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ABSTRACT

In this paper. some 2-D features of the down— and up—slope winds and sea—land—breeze generated over the com-
plex terrain of the Qingdao area and the interaction between them are numerically analysed by use of a 2-D
non—hydrostatic mesoscale model. The simulated results in the west—east vertical cross—section show that (1) when the
large—scale wind is a southerly gentlc one, the generated easterly down—slope wind is much stronger than with an oppo-
site background wind. and the down—stope wind can trigger and intensify the land breeze corresponding to the eastern
coast of haozhou Bay: (2) a gentle westerly background wind will reduce the eastward sea breeze and up—slope wind

during the daytime due to a cold advection, but shows a little effect on the mesoscale circulation formed in the nighttime.
Key words: numerical study, local wind structure, complex terrain, Qingdao area
1. INTRODUCTION

Qingdao is a very important harbour and industrial city, and a popular summer resort with
a population of about one million. The fast development of industries in recent years has re-
quired scientific worker to study the environmental impact of the industrial areas.

The city of Qingdao is situated on a peninsula connecting with Jiaozhou Bay at the west
and surrounded by the Huanghai Sea at the south and east sides. The terrain of Qingdao area is
very complex. The Laoshan mountains with main peak more than 1100 m are situated east of
Qingdao; Fushan and Wushan hills whose peaks are more than 300 m are lying along the south-
ern coastline of the peninsula. Besides, a number of hiils lower than 200 m are scattered in
Qingdao’s urban districts. The mean latitude and longitude of the studied area are ¢ =36.1°N
and A=120.4°E.

The atmospheric pollutant transport in the Qingdao area is strongly influenced by the
sea—land—breeze and slope—valley wind features developing in the area. Owing to the
interactions between sea—land—breeze and slope—valley winds, and both branches of the
sea—breezes as well as the effects of the city heat island, Qingdao’ s local wind presents very
complicated temporal and spacial variations. The object of this paper is to study the circulation
features of the local wind based on the numerical simulation results.

From comparisons of model simulations with observations it has been concluded that tur-
bulent kinetic energy ( TKE ) closure models show better agreement with measurements than
the first order closure models. Among TKE schemes, as a group, E—¢ parameterizations
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Fig. 1. Schematic map of Qingdao area. The simulated cross—section is marked with W—E.

perform better than E—I schemes ( Holt and Ramam, 1988 ), due to the physically more realistic
determination of TKE and dissipation ¢. This is particularly true in the cases in which the mix-
ing lenght / is no longer determined by the local surface characteristics, e.g. internal production
processes of TKE or the flow over irregular terrain ( Duynkerke, 1988 ). In those cases an E—¢
closure model is able to simulate the atmospheric boundary layer circulation more accurately
than an E-l closure model.

In order to study the local wind structure, the mesoscale non—hydrostatic atmospheric
model METRAS ( Schlunzen, 1988; 1990 ) is employed. An E—¢ turbulent closure scheme has
been added recently by Wu and Schlunzen. A finer grid is used in the primarily interesting areas
of the study.

Although METRAS is a 3—dimensional model and 3—D studies of Qingdao’s local wind
are necessary, in this paper only 2—D experiments are carried out for limitation of computer re-
sources. The simulated cross—section is selected, as shown in Fig. I and marked with W—E.
since the eastern coastal area of Jiaozhou Bay, situated in the section, is the Qingdao s old in-
dustrial district with dense residents and heavier air pollution, and so its local wind study is in-
teresting and especially emphasised for air pollution control.

II. NUMERICAL MODEL

The main model METRAS is a mesoscale, non—hydrostatic model, where an E—¢ closure
scheme has been added. In this paper only the mesoscale pressure equations and the E—e
sub—model are presented. A detailed model description can be found in the works mentioned
above.

In the model the dependent variables are decomposed as
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A=a,+a+a' =a+d,

where 4 represents anyone of the wind components ( u, v, w), temperature ( # ) and pressure
( p). a, is the synoptic scale value, @ the mesoseale, and a’ the subgrid scale value whose effects
will be parameterized. A terrain—following coordinate #n is applied, n=z,,[z—z(x,
W1/ [zp==sx, ¥)], and a nonuniform horizontal and vertical grid is utilized with the following
transformation:

.1 .1 .2 .2 .3 .3

x =x(x), X =x() x =x(n) (1)
1. Model Equations '

In model METRAS the mesoscale perturbation pressure p is composed of p, and p,.
p, corresponds to the hydrostatic pressure portion and is determined diagnostically by
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The mesoscale density perturbation p is mainly dependent on temperature perturbation 0
but might be influenced by pressure perturbation p for deep convection. p = po[(—g/ 0)
+(C,/C )= (p/p,)] isused in Eq. (2).
The dynamic pressure portion p, is calculated from the elliptic differential equation (3),
which is derived from the anelastic equation:
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where &, v, w are, respectively, the temporary values of u, v and w which do not include ef-
fects of p» ; X' and ' (i=1,2, 3 ) are the terrain—following coordinates and the corresponding
wind components:

i =17(9)&l / ax),

il =vex’ /o),

il = J(aij /ax)+ 17(9,%] /ay)+ W(s)'c3 / az),
« s the grid volume. The other symbols in the above equations have their normal meaning in
meteorological parlance.

In the general Cartesian coordinate system, the turbulent kinetic energy (TKE) is defined as
E=0.5u"+v*+w?), and the TKE equation is written as
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With neglection of small terms, the above equation can be rewritten as
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Here term (1) (réferred as ADV) is the advection of TKE, term (2) (PS) corresponds to the
shear production rate of TKE, and term (3) (PB) to the buoyancy production rate, which are
both parameterized in the usual way. The viscous dissipation term ¢ is calculated by use of a
prognostic equation. The horizontal diffusion term (6) (HD) will be simply replaced by a hori-
zontal filter (Pepper et al., 1979). The pressure perturbation transfer term (5) (PPT) and the en-
ergy gradient transport term (4) ( EGT ) are also parameterized in the normal way:
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The parameterized form of TKE equation results in
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where R, is the counter—gradient heat flux correction ( Wu, 1987). K,,, K, are turbulent trans-
fer coefficients for momentum and TKE respectively. a, is the ratio of K, to K, in this study
az=1.35 given by Detering and Etling (1985) is used.
In the terrain—following coordinate system the TKE equation is given by
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The parameterized form of the equation for dissipation ¢ in the terrain—following
coordinate system is obtained in the same way as the above:
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In this study {Cg. Cg, Cr Cgsy = <1.46,1.83,2.39,0.19) (Duynkerke, 1988), and

= {O when the buoyancy production rate of TKE is positive,
£ 1.0 else. :
The exchange coefficient for momentum K, is calculated as
(C B
e : (7)

and the exchange coefficient for heat K,=1.35K,, is used.
The horizontal diffusion coefficients are calculated according to the vertical diffusion
coefticients K., (K. Kj){(Dunst, 1980),

o S(sz +Ay2)“2
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(8)

For 2—-D case, K., = 0.5(3x / A K e
2. The Boundary and Initial Conditions

A complete description of the boundary conditions of METRAS is presented in Schiunzen
(1988). In this paper only 2—D experiment conditions are discussed. For the lateral boundary
conditions, the radiation conditions are applied for the normal component of the wind vector
(after Orlanski, 1976). and no—gradient conditions are utilized for the remaining wind compo-
nents and for the scalar values T, p,, E, ande.

At the upper boundary of the model, an absorbing layer is implemented for the velocities.
A no—gradient assumption is used for TKE and & equations. At the lower boundary the land
surface temperature 7, is derived from the energy budget equation in the way:

QT\ 2K> h
Qli = (uf , cosZ(t))
2K, @ & TS_T(_h) 4
- /’I [(aaTﬁ) —(c,p,0,u.) +(yST) J 9)

where terms (1), (2), (3) and (4) (referred to as Is, I, Iy andl, respectively ) in the brace de-
note the short—, long—wave radiation terms, the sensible heat and soil heat fluxes. The equation
is solved with an iteration scheme, and the solution is converged easily. I, is the solar constant,
h the depth of the temperature wave in the soil and 2= 10 cm is used. In estimation of term 7,
an experimental parameter u=0.75(1—A4) is used, and A is the solar albedo (Schlunzen, 1990). &
is the reducing factor of long—wave radiation and & = 0.32 is used, which is determined ac-
cording to the diurnal temperature range of Qingdao in the early winter. &, and vy, are the
thermal diffusivity and conductivity of soil. The remaining symbols have their normal meanings
in meteorological parlance. The influence of the sloping terrain on the amount of shortwave ra-
diation that reaches the ground is taken into account in the surface heat budget due to the calcu-
lation of the zenith angle Z(f) (refer to Chapter 11, Pielke, 1984).
In order to estimate the boundary values of TKE and ¢ at the lower boundary, Mailhot
(1982) and Duynkerke (1988) schemes are employed with some modification due to the different
positions of the bottom boundary:
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where L is Monin—Obukhov length, ,=10 m. L, is the dissipation length at the lower
boundary and set L,;=0.10 m.

It is known from the measured wind rose that the prevailing wind directions in Qingdao are
in the south and north, and that the wind direction varies with seasons. The prevailing wind di-
rections are S and SSE in spring and summer, N and NW in winter. However, a main direction
of wind in autumn is not prominent, but the wind frequency in the N, NW_,SW_ S and ENE sec-
tors is greater compared to the other sectors (after Long, personal communication).

In the following sections, the simulated results for Qingdao s local winds are discussed tor
different background synoptic conditions. It is assumed in the model calculation that
U /az=aV /2z=0. The synoptic scale meteorological ﬁetlds and the sea surface tempera-
ture (SST) are kept steady in each test. The synoptic potential temperature field i1s assumed to be
stably stratified (y=10.0035 K / m), corresponding to the mean situation in middle latitudes.

The main aim of this group of tests is to study the structural features of up— and down
—slpoe winds of Laoshan mountains and sea—land—breezes of Jiaozhou Bay and the interaction
of both in December, corresponding to a solar declination of d=-23.0". In these experiments
the simulations are performed in W—E vertical cross—section. The x direction is in the east,
y points to the north. The width of Jiaozhou Bay is taken as 21.25 km, and the eastern shoreline
is located at x=0, as pointed out by an arrow in Fig.2. U,=0, V,=3.0 m /s for test I:
U,=0 and V,=—3.0 m /s for test 2; U,=1.5m /s, V,=0 for test 3. The.sea surface tempera-
ture is set equal to the surface value of the synoptic scale temperature profile and SST=278.5 K.
which is nearly equal to its normal value in the early winter.

For accomplishing initialization over the irregular terrain, a two—step procedure is em-
ployed. Firstly, the synoptic background wind and temperature profiles are adjusted to match to
each other by used of a one—dimensional version of the model; Secondly, the adjusted tempera-
ture values are distributed there in a horizontally homogeneous way, and the so—called
“diastraphism” procedure (Pielke, 1984) is used to permit the terrain growing to its assigned
height in 6 hours, and a similar procedure to the “diastraphism” is applied to background wind
profile to permit it to grow to the adjusted values during the first 3 hours, in order to match
temperature and wind fields to the terrain.

The initial value of turbulent kinetic energy is diagnostically calculated, based on the as-
sumption of balance between the production and dissipation of TKE at t=0 and with the aid of
mixing length idea (Wu, 1987):

K, =1(02E)",

E=51 8 v(1—u,Ri),
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e=(c,E) /1,

where the mixing—length / is set 20 m above the 100 m level and decreases linearly below that
level; ¢~=0.2. [ is the dissipation length, and /,=0.44] with the aid of Eq. (7). ;= 1.35 is used,
Ri is the gradient Richardson number, and

2 o\’ v\’
s (Z) 4 (2)
o oz
At r=0, no mesoscale perturbations of wind components, temperatu}e, pressure and densi-
ty are present in the whole integration domain.

3. Grid Structure and Integration Scheme

The equations are solved on an ARAKAWA—C staggered grid (Schlunzen, 1988), and a
fine—mesh uniform horizontal grid of Ax=1.25 km is utilized within an area of 50 km centered
at x=0. Beyond this area, .\x is increasing gradually Ax, (A x )= 1.25Ax; up to 5.0 km at
the lateral boundary areas. In the vertical direction 29 levels are utilized. The grid increment /Ay
is slowly enlarged with height from 20 m close to the surface, up to 500 m close to the model top
at £, = 8.4 km.

Since we are not interested in the phenomena occurring in the east side of the ridge of
Laoshan mountains and for avoiding the calculation troubles caused by sharp slope, the terrain
in the east of the mountain ridge is artificially smoothed. A flat terrain replaces the sharp slope
and the sea area.

The solution of the equations in the main model is described by Schlunzen (1990) in detail.
For the numerical integration of the TKE— and ¢—equations a splitting—up scheme is used. The
advection terms are solved in the way as in the main model following Smolarkiewicz and Clark
(1986). The vertical diffusion and dynamic adjustment terms in the E—¢ equations are soived
with a reweighted Crank—Nicolson scheme.

[II. ANALYSES OF THE SIMULATED RESULTS

For comparison of the model results with measurements, it is necessary to look at some ob-
served results. It is found from the observations that the prevailing wind at station A (see Fig. 1)
is easterly at night and early morning, owing to effects of the down—slope wind of Laoshan
mountains and some small hills. The basic features of the flow observed at station A are shown
in Table 1.

It is found from Table 1 that generally the down—slope wind starts after 2000 LST and col-
lapses after the sunrise. February, June and July, as well as October to December are less
down—slope wind periods. Partly this can be explained by a higher frequency of fogy and rainy
days in June and July. In winter (October to February), however, the frequency of down—slope
winds might be reduced due to the influence of active cold air and the prevailing northerly wind.
This will be discussed in detail later. Notice that, when figures are discussed in the following, the
solid lines represent the positive values, and the dashed lines the negative values.

Fig. 2 shows the mesoscale temperature field at 1400 LST of test 1, which corresponds to
the fully developed stages of the sea breeze and the up—slope winds. Fig.3 shows the vertically
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Table 1. The Monthly Mean Features of the Down—Slope Wind (ENE—ESE) Observed at the Synoptic Station A
(November 1985—0October 1987)

Month Frequency (d / mon) Speed (m /' s) Coliapsed time (LST)~ Duration (h)
1 10.0 3.0 0630 8.7
2 7.0 2.9 0745 11.2
3 10.5 35 0720 8.9
4 11.0 33 0710 9.0
5 12.0 33 0650 10.2
6 8.0 2.8 0645 9.2
7 7.0 32 0610 8.6
8 12.0 2.5 0705 9.4
9 9.5 32 0655 8.0
10 7.0 3.2 0715 8.8
11 7.5 2.8 0750 10.5
12 4.5 35 0800 10.3

* LST is local standard time.

turbulent exchange coefficient field of test 1 for the corresponding time to Fig. 2.

In comparison, it is found that the calculated mesoscale potential temperature fields of test
2 (figures omitted) result in similar structural features to test 1. The difference in exchange
coefficient fields for both tests is that test 1 shows a slightly stronger maximum than test 2 at
0800 LST, however, an inverse situation is present at 1400 LST. The maxima of the turbulent
exchange coefficient K, are situated in the areas controlled by the major mesoscale circulations.
as shown in Fig. 3.

Additionaly, the simulated results show that the used model can reasonably describe the
surface temperature variations over a complex terrain, e.g. the temperature is lower in a valley
than at its both slopes at night; the temperature at the eastern slope is higher than at the western
slope from the sunrise to about 1500 LST. as shown in Fig.2; and the calculated mesoscale
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The mesoscale temperature fields (K) of test 1 at ~ Fig. 3. As in Fig. 2. but for the vertical turbulent ex-

1400 LST corresponding to the strongest period change coefficient fields (m” / s) at 1400 LST:
of the up—slope wind and sea breeze; contour in- contour interval 12.0 m” s,

terval 0.5 K.
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Fig. 4. The mesoscale wind component # (m/ s) of test 1: (a) for 0800 LST; contour interval 0.2 m / s; (b) for

1400 LST: contour interval 0.4 m / s.

temperature structures around the coastlines are also convincing.

Fig. 4 presents the mesoscale wind component # fields at 0800 LST and 1400 LST, re-
sulting from test 1. It is not difficult to understand the facts that the easterly wind of test 1 is
stronger than test 2 shown in Fig.5, and the westerly wind component in both tests shows a con-
trary feature to the above, since the contrary direction of the background winds results in differ-
ent wind directions in the Coriolis force term (Wu, 1989).

Some observational results reveal that both down— and up—slope winds are most frequent
with geostrophic winds of less than 6 m /s. Geostrophic wind greater than 6 m /s tends to
swamp the mesoscale circulation, regardless of the direction of the background winds
(Atkinson, 1981). The results are supported by the observations taken at station A. Based on the
above conclusion and the calculated results shown in Fig. 4a, we can say that for a southerly
geostrophic wind less than 6 m /s, the down—slope wind of Laoshan mountains can overpass
station A and excite the land breeze circulation corresponding to the east shore of Jiaozhou Bay.
This intensifies the land breeze at the east shore, and so the breeze is much stronger than that at
the west shore.

It can be noticed in Figs. 4b and 5 that the sea breeze branch at the east coast of the Bay is
much stronger than that at the west coast owing to the coupling of the sea breeze circulation at
the east coast with the up—slope wind circulation at the west slope of Laoshan mountains.

The results of test 1 show that a southerly wind of 3.4 m /s develops at the 600 m level
centered between Laoshan mountains and Jiaozhou Bay at 0800 LST. The southerly wind is get-
ting stronger with time and moves up—~ and west—ward (figures not shown ). At 1400 LST, v
reaches 4.2 m /s, as shown in Fig. 6a. The maximum is located at a height of 1400 m over
Jiaozhou Bay. At 2000 LST, the center is over the west shore of the Bay at the 1700 m level and
v reaches 6.8 m / s.

Corresponding to the northerly geostrophic wind 3 m /s, the results of test 2 show that a
mesoscale northerly wind is formed with the maximum at a height of about 250 m above the
east coastline of the Bay (Fig. 6b), and a southerly wind center is located at about 1400 m level.
However, it is interesting that the position of the southerly wind center is approximately
unchanged in the whole day.
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meso— and large—scale winds in test 3, at 1400 meso— and synoptic scale winds at 1400 LST:
LST corresponding to the full developed stage (a) for test 1; contour interval 0.2 m / s; (b) for
of the sea breeze and up—slope wind; contour in- test 2; contour interval 0.2 m /' s.

terval 0.3 m / s.

Fig.7 shows the calculated results of test 3, corresponding to a 1.5 m /s westerly
geostrophic wind. Comparing the results at 0800 LST of test 3 with tests 1 and 2, it is found that
in the early morning the down—slope wind of Laoshan mountains and the land breeze circula-
tions corresponding to both coastlines of the Bay resulting from test 3 present similar features to
test 2, but different from test 1. For the daytime the size and intensity of the mesoscale circula-
tion corresponding to the east coast of the Bay, exhibited by Fig. 7 are much smaller and weaker
than the other cases. We think, the difference can be attributed to the cold air advection caused
by the westerly background wind, which reduces the atmospheric baroclinicity between the wat-
er surface and the land.
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IV. CONCLUDING REMARKS

Based on the above analyses and discussions, we can reach the following conclusions:

(1) This model can reasonably simulate the surface temperature over a complex terrain as
well as mesoscale circulations induced by topographic, thermodynamic, and mechanical effects,
such as sea land breezes, slope and valley winds, and their interactions.

(2) When the geostrophic winds is a gentle southerly one, the down—slope wind of Laoshan
mountains® western slope can usually arrive at the eastern coast of Jiaozhou Bay, and excite and
intensify the land breeze in the early morning. However, when the geostrophic wind is in the op-
posite direction, the down—slope wind of the Laoshan mountains western slope gets much
weaker than the former and is arrested at the foot of Laoshan mountains. This is the main rea-
son for weakening the down—slope wind at the western slope of Laoshan mountains in the win-
ter half year.

(3) After sunrise the sea breeze circulation generated at the eastern coast of Jiaozhou Bay is
coupled with the up—slope wind at the western slope of Laoshan mountains and the coupled
circulation is much stronger in the case with a gentle northerly geostrophic wind than with a
southerly geostrophic wind.

(4) A gentle westerly background wind can reduce the sea breeze and up—slope wind circu-
lations corresponding to the east coast of Jiaozhou Bay and to the west slope of Laoshan moun-
tains, but it shows only a small effect on the land breeze and down—slope wind in the same area
as the above.

Although the obtained results are convincing, some observed facts and phenomena show
that a further observational and theoretical study on Qingdao’s local winds is very necessary. It
is particularly worth studying and examining the 3—dimensional structural features of the local
wind, since the interaction between the sea breezes coming from the Huanghai Sea and from
Jiaozhou Bay, the effects of the city heat island and the varying roughness, as well as the
slope—valley wind make Qingdao’s local wind structure very complicated, and these local struc-
tures obviously influence the transport of pollutants.
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