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ABSTRACT

la first paper of articles. the physical and calculating schemes of the water—bearing numerical mode] are des-
cribed. The mode] is developed by bearing all species of hydrometeors in a conventional numerical model in which the
dynamic framework of hydrostatic equilibrium is taken, The main contributions are: the mixing ratios of all species of
hydrometeors are added as the prognostic variables of model. the prognostic equations of these hydrometeors are in-
troduced. the cloud physical framework is specially designed, some technical measures are used to resalve a series of
physical, mathematical and computational problems arising from water—bearing, and 50 on.

The various problems (in such aspects as the designs of physical and calculating schemes and the composition of
compwational programme) which are exposed in feasibility test, in sensibility test, and especially in operationat fore-
casting experiments are successfully resolved using a lot of technical measures having been developed from researches
and tests. Finally. the operational forecasting running of the water—bearing numerical maodel and its forecasting sys-
tem is realized stably and reliably, and the fine forecasts are obtained. All of these mentioned above will be described

in second paper.

Key words: Water- Bearing. Numerical Forecasting Model. Cloud Physical Framework, Calculating Scheme

[. INTRODUCTION

Both the cloud and precipitation forecasts are important and difficult problems in nu-
merical weather prediction. In recent years, the simplest cloud physical schems have been in-
troduced into some numerical models (Anthes, et al., 1987; Grell, et al., 1993) which are used
in mesoscale weather research. The purpose is to calculate the complex physical processes of
cloud and precipitation through a technical way approaching to the real atmosphere.

Based on the grid—nested N-level primitive equation model (Zheng, 1989) suitable for
mesoscale weather research, we have developed a water—bearing numerical model (Xia, et al.,
1995). The mixing ratios of all species of hydrometeors, such as cloud water. cloud ice, rain.
snow and rain ice etc., are added as the prognostic variables of model. Correspondingly. the
prognostic equations of these hydrometeors are introduced; the cloud physical framework is
specially designed. in which almost all of the main cloud physical processes in real atmosphere
are involved and the complex relations among cloud physical processes are demonstrated:
and their calculating schemes are constructed and the computational programme is
composed. Qur final aims are (o push the water—bearing numerical model into operational
forecasting running, and to make the water—bearing numerical model having both the abili-
ties of conveniional and cloud field forecasts.
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II. BASIC EQUATIONS

¢ is taken as the vertical coordinate of the water—bearing numerical model

=Pk PPy

P - (2.1

where pis the pressure; p, =100 hPa, the pressure at the top of atmosphere; pg the surface
pressure. Taking the dynamic framework of hydrostatic equilibrium and considering the map
factor m. the governing equations in plane—rectangular coordinate system are

()= [ () £ (2] - £ ()4 2

ar

tp gRT én b T
- = 4+ —— - =
n(@x UJI+PT 6.\')+mF” +mDu . (2.2)

L) w2 (@) 2 (@] - L ()

& 'm By " m
dg oRT én T T
—(E 22T SN 4 D
rr(ay pr ay) F,+Zp | (2.3)

L) = [ (2r)e £ (21)] -2 (%27)

aRT L2 d
C,lon+ p;) "m _r(m)+ (—+ _)]

T i kY
+;FT+;DT+M_"C-:(QL_QA)v (2.4)
|

¢ (Y- _ & (muy, @ (m
(2=l (L 0+ ()ae @$)
" & (muy, ¢ (w —gl(®
Wl [ @)+ E (E)ar-od (2). o)
i(é‘ﬁ)=_ {1+ 1.608¢,)R,
ar “da (I+q, tqp tq, +gz T g5 tayXoa+p,)

er pr7 én
+___....,..__
( 9 ontppét ) @27

where ¢ = Z—f is the velocity in s—direction; F,, F, and F; the vertical turbulent diffusion

rates of momentum and heat. respectively; D, . D, and D the horizontal turbulent diffusion
rates of momentum and heat, respectively; ¢, the latent heating rate; and @, the sensibie
heat exchange rate. The equation of hydrostatic tendency (2.7) is derived by considering the
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Fig. 1. The cloud physical framewark of the water—bearing numerical model.

loading of water substances. ¢, .9, .4,.4z,95 and g, are the mixing-ratios of water va-
por, cloud water, cloud ice, rain, snow and rain ice, respectively. Other symbols are
conventional in meteorology.

The mixing—ratios of all species of hydrometeors are taken as the prognostic variables of
the water-bearing numerical model. Cloud water and cloud ice are referred to as cloud parti-
cles. They suspend in the air and drift with currents. Rain, snow and rain ice are referred to as
precipitation particles. They are falling with their terminal velocities. The progrostic equa-
tions of all species of water substancs can be written in a unified form

2 (may_ _ g | wvig fw_q L3
6l(m)'- m[max mé‘}] m do 5t m)

_;8 < + = ' .
om c_,()_(ph:;ll/) mP , (2.8)

where g is the mixing—ratio of a species of water substance; 4 = 0 for water vapor, cloud wat-
er and cloud ice: 8 =1 for rain, snow and rain ice; p the air dencity; W the terminal falling ve-
locity; and P the generation rate of a species of water substance. The precipitation substance
talling out of the lowest layer of model atmosphere is accumulated as the precipitation. The
latent heat release and the sensible exchange in the processes of cloud and precipitation are
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Table 1. Key to Figure |

Symbol Meaning

PHAIL Accretton of cloud ice by rain ice (Wisner. et al., 1972: Orville, et al., 1977).

FHAR Accretion of rain by rain ioe (Wisner, et al., 1972; Orville, et al., 1977).

PHAS Accretion of snow by rain ice (Wisner. et al., 1972 Orville. et al.. [977).

PHAW Accretion of cloud water by rain ice (Wisner, et al.. 1972 Orville, et al., 1977),

PHCS Autoconversion of snow to form rain ice (Kessler. 1969).

PHDY Depositional growth of rain ice (Bigg, 1953; Bvers, [965).

PHFR Probahilistic freezing of rain to form rain ice {Bigg, 1953).

PIAR Accretion of rain by cloud ice: produces snow or rain ice depending
on the ameunts of rain {Lin. et al,, 1983: Rutledge, et al., 1984),

PIDV Depositional growth of cloud ice {Byers., 1965; Murry, 1967),

PIDW Depositional growth of cloud ice at eapense of clond water (K oinig, 1971; Lin, et al.. 1983).

PIFW Homopeneous freezing of cloud water 1o form cloud ice (Rutledge, et al., 1984).

PINT Initiation of clovd ice [Rutledge. =t al.. 1983).

PRAI Accretion of cloud ice by rain: produces snow or rain ice depending on the amounts
of rain (Wisner, et al., 1972; Orville. et al., 1977; Rutledge. et al., 1984).

PRAS Accretion of snow by rain; produces rain ice if rain and snow exceed threshold and T € 273.15 K.
or rain if T> 273.15 K (Wisner. et al., 1972 Orvifle, et al.. (377, Rutledge. ct al., 1984},

PRAW Aceretion of cloud water by rain {Wisner, et al., 1972; Orville, ev al., 1977).

PRCY Condensational growth of rain {Byers, 1965; Orville. et al., 1977).

PRCW Autoconversion of cloud water to form rain (Kessler, 1969).

PRMH Melting of rain tce to form rain (Wisner. et al.. 1972},

PRMS Melting of snow to form rain (Wisner, et al., 1972).

PSAI Accretion of cloud ice by snow (Wisner, et al., 1972; Orville, et ai.. 1977).

PSAR Accretion of rain by snow: produces spow or rain ice depending on the amounts
of snow and rain (Wisner, et al.. 1972; Orville, et al.. 1977; Rutledge, et al.. 1984).
Accretion of cloud water by snow: produces snow ot rain ice depending on the amounts

PSAW of snow and cloud water if 7€ 273.15 K. or rain if T > 273.15 K (Wisner. et al..
1972 Orville, et al., [977; Rutledge, ¢t al.. [984}.

PSCI1 Auvtoconversion of cloud ice to form suow (Kessler. 1969).

PSDV Depositional growth of snow {Byers. 1965: Lin, evak., 1983).

PsEL Transfer rate of cloud ice to snow through growth of Bergeron process embryos
(Hsie, et al.;1980: Lin, et al., 1983),

PSEW Bergeron process {deposition and riming)—transfer of cloud water to form snow
{Fleicher, 1962: Koinig. 1971; Lin. et al.. 1983),

FVEH Evaparation of melted rain ice (Rutledge, et al,, 1983: Rutledge, etal., 19384).

PVER Evaporation of rain {Byers, 1965; Orville, ¢t al., 1977}

PYES Evaporation of melted spow (Rutledge, et al.. 1983; Rutledge. et al., 1984).

PYEW Evaporation of cloud water (Asai, 1965).

PVSH Sublitation of rain ice (Bigg. [953; Byers, 1965).

PVSI Sublimarion of cloud ice {Byers. 1965; Murry, 1967},

PVSS Sublimation of snow {Byers. 1965; Lin, et al., 1983).

PWAS Aceretion of snow by cloud water; produces rain ice if cloud water and
snow exceed threshold (Rutledge. et al.. 1984),

PWCY Condensation of water vapor to form cloud water {Asai. 1965).

PWMI Melting of cloud ice to form cloud water {Rutledge. ¢t al., 1984).
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fed back to the model atmosphere.
II. PHYSICAL PROCESSES

Some basic physical processes being considered in conventional numerical model have
been included in the water—bearing numetical model. such as the horizontal turbulent diffu-
sions and vertical turbulent transportations of momentum and heat, the turbulent exchanges
of momentum and heat between air and underlying surface, grid-scale precipitation calcu-
lated by diagnostic explicit method, subgrid—scale precipitation calculated by
parameterization, and so on. In the case of water—bearing, the grid—scale precipitation is cal-
culated by prognostic explicit method. The various physical contents involved in the
water—bearing numerical model can be selectively composed and used according to the re-
quirements of prediction and research.

The comprehensive cloud physical framework in the water—bearing numerical model is
specially designed according to the cloud physical image evoluting from cloud emergence to
precipitation. At most, 36 cloud physical processes. e.g. condensation/evaporation,
freezing / melting, deposition / sublimation, auto—conversion and accretion, etc., may be in-
volved in the framework. Furthermore, three cloud physical schemes, i.e. warm cloud scheme,
cold cloud scheme and complete cloud scheme, are constructed and may be selectively used
according to various research purposes and forecasting objects. They are:

|. Complete Cloud Scheme

It involves 6 species of water substances, i.e. waler vapor, cloud water, cloud ice. rain,
snow and rain ice, and considers 36 cloud physical processes.

2. Cold Cloud Scheme

1t involves 5 species of water substances, i.e. water vapor, cloud water, cloud ice. rain and
snow, and considers 25 cloud physical processes.

3. Warm Cloud Scheme

It involves 3 species of water substances, i.e. water vapor, cloud water and rain, and con-
siders 6 cloud physical processes.

The water substances are conservative in designing alt of these cloud physical schemes.

The complete cloud scheme, for example. is shown in Fig 1. And the symbol presenta-
tions of transfer rates of water substances for 36 cloud physical processes are listed in Table 1.
Then, the generation rates of water vapor, cloud water, cloud ice, rain, snow and rain
ice P., Py, P, Pp. Py and P, are given as follows:

P,=—a PHDV —a PIDV —u PINT— PRCV —x,PSDV
+(l — 2, )PVEH + PVER + (1 —2,)PVES + o, PVEW
+a, PVSH +a, PVSI+ % PVSS—a, PWCV . (3.1

Py = ot PHAW — o 2, PIDW —a (1 =, )PIFW — o, PRAW
— 2, PRCW — 2, PSAW — 2,2, PSFI —a,a, PSFW
— 2, PVEW + o, PWCV + (1l —a )PWMI | 3.2)

P, = —x, PHAI+a, PIDV +a 0, PIDW + 2,(1 — 2, ) PIFW
+2,PINT— o, PRAI — o PSAI =2, PSCI — &, PV5I
—(1—a }PWMI, (3.3)
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Py= - PHAR+ (1 —a, yu, PHAW — o PHFR— %, PIAR +(1 —a )PRAS

+ o, PRAW + PRCV + 0, PRCW + (1 — 2 JPRMH + (1 — 2, )PRMS

~ 2, PSAR+ (1 —a,)o, PSAW — (] —a| ) PVEH

—PVER—(l—a )PVES , (3.4)
Po=—PHAS ~ 2 PHCS +a,(1 — B )PIAR +u,(1 — B, )PRAIT

—(1—a, (1~ B, JPRAS — (1 — 2, )PRMS + 2, PSAI
+u, (1= B,)PSAR +x,0,(1 — B, )PSAW + u, PSCI+ o, PSDV
+ 30, PSFI+a 0, PSFW — a2 PVSS — o, o, 8, PWAS | (3.5)

P,=ua PHAI+u PHAR+PHAS + a0, PHAW + o PHCS
+a, PHDV +a, PHFR +a B, PIAR + 4, B, PRAI+a,f, PRAS
~{l—a,)PRMH +a, f, PSAR +a 4,8, PSAW —a, PVSH

+ 2,0, 8, PWAS | (3.6
where
_,0 if T>273.15 K
= =4 if T€273.15 K | (3.7)
if T>233.15 K
.= 3
==, iF T<I5 K . (38
I ifg,>01g-kg '
ﬁl 5{ LI P . g 4 (39)
0 otherwise .
1 ifg,>01 g kg™" >0.1 g-kg™'
52={ il g4 .O g kg and g5 >0.1 g-kg (3.10)
0 otherwise .
1 ifgs >0 gokg™' >05 g kg’
B —i if gg .0 g+ kg and g, >05 g kg GAD
0 otherwise .,
(332333 4M3.5)+(3.6), (hen
P,+Py +P, +P,+Ps+P,=0. 3.1

The water substances are conservative.

According to those basic facts revealed by cloud physical observations. theoratical and
experimental researches, the emergent conditions for every cloud physical process are deter-
mined one by one. And the complex relations of both mutual promotion and mutual restric-
tion among various cloud physical processes are carefully demonstrated in the arrangements

of computational procedure.
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Fig. 2. The configuration of variables in e—direction for the water—beariag numerical model.

IV. SPACE-DISPERSED FORMS OF DIFFERENTIAL EQUATIONS

1. Structure o FGrid Network and Con figuration o fVariables

The horizontal and vertical resolutions of the water—bearing numerical model can be
regulated. The forecasting area ¢an be easily changed according to the requirements. The
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modet atmosphere is evenly divided in o—direction. and the vertical distribution of variables is
staggered as shown in Figure 2. The Arakawa A scheme is temporarily tuken for horizontal
distribution of variables.

The duplicate grid-nested structure is arranged in horizontal. When the non grid—nested
network is taken, the water—bearing numerical model or conventional numerical model may
be run. And when the grid-nested structure is taken. the conventional numerical model is run
in the coarse grids. and the water-bearing numerical model or the conventional numerical
model 1s run in the fine grids.

2. Space—Dispers Forms o f Di flerential Equations

Through strict mathematical derivations, the space—difference schemes for the governing
equations are obtained. which are of conservative properties for mass. momentum and
energy. The difference forms of dynamic~potential energy transformation terms in the equa-
tions of momentum and thermodynamics are concerted and consistent each other. The
space—difference schemes of flux terms in two—, four— and six—order computational accuracy
are constructed for rising the accuracy in those difference calculations of non-linear terms.
These difference schemes may be used selectively.

For a variable 4 and in x—direction, as an example and for writing easily, the following
operators are appointed:

where 4 is the grid space. Then. the time-differential and space-difference forms of equations
(2.2)—(2.7) are given as follows:
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The upstream scheme is used for the difference of advection terms in the prognostic
equations of water substances. Although this space—difference scheme is of only one—order
computational accuracy, the witer substances can be ensured non—negative in time integra-
tions. Then, the time~differential and space—difference form of Eq. (2.8) is

&gy (T ™oy nd Y
3(‘;)~ ’"(”—15\#*70,4) ;&q‘*‘q;—r(%)

—5&; +2
bm &, lpgW) - P . (4.7}

For example, the upstream scheme for the advection term of water substance in x--direction is

1 T e 4, — 4,1
I q=|§[(m)'”+(m)'] ¢ = (4.8)
mo I r(nu nu Giv1 4 l
L) () e

V. BOUNDARY CONDITIONS AND INITIAL YALUES

1. Boundary Conditions at Tep and Bottom o f Atmos phere
In o-coordinate, the boundary surfaces at top and bottom of model atmosphere are

dealt as substance surfaces, and the boundary conditions are

g=0 if ga=1 or O (5.1)

2. Leteral Boundary Conditions o f Limited Area

Whatever the lateral boundary conditions taken for the numerical models on limited area
are artificial and hardly ideal. The simplest lateral boundary coudition, i.. the fixed lateral
boundary condition, is taken for the water—bearing numerical model. For a variable 4, the
lateral boundary condition is defined as
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i—f =0, (5.2)

In order to diminish those abuses arising from the fixed lateral boundary condition, the
following measures may be taken: making Davies boundary treatment. increasing the hori-
zontal diffusion coefficients near the lateral boundary, making boundary smoothing, and so
on.

When the grid network is nested, the initial values of conventional elements in fine- grid
area are interpolated by those in coarse—grid area and the values on inner boundary are peri-
odically replaced by the forecasting values in coarse—grid area through interpolations as fin-
ished every fixed interval of time integrations. All these interpolations mentioned above are
conducted using the double—cubic spline function. So, the values on the inner boundary of
forecasting area are varied with time.

3. Initial Values and Initiolizations

The primitive equation model is sensible to initial values. The problem of initial values,
obviously, is more important for a limited—area modol being used for short—term forecasts.

i. Initial velues o fconventional elements

The high quality inital values of conventional meteorological elements. e.g. winds,
gravitational potential heights, temperatures and relative humidities etc.. are provided using
the specially designed schemes of data-pocessing and objcctwe analysns

The surface pressure is calculated using the empirical relation of the potential height Z,
and the surface pressure p_ il no topography is taken into consideration, i.e.

ps.=0.125Z, + 1000 . (5.3)

Otherwise, the quadratic relation between terrestrial hight Z and pg is assumed
Zg=x—fnps +ynpy)* .

then

Z(G—ZIS‘). ]

— (5.4}
B+ B —dla—2Z,)

" pg =exp

where three coefficients «. # and y can be calculated from the potential heighs at three
mandatory pressure surfaces nearest to the underlying surface,

ii. Initiol values o fhydrometeors

Through researches and tests, two initial value schemes of hydrometeors are developed
based on the coventional meteordlogical data and on the synthetical analysis of conventlonal
data and GMS digital data (will be described in another papet) respectlveiy
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iii. faitializations

There is still certain inharmony among the initial values of various ¢lements obtained
from data processing and objective analysis, and so does between those initial values and the
numerical model. Generally, these inharmonies produce “noises” in the early stage of time in-
tegrations, which have no meteorological meanings and are unfavourable to the model’s sta-
ble calculations and are harmful to the forecasts. So, it is necessary to make certain modifica-
tions and adjustments for the initial values of meteorclogical elements before time integra-
tions. According to the adaptation theory, the high guality initial values of winds are of much
importance for the research and forecast of mesoscale weather systems,

1} Adjystments and Modifications for Initial Values

In the water—bearing numerical model, some adjustments and modnﬁcaﬂons may be
selectively conducted for temperatures and winds if necessary, e.g. the dry convective adjust-
ments {or temperature stratification; and several modifications of winds to assure the currents
flowing around the terrains, to include the elTects of precipitation Fallen previous to the initial
winds, to reach non—divergence in whole the volume, and so on.

2} Static Initialization

The unknown initial values of meteorclogical elements may be derived from the known
ones using certain diagnostic relations among these meteorclogical elements. For instance,
the initial values of wind, gravitational potential height and temperature may be derived from
the relations of geostrophic wind or balance wind, and that of hydrostatic equilibrium.

3) Dynamic Initialization '

The purposes are to reach adaptation between those initial values of various elements
and the numerical model and to pull out “noises™ arising from inadaptations in early stage of
lime integrations. .

The basic equations of dry model which has no source and sink are repeatedly integrated
foreward and backward around the initial time, using Euler backward difference scheme
which has damping effects for short waves in time integrations. After complishing every cycle
of time differences, either the initial potential height field is recovered if taking the large—scale
weather systems as the objects of research and forecast, or the initial wind field is recovered if
taking the mesoscale weather systems as the objects of research and forecast. Using this
method mentioned above, the initial values of all other elements are adjusted to initial poten-
tial height field or wind ficld.

VI. TIME INTEGRATIONS

There are two schemes of time integrations may be selectively used for the governing
equations. They are the scheme of Euler backward difference and the mixing scheme of Euler
backward difference and central difference. The former is capable of damping those fast mov-
ing waves but expensing too much computational time, and the latter is taken into considera-
tion of two aspects of maintaining computational stability and saving computational time. To
avoid the seperation of resolutions, the time smoothing for various forecasting variables is
conducted in central difference. .

The foreward difference is conducted in the time integrations of the prognostic equations
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of water substances. Combining with the upstream scheme of space difference, the computa-
tions are stable.

Vi. SUMMARY

For examing the feasibility of water—bearing in numerical model, the sensibility of re-
flecting the variations in atmospheric environment and the computational stability of the
model, a series of tests have been conducted after preliminary accomplishing the designs of
physical and calculating schemes and the composition of computational programme (Xu, et
al.. will be published). General speaking, the results of these tests are satisfactory. The essen-
tial prerequisite is created for hereafter experiments, from which the operational forecasting
running of the water-bearing numerical model is realized.
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