. To realize the computation of

large ill-conditioned B!, the background terms are
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preconditioned using a sequence of variable transfor-
mation, which improves convergence in minimization
process, avoids the direct calculation of B ~1 and de-
creases obviously the condition number of cost func-
tion’s Hessian matrix. The relationship of physical
variables, balanced restriction, EOF decomposition in
vertical direction, and recursive filter in horizontal di-
rection are used to realize three-dimensional varia-
tional assimilation. The LBFGS method is used in
the optimization. Experiments show a reasonable re-
lationship between the multi-variables and a fast con-
vergence in the minimization process (see Zhang et al.,
2004).
3.2.2  Barnes objective analysis system

Yu et al. (2004) designed an objective analysis
scheme of meteorological fields—the improved Barnes
objective analysis based on the principle of step-
by-step correction method. The characteristics of
the scheme are mainly as follows. They use global
medium-range numerical forecast fields as the back-
ground, efficiently including meteorological informa-
tion provided by four-dimensional global data assimi-
lation and model forecast. Gauss distance weighted
function is used as the weighted function of objec-
tive analysis, which makes analysis field contain more
mesoscale features of weather systems. The interac-
tive restriction relationship between wind and geopo-
tential height can make wind and geopotential height
analysis more consistent with each other. The calcu-
lation is accelerated due to station-centered scanning
method. The advantage of Barnes method is that its
weighted function is not related to the scanning radius
threshold but only decided by scale response parame-
ter K. Its basic feature can be decided by the analysis
of response function. Its analysis iteration number de-
creases to two steps and no smoothing is needed in the
analysis. The method is of low-passed-filter features
and can be used to analyze different data.
3.2.3 Barnes-3DVAR assimilation system

On the basis of Barnes objective analysis and
Grapes-3DVAR system, a new initial value analy-
sis scheme, Barnes-3DVAR, is designed. The new
scheme uses the assimilated analysis field from Grapes-
3DVAR as background field and radiosoundings as
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observational field. Then an optimal analysis field by

Barnes method is used as model initial field.
4. Data and preprocess

The observational data used in this study include
surface data, radiosoundings, reflectivities of Yichang,
Changde and Jingzhou Doppler radars as well as
Wuhan digital radar, radial velocities of Jingzhou and
Yichang Doppler radars at 2000 BT 22 July 2002. Be-
sides, the analysis fields of global medium-range nu-
merical model T213L31 by the National Meteorolog-
ical Center of China are used as initial background
field of 3DVAR system. The horizontal resolution
of T213L31 data is 1° x 1° with 14 vertical levels
(1000, 925, 850, 700, 600, 500, 400, 300, 250, 200,
150, 100, 70, and 50 hPa). The observed rainfall data
include every 6-h observations from surface rain gauge
and hourly intense rainfall observed by “973” Program

(China Heavy Rain Program).
4.1 Doppler-radar estimated 1-h rainfall

S-wave Doppler radar at Yichang and Changde
and C-wave portable Doppler radar at Jingzhou de-
tected the rainfall systems with every 6-min volume
scanning and obtained a large amount of detecting
data. At first, echo intensity differences among three
Doppler radars and Wuhan WSR-81S radar are com-
pared within a detected rainfall cloud body. Then
the reflectivities of four radars are corrected and 1-
h surface rainfall is retrieved when mosaics are made.
Last 1-h surface rainfall is obtained after four-radar
retrieved rainfall mosaic is corrected by hourly rain
gauge data with variational method (Zhang et al.,
1992).

Rainfall data cannot be assimilated directly by
Grapes-3DVAR so far.

research, a rainfall assimilation scheme is designed.

In the context of previous

First, a one-dimensional variational assimilation sys-
tem of rainfall developed by Wang et al. (2004a, b)
is used to assimilate radar estimated 1-h rainfall and
obtain optimal humidity profiles. Then the adjusted
profiles are assimilated with Grapes-3DVAR system.
Thus, the rainfall information is assimilated into ini-
tial model field.
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4.2 Doppler radar retrieved three-dimensional

winds

Radial velocities of only Jingzhou and Yichang
Doppler radars in this heavy rain are obtained. Be-
fore three-dimensional variational assimilation, radial
velocities detected by Jingzhou and Yichang Doppler
radars at 2000 BT 22 July 2002 are first retrieved to
get three-dimensional winds at different levels with
VVP method, horizontal and vertical resolutions of
which are both 1 km in a range of 120-km scanning
radius. The retrieved winds at different levels and
radial velocities are compared and shown to be very
consistent, which indicate that the retrieved horizon-
tal winds can basically reflect mean features of real
environmental winds. Cheng et al. (2004) compared
winds retrieved from dual Doppler radar and those
from single Doppler radar by VVP method and sim-
ple conjugate method, and found that the retrieved
winds can both reflect wind structure and its evolu-
tion although these methods are different.

The three-dimensional retrieved wind vectors u,
v, and w by improved VVP method (Wei, 1998) are
obtained at the same height level in radar rectan-
gular coordinate. But the winds to be assimilated
by Grapes-3DVAR system should be in latitude and
longitude coordinates at isobaric surface. Therefore,
the retrieved winds are needed to carry out coordi-
nate transformation. First, the radar rectangular co-
ordinate is changed into latitude and longitude coor-
dinates (Wan et al., 1990). Then according to the
height of retrieved winds and the height and pres-
sure of radiosounding, horizontal winds under latitude
and longitude coordinates at isobaric surface are ob-
tained by dual linear interpolation. The vectors in
Figs.4a, b are retrieved horizontal wind vectors at 700
hPa from Yichang and Jingzhou Doppler radars (some
data are omitted for clearance in drawing the figure).
Wind barb is radiosoundings. There are only two ra-
diosounding stations (Wuhan and Yichang) in the fig-
ure domain. Figure 4 shows that horizontal winds re-
trieved from Wuhan and Yichang Doppler radars are

in a good consistency with radiosoundings at 700 hPa
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Fig.4. 700-hPa winds retrieved from the Yichang (a) and Jingzhou (b) Doppler radar data (vectors) and
observed by radiosoundings (barbed arrows) at 2000 BT 22 July 2002.

in wind direction and velocity, and single radar re-
trieved winds are also basically consistent with radio-
This in-
dicates that the horizontal winds retrieved by VVP
But radar

retrieved horizontal winds contain fine mesoscale wind

soundings in the two-radar covering area.

method can reflect wind basic structure.

information which cannot be provided by radiosound-
ings. For example, there is an obvious east-west di-
rected wind discontinuity line—shear line in Jianghan
Plain area of Hubei Province.

5. 3DVAR numerical experiments

5.1 Experimental design

Convergence and moisture at lower levels are very
important for rainfall formation and evolution. In or-
der to investigate independent roles of Doppler radar
rainfall or wind assimilation and their interaction,
three dimensional variational assimilation experiments

are designed as follows (Table 1).

Table 1. Assimilation schemes for Doppler-radar-estimated precipitation radar and radar-retrieved winds

Initialization Scheme Experiment name

Observing field

Background field

TK Soundings
RH Soundings+radar-estimated rainfall T213L31 analysis
Grapes-3DVAR RW Soundings+radar-retrieved winds field
RH&RW Soundings + radar-estimated rainfall+4
radar-retrieved winds
Barnes B-T213 Soundings T213L31 analysis field
B-TK Experiment TK analysis field
Barnes-3DVAR B-RH Soundings Experiment RH analysis field
B-RW Experiment RW analysis field
B-RH&RW Experiment RH&RW analysis field

The Grapes-3DVAR system is used as initial-
ization scheme. Four experiments are designed on
the basis of observation data types: (1) radiosound-
ings (Exp.TK), (2) radiosoundings and Doppler radar
estimated rainfall (Exp.RH), (3) radiosoundings and
Doppler radar retrieved winds (Exp.RW), and (4) ra-
diosoundings, Doppler radar estimated rainfall and re-

trieved winds (Exp.RH&RW) at 2000 BT 22 July. The

background fields of the four experiments are T213L31
model analysis field at 2000 BT 22 July.

5.2  24-h rainfall forecast analysis

Figure 5 is the simulated 24-h rainfall starting
from 2000 BT 22 July with analysis field of different
observing data assimilations as model initial field. It

can be seen that Exp.TK simulates a narrow rain band
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Fig.5. Rainfall (unit: mm) simulated in the three-dimensional variational assimilation experiments of TK

(a), RH (b), RW (c), and RH&RW (d) in 24 h starting from 2000 BT 22 July 2002.

oriented NE-SW in the connecting area of Hubei,
Henan, Anhui, Jiangsu, and Shandong Provinces with
intense rainfall concentrated in the east of Hubei and
the south of Shandong (Fig.5a). As compared with ob-
servations, the deficiency of 24-h rainfall simulation by
Exp.TK is: (1) The simulated rain band is obviously
weak with 20-mm isohyet only at 28°N, 108°E and
the above 20-mm rain band is not continuous in the
connecting area of Guizhou-Hunan and Hubei-Hunan
Provinces. But the observed 20-mm isohyet crosses
Jiangsu, Anhui, Hubei, Hunan, and Guizhou, being
(2) The simulated rainfall

center is obviously weak, with the rainfall centers of

a continuous rain band.

simulated rain band mainly in the east of Hubei, the
connecting area of Jiangsu-Henan-Anhui, the center
of Henan and the connecting area of Guizhou-Sichuan-
Hunan. Although the location and intensity are differ-
ent when compared with observations, the three rain-
fall centers in the center of Henan and the connecting
area of Jiangsu-Henan-Anhui are simulated relatively
well. Furthermore, model simulates the rainfall cen-

ter at Dawu and Jingzhou successfully. The location

of rainfall center at Dawu is simulated well although
its 132-mm intensity is a little weaker (observation is
192.4 mm). The deficiency lies in the simulation of
the rain band in Guizhou and the connecting area of
Hubei-Hunan. (3) The location of simulated rain band
is different from observations, with its location further
northeast than observation, that is, the longitude of
simulated rain band is larger than observation.
Figure 5b shows the rainfall simulations of EXP.
RH. It can be seen that, after the assimilation of radar
estimated rainfall information into model initial field,
the difference of simulated rain band shape, location
and orientation between Exp.TK and Exp.RH is very
little. But Exp.RH improves the simulation of rain-
fall center structure and intensity. First the simulated
rainfall near Dawu increases from 132 to 151 mm. Sec-
ondly, the simulated mesoscale rain mass in Hubei is
clearer. Thirdly, the simulated rain mass in the con-
necting area of Jiangsu-Anhui are more close to ob-
servation. The observations indicate there are four
rainfall centers, which are located in Bengbu, Suqgian,

Huaiyin, and Sheyang, respectively. The maximum
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rainfall center is in Bengbu with a rainfall intensity
of 128 mm near 32.95°N, 117.38°E. Exp.TK simu-
lated out three rainfall centers with maximum rainfall
center located in 34.5°N, 118°E (148 mm). Exp.RH
simulated four rainfall centers with maximum rainfall
center located in 34°N, 117.5°E (112 mm). The rain-
fall center intensity and location are closer to observa-
tions. Consequently the assimilation of radar rainfall
in Exp.RH on the basis of Exp.TK exerts a positive
effect on the 24-h rainfall simulation.

Figure 5c¢ is the simulated rainfall by Exp.RW.
It can be shown that, when comparing Exps. TK and
RW, the distribution of rainfall band is changed and
rainfall is not in a shape of band. The rainfall in Hubei
and the connecting area of Jiangsu-Anhui is not sim-
ulated well. It should be paid attention to that there
are some improvements although the simulation of rain
band is a little worse on the whole after radar retrieved
winds assimilated into initial field. First, Exp.RW sim-
ulated a single rain mass in the central Henan, which
is connected with the main rain band in Exps. TK and
RH and stronger than observation. Secondly, the rain-
fall simulation in the connecting area of Guizhou and
Hunan is improved, that is, rainfall intensity is in-
creased.

Figure 5d shows the rainfall simulation of Exp.
RH&RW. The simulation is the worst are when com-
pared with above-mentioned experiments. The main
rain band is broken up into three parts and the rainfall

intensity is obviously weaker.
5.3 Analysis of 6-h rainfall forecast differences

The effects of assimilation of radar-estimated
rainfall and radar-retrieved winds on the rainfall fore-
cast can be understood when taking Exp.TK as control
experiment to investigate the rainfall forecast differ-
ences between Exps.RH, RW, and RH&RW in differ-
ent times.

After the investigation of rainfall difference fields
in the four periods of 0-6, 6-12, 12-18, and 18-24 h, it
can be found that:

(1) The 6-h rainfall forecasts are influenced ob-
viously in Grapes-3DVAR scheme no matter assimi-
lating the estimated precipitation or retrieved winds
respectively, or both of them. The 18-24 h simulated
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rainfall differences of Exps.RH, RW, and RH&RW are
-50—60, -80—30, and -90—40 mm, which indicate that
the assimilation of radar-estimated rainfall and radar-
retrieved winds still affect 18-24-h rainfall forecast.
(2) In Grapes-3DVAR scheme, the effects of
Exps.RH and RW on 6-h precipitation are different
in initial model integration, but later the effects come

to be the same with model integration.

6. Numerical experiments of Barnes objective

analysis

6.1 Experimental design

The designed experimental scheme B-T213 is as
follows (Table 1). The initial value is generated by
Barnes objective analysis method, with radiosound-
ings as observational field and T213L31 analysis as
background field at 2000 BT 22 July. It can be found
that, when comparing Exp.B-T213 with Exp.TK, the
data used in the experiments are totally same. The dif-
ferent point is that Exp.B-T213 uses Barnes objective
analysis method as initial value scheme, while Exp.TK
uses Grapes-3DVAR scheme.

6.2 Analysis of 24-h rainfall forecast

Figure 6 gives the 24-h simulated rainfall of
Exp.B-T213. It is shown that the model simulates a
narrow NE-SW rain band across Jiangsu, Anhui, Hu-
nan, and Guizhou, and the simulated maximum inten-
sity center is near Dawu with rainfall of 225 mm, which
is very close to the observation. On the whole, Barnes
scheme successfully simulated the whole rain band, the
shape, location, and intensity of which are all close to
observations. It can be found that, when the details of
the rain band are analyzed, Barnes scheme has some
deficiencies in rain band simulation: (1) the whole rain
band is a little further north than observation, (2)
there exist rainfall differences in the connecting area
of Jiangsu-Anhui between the simulation and observa-
tion, with some rainfall centers not simulated, and (3)
the rain mass in central Henan is not simulated. When
compared with Exp.TK, it indicates that the 3DVAR
scheme simulates well in the above aspects: the loca-
tion of simulated rain band in Exp.TK is consistent
with observation and the rainfall center in the central
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Fig.6. Rainfall (unit: mm) simulated in 24 h
starting from 2000 BT 22 July 2002 in Exp.B-
T213.

Henan is simulated out. Also the rainfall centers in
the connecting area of Jiangsu-Anhui is simulated suc-
cessfully with mesoscale rain mass simulated well. But
Exp.TK does not simulate the whole rain band.

It can be seen that Barnes scheme and 3DVAR
scheme have their own advantages and disadvantages.
For this heavy rain case, Barnes scheme simulates bet-
ter on the whole, which reflects that AREM model has
the capability to simulate wide-range heavy rainfall.
Since the two schemes have their advantages and dis-
advantages respectively, can we design a new initial
value scheme, which can include Barnes scheme and
3DVAR?

7. Numerical experiments of Barnes-3DVAR
scheme

7.1 Ezxperimental design

In Barnes-3DVAR scheme, the analysis field ob-
tained from the assimilation of Grapes-3DVAR system
is taken as background field, radiosoundings are used
as observed field, and the optimized analysis field ob-
tained by Barnes method is adopted as model initial
field. According to different background fields, experi-
ments are further divided into four types (Table 1): 1)
Exp.B-TK, taking the analysis field of Exp.TK as the
background field; 2) Exp.B-RH, taking the analysis
field of Exp.RH as the background field; 3) Exp.B-RW,
taking the analysis field of Exp.RW as the background
field; and 4) Exp.B-RH&RW, taking the analysis field
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of Exp.RH&RW as the background field. In the four
experiments, the radiosoundings at 2000 BT 22 July
are used as the observed field. Compared with Barnes
scheme, the advantage of Barnes-3DVAR. scheme is
that, with the help of Grapes-3DVAR system, non-
routine observational data such as radar detections can

be assimilated into model initial field.
7.2 24-h simulated precipitation analysis

The 24-h simulated precipitation starting at 2000
BT 22 July is shown in Fig.7, with the analysis field
obtained from assimilation of different kinds of obser-
vations as model initial field at 2000 BT 22 July. Com-
paring EXP.B-TK (Fig.7a) with Exp.B-T213 (Fig.6),
we can see, although the same data are used, the sim-
ulated rain belts have changed due to the reason that
different initialization schemes are used to generate
model initial field. In Barnes-3DVAR scheme, rainfall
distribution and location are so obviously improved
that they are consistent with observations. Compar-
ing Exp.TK (Fig.5a), Exp.B-T213 (Fig.6), and Exp.B-
TK (Fig.7a), it is indicated that the simulations of rain
belts are very different in the three different initializa-
tion schemes although the same radiosoundings and
T213L31 analysis field are used. In Grapes-3DVAR
scheme, the rain belt is incompletely simulated, but
some mesoscale can be depicted in detail. In Barnes
scheme, the rain band is completely simulated, but it
slightly slants to the north. In Barnes-3DVAR scheme,
the rain belt is completely simulated and its location
corresponds with observation.

With Barnes-3DVAR scheme, Exp.B-RH (Fig.7b)
in which radar retrieved precipitation and radiosound-
ings are assimilated into model initial field shows that
rain belt is simulated very well, its location corre-
sponds with observation, and rain band mesoscale de-
tails are obviously reflected. Three rainfall centers
near the common boundary areas of Jiangsu and An-
hui, rainfall center at Bengbu, and rainfall center in
Northwest Hunan are well simulated.

Different from Exps.RW and RW&RH in Grapes-
3DVAR schemes, Exps.B-RW and B-RW&RH in
Barnes-3DVAR scheme successfully simulate the
Compared with the tests

rain belt. where only
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Fig.7. Rainfall (unit: mm) simulated in 24 h starting from 2000 BT 22 July 2002 in the Barnes-3DVAR
assimilation experiments of B-TK (a), B-RH (b), B-RW (c), and B-RH&RW (d).

radiosounding data are assimilated, the simulated
rainfall intensity and location are further close to
observations. Exp.B-RW&RH does not only simulate
rain band location, but also precipitation centers (ex-
cept rainfall at Yuanling), which are close to observa-

tions in intensity and location.

7.3 Analysis of 6-h precipitation forecast diff-

erences

Taking Exp.B-TK as control experiment, 6-h pre-
cipitation forecasting differences among Exps.B-TK,
B-RH, B-RW, and B-RH&RW are respectively stud-
ied in order to find out the effects of radar retrieved
precipitation and wind assimilation on rainfall forecast
in Barnes-3DVAR scheme. The results are as follows.

(1) Under Barnes-3DVAR scheme, 6-h precipita-
tion fields are obviously affected no matter assimilat-
ing the estimated precipitation or retrieved winds or
both of them. In Exps.B-RH, B-RW, and B-RH&RW,
18-24-h precipitation differences are from —40 to 15
mm, from —30 to 60 mm, and from —25 to 40 mm,

respectively, which indicates that radar estimated pre-

cipitation and retrieved wind assimilation can obvi-
ously affect 18-24-h precipitation forecast.

(2) Under Barnes-3DVAR
retrieved wind assimilation affects precipitation field

scheme, radar-
more strongly than radar-estimated precipitation
does. More positive or negative centers of 6-h pre-
cipitation differences appear in Exp.B-RW and their
intensities are much stronger than those in Exp.B-RH
(Figs.8a, b). So do differences of 0-6-, 6-12-, 12-18-,
and 18-24-h simulated precipitation.

(3) Different from Grapes-3DVAR scheme, the
effect of Barnes-3DVAR scheme on precipitation fore-
cast is consistent when radar estimated precipitation
and retrieved winds are respectively or simultaneously
assimilated (Fig.8).

centers of precipitation differences in Exp.B-RH ap-

The same negative or positive

pear at the same positions as in Exps.B-RW and
B-RH&RW. It is very significant that the differences
of 0-6-, 6-12-, 12-18-, and 18-24-h precipitation are all
in this way. These facts show that Barnes-3DVAR is
superior to Grapes-3DVAR scheme.

(4) The radar

simultaneous assimilation of



108 ACTA METEOROLOGICA SINICA

retrieved precipitation and wind does not mean adding
them simply together. As it is shown in Figs.8a, b,
when only precipitation or only wind is assimilated,
the positive difference center appears at Dawu in 6-
12-h model integration, with small range and weak
intensity (10 mm). When retrieved precipitation and
wind are both assimilated, the difference at Dawu is 50
mm (Fig.8c). The evolution of observed hourly rainfall
at Dawu (Fig.3) shows that the second rainfall peak
took place in 6-12 model hours, i.e., at 0200 to 0800
BT 23 July 2002.

In this paper, Barnes-3DVAR scheme, which in-
cludes the advantages of Grapes-3DVAR and Barnes
objective analysis method, is a new kind of initial-
ization scheme in which radar estimated precipitation
and retrieved winds can be assimilated. It can simu-
late precipitation better than Grapes-3DVAR scheme.
The torrential rain in the Middle Reaches of the
Yangtze River from 0800 BT 8 July to 0800 BT 9
July is also examined. The result shows that the
model successfully simulates 24-h precipitation after

Doppler radar detections at Wuhan and Yichang are
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assimilated in Grapes-3DVAR scheme. But in Barnes-
3DVAR scheme, the model simulates 24-h precipita-
tion better than in Grapes-3DVAR scheme after radar
retrieved winds are assimilated. This indicates that
precipitation forecasting is better after Barnes-3DVAR
scheme has adjusted Grapes-3DVAR analysis field.

8. Effect of Grapes-3DVAR and Barnes-
3DVAR on element field

The same radiosoundings and T213L31 model
analysis field are used in Exps. TK and B-TK. How-
ever, Grapes-3DVAR scheme is used in Exp.TK while
Barnes-3DVAR scheme is adopted in Exp.B-TK. The
24-h precipitation simulation in Exp.B-TK is much
better than that in Exp.TK. What are the differences
between the two experiments in element field simula-
tion?

Firstly, the distribution of wind, geopotential
height, temperature, and vapor field at initial time
(2000 BT 22 July 2002) at different isobaric surfaces
is studied. As is shown in the 700-hPa wind distri-

bution, flow field structure is similar in the two

120 122°F
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~
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Fig.8. Simulated rainfall differences (unit: mm) of Exp.B-TK with Exp.B-RH (a), Exp.B-RW (b), and
Exp.B-RH&RW (c) in the period of 6-12-h model integration.
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Fig.9. Geopotential height (unit: gpm) and wind fields (unit: m s™') at 500 hPa in Exp.TK (a) and
Exp.B-TK (b) at 2000 BT 22 July 2002, with the shading area indicating the observed 24-h rainfall.

experiments. There are three closed cyclonic circula-
tions to the north side of rain belt and a wide and
strong anticyclonic circulation to its south side. The
rain belt lies just in southwest warm and moist air
to the south side of 700-hPa shear line. As is shown
in 500-hPa situation field, 500-hPa circulation at high
latitude areas of Europe and Asia also presents a pat-
tern of “two troughs and one ridge” in the two ex-
periments. There is a low trough to the east side
of Ural Mountains and another low trough in North
China. The high ridge at Baikal Lake shows a block-
ing pattern. The western Pacific subtropical high is
oriented in northwest and southwest. The main differ-
ences between 500-hPa analysis fields in the two exper-
iments are that the high at Baikal Lake is strengthened
and the low vortex at Northeast China is deepened in
Exp.B-TK. Besides, the simulated West Pacific sub-
tropical high is different in the two experiments. Es-
pecially in the south of the subtropical high, Exp.TK
simulates a cyclonic circulation in wind fields, which
is not reflected in height field. But Exp.B-TK (Fig.9)
simulates a closed low in the area of cyclonic circu-
lation. When viewed from 850-hPa specific humidity
and temperature differences, there exist positive spe-
cific humidity and temperature differences along the
rain band. The biggest specific humidity increment
is 1.5 g kg~! and the biggest temperature increment
is 1.5°C (Fig.10a). On the cross section along 114°E

(heavy rain center at Dawu), the positive specific hu-

midity difference concentrates in heavy rain area from
lower level to 600 hPa with the positive temperature
differences at 900-200 hPa. Above analysis shows that
model initial field has changed after analysis field ob-
tained from Grapes-3DVAR scheme (Exp.TK) is an-
alyzed by Barnes objective analysis method (Exp.B-
TK). That is, the upper air above the surface rain
band becomes moister and warmer, and the 500-hPa
blocking high at middle and high latitudes becomes
stronger.

In the following, the hourly evolutions of element
fields in Exps.TK and B-TK are examined respectively
and it is found that the 500-hPa blocking high in East
Asia, the cold vortex in North China and the subtrop-
ical high are stable continuously. In order to find out
the reasons for the simulated rainfall differences of the
two experiments, their wind- and height-mean fields
are shown in Fig.11. There are obvious differences be-
tween them. In Exp.B-TK, the Baikal Lake blocking
high is wide and strong. The West Pacific subtropi-
cal high extends to west further than in Exp.TK and
its west ridge point reaches 115.5°E. But in Exp.TK,
the ridge point reaches 120.5°E. In Exp.TK (Fig.11a),
there exist two trough lines at 500 hPa in the east of
China. One is North China low trough, whose bot-
tom is located at 35°N, 110°E. Due to the Middle and
Lower Reaches of the Yangtze River to the east of
110°E just locating in the front of North China low
trough, Exp.TK successfully simulates the rain band
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Fig.10. Differences of specific humidity (solid line, unit: kg kgfl) and temperature (dashed line, unit:
°C) between Exps.B-TK and TK (Exp.B-TK minus Exp.TK) at 850 hPa at 2000 BT 22 July 2002 (a, the

shading indicates the 24-h observed rainfall), and their vertical cross section along 114°E (b).

to the east of 110°E. But the intensity of precipitation
center is not fully simulated because it is a little far
away from the trough line. The second trough line
locates near 108°E and orients from south to north,
so the model simulates out the precipitation at ar-
eas between 108° and 110°E, but the precipitation
in Guizhou and other provinces to the west of 108°E
(Fig.5a) is not simulated out because it lies in the be-
hind of southern trough. In Exp.B-TK, the locations
of the vortex and the trough have obviously changed
because the Baikal Lake blocking high is strengthened
and the West Pacific subtropical high extends west-
ward. Under this synoptic pattern, the location of up-
per trough is obviously different from that in Exp.TK.
In Exp.B-TK, there is only a 3000-km upper trough
oriented in NE-SW, stretching from (50°N, 122°E) to
(27°N, 110°E). The 24-h observed rainfall in North-
east China and the reaches of the Yangtze River just
takes place in the southwest flow in front of upper
trough. Moreover, the observed rain band is very near
the trough line. The whole rain band is completely
simulated out in Exp.B-TK and its intensity is also
close to observations.

In Exp.TK, the analysis field obtained by assim-
ilating radiosoundings with Grapes-3DVAR scheme is
used as model initial field. Because there exist differ-
ences between initial temperature, pressure, moisture
and wind fields, and corresponding observations, the
differences further increase in the model integration

so that the simulated precipitation is totally differ-
ent from observation. But in Exp.B-TK, the analy-
sis field of Exp.TK is used as background field and it
is combined with radiosoundings together by Barnes
objective analysis method, i.e., the analysis field of
Grapes-3DVAR improved by Barnes objective analy-
sis method is used as model initial field. The analysis
indicates that, due to the adjustments of the Baikal
Lake blocking high, West Pacific subtropical high, and
other element fields under Grapes-3DVAR scheme at
initial time, the synoptic pattern is very favorable for
the occurrence of close-to-observation rainfall.

When comparing another group of experiments,
Exps. RH&RW with B-RH&RW, where the same data
sources (radiosoundings, radar estimated precipita-
tion, retrieved winds, and T213L31 analysis fields) are
used, the results are very similar to comparison analy-
sis of Exps.TK and B-TK. In Exp.RH&RW of Grapes-
3DVAR scheme, the upper air trough line location is
not favorable for close-to-real rainfall forecast due to
small range and weakness of the Baikal Lake blocking
high and the West Pacific subtropical high extending
eastward to 123°E. However in Exp.B-RH&RW, after
the analysis field of Grapes-3DVAR has been adjusted
by Barnes objective analysis method, the Baikal Lake
blocking high is strengthened and the subtropical high
extends westward. The upper air trough location is fa-
vorable for close-to-real rainfall forecast.
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9. Concluding remarks

On the basis of the joint estimated 1-h pre-
cipitation from Changde, Jingzhou, and Yichang
Doppler radars as well as Wuhan digital weather
radar, and the retrieved wind fields from Yichang
and Jingzhou Doppler radars, a set of numerical ex-
periments under different model initial schemes with
an advanced regional n-coordinate model (AREM),
i.e., Grapes-3DVAR, Barnes objective analysis and
Barnes-3DVAR, are carried out to simulate a heavy
rain in 24-h period starting at 2000 BT 22 July 2002
along the Yangtze River and investigate the effects
of the Doppler radar estimated rainfall and retrieved
winds on the rainfall forecast. The main results are as
follows:

(1) The simulations are obviously different un-
der three initial schemes with the same data source
On the

which combines the advan-

(radiosoundings and T213L31 analysis).
Barnes-3DVAR,
tages of Barnes objective analysis and Grapes-3DVAR

whole,
method, gives the best simulations: well-simulated
rain band and clear mesoscale structures, as well as
their location and intensity close to observations.

(2) Both Barnes-3DVAR and Grapes-3DVAR
schemes are able to assimilate Doppler radar estimated
rainfall and retrieved winds, but the differences in sim-

ulation results are very large. Barnes-3DVAR’s simu-

lation is much better than Grapes-3DVAR's.

(3) Under Grapes-3DVAR scheme, the simulation
of 24-h rainfall is improved obviously when assimilat-
ing Doppler radar estimated precipitation into model
But it be-

comes a little worse when assimilating Doppler radar

in comparison with control experiment.

retrieved winds into model, and it becomes worse when
assimilating Doppler radar estimated precipitation as
well as retrieved winds into model. However, the sim-
ulation is different under Barnes-3DVAR scheme. The
simulation is improved to a certain degree no matter
assimilating the estimated precipitation or retrieved
winds, respectively, or both of them. The result is the
best when assimilating both of them into model—the
orientation and location of simulated rain band is close
to observation, rainfall centers on the rain band, ex-
cept one near Yuanling, are simulated out and well
close to real case and rainfall intensity is also basically
consistent with the observation.

(4) The assimilation of radar estimated precipi-
tation and retrieved winds even has an obvious effect
on 18-24-h rainfall simulations. Under Barnes-3DVAR
scheme, the effects on rainfall forecast are consistent
no matter assimilating the estimated precipitation or
retrieved winds, or both of them. The simultaneous
assimilation of retrieved winds and estimated precipi-
tation exerts a most obvious influence on rainfall sim-

ulation. The radar retrieved wind assimilation comes
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to the second and the radar estimated precipitation
assimilation comes to the last.

(5) Under Grapes-3DVAR scheme, because the
simulated Baikal Lake blocking high is relatively weak,
the West Pacific subtropical high extends eastward
and the vapor is not enough in heavy rain area, the
simulation is not so successful. Under Barnes-3DVAR
scheme, the simulated rain belt is more close to real
situation after the analysis field of Grapes-3DVAR has
been adjusted, because the Baikal Lake blocking high
is strengthened, the West Pacific subtropical high ex-
tends westward and the air in heavy rain area becomes
warmer and moister.

(6) Under Grapes-3DVAR scheme, the simulation
can be improved when the radar estimated precipita-
tion and retrieved winds are assimilated respectively.
But when the two are simultaneously assimilated into
model initial field, the rainfall forecasting becomes
poor obviously. Is it due to the poor compatibility
of the two kinds of data or some non-consistency in
Grapes-3DVAR assimilation of the two kinds of data?
Or is it because, when compared with the background
field, the dense wind field retrieved by VVP method is
so “scattered” that it is regarded as “noise” and nega-
tively affects the analysis field? This problem remains
to be studied in the future. But when the analysis
field obtained by assimilating radar estimated pre-
cipitation and retrieved winds with Grapes-3DVAR
system is used as the background field and the analy-
sis field obtained by analyzing soundings with Barnes
objective analysis method is used as the initial field,
the model forecasting is very successful. This indi-
cates that radar estimated precipitation and retrieved
winds should be very significant to describe mesoscale
details and that the critical points is how to assimilate
them into model initial field reasonably. The Barnes-
3DVAR scheme designed in this paper is no doubt a
new kind of method to apply these kinds of data.
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