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ABSTRACT

Numerical simulations of two heavy rainfall cases in the Changjiang-Huathe River basin are performed
with TRMM/PR (precipitation radar) data incorporated into the PSU/NCAR meso scale model MM3.
The mixing ratio of ruinwater ¢ is obtained from the R — g relation (R is the rainfall rate), and the
mixing ratio of water vapor gy in the model is replaced by Gy =gv+gr. Then, TRMM/PR data are used to
modify humidity analysis obtained from conventional radiosonde data, and sensitivity experiments (STE)
are performed and compared to control experiments (CTL). Results show that both the heavy rainfall
distribution and its maximum amounts from STE are improved compared with those from CTL.

Key words: TRMM /PR, numerical simulation, mixing ratio of rainwater, mixing ratio of vapor, heavy
rainfall, spin-up problem, cumulus parameterization scheme

1. Introduction

During the last two decades, mesoscale models
have been used to study rainstorms, and continuous
progress has been made. But some problems still ex-
ist when using mesoscale models to do real-time pre-
diction or simulation. One of the problems is due
to data, since the initial field for numerical simula-
tions or predictions ordinarily uses radiosonde data,
which mainly contains large-scale weather systems
since the average distance between radiosonde stations
is about 300 km, but meso scale and microscale sys-
tems which are directly related to rainstorms are often
missed. This deficiency leads to deviations of distri-
bution and maximum values of simulated or predicted
rainfall. However, incorporating satellite or radar data
with higher temporal and spatial resolutions into the
mesoscele model can improve this deficiency. As noted
by Turpeinen et al. (1990}, numerical weather predic-
tion models are still plagued in forecasting appropri-
ate amounts of precipitation during the first 12 hours
of integration. This is the so called spin-up problem
of condensation and precipitation. Since the 1980s,
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this problem has been worked on in order to shorten
the spin-up time and increase the predicted rainfall
amount. Researchers have made use of radar or satel-
lite data in the model for resolving these problems. Ex-
amples are as follows: (1) Wolcott and Warner {1981)
and Jiang et al. (1994) applied satellite data and rain-
fall observation at the initial time for modifying the
initial humidity field in the numerical simulation. (2)
Ninomiya and Kurihara (1987) made use of IR satel-
lite data for the forecast experiment of a long-lived
mesoscale convective system in the Baiu frontal zone.
(3) Turpeinen et al. (1990) incorporated the latent
heat forcing by using IR and VIS satellite data into
the Canadian regional finite-element model with static
initialization. (4) Wang and Warner (1988) estimated
the radar-based precipitation rate and used hourly rain
gauge data to define a three-dimensional latent heat-
ing rate field that contributes to the diabatic heating
term in the model’s thermodynamic equation during
the forecast period. (5) Mills and Davidson (1987)
proposed a system [or deriving tropospheric moisture
profiles from GMS IR satellite imagery. (6) Guo et al.
(1999) studied the use of radar data in the numerical
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simulation of heavy rainfall in the Changjiang-Huaihe
River Basin. (7) Ge el al. {1998, 1999, 2000) ap-
plied both radar and satellite data for the real-time
nimerical experiment. and simulation of heavy rainfall
and obtained hetter results. In the above-mentioned
work, some researchers pointed ont that it was impor-
tant that the humidity around the rainfall region was
improved when radar and satellite data were incor-
porated into meso scale models. Further more, Wal-
cott and Warner (1981) emphasized the importance of
the adjustment of the humidity accompanying the dia-
balic initialization, and argued that if the environment
is not humid enough, the upward motion associated
with the initialized divergence field will not be sus-
tained by latent heat release. In 1997, Sun and Crook
assinilated radar data into a cloud model with the
Z — g, relationship Z is the radar reflectivity factor).
They found that assimilating the rainwater mixing ra-
tio g obtained from the reflectivity data Z, results in
a botter performance of the retrieval procedure than
directly assimilating the reflectivity, and that the tech-
nigne is robust to calibration errors in reflectivity. In
this paper, we consider Sun and Crook’s procedure in
this aspect with some differences. The major differ-
ence is that in their work they use the Z — g, relation,
but in this paper the R — ¢ relation (R is the rainfall
rale) is used. Detailed information will be given in the
nexi section.

The Tropical Rainfall Measuring Mission (TRMM)
is a joint mission between the U.S. and Japan, and
it is the first satellite-based earth observaiion mis-
sion to monitor tropical rainfall. TRMM was launched
by the H-TI rocket from National Space Development
Ageney of Japan (NASDA)/Tanegashima Space Cen-
ter in November 1997, and has moved into a circular
orbit. of altitude 350 ki, inclination angle 35° and pe-
rind 90 min. TRMM’s precipitation radar (PR} is the
first radar designed specifically for monitoring rainfall
which will operate from space. The precipitation radar
on the TRMM satellite enables us 1o clearly observe
the three-dimensional storm structure over the ocean
and land where no radar data of this kind has been
available before. Since it was launched, much more
progress has been achieved. In this paper, numerical
simulations of two heavy rainfall cases that happened
in 29--30 June and 1-2 July, 1998 in the Changjiang-
Huaihe River basin, are performed with TRMM/PR,
radar data incorporated into the PSU/NCAR, méso
scale model MMB.

Although the TRMM satellite can cover the tropi-
cal and subtropical zone and can get the statistical pre-
cipitation of each month and year of the zone, it cannot
give data for a contimious time {or a given area, Dur-
ing a heavy rainfall, event, the satellite map only sam-
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ple the event at one particular instant in its evolution.
This is a problem when we incorporate TRMM/PR
data into the numerical model at the initial integration
time. But if we can get data from a radar network, we
can incorporate the radar network data into the nu-
merical model at the initial integration time instead

of TRMM/PR. data.

2. Method and data
2.1 The model

The mnonhydrostatic version of PSU/NCAR
mesoscale model version 5 (MM3) described in detail
by Grell et al. (1993) is used. The model physics se-
lected for this study is the Grell cumulus parameteriza-
tion scheme. The model contains 145 % 126 grid points
horizontally with grid intervals of Ax = Ay = 40 km,
and the vertical integration domain is from the surface
to 100 hPa with 23 layers of different heights. Two sim-
unlations are performed the control simulation (CTL)
which uses surface and radiosonde data, and the sen-
sitivity experiment (STE) in which TRMM/PR data
are incorporated into the numerical model radiosonde
and surface data.

2.2 The method

Many previous observational studies have shown
that natural variations of the drop size distribution in
time and space can lead to different Z — R reiations,
ultimately producing different estimates of rain rates
(e.g., Battan 1973; Ulbrich 1983; Austin1987; Huggel
et al. 1996). The relation between Z and ¢, (g is
the mixing ratio of rainwater} is derived analytically
by eliminating the rainfall rate between the expres-
sions for the Z— R and g.— R relationships. From the
definition of rainfall estimate 2 Eq.(1), moisture water
content M Eq.(2) and reflectivity factor of the radar Z
Eq.{3), we know the empirical Z—R and M—Z relations
are of the form Z=aR" and M = ARB respectively.
The relation between Z and M is Z = A~%/ Bqpr®/B
and varies with the drop size distribution. Here a and
b are not constant, yet if we assume the values of o
and b are constant, then the value of M will deviate
from the exact value. In the product of TRMM/PR
2A25, the parameters a and b are both functions of
the rain type, existence of the bright-band, freezing
height, storm height, and absolute height. Effects of
the difference in the raindrop size distribution by rain
type, the phase state, the temperature, and the differ-
ence in terminal velocity due to changes in air density
with height are taken into account. The coefficient
a is further modified by the index of non-uniformity.
The rainfall estimates are calculated at different levels
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from the attenuationcorrected Z-profile for the attenn-
ation wave length by using a power law Z=aR?. And
the relation of g, —M is M = pg,. This indicates that
the value of Af varies with the drop size distributien.
Onc hundred fifty-five Mei-yu rain drop spectra in the
Nanjing area, sampled from 1980 to 1983, are analyzed
aud provide the value of A and B (Xu et al,, 1987),
A=0.069 and B = 0.89.

Rainfall estimate:
| —
R = ]0 67rD3ND[V(D) — W)dD (1)
Moisture water content:
<
M= / ~ D*NndD (2}
0 6
Reflectivity factor:
Z= f DENp £(X, DYdD (3)
0

Assuming ng = 8 x 10% m™4, yields
M = pg, = 0.0698°59 {4)

In the above, Z, M,q,, and p are the reflectivity
(units: mm® m~3), moisture water content (g m~°),
mixing ratio of rainwater (g kg~1), and the density of
air (kg m™?), respectively. Parameter D is the rain-
drop size (mm) and NpdD is the nimber of precipi-
tation particles per unit volume per unit size interval.
The parameter V(72) (m s~ 1) is the terminal velocity
of the rainfall and W (m s™1) is the airflow ascend-
ing velocity. The function f{A, D} is the ratio of Mie
backscatter area to Rayleigh backscatter area.

Table 1 gives the moisture water content in convec-
tive clonds (Flecher, 1962), yet some researchers have
found thatl the moisture water content in convective
clouds can reach 20-30 g m~3. The order of the mix-
ing ratio of ehserved vapor g, in the layer of 850-700
hPa is about 1071-10' g kg~!. So during convective
rainfall the order of the mixing ratio of rainwater g, is
same as the order of the mixing ratio of vapor ¢, thus
cannot neglect the mixing ratio of rainwater ¢ during
integralion in the mesoscale model. )

In this paper, numerical simulations of two heavy
rainfall cases in the Changjiang-Huaihe River basin
are carried out with TRMM precipitation radar data
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incorporated into the PSU/NCAR meso scale model
MM5. The mixing ratio of rainwater g is obtained
frow the R — g, relation, and the mixing ratio of water
vapor q, in the model is replaced by ¢, = ¢, +¢,. This
procedure is used in order to consider both the mixing
ratio of rainwater and that of water vapor in the maodel
during integration. The Grell scheme is based on the
rate of destabilization or quasi-equilibrium, and is a
simple, single-cloud scheme with updraft and down-
draft fluxes and compensating motion determining the
heating/moistening profile. It is useful for smaller grid
sizes 10 -30 kin, and tends to allow a balance between
resolved scale rainfall and convective rainfall. This is
a very simple scheme that was constructed to avoid
first-order sources of errors. There is no direct mix-
ing between cloud air and environmental air, except
at the top and the bottom of the circulations. And no
cloud water is assumed to exist; all water is converted
to rain. From the moisture equation Eq.(5) and rain-
fall equation Eq.(8), the water phase state does not
need to be known. And the meisture static encrgy
equations Eq.(8) and (7) show that the addition of ¢,
will increase the moisture static energy and lead to the
change of the heating and moisture profiles. The basic
idea of the Grell scheme is very similar to that of the
Arakawa-Schubert scheme, yet there are some differ-
ences between the two. The Arakawa-Schubert scheme
considers the existence of muiti-clouds, allows for cn-
trainment into updrafts and allows for downdrafts, and
allows liquid water to exist in the clouds. The ba-
sic physical meaning of the moisture equation {Grell
scheme Eq.(5) below) is very close to Fe.(5.3.2.2.29) of
the Arakawa-Schubert scheme (vef. Grell et al, 1993).
But the right form of Eq.(5) does not contain terms
which express the vertical change of suspended liquid
water. If the parameter ¢ in Eq.(5) is replaced by ¢/,
(here ¢, = gy + gr, and g, is the mixing ratio of vapor
and ¢ is the mixing ratio of rainwater), then Eq.(5)
will have same meaning as Eq.(5.3.2.2.29) of Grell et
al. (1993). So, the consideration of liquid water into
the Grell scheme is feasible,

[aquc)] _ daemy  da(zhmw,
Ccu

ot dz dz
_aa(z)mo _ 8(z)me
8z * dz (%)

Table 1. Moisture water content in convective clouds (units: g m~%)

Moisture water content Cumnlus Curmulus, cumulus congestus cloud  Cumulus congestus clond, Cumulonimbus cloud
Average 0.18 - 0.64 0.6 - 1.0 0.4-1.0
Maximum 0.21 - 1.71 3.0~ 38 4.0-6.5




188 ATWANCES IN ATMOSPHERIC SCIENCES

e 29 e

——L“'w .

:_—— I

=

e

IME  1H2E k3 4L

115E  116E  T7E  118E 19E  §20E 121E

Fig, L. Observed 24 hour accumulated rainfall from
0000UTC 29 0000UTC 30 June 1998 (units: mm).

h{z) = epT(2) + gz + LG(z) (6)
Rk  Ohu{zym,  BR(Z)my
[ o ](IU B 0z dz
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In the above, my, is the mass flux of the updrafts
at their originating level, mg is the mass flux of the
downdrafts at their originating level, and 1-4 is the
precipitation efficiency. The overline denotes an envi-
ronmental value, subseript u denotes an updraft prop-
erty, and subscript d denotes a downdraft property.
The term I, stands for the integrated condensate in
the updraft. Here R stands for rainfall and h repre-
sents moisture static energy, ¢ is the mixing ratio of
vapor, g is the acceleration duetogravity, L is the la-
tent heat, and ¢, is specific heat at constant pressure.

2.3 Data analysis

The data used in this paper are the TRMM/PR
rainfall estimates, 2A25. The domain of the data is
the belt of Fig. 2 for the rainstorm of 29 June 1998,
and of Fig. 6 for the rainstorm of 1 July 1998 respec-
tively in the horizontal direction and 0-12 km in the
vertical, with grid intervals of the data as Az=~Ay=5
km and Az =250 m. Two procedures are used to treat
the original data. In the horizontal direction, the max-
imum value around the model grid point is selected
with a radius of 20 km. In the vertical, a partial La-
grange interpolation is used to insert the data into the
model.
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Fig. 2. TRMM/PR rainfall estimates at 2 km of height from 0454UTC to 0457UTC 29 June 1998, storm 1

{units: mm h'Y,
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Fig. 3. Simulated 24 h precipitation of (a) CTL and (b)
STE for 0000UTC 29 June to 0000UTC 30 June 1998,
storm 1 {units: 10 mm).

3. Heavy rainfall cases and results

Turpeinen ct al. (1990) indicated that three causes
contribute to the spin-up problem: the initial specifi-
cation of divergence, the initial moisture and thermal
flelds, and deficiencies in the physical parameteriza-
tions. The results in this section will show how the
spin-up problem can be improved through the chang-
ing of the moisture field in the model.

3.1 Rainstorm of 29 June 1998

The severe rainstorm case of 29-30 June 1998
(storm 1) is used for numerical simulation. Figure 1
shows the observed 24 h precipitation for 0000UTC 29
to 0000UTC 30 June 1998, with 2 maximums of 279
mm and 214 mm located at A (115.5°E, 33.0°N) and
B (118.5°E, 33.2°N) respectively. This severe rainfall
event was formed mainly by a meso-o scale cyclonic
vortex at 500 hPa situated in the upper reaches of the
Huaihe River at 0000UTC to 0457UTC 29 June 1998,
and this vortex moved eastward to the middle and
lower reaches of the Huaihe River. The TRMM/PR
data was incorporated into model at 0456UTC 29 June
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1998. Figure 2 shows rainfall estimates from TRMM
precipitation radar at 2 km of height from 0454UTC 29
June, 1998. There is a maximum rainfall belt located
at {115°-117°E, 33° 34°N) at 2 km of height (Fig. 2),
and maximum 4 is lacated in it. A another maximum
rainfall is located at {110°-112°E). Results below show
that both the heavy rainfall distribution and its max-
imum amounts in the sensilivity experiment (Fig. 3b)
are improved over those in control experiment (Fig,
3a).

The simulated rainfall from CTL in thc same time
period as Fig. | is shown in Fig. 3a. The overall lo-
cation of the rainbelt in Fig. 3a is roughly in accor-
dance with that in Fig. 1, but the rainfall amount of
maximum A (137.6 mm 24 h~!) is much less than the
observed amount, and maximum B is not even repro-
duced by the simulation.

The simulated rainfall amounts are improved in
STE, as shown in Fig. 3b. In the figure, the value
of maximum 4 is 180.9 mm which is obviously larger
than in CTL, but maximum B is not reproduced ei-
ther. The total rainfall is increased in STE. Fur-
thermore, in CTL there is a fictitious maximum rain-
fall area (117°-118°E, 32°N) which does not exist in
the observed field, yet in STE, this maximum rain-
fall area disappears. The moisture field located at A
is increased in STE and the moisture field located at
(117°E-118°E, 32°N) is changed little (the rainfall es-
timate is very small in this area). So, the incorpore-
tion of TRMM/PR is useful to improve the results of
the numerical simulation of heavy rainfall. Figure 4
shows that in the moisture field, the maximum value
of the rainbelt is increased greatly in STE, and there
is a maximum area in Fig. 4b which is in the vicinity
of A. Table 2 also shows that the spin-up problem can
be improved through modifying the moisture ficld.

3.2 Rainstorm of 1 July 1998

On 1 July 1998, another rainstorm (storm 2) hap-
pened in the area from the south of the Huaihe River to
Shandong Province. Figure 5 shows the observed total
24 h rainfall. In the figure, the rain-covered area is fur-
ther north than that of Storn 1. There are four max-
imums and one is located at 4 {114.02°E, 33.36°N)
with a value of 209 mm. The weather situation is sim-
ilar to that of storm 1. At 500 hPa, a trough line lies
from the Shandong Peninsula to Chongqing city. The
trough line also, is located further north than that of
storm 1.

The two storm cases happened in the Huaihe River
basin and the weather situations of these two days are
very similar, but there are still some differences. The
maximum value of the storm 1 rainfall is larger than the
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Table 2.  Simulated precipitation maximum (mm) A of the control {CTL) and sensitivity experiment (STE) for four
time intervals starting at O00DUTC 29 June 1998 (Storm 1)
Item location 0-6 h 0-12 h 0-18 h 0-24 h
CTL 116.04L, 33.29N 452 9.7 129.4 1376
STE 116.04E, 33.29N 5L.8 132.2 172.9 180.9
abservation 115.5E, 33.0N 169.0 245.0 257.0 274.0

Table 3. The location and temporal distribution of maximum A of CTL, STE and observation

[tem location 06 h 612 h 12-18 h 18-24 h 24 L total rainfall
Observation 114.02°E, 33.36°N 0.0 199.0 &0 0.Q 207.0

ol 115.17°E, 34.39°N 0.0 hHR.2 81.5 39.3 179.0

STE 113.87°F, 33.27°N 222 95.3 35.6 8.3 169.4

storm 2 rainfall, and the area covered by the 200 mm
isoline of the former is larger than that of the lat-
ler. ‘The rain belt is oriented east-west in storm 1,
but northeast southwest in storm 2. The time period
of the strongest rainfall for storm | is in the first 12
h. but the strongest rainfall for storm 2 is in 6-12
h. Because of the spin-up problem, the result of the
control experiment (Fig. 7a) evidently deviated from
observation (Fig. 5). However, when the TRMM/PR
data (Fig. 8) observed during 0406UTC to 0409UTC 1
July 1998 is incorparated into the model at 0408UTC
I July 1998 (the sensitivity experiment, STE), the re-
sults {Fig. 7b) become close to observation.

[t can be seen from Table 3, Fig. 5, and Fig. 7 that
the locationr and temporal distribution of maximum
A of STE is closer to abservation than that of CTL.
The tewporal concentration of rainfall and the spin-
up problem cause the position of 4 in CTL to be far
from the observed. Because the moisture field is im-
proved when a TRMM/PR data is incorporated into
the model, the spin-up problem is improved, leading
to better temnporal and spatial distribution of the rain-
belt, There are some unsatisfactory results in Table 3
however. The first is that the rainfall occurred earlier
in STE, perhaps because the TRMM/PR data is in-
corporated into the numerical model two hours before
the observed rainfall lime. Another shortcomming of
STE is that the maximum value is smaller than that of
CTL. However, the total rainfall amount of the entire
rainbelt in STE is larger than that of CTL, and max-
imum value of the three six-hour periods {from §-24
h) is cioser to observation than CTL, especial in the
second six-hour period.

Thus, during the first few hours in CTL, the devel-
opment of the simulated rainfall system does not do
well, but develops strongly after the observed rainfall
system disappears, hence the main cause of its defi-

ciency. Waleotl and Wamer {1981) emphasized the
importance of the adjustment of the humidity accom-
panying the diabatic initialization, and argued that if
the environment is not lnnid encugh, the upward mo-
tion associated with the initialized divergence field will
not be sustained by latent heat release.
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4. Conclusions

Two new modifications of a mesoscale model are
intraduced in this paper: (1) the improvement of the
Cirell scheme by consideration of liquid water, and
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(2) the incorporation of TRMM/PR data into the
mesoscale model. According to the results of the above
experiments, the following conclusions are given.

(1) The procedure of calculating ¢, through the re-
lation of B—¢; and incorporating TRMM/PR data into
the mesoscale model using the relation ¢, =¢, + ¢; is
feasible.

(2) The locations and maximum values of the heavy
rainfall cases in the Huaihe River basin, via stmula-
tion with mesoscale model MM5 with incorporated
TRMM/PR data, arc evidently closer to the ohser-
vations than those without TRMM/PR data.

(3) The spin-up time is shortened in simulations
made using TRMM/PR data (STE) compared to ex-
periments without using these data (CTL).

(4) The explicit influence of incorporating
TRMM /PR data is the inclusion of mesoscale cloud
clusters, which contain very large amounts of mois-
ture conlent that would frequently be missed by only
nsing couventional radiosonde data because the aver-
age distance between radiosonde stations is about 300
km.
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Fig. 6. TRMM/PR rainfall estimates al 2 km of height from 0406UTC to 0409UTC | July 1998, storm 2
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(5) The spatial resolution of TRMM/PR data is
very high, but the temporal resolution is very low.
The satellitelsensor cannot capture the whole process
of a heavy rainfall, which brings some deficiencies in
the application of TRMM/PR data in the numerical
model. When the growing radar network data becomes
available for use in numerical models, it is expected
that hetter resulls will be obtained.
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