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1. INTRODUCTION

There has been an increasing demand from the public and the private
sectors for more precise weather forecasts in terms of timing, location,
spatial distribution and intensity of weather phenomena.

For some years, the Royal Observatory (RO) has been using outputs
from numerical weather prediction models of the European Centre for Medium
Range Weather Forecasts (ECMWF) and the United Kingdom Meteorological Office
(UKMO) as guidance in the preparation of its HK forecasts. These products have
proved valuable in the daily operation of the provision of weather services to
the public and in the research work of the development of forecasting aids.
However, this information is transmitted over the Global Telecommunication
System at reduced resolution. Thus, it is adequate only for predicting
large-scale weather systems such as surges of the winter monsoon, but
inadequate for meso-scale features such as monsoon troughs which are often the
cause of inclement weather conditions.

There is a need to develop, for application in Hong Kong, a fine
resolution analysis~forecasting system which will provide an objective means of
assimilating all the available data and predicting the ewvolution of the
meso-scale features. With such a view in mind, an attempt was carried out in
the RO to adapt the two dimensional multivariate optimal interpolation data
analysis scheme (OI) and the very fine mesh limited area model (VFM65) of the
Japan Meteorological Agency (JMA) for application in the domain around Hong
Kong. Due to the limited capacity of the RO's computer system, a numerical
weather prediction model in a domain larger than the present one cannot be run
to provide the lateral boundary condition operationally. Thus, arrangement was
made with JMA to transmit boundary data from their Global Spectral Model to
Hong Kong everyday for use in the daily operational runs of our models.

This technical note provides an account of the mathematical, physical
and computational aspects of the adapted numerical models. It also describes
briefly the performance of the models over a one-month period when the
analysis-forecasting systen was first put into operation on a trial basis.
In—-depth and systematic subjective and objective verification of the model
outputs, however, is the subject matter of a separate report. The details in
the coding and the operation of the analysis-forecasting system are given in
the operation manual by Chan (1988).



2. THE OPTIMAL INTERPOLATION DATA ANALYSIS SCHEME

The analysis scheme is a two dimensional multivariate optimal
interpolation scheme performed on 10 standard pressure levels in the vertical.
The vertical structure of the analysed field is shown in Figure 1. The
horizontal domain of the analyses is shown in Figure 2. The domain is covered
by a 101 x 66 latitude-longitude grid of one degree resolution. The grid
length is 111.2 km true at 22.5 N.

(a) Formulation of the analysis scheme

The analysis scheme is based on the optimal interpolation method
(Schlatter, 1975) which is outlined as follows.

Let X denote any meteorological variable, n the number of variables
used in the analysis, w the weights to be determined and ¢ the standard
deviation of the prediction error. Then, the interpolated value at a grid
point from irregularly spaced observations is estimated by

n
I _ .p O _ ¢P, P
X X2+ iz=:l v (G - x) of / cf (2.1)

where superscripts 'o', 'p' and 'I' indicate observed, predicted and
interpolated values respectively; subscript 'g' represents grid-point values of
the variable to be analysed and subscript 'i' the observation values of the
variables used in the analysis. In JMA, the predicted values from the Asian
Model serve as the first guess field. In the Hong KongQEontext, such values
are not available and an extended area model is being tested to provide
predicted values as the first guess field. For the time being, the first guess
field is a coarse resolution analysis using the Cressman scheme.

In general, Xé in equation (2.1) will differ from the true value at
the grid point by an amount known as the analysis error. The weights are

2 over a large number

determined such that the mean square analysis error (E;)
of analysis situations is minimized. As the observations are usually made
without any knowledge of the predicted values, the prediction errors and
observation errors are assumed to be uncorrelated. The minimization is

equivalent to the requirement that Q(E;)Z/;;wi = 0 which leads to a set of

normal equations :

n
P o - P .
3§1 W5+ m35 AAg) Wy = uf (i=1,2,....n) (2.2)
- &0 ,P
Ai = 8i/6;



uP and u° denote prsdiction and observation error correlation coefficients
respectively, and 6~ is the standard deviation of the observation error.

In general, Xi and xg in equation (2.1) can be different with
respect to the type of variable, vertical level and time. To meet operational
time limits, a two—dimensional form is used in our analysis scheme. That is,
only variables in the same vertical level are used.

The method of analysis of a meteorological element depends upon the
latitude. Over the extratropical region north of 25 degrees north,
multivariate method is used for the analysis of height and wind at all levels
except at the surface. However, over the subtropical region between 15 and 25
degrees north, the wind-height correlations are multiplied by an empirical
coefficient which depends on latitude in order to gradually decouple the wind
and height analyses. Over the tropics south of 15 degrees north, where the
geostrophic relation is inappropriate, winds are analysed using a bivariate
method, and the geopotential heights by a univariate method.

Temperature and dew point depression are analysed by univariate
method.

(b) Determination of statistical parameters

Assuming homogeneity and isotropy, the prediction error
auto-correlation for height, temperature and dew point depression are given by

uP. = exp (—bri.) (2.3)

1) J
where b is a constant which depends on the variable used in the analysis, the
level of the analysis and the latitude of the variables to tbe analysed; and
rij the distance between points i an¢ j. In JMA, the prediction error
correlations (correlations of the difference between prediction and
observation) for different pairs of observation points were computed over
East Asia, United States of America, Europe and USSR. Then, using these

correlations, the values of b were estimated by the same procedure in Alaka

and Elvander (1972).



The wind-wind and wind-height prediction error correlations over the
extratropical region are derived from the height-height correlation using the
geostrophic relation. From equation (2.3) for the height-height correlation,
the following relations are obtained.

WP(zu) = =V (v, 4 (z;2)) (2.42)
WPizv) = =V (x;mx) 2 (z;2)) (2.4b)
WPu) = (1-2 vy 2 4P (22)) (2.4c)
W vgvy) = (120 (xi-xj)z}‘pp (2;2;) (2.4d)
PP (ugvy) = 20 (k%) (7,70 (2;2)) (2.4e)

pP(xin) denotes the prediction error correlation between variable

X at point i and variable Y at point j.

In the tropics, the wind-~wind correlations are derived from the
stream function correlation under the assumption of non-divergent flow. These
correlation coefficients have the same form as those in equatons (2.4) except
that<pp(zizj) is replaced by‘up(uﬁyg) where Y is the streamfunction.

The values of b forAup(u{ug) are assumed to be the same as for

)ﬂp(zizj).

The observation error correlation of SATEMs is also modelled by

6

equation (2.3), but with b=11.3 x 107 km % (Bergman, 1979). No

observation error correlation is assumed for other types of data.

The standard deviation of observation error for radiosonde data was
modelled in a fashion similar to Kurihara (1961) and Lenhard (1970), but also
considering the following statistics :

(i) root-mean-square differences between observation and analysed
values over the data rich regions;

(ii) root-mean-square and correlation of the apparent prediction
error.

The standard deviations of observation error for other types of data and the
standard deviation of prediction error are modelled using the root-mean-square
differences between other observations or predictions and the collocated
radiosonde data.



As the JMA statistical coefficients were determined to 'optimize' the
analyses in the domain around Japan, they may not 'optimize' the analyses
around Hong Kong simultaneously. Thus, statistical coefficients have to be
re-derived for the RO model domain. At present, the statistical coefficients
for pressure/height and temperature have already been replaced (Figure 3).
Effort is now concentrated on re-deriving the coefficients for humidity.

(c) Data selection procedure

Here we do not have trials of our own to determine the optimal
'sphere of influence'. The data selection procedure of JMA is adopted. The
maximum number of data to be used at one grid point was decided from some trial
analyses using real data, and model experiments using idealized observation
networks. Boxes with sides of 5, 10, 15, 20, 25 and 30 degrees of latitude,
centred on the grid point, are scanned until the M closest variable are
selected or the largest box is scanned. The scanning for each grid point is
started from the box size pre-determined by the statistics of data
distribution. M is set to 10 in the univariate case and varies from 30 at
lower levels to 45 at upper levels in the multivariate case. All the variables
at one observation point are simultaneously used in the multivariate case. If
there is only one or no observation point in the largest box, the first guess
value is used.

(d) Generation of bogus data for tropical cyclones

Genesis and development of tropical cyclones usually take place over
oceans where few observations are available. It is therefore necessary to
inject bogus data into the objective analysis to improve the representation of
tropical cyclones.

The numerical scheme to generate bogus data for tropical cyclone in
the JMA VFM65 (Ueno, 1989) covers : the low- and mid-level circulations, the
warm core and the upper-level divergence field. The initial internal balance
among the data is achieved bv applying the limited area normal mode
initialization scheme.

As no initializatio:: scheme, except smoothing, is used in the Royal
Observatory numerical analysis—-forecasting system, only the following bogus
data are generated empirically based on a Rankine type model (Anderson and
Hollingsworth, 1988) :

(i) mean—-sea—level pressure,
(ii) winds at 850, 700 and 500 hPa.

The generated fields are spherically symmetric and computed from the following
manually analysed data :

(i) central position,
(ii) central pressure,
(iii) radius and pressure at radius of strong wind,
(iv) radius and value of outermost closed isobar.

The internal balance among the bogus data is achieved during forward
integration in time.



3. THE ROYAL OBSERVATORY LIMITED AREA MODEL

The RO limited area model is adapted from the JMA VFM65 (JMA, 1986).
It is a three dimensional primitive equation model in sigma coordinate. 1In the
design of the model, emphasis is placed in the simulation of small scale
features of the atmosphere, especially those caused by the surface conditions
of the earth such as orography and land-sea contrast. Thus, the model has a
high vertical resolution in the lower troposphere (see Figure 4) and a fairly
sophiscated scheme for the parameterization of the boundary layer.

(a) Model structure

The model uses sigma coordinate and has 13 layers in the vertical.
The arrangement of the sigma levels is shown in Table 1. Sigma is defined as
follows :

6=(p—pt)/oc
JL=Pg - Py

p. = Ps(xl y, t)

S

p is the pressure, pt(= 100 hPa) the pressure at the top of the model

atmosphere and Py the surface pressure.

It is easy to show that when p = Pg O P/ the corresponding
sigma values are 1 and 0 respectively. It is also obvious that the top and the

bottom boundary conditions of the model can be expressed as
&=0 when 6=1o0r0

All the variables (i.e. u, v the two horizontal components of the wind
velocity, 6 the potential temperature, q the specific humidity and g the
geopotential) are defined on the specified sigma levels with the exception of
& , vertical fluxes and eddy diffusivities for momentum, heat and water vapor,
which are defined at the intermediate levels.

Figure 5 shows the horizontal domain of the model. The domain is
covered by a 51 x 36 one degree grid in latitude-longitude projection. The
grid-length is 111.2 km true at 22.5 N. In the horizontal, all the variables
are defined at the same grid point. Thus, the grid is a non-staggered one
(Arakawa A-grid). Apparently, no decoupling or other problems were detected in
the forecast outputs of the model since the model became operational in
mid-September 1988.



(b) Governing equations

The governing equations in sigma coordinate, with the x-axis and
y-axis parallel to the latitudes and longitudes respectively are :

Equations of motion

w2 5 5
£ 0 1
+J‘6V{—-m—2-+va—£('a)

W@ u 2\jo
o & 0
5;( ~ v) = = Fx W) = o% (i) - =

Continuity equation

; ; o, m .
5?(%) - - () - (Do)

Tendency equation

_6_ 14 _ 1 Ju* dv*
6t( )—-fo H-‘.a—}; do

2

o 22

P gy

Y

(3.1)

(3.4)



Thermal equation

0 o __ 0 0
-5—{(;2' 9) = ax (u*8) —a— (v¥@) — — 9)
7T JU 1l ¢H
il 2L 3. 1 ¢H
T gttt 250 (3.6)
m m p m

Equation of water vapor

J (7 - _9 _9 _9 (*s
F(Fa) = -5 w5 v -5 = a)
14 T OE
+—=F +-—=M+—L2 (3.7)
rn2 q m2 m2 o
Gas law
. R.T
1 a
= = G (3.8)
e o+ P,

The continuity equation may be integrated between two sigma levels to
obtain the equation (3.9), which is useful in solving the whole equation set :

(n_o’-) =(W_é‘) - 6+Aio—(l) +2*+?.Z* do (3 9)
o+ Ao \nmflo s ath 2 ox  0dy

The vertical velocity '®w' and temperature 'T' can be obtained
diagnostically from relations (3.10) and (3.11) respectively :

=9 _ 2/ 0T udm  viémy  agd
@ dt {G 5t( 2) + o-(ma ma ) + 2 (3.10)
m m
K
T=p2%¢g (3.11)



In the above equations, P = p/po, Py = 1000 hPa, ka = Ra/Cp,
u* =% u and v* =% V. Ra’ Cp, m are the gas constant of dry air, the
specific heat of air at constant pressure and the map factor, respectively.
Fu’ Fyr Fgr Fq denote the subgrid-scale horizontal diffusion
coefficients for momentum (u and v component), potential temperature and water
vapor, respectively. Q and M represent the diabatic heating per unit mass and
the moisture source per unit mass respectively.

The horizontal stress vector due to the vertical turbulent flux of

horizontal momentum, the vertical turbulent fluxes of heat and moisture are :

2 4

S - T
=-S5 (3.12)
o= (c,p%/m K, 92 (3.13)
E= (p%g/m) K 24 (3.14)

e 30

(c) Physical processes in the model

The physical processes included in the model are : flux in the
surface layer, radiation, vertical diffusion, large scale condensation,
convection and horizontal :iifFusion.

(i) Fluxes in the surface layer
The Monin-Obukhov similarity theory (Businger et al, 1971) is
employed in the computation of surface fluxes. The profiles of variables

depend on external parameters and surface fluxes as follows :

3V

w3z - M (3.152)
d
%52 =9, & (3.15b)



kz g _ Z
Tz g &) (3.15¢)

where k is the Karman's constant. The Monin-Obukhov stability length L is
given by :

—_— (3.16)

where GV is the virtual potential temperature, evm the mean surface layer
virtual potential temperature. The scaling parameter u,, 8., g, are

related to the surface fluxes as follows :

% = - lw'v'!s = uf (3.173)
A - @en. = - uwe (3.17b)
e(%) S *Tk )

E _ == -

..e_ = (w q )S = - u*q* (3.17C)

The suffix s denotes the values at the earth's surface. The virtual potential
temperature flux is approximately related to the sensible heat and moisture
flux as in equation (3.18) :

g = (ovav N
(w'e' g (w'8')  + 0.61 6 (w'q') (3.18)
where em is the mean surface layer potential temperature.

The lowest level of the model (=X40 m above the surface) is assumed
to lie always within the surface layer and the height of that level is assumed
to be z_.

a

The bulk Richardson number Ri (which is a function of external
parameters) is defined as :

Ri = (3.19)

>
D
i

48 + 0.61 8_Agq

10



The surface wind speed is assumed to be more than 0.5 m/sec to avoid

computational difficulty.
2 2
u, = Cm'ul
ub, =C lujas

Uy = ChlulAq

= K_,2 . Za.
where Cm = {an-EE? fm (R1, 2 )
%
- k 2 . 2a
and Ch = (in za) fh (Ri, P )

The empirical expressions chosen for the unstable case (Ri<o) are

£ =1 3bRi
h ™ za .
1+ ah(_z:)l/_Rl
za K 2 za
a =) =C. 3 ] -
h'z, in &2) %o
z
o
£ =1- 2bRi .
K
1+ 3C p—"— .
ma e o BieRy
z °
o

where C=5and b =5,

11

(3.20a)

(3.20b)

(3.20c)

(3.21a)

(3.21b)

(3.21c)



For lack of better information and to minimise the computing time we chose for
the whole stable range (Ri>0) the following expressions (d=5);

(3.22a)

_ 1
oy o+ 2bRi/ |/ T+dR1

f =

1
B 1 + 3bRi/|/TFORL

(3.22b)

Correction for the roughness parameter

The surface values GS and qg are extrapolated assuming logarithmic
profiles. Thus the following equations are obtained using the same arguement

as Kondo (1975) :

_ * gl
0(z) -8, = 8, T Ta +B) (3.23a)
(z_) —* 15l (3.23a)
qlz) -q. = ¢ .23a
a S * Ch u[ e

Kondo (1975) suggests the following approximation formulae for the correction

factors B.1 and B;I :

h
Over sea,
v+ ku,z
-1 _1, *~0
Bh =% £n (————E———-) (3.24a)
- Y+ ku,z
pt =1, (——-—9) (3.24b)
e k
D
Over land,
sl = 0.47 15UZg) 0-45 (3.25a)
h * l)} .
-1 15u*z0 0.45
B = (0.54 | ——— (3.25b)
e v

12



where a is the thermal conductivity of air, ¥ the kinetic viscosity of air
and D the molecular diffusion coefficient of air. 1In this model, the same
formulae are used for B;l and B;l over the sea. However, B;l and B;l are assumed

to be zero over land.

Roughness parameter over the sea

The sea surface temperature is assumed constant and the roughness
parameter assumed to depend only on the surface wind speed. We use the
following relations between roughness parameter and friction velocity :

4

2

0 (-34.7 + 8.28 u,) x 10~

Uig < 25 m/s (3.26a)

~0.277 +3.39 x 102 u,  u

N
]

10 > 25 m/s (3.26b)

where Y0 the wind speed at 10 m height above the sea level. These
expressions are approximated from the relation derived from the formula given

in Table Al of Kondo (1975).

Ground surface temperature

Over land, roughness parameter can be assumed constant and surface
temperature depends only on surface fluxes. In this model, the ground surface
temperature is computed by Bhumralkar's formula (1975) :

ST 2
— 9 . ___E_Hf_ﬁf(Tg_T, (3.27)

t C G
0 Pgg\/vy 7y 1

- 4 =T =TT - - -
where Hf eg¢71§ 4-9Cp(w 6 )s + Lv(w q )S RS (1-ALBD) Fp

Tg 1s the ground surface temperature,pg the soil density, Cg the soil
specific heat, vg the soil thermal diffusivity, T, a period of one day,

Tb a constant deep soil temperature, eg the emissivity of the ground

surface in the infrared, ¢ the Stefan-Boltzman constant, LV the latent heat
of water vapor, RS the solar radiation reaching the ground, ALBD the albedo of
the ground surface and F; the downward long wave radiation at the ground

surface. Evaporation from the ground surface is computed empirically from

W'ahg =BG [v(z))| (@*(Ty) - alz,) (3.28)

13



where q*(Tg) is the saturation specific humidity at temperature Tg, B (=0.1)
is the parameter specifying the ground wetness and Ch the bulk transfer

coefficient.

(ii) Parameterization of radiation

A simplified parameterization scheme is adopted for the radiation
process in the model. Only solar radiation and downward long wave radiation
are computed. The terms RS and F, are expressed by the following empirical
formulae :

RS = SO(l - ¢cl.CL) (1 - cm.CM) (1 - ch.CH) (3.29)
8 = (TAU) Secos{
(TAU) = a + b x 1070-13 sec { (3.30)
where b = 0.43 + 0.016 e
and a =

1 -b - 0.06 logloea

where S,, is the solar constant, { the zenith angle, e, the water

vapor pressure near the ground surface. CL, CM and CH are the amount of low,
medium and high cloud, respectively. They are calculated using the relative
humidity at levels 4 and 5 (for low cloud), 7 and 8 (for medium cloud) and
levels 10 and 11 (for high cloud) by the empirical formula (Smagorinsky,

1960). Magnitudes of cl, cm and ch which represent the effect of absorption
and reflection by cloud are 0.7, 0.6, 0.3, respectively. The empirical formula
(3.30) is proposed by Kondo (1976).

Downward long wave radiation is approximated by Brunt's formula,
taking into consideration the effect of cloud,

F

1

— = 1 - (0.49 - 0.066]/e_) ¢ (1 - C.A) (3.31)
eng { }/Ta }

T, is the screen level temperature which is assumed to be the lowest level

temperature in the model. Kondo (1975) had given expressions for the
correction factors C and A :

c

0.75 - 0.005 e, (3.32a)

A

i

CL + 0.85CM + 0.5CH (3.32b)

14



(iii) Vertical turbulent diffusion above the surface layer

The level 2 version of the closure model proposed by Mellor and
Yamada (1974) is employed in this model to estimate the vertical turbulent
diffusion above the surface layer

z du
_— = o 13Tig? = gu
((’) i} o'W K S (3.33a)
T
el = — 9Tt = v
(Q ) v v'w Km 3z (3.33b)
N S P AL (3.33¢)
eCp h 9z
E - oo - ¢ 84
0 qg'w Kh 3z (3.33d)
_ 02 oY
where Km = 37 Sm
_ 20Y
K, = L7337 s,

The terms Sm and Sh are calculated from the flux Richardson number, Rf, as

s = Bi/z a1 - Rf)1/2 (gm)3/2
' RECRE = 0.213 (3.34a)
_ 172 _ 172 ~  1/2~
s, = B (L-ROVC BV
s, =S =0 REMRE (3.34b)

Bl 1s a constant. Sm and S. are functions of the flux Richardson

h
number. The length scale A is given by

_ Kz
A = 1 + kz/}, (3.35)

15



where JZO = 0.10

The turbulent intensity represents the dissipation due to the transfer of
energy from the mean flow and the generation due to buoyancy as

0

L ln_a_‘i_ ||ﬁ7_ —_——rar
158 W Sx TV sy T vaev (3.36)

The above turbulent diffusion process is applied to all levels of the
model above the surface layer.
(iv) Large scale condensation

Latent heating is mainly due to large scale condensation or
condensation in deep cumulus convection. Large scale condensation occurs
whenever g exceeds its saturation value dg at temperature T, giving rise to
the release of latent heat. The supply of latent heat increases the
temperature as well as the saturation value. At the same time, g decreases due
to condensation. A stage is eventually reached when the temperature increases
to T +4T and q equals q;, the new saturation value of the specific humidity

at temperature T + §T. Then condensation stops, ending the release of latent

heat. Now
0T =<2 (@ -q) , (3.37)
S
P
89
) P
dg = 9, + 37 OT , (3.38)

and by Clausius Clapeyron's theorem

a. Lqg
§—§=—s—2 (3.39)
RVT

16



where L is the latent heat of evaporation of water and RV the gas constant

g
for moist air. Elimination ofé%ﬁ% and qé from equations (3.37) to (3.39)

gives the total latent heat released due to large scale precipitation Q :

L{gq - q.)
T
Q = cpg;= — (3.40)
L qs
ot 1l r—=
CRT
pv
q, can be calculated from
0.622 e
qg =.___E;____ , (3.41)

The saturation vapour pressure of water vapour is given by
_ 273 273,5.31
e, = 6.11 exp{ 25.22 (l"‘ﬁf—)} eﬁf—) (3.42)

In this model, condensed moisture is assumed to fall down to ground
as precipitation without evaporation.

(v) Parameterization of convection
The parameterization scheme for convection used in this model is of

the moist convective adjustment type similar to that proposed by Gadd and Keers
(1970) . Convection is assumed to occur whenever the lapse rate is larger than

some pre—define~ critical value “TZ given by

I | _ - i

| C————l_UC{T’d(lU)+| o (U-U) } (3.43)
where‘r’d is the dry adiabatic lapse rate, Tﬁm the moist adiabatic lapse

rate, U the relative humidity and UC the critical relative humidity taken as
0.5 in this model. In such circumstances, the temperature and moisture are
adjusted in such a way that the resultant lapse rate become TTC subject to

the condition that the relative humidity remains the same during the adjustment
process. Excess moisture after the adjustment is assumed to reach the ground
as precipitation without evaporation. This adjustment process is applied from

level 4 upwards.

17



(vi) Horizontal diffusion
The horizontal diffusion terms Fu’ Fv’ Fe and Fq are given

empirically as fourth-order Laplacians with constant diffusion coefficients :

Fo= - Ky v - (v (vl b -k w2 (w2 (v.y ] (3.44)

F o= - @y (v 1=K, 7> (V2 (v.y) ] (3.45)

v K v + div™ dy + V¥ .

Fg=-K; v - (9 (v20) } (3.46)
_ 2

Fq =-K, v {@v(vid } (3.47)

where Vi is a non-dimensional Laplacian operator defined by

WEX (x,y) = X(xHd,y) + X(x-d,y) + X(x,yHd) + X(x,y-d) - 4X(x,y) (3.48)

The diffusion coefficients KH and K iv used in the model are

d
_ _ 40D 2
KH = Kdiv = 107 m /sec

where d is the grid length. These diffusion terms are evaluated on sigma-surfaces.

Each momentum equation contains two diffusion terms. The first term
is the same as those in the thermodynamic and water vapor equations, and it
acts on both the rotational and the divergent component of u and v. It is
interesting to note that when the momentum equations are converted to the
vorticity and the divergence equations assuming that &« is constant, the
diffusion terms become

08 2,2

at = eseee KHV (V+Z) (3.493)
oD _ 2 2

T T e T (KH + Kdiv)v (W+D) (3.49b)

where § (= k - vV xv) is vorticity and D (= v .v) the divergence.
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(d)  Topography

As the domain of the RO limited area model is different from that of
the JMA VFM65, a new topography has to be constructed. In designing our
topography, we have to bear in mind that the lateral boundary data come from
the JMA Global Spectral Model. 1In order to avoid the generation of inertial
waves due to discontinuity across the boundary, the topography field employed
in our model should be one that could be joined smoothly with that of the JMA
model in the lateral boundary region (Figure 5).

Our first attempt was to adapt the topography field of the JMA Global
Spectral Model which is computed by converting 10 minute latitude/longitude
resolution grid-point topography values as read from relief map to spherical
harmonics truncated at wavenumber 63. These harmonics are then smoothed by
using the following exponential filter (Hoskins, 1980) :

@’;‘n) smoothed = (an exp (~kn2/n+l)? (3.50)

where k = 0.7 x 10_6. The grid-point resolution of the global topography

field is 1.875 degree. A bicubic spline is employed to interpolate this field
into a one degree resolution field (TG) for use in our model. The resultant
field is too smooth for a one degree resolution model. The Nanling ridge,
which plays an important role in controlling the flow of the northerly
airstream over South China, is not accurately represented (Figure 6).
Operational experience showed that the model with this topography did not
perform well in respect of the timing of the arrival of surges of winter
monsoon to Hong Kong.

Currently, the model employs an envelope topography (TE) with one
standard deviation, derived from the 10 minute latitude/longitude resolution
grid-point topography data. The resulting field is much more realistic (Figure
7). However, the problem of 'smooth transition in the boundary region' still
exists and inertial waves were suspected to occur in the in-coming boundary
occasionally. Further numerical experimentation will be carried out for a new
topography (T) = KB (1G) + (l—KB) (TE) , where

LB—R)B P 0 h<r

Ky = kg "
K = 0 ;g <k

LB stands for the width of the boundary region and 1 the distance from the

lateral boundary (Figure 8).
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(e) Initialization

The mean sea level pressure, wind, temperature and height at the ten
pressure levels and the dew-point depression at the four pressure levels
analysed by the operational optimal interpolation data analysis scheme are
vertically interpolated to the thirteen sigma levels using cubic spline. The
specific humidity is computed from the dew-point depression and temperature.

It is then modified to eliminate supersaturation and instability. A nine-point
filter was applied to all variables on the sigma levels to remove horizontal
two—grid waves.

Numerical experimentations have been carried out on dynamic
initialization schemes proposed by Sugi (1986) using the following as the
forward-backward integration schemes :

(i) Tatsumi's economic explicit scheme (Figure 9);

(ii) Okamura scheme.

However, the schemes failed to converge after a considerable number of
iterations. As an interim measure, therefore, the limited area model is now
integrated operationally without the use of any initialization scheme.

According to Satomura (1988), implicit schemes will be more effective
as the forward-backward integration scheme in dynamic normal mode

initialization. Considerations are being given to developing a dynamic
initialization scheme to improve the performance of the limited area model.

(f) Time integration scheme

The Tatsumi's (1983) economical explicit scheme is employed to
integrate the RO limited area model forward in time. The flow of this scheme
is shown in Figure 9. The main feature of this scheme is the introduction of
two time steps : the longer main time step lﬁta and the shorter sub-time
step £>tb. The length of the main time step is limited by the wind speed and
varies from 6 to 15 minutes. It is checked every 3 hour and adjusted when
necessary. Thus the main time step is 4-8 times longer than that of the usual
leap-frog scheme, resulting in less integration steps required. According to
Tatsumi (1983), the computation time for a 48 hour forecast will be reduced to

half of that by the leap-frog scheme.
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Time tendencies of all variables are computed at every main time
step. In order to maintain numerical stability for high frequency gravity wave
oscillations, these time tendencies are modified (within the main time step) by

re-computing only those terms which are responsible for gravity wave generation
at every sub-time step.

The governing equations for the integration at sub-time steps can be
written as

n
___) -9g'-c alum (3.51a)

(3.51b)

|
()

99’ (a_q) (3.51¢)
(5%

ot it
! n 1
3
_ir.‘= 3_79 -7 “J v« v'do (3.51d)
0
. o 1
o' = —-[ v.v'do +J_ ve v'do (3.51e)
0 0
n Na
98'. {14 (k-1 T 2L g (3.51£)
N} pn g

0x/0t)™ (X : &, u, v, 8, q) is calculated by the finite difference analogue
of the governing equations (3.1) to (3.11) using the values defined at the nth
time step and the relation

ENEIRNE SN E
3t ( 5 X) = > _E + )%E(__?) (3.52)
m m m

The variable v is the time relative to the nth time step which is defined
between n-1 and n+l time step (- AtaS’US Ata) . The perturbation variable X'
(X' stands for ;v', u', v', or @') in equations (3.5la) to (3.51f) is defined
as

X'(r) = X(r) - X"

x'(-At) = X"l x"

n+l

XM= x4 XU (AL
a
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Finite difference formulation of the perturbation terms in (3.5la) to
(3.51f) are defined as follows :

Vo =nd{&pg , &p*} (3.53a)
Vi = ﬁ{éxn'y , GYTL"X} (3.53b)
7.V = mz‘{ﬁx(u‘/ﬁl)y + 6y(v‘/ﬁ1)h} (3.53c)

)
where V@' and VT are defined on the vector point, ¥+ v' at scalar point.

The operators Sx’ 6y, —x, —y, — are

8 X(x,3) =—(lj-{X(x +4, v -xx -4, v} (3.54a)
8,X(x,3) =%{X(x,y +d) - x(xy ——g-)} (3.54b)
XKy~ =-%{X(x +-§—', y) + X(X —%, y)} (3.54c)
Ky =5 {2y +9 + x(xy —%)} (3.54d)
iﬂﬁﬁ=%{mx+%,y+%)+Mx—%,y+%-+mX+%,y—%

+ X(x _%, y __czi)} (3.54e)

Vertical difference operators in (3.5la) to (3.51f) are evaluated in the
following way by using the level suffix k

k=1 : lower boundary )
where o= 0

k = 2K+1 : upper boundary

even k T U, vV, 8, 4, ceees level

odd k i O level
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Variables are arranged on the levels in the following way :
even number level : v', @', ,d', Gn, An, Bn,
odd number level : ¢&' /ﬂ"

where An, Bn, and Ao are given by

n n .7(“0‘
A' =~ a1+ () (3.55a)
p
B" = - a/e" (3.55b)
AG, =0, - O, (3.55¢)

For the vertical integration of Ve.v' :

o

L

Ve z'd0= (V.X' ')OAO’ (3.56)

JO Z k k
k = 3, 5, ey L

For the vertical advection of potential temperature :

¢

1 ' n_,.n =
ZACJ;< o k+1 (ek ek+2) (k 2)
08" { 1 . n n . n n
I = ] - 1 -
(O 80‘> Kk 2A0‘k {O k+1 (ek ek+2) tao k-1 (ek—z ek)} (3.57)

(k =4, 6, ... 2K-2)

=& 0" -8") (k= 2K)
\ ZAO'k k=1 *"k-2 k
For the hydrostatic equation :
gl Ig\l
k=1 " k+l _ .n._, . N 4, -
AT =A '+ Bk e K (k=2,4,...,2K)
A A (3.58)

A
where ,0'1 = 0.

The convergence of the Tatsumi scheme is not strong enough. This
necessitates the introduction of more damping schemes into the model. At
present, the modified version of the Asselin (1972) time filter and the gravity
wave damping scheme are used with the damping parameters set to 0.1 in both
schemes.
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(9) Lateral boundary condition

The formulation of the lateral boundary condition follows that
proposed by Hovermale (unpublished).

In the boundary region which is 7 grids in width from the lateral
boundary (the dotted area in Figure 9), the following terms are added to the
momentum, thermodynamic and tendency equations.

(}t 2 - sesoeee KB_—2- X (X—XHSM) (3.5 a)
m m
d
T 2 = aeeeee t KB'l—z'Vi (90 =T e (3.59b)
’ m m
where

-y B
)3

5 = 0 - S

The variable X stands for u, v, 8 or q. XHSM andJQ'HSM are supplied
externally. LB is the width of the boundary region and { the distance from

the lateral boundary.

In this model,

“s

4 x 107% gec?t

= 1.5

]

6d (d : grid distance)

LB

The operatory i is a non-dimensional finite difference analogue

of the Laplacian operator and is defined by
2
74 X X(x,y) = X(x+d, y+d) + X(x+d, y~d)
(3.60)
+ X(x-d, y+d) + X(x-d, y—d) - 4X(x,y)

where (x, y) represents Cartesian cocrdinates of the forecast area and d is the
grid distance. At the grid points on the lateral boundary the'W’i operator
cannot be evaluated so that all prognostic variables X, u, v, 6 and g have
to be set equal to the corresponding forecast values supplied externally.
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4. SOME APPLICATION OF THE SYSTEM AROUND HONG KONG

Operationally, forecast surface pressure, upper air streamline and
6-hourly accumulated rainfall charts up to 72 hours are produced once daily.
For easy interpretation, forecast tephigram and time cross-section at two
grid-points near Hong Kong are also produced. The following is an account of
the performance of the model around Hong Kong according to a l-month data
sample (17 Nov -~ 15 Dec 1988).

4.1 Forecast of Surface Pressure and Temperature

The forecast surface pressure was generally within 2 hPa (Figure 10).
The forecast surface temperature was not very accurate. However, the forecast
trend was still a useful forecasting aid. In most cases, the forecast
overnight temperature drop from the afternoon maximum were smaller than the
actual value (Figure 11). Also, most of the forecast changes in morning
minimum temperature are in the right categories (Figure 12). When applying
this to the forecast of surges of winter monsoon, it was found that the model
failed under two circumstances :

(a) on the arrival of northerly surge during fine days, the slight
initial temperature rise before the main temperature falls could
not be predicted; and

(b) when the surge arrived overnight, the forecast temperature drop
in the morning was usually too large.

4.2 Winter Monsoon Surges

The forecast temperature sequence was useful in the forecast of
surges of winter monsoon. The timing of the first arrival of surges, was found
to be correct in 2 cases out of 5., For the remaining 3 cases, the timings were
all 12 hours too early. These cases occurred when the smooth topography was in
use. The bias has been reduced after a more realistic Nanling was introduced
into the model. Replenishment of cold air was accurately indicated in 7 cases
out of 7, which resulted in colder mornings to follow. The first warming-up
after a surge was predicted in 4 cases out of 5.

For 850 hPa level, the change from northerly to southerly flow was
predicted in 3 cases out of 5. In the remaining 2 cases, the changes were also
predicted but with delays of 6 and 12 hours respectively.

4.3 Changes in vertical profile

On several occasions, the model managed to forecast sudden drying up
on the 850/700 hPa levels which was not evident from the synoptic pattern, and
which would pose considerable problems for forecasters (Figure 13). 1In
general, the timing for the moistening up or drying up of the vertical profile
was accurate to within 6 hours.

The verification of the model forecasts for monsoon trough and
meso~scale features will be reported separately.

25



5. CONCLUSIONS

A numerical analysis-forecasting system has been developed for
application in Hong Kong. The system consists of two components : a two
dimensional multivariate optimal interpolation scheme and a limited area
model. These components are the results of adapting the Japan Meteorological
Agency optimal interpolation scheme and the very fine mesh limited area model.

The major changes made during the adaptation are :

(a) the use of statistic coefficients that are relevant to the Royal
Observatory model domain for the analysis of pressure/height and
temperature;

(b) the introduction of a simplied scheme for the generation of
bogus data for tropical cyclone;

(c) the replacement of the JMA topography by one which is more
relevant to the forecasting requirements in Hong Kong.

Operational forecasters consider that the system has been a useful

forecasting tool. The performance of the system according to a l-month data
sample also shows that the model outputs have been reasonable.
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Figure 1 Vertical levels in the Royal Observatory analysis scheme
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Figure 9 Flow of Tatsumi's economic explicit time integration scheme

(hPa)
g 1030
2
[7p)
n
[71]
o
o
|
w
>
w
-
<< 1020
w
(V]
pd
<
w
=
|
<
]
—
(@]
< 010
! T v (hPa)
1010 1020 1030

24 HOUR FORECAST MEAN SEA LEVEL PRESSURE
(a)

Figure 10  Accuracy of forecast mean sea level pressure

34



9anssaid ToA9] BOS UBSW 1SBO3I0I JO ADBINDIY

)
3JYNSS3Hd 13A37 V3S NVIW 1SVI3HOS UNOH 8%

ogot 020l 0101
(edy) t L ]
- 0104
|- 0z Gt
- 0€0t
(edy)

3YNSS3IHd 13A37 VIS NVIW TvNLOV

01 2an31y4

(q)

3UNSS3Y™d 13A37 VIS NV3IW L1SVYI3HO4 YNOH 9¢

(edu)

0co!

L

0201
:

0101

1

-

- 0101

~ 0201

- 0e0t

(edy)

3YNSS3¥d 13A37 V3S NVINW IvNLOV

35



OVERNIGHT TEMPERATURE DROP
( FROM AFTERNOON MAXIMUM )

Figure 11
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Accuracy of forecast change in morning minimum temperature
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(a) forecast

Figure 13 Drying up on the 850/700 hPa levels
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levels sigma p(hPa)

1 0.995 10
2 0.978 20
3 0.950 30
4 0,910 40
5 0.861 50
6 0.800 60
7 0,728 70
8 0.644 80
9 0.550 90
10 0.444 100
11 0.328 110
12 0,200 120
13 0.067 120

Table 1 The sigma levels and the approximate thickness of
each layer of the Royal Observatory limited area model

40



