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ABSTRACT

Two land surface schemes, one the standard Biosphere < Atmosphere Transfer Scheme Version le (B0Z)
and the other B1Z based on BOZ and heterogeneously~treated by ‘ combined approach’ , were coupled to
the meso—scale model MM4, respectively. Through the calculations of equations from the companion
paper, parameters representing land surface heterogeneity and suitable for the coupling models were found
out. Thres cases were simulated for heavy rainfalls during 36 hours, and the sensitivity of short—term weath-
er modeling to the land surface heterogeneity was tested. Through the analysis of the simulations of the
three heavy rainfalls, it was demonstrated that B1Z_ compared with BOZ, conld more realistically reflect the
features of the land surface heterogeneity, therefore could more realistically reproduce the circulation and
precipitation amount in the heavy rainfall processes of the three cases, This shows that even short—ierm
weather is sensitive to the land surface heterogeneity, which is more obvious with fime passing, and whose
influence is more pronounced in the lower layer and gradually extends to the middlke and upper layer,

Through the analysis of these simulations with BIZ, it is suggesied that the bulk effect of smatler—scale
fluxes (ie., the momentum, water vapor and sensible heat fluxes) near the significantly—heterogensons land
surface is o change the larger—scale (i.e., meso—scale) circulation, and then to influence the development of
the low—level jets and precipitation, And also, the complexity of the land—atmosphere interaction was
shown in these simulations,
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1. Introduction

In the companion paper (hereafter referred (o as Z99), we combined the mosaic approach
and the analytical type of statistical—dynamical approach, and proposed 2 * combined ap-
proach”, which could represent both interpatch variability and intrapatch variability as well as.
computationally cost less, After the heterogeneity of the roughness length z, {or / and zero
plane displacement height ;) is considered by the combined approach in Biosphere / Atmos-
phere Transfer Scheme Version le (BATS le}{Dickinson et al,, 1993), expressions , such as drag
coefficient and snow coverage which are affected by z,,, were obtained. We chose a function
y(y= inllz, — dy)/ z,], where z, is the height of the lowest level in the atmospheric model) of
the roughness length z, as the probability density function (PDF) (linear and symmetric as
Giorgi, 1597a, 1997b) independent variable, and carried out sensitivity experiments against dif-
ferent values of the two parameters, width ratio «, and height ratio y of PDF. These experi-
ments, which are the basis of this paper, were aimed at relevant characteristic quantities
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instead of the weather processes or climate states. The main objective of the treatment of land
surface heterogeneily is to quantitatively and realistically represent the hetlerogeneily or the
pronounced nonlinear interactions among land surface characteristic quantities and between
characteristic quantities at the land surface and those near the surface, Nevertheless, it is far
from sufficient to actually reflect the interactions only by the use of stand—alone (or off-ling)
experiments for fand surface models, ie., it is very necessary for a land surface model to be
coupled to an atmospheric model {(general circulation model, regional climate model, or
weather model).

There are a lot of previous studies on the treatment of land surface heterogeneity. Most
of these studies apply the mosaic approach to consider interpatch variability (Deardorff,
1978 Avissar and Piclke, 1989: Koster and Suarez, 1992, Dickinson et al,, 1993; Seth et al.,
1994; Leung and Ghan, 1995; Weiand Fu, 1997); some use the numerical type of statistical—
dynamical approach to censider intrapatch variability (Avissar, 1992; Famiglietti and Wood,
1994: Sivapalan and Wood, 1995; Li and Avissar. 1994); only a few employ the analytical
type of statistical—dynamical approach to consider intrapatch variability (Moore and Clarke
1981: Entekhabi and Eagleson, 1989; Giorgi, 1997a; Giorgi, 1997b). Because it is hydrologists
who firstly introduced the statistical—dynamical approach, whose numerical type is also
computationally expensive, very seldom work has been internationally reported concerning
the coupling of a land surface model considering intrapaich variability with an atmospheric
model up until now. The studies mentioned above with the inclusion of both interpatch varia-
bility and intrapatch variability are all limited to stand—alone experiments of the local land
surface,

In this paper, we carried out the experiments of the coupling land—atmosphere model, in
which the meso—scale model MM4 developed by Pennsylvania State University and National
Centet for Atmospheric Research (US) was adopted as the atmospheric component. The data
used here are the observed ones from the meleorological stations in the Meiyu season of the
summer 1991, For each simulation, the simulating time was less than 36 hours so as to inves-
tipate the effects on the short—term weather process due to the land surface heterogeneity rep-
resented as Z99. There have been some studies (Anthes, 1984; Beljaars et al,, 1996; Wu and
Raman, 1997) which have demonstrated the effects of land surface processes on the
meso—scale circulation or convective precipitation, while in this paper the effects of land sur-
face heterogeneity are stressed. For saving space here only the roughness—length
heterogeneity is studied, while the simulated results of the heterogencity of stomatal
resistance, temperature and moisture will be given in a future paper.

2. Design of experiments

2.1 Design of the model mesh

The simulated domain center is located at 35,20°N, 117.00°E, the horizontal grid resolu-
tion is 60 km % 60 km, the number of the horizontal grid points is 41 x 40; the domain covers
the region of 24.7—45,7°N and 100.88— 133.12°E; in the vertical direction 11 integral levels
which are not uniform are set: o =20.0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.83, 0.93, 0.97,0.99, 1.00;
10 half levels, at which the calculated variables apart from the vertical velocity are output, are
located among 11 integral levels.

-1

Lo

SR W Rk

o HET




R . e

No. 2 Zeng Xinming, Zhao Ming and Su Bingkai 243

2.2 Option of the model physics

In order to investigate the effects on the short—term weather process due to the land sur-
face heterogeneity represented by the combined approach, for each simulation of a specific
period (i.e., from 0000UTC June 12 to 0000TUC June 13 in 1991), two models, the standard
version of BATSIe (BOZ) and B1Z which is based on BOZ and treated as Z99, are used, In
addition, uniform options of the model physics are adopted so as to make comparisons
among the experiments:

(1) Planetary boundary—layer scheme: high—resolution boundary—layer model of
Holtslag (Holtslag et al., 1990; Holtslag et al., 1993).

(2} Lateral boundary scheme: time—dependent, exponentiaily nudging boundary scheme,

(3} Cumulus parameterization scheme: modified Kuo—type scheme {Anthes et al., 1987),

(4) Scheme for water vapor calculation: implicit vapor scheme,

(5) Scheme for radiation transfer: the scheme as CCM2 (Briegleb, 1992),

2.3, Selection of PDF (probability density function) parameiers

As stated in Z99, the chosen PDF parameters should be relatively consistent with the
used model and the properties of the simulated domain, and when testing against PDF
parameters, width ratio , and height ratio , e, has an upper limit which is generally smal-
ler than about 0.6, Because the valve of the chosen y does not lead to physical mistakes (e.g.,
the value of the heterogeneous characteristic exceeds the reasonable range), here we only dis-
cuss the choosings of width ratios corresponding 1o y, the single valued function of the
roughness length z,, and corresponding to the stomatal resistance r,, when performing

simulations of the coupling model

Table 1. Experiments of PDF parameter—choosing in the coupling model, PDF here directly corresponds to y which

is a single valued function of z, ), where z; =38.4 m, dyy =9

Ne.| =, y Cpm Zon (M} Zgmy (M) Zopay (1} Com 2 ()| rge o
1 02 0001 | 12511072 | 100 | 575%10” 1.60 r2sx10 | 134 | L0z | 1.34
2 0.4 [r001 1251210771 1.00 | 3.13x107" 231 136107 | 147 | 109 | 147
3 | 06 0001 |L25i=1072 | 100 | Le5x10” 293 155%102 | 163 | 124 | 163
4| 02 (o9 1.251 %107 [ 1.00 | 575%107" 1.60 130x1072 | 105 | Lo4 | 105
5 04 |09 L2s1x107% | 1.00 | 313=107" 231 1agx107 [ 113 | L1s | 113
6§ | o6 |09 1.251%107 | 1.00 | 165%107 2.98 193x107 | 1.25 | 154 | 1325
7 02 |00l | Lossx10 | 080 | 4.26x107 1.38 1osx10 | 098 | 102 | 123
8 04 D00l |9sesx10” | 07 | 179x10” 2.4 108x107* | 098 | Lo9 | L3B
3 | 06 |0001 |8765x107 | 058 [ s92x107 2.74 1o9x107 | 099 | 124 | LTI
10| 02 |09 1205 %107 | 095 | 538107 1.55 1.25x1072 | 1.00 | 104 | 105
11| 64 |09 1103107 | 084 | 234x107 2,17 131%107 | 098 | 119 | LI7
12| 06 |09 1025x10 2 [ 076 | 955%107 285 1.58x107° | 1.4 | 155 | L37

Table 1 shows the experimental resuits of PDF parameter choosing in the coupling mod-
el, where o, , ¥, 2o, 2, and dg, are the inputs, the others are output resulls; dy, is the ratio of
zero plane displacement to z, iCpyo and zg, are the drag coefficient and the roughness length
without the heterogeneity treatment; Cpy, and z, which are appended with subscript * 17
denote the drag coefficient and the roughness length with the heterogeneity treatment,
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respectively: r,,, and r,, are the ratios of the drag coefficient and the roughness length with
heterogeneity treatment to their corresponding values; z,, and zq,,, are the lower and up-
per limits of z, after the heterogeneity treatment, respectively.

From Takle 1, some conclusions analogous to 799 can be drawn, say, the average of the
roughness length will increase after the heterogeneity treatment (i.e,, r4 >1). Since values
of 2y, z, and dy, are close to those inputs in standard BATS1e (BOZ) in the case of vegeta-
tions, under the condition assuming roughness length z, which was classified by Olson et al.
{1983) with respect to vegetations, to be a specific average (even though it is very
approximale), in order to make z, (a value for z; after heterogeneity treatment} approxi-
male to z, given by classification, the ratio ¢y, of the input zy to z, must be within the
range from 0.6 to 0.95, Based on all these, the heterogeneity is considered, For example, in the
9th row of Table 1, z,, =0.99 m, which is close to the classification z, =1 m, when zy, =0.58
m. So for the original classification z, =1 m, we input zo, =0.58 m. On the basis of this we
change z, in BOZ into other value in B1Z, and then use the changed value to calculate the
heterogeneously—treated values of the expressions of relevant characteristic quantities such as
the drag coefficient, snow coverage, etc,

The heterogeneity of stomatal resistance r, is also considered in simulations with the
coupling model. Since there are many factors which are very complicated and affect r, the
spatial distribution of r, is highly heterogeneous, there are  lot of controversies about r,
\reatments in the land surface models (Carlson, 1991), most of the r, equations are given
empirically {Avissar,1993), and the minimum r, in BOZ produced too low evaporation and
too high sensible heat flux compared to observations (Giorgi, 1997b). In this paper, the out-
put value of the BOZ algorithm is used as the average in the distribution, with the r, PDF
similar to y, and its width ratio &, < 0.30.

3. Simulations and analysis

Heavy rainfalls (daily precipitation amount 2 100 mm) in the Meiyu season aré the main
disastrous weathers in China and the subtropical region in Japan. This kind of weather is of-
len associated with a Meiyu front, which is quasi—stationary and separates two intensive air
masses, in which one is very warm and humid and comes from the tropical Pacific Ocean in
the south, and the other is relatively cold and comes from the north, therefore the precipita-
tion is concentrated in a relatively narrow and limited latitude belt and turns out to be very
strong,

Great losses in economy were caused by the long—time rainfall in East China in the
summer of 1991, when the onset time of the Meiyu season was early at the end of May, and
when the Meiyu season lasted for a very long period with its ending in the early July, Here
three cases are chosen in the year: the first (hereafter referred to as case 1} from 0000UTC
June 12 to 0000UTC June 13, the second (case 2) from 1200UTC July 4 to 12000TC July 5,
and the third {case 3) from 0000UTC May 24 to 1200UTC July 25. All of the observations for
the three cases are utilized for modeling and analysis so as to test the sensitivity of the
shori—term weather to the land process model B1Z,

We select several sets of parameters listed in Table 2 for the tests, and the following is the
analysis.
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Fig. 1, Observad () and simulated in Exp.1 (b) and Exp.2 (¢} daily precipitation amounts {in mm}
from 0000UTC on June 12 to 0000UTC on June 13, 1991,

3.1 Analysis of Exp.d and Exp.2

Around June 12 was the active season of the Meiyu front, when the real weather situa-
tions were as follows: There existed a quasi—longitudinal Meiyu front in the surface weather
map in 33-35°N at G000UTC, June 12, and correspondingly, there was unitarily southwest
warm and humid air flow in front of the trough (or to the south of the shear line) in the lower
layer; up to 1200UTC, the Meiyu front moved for about 5° latitude in the SSE direction, in
this peried little troughs rapidly moved eastward at 500 hPa, and intensified the anti—cyclone
circulatien in the north of the frontal zome; later Meiyu front was quasi—stationary (not
shown). At that time a great disaster was caused by the heavy rainfall in the Yangtze
River—Huaihe River Valley, where the maximum precipitation from 0000UTC June 12 to
0000UTC June 13 reached 172 mm (see Fig. 1a). Exp.1 and Exp.2 simulate the case (case 1),
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in which Exp.1 uses the coupling model with BIZ included and with its parameters selected as
Table 2, while Exp.2 employs BOZ, The same boundary condition is chosen for the two exper-
iments, whose difference only exists in whether the heterogeneity treatment by the combined
approach is considered or not.

It is weil known that the influence of initial conditions is greater than that of boundary
conditions for short—term weather processes, The influence of boundary conditions may be
obvious only a long time later, Hence, there is hittle difference between the characieristic
quantities of the two experiments in a short period of integration,

Table 2. Selection of the parameters and results of simufation. (Parameters in the functional form of the heteroge-
neous independent variable correspond w v, and y; 1y, #1,50. 1y, 8Fe the numbers of the grid cells in which
orecipitation amount is greater than 10, 100, 230 mm, respectively: P, and P, are the maximum daily pre-
cipitation amounts simulated and observed in the Yangtze River—Hnuaihe River Valley, respectively, both in

mm}
j input parameter simulated value chserved value
Exp.(mode)) rx,,(vﬂ ) Tﬂ,‘(r,) vir 3| de | eoe | M | o | e | P P,
Exp.l (BLZ} 85 (09 03 | 000 9 0.6 211 22 0 228 172
Exp.2 (BOZ} - - - -~ - ~ 216 3 5 288 172
Exp.3 (BLZ} 001 {0,001 | 001 {0601 9 1 216 21 5 234 172
Exp4 (BIZ} 45 (09 03 |00l 9 1 208 21 4 257 172
Exp.5 {BIZ) .25 109 0.3 | 0BG 9 0.6 188 18 0 164 157
Exp5 (BOZ) - - ~ - ~ - 190 19 0 175 157
Exp.7 {B1Z) 015 109 0.3 | 0006 9 0.9 460 2 0 } 142 173
Exp880Z) | - | - | - | - | - | - |#8] s [ o jus 173

After 0900UTC, the difference between the two experiments becomes apparent
gradually. At 0900UTC, the sensible heat flux in Exp.1 is greater than that in Exp.2 over al-
most the whole region, the corresponding 3~hour (0600—0900UTC) accumulated sensible
heat fiux is also greater than that in Exp.2, while the difference between the latent heat fluxes
in the two experiments is not so apparent (not shown), Al these show that much heat is
transported from the surface to the atmosphere in Exp.1, which may lead the ternperature in
the lower layer 1o be higher than that in Exp.2, therefore it is favorable for the lower layer to
be raore unstable and intensifies the convective development.

Now compare the observed and simulated temperatvres at }200UTC (not shown). Be-
cause of the biases of MM4 (Here we regard the relatively great difference between the resnlts
of the observations and simulations in the atmosphere as the * MM4 biases™ , while take the
difference between the two coupling models which employ B1Z and BOZ respectively as the
difference affected by the two land surface models. In the analysis of the simulations, we must
try our best to distinguish the respective effects of MM4 and the land surface models), the ba-
sic characteristics of temperatures simulated by the two experiments are quite consistent with
observations, but the resulis in Exp.] are closer to those in Exp.2. Over the entire simulated
domain, the temperature in Exp.1 is a bit higher than that in Exp.2, which agrees with the
above—mentioned transportation of sensibie heat. From the viewpoint of time, the lower at-
mosphere is firstly influenced by the land processes, and later the upper atmosphere is affect-
ed by the lower layer cne via various dynamical and thermodynamic processes. So, it can be
concluded that the lower layer in Exp.1 is more unstable than that in Exp.2. Seen from the
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Fig. 2. Simulated land surface sensible heat and latent heat Muxes, divergence of vapor flux and refative vorticity. (a)
and {c) are for the land surface sensible heat fluxes (in W/ m?) at 2100UTC June 12 in Exp.l and in Exp.2
respectively; while (b) and (d) for the surface vapor Muxes {in 107 m s} at 2100UTC June 12 in Exp.1 and Exp.2,
tespectively; (¢) for the 850 hPa divergepce of vapor flux V7 » {g ) (in 107 7 5) at 0000UTC June 13 in Exp.1;{f) for

the 850 hPa relative vorticty (in 107° /) at 0000UTC June 13 in Exp.2.
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observational weather map (not shown), there is a large horizontal gradient of the horizontal
wind speeds at point M {around 31°N, 118°E), which corresponds to the frontal zone in the
lower layer. Besides, there is an SW low level jet (LLJ) whose maximum speed is greater than
14 m/s below 700 hPa in the south of the frontal zone. Both Exp.l and Exp.2 quite
successfully simulated the LLJ location, from which the MM4 bias in modeling the windspeed
is shown: the simulated wind speed is greater than the observation. In the space northward
from point M and below 600 hPa, there is a difference in the wind speed to some extent be-
tween the two experiments, which is affected by the land surface models. That is to say, the
difference of the circulations between the two experiments becomes more apparent gradually
{not shown}.

The surface run—off simulated for 2100UTC by different land surface models exhibits
quite a difference (not shown). From the two—by—two comparisons of Fig. 2a and Fig. 2c as
well as Fig. 2b and Fig. 2d, we can see that, contrary to that at 0900UTC, more sensible heat
taken at the ground is simulated in Exp.1, while the evaporation flux is also greater than the
corresponding result in Exp.2. All these are consistent with the accurulated sensible heat flux
and accumulated latent heat flux for 1800—-2100UTC (not shown), The transfer of sensible
heat Mux makes the temperature in the Jower layer decrease in Exp.1, and also decreases the
inner energy in the lower layer; while the relatively large evaporation flux means the increase
of humid hydrostatic energy in the lower tayer. The contributions of the two kinds of fluxes to
the atmospheric stability at 2L00UTC are opposite, hence it is very difficult to draw a conclu-
sion for the bulk effect on the atmosphere; and when we turn to the presentation of relatively
intense sensible heat (while its evaporation is not so obvious) at 0900UTC in Exp.1 and the
results that the lower layer temperature makes the lower layer more unstable at 1200UTC in
Exp.1: and that the bulk effect of flux transfer at 2100UTC is uncertain while the daily precip-
itation in Exp.1 is less than that in Exp.2, we can see that the land—atmosphers interaction
described by the models is very complex, in which different dynamical and thermodynamic
factors may behave in different ways for different periods.

Figs. 3a, 3¢ and 3e depict the wind fields observed at 0000UTC June 13 and its corre-
sponding simulations in Exp.1 and Exp.2, respectively, and Figs, 3b, 3d and 3fare the corre-
sponding vertical cross—sections of the horizontal wind speeds through point M. The coup-
ling models reproduce some basic characteristics of the wind fields, e.g., the LLJ which is over
and in the south of the rain—band, the LLJ intensity which is weaker than that at 1200UTC,
the anti—cyclone in the north and over the rain—band, as well as the MM4 bias in modeling
the wind speed which is greater than the cbservation in this case, From the further compari-
son, we can find that Exp.] simulates better than Exp.2 for the location of the center of the
anti—cyclone which is actually around 115°E, 39°N at 850 hPa; the LLJ in Exp.1 is weaker
than that in Exp.2. After all, the results simulated in Exp.1 are closer to the observations than
those in Exp.2. It is very interesting that the smallwind speed region extending from the lower
layer to about 300 hPa presents a relatively strong center in Exp.2 from veriical cross—section,
which is far from the observation of circulation, while this phenomencn does not appear in
Exp.1. When we review the vertical cross—section of the wind ficlds simulated for 0000UTC
June 12, we can see that the difference between the resuils simulated by the different models
becomes larger 2nd larger with time,
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Because of the difference of drag coefficients in B1Z and B0Z, the differences of circula-
tions and temperatures in the lower layer in the 1wo experiments become larger, it results in
the significant differences of the convergence fields of water vapor fluxes at 850 hPa for
0000UTC June 13 in the two experiments, and the convergence fields present pronounced
heterogeneity in a relatively small scale with respect to the LLY one (e.g., for Exp.], see Fig,
2e). Akiyama (1989) utilized GMS infrared digital data to analyze the characteristics of vari-
ous scales of the Meiyu fronts in July, 1982, and peinted out that the cloud field at 850 hPa
was within the range where the macro—scale fields of water vapor fluxes converge
(v * (g7)< 0). [n contrast with our experiments (the following two cases are also included),
aithough the convergence of vapor fluxes in the lower layer is the precondition of forming the
clouds and triggering the rainfalls, at 850 hPa only the zone of intensive vapor flux
convergence (e.g., | v+ (g¥)> 24x 107 s7') is located within the rain—band, and only the
zone where (he simultaneous relative vorticities are greater than 2x 107 5™ in the field of the
relative vorticity (see Fig. 2f) can betier correspond to the short—term rain—band,

The observed and simulated daily precipitations are given in Figs. la, 1b, l¢, where the
rain—band simulated in Exp.1 is better, e.g., its SW corner extending farther away, the loca-
tions of several simulated centers of the heavy rainfall as well as their maximum values ate
closer to observations (i.e., compared with the maximum daily precipitation 288 mm in Exp.2,
the maximum daily precipitation in Exp.1 is 229 mm which is closer to the observed 172 mm).
Further analysis of the 6—hour precipitations can reveal the complex details (not shown): the
area and the intensities of the third and the fourth 6—hour precipitations in the far west part
in Exp.1 are all greater than those in Exp.2; while the third 6—hour precipitation in Exp.2 are
greater than that in Exp.1 in a greater area, but the fourth 6—hour precipitation in Exp.2 are
less than that in Exp.] in a greater area, Hence, the details of precipitation in each period are
not always consistent with the bulk intensily in the whole 24 hours, which further demon-
strates the complexity of the land—atmosphere interaction,

The above analysis shows that compared with Exp.2, Exp.1 has more successfully simu-
lated the heavy rainfall from OOOUTC June 12 to 0000UTC June 13, Apparently it is the
transporiation of various fluxes from the land surface that mainly determines the differences
between the two experiments. Because the transportation of various fluxes from the land sur-
face must act by way of the lower layer on the convective precipitation taking place in the
middle or upper layer, the flux transportation from the land surface is not the main mecha-
nism of the heavy rainfall, We suggest that the main mechanism should be the LLJ dynamical
effecls.

It is a significant feature for an LLJ to exist to the south or the southeast of the 850/ 700
hPa irough (or shear line) {Matsumoto et al, 1971; Tao and Chen, 1987), and a close rela-
tionship between extremely heavy rainfall or a mesoscale convective system and an LLJ dur-
ing the Meiyu season has been found all over East Asia {Matsumoto, 1972; Tao and Chen,
1987; Chen et al., 1988), Furthermore, Akivama (1989) suggested that the wind of the lower
layer in the south of the Meiyu front is the main factor in determining the activity of the
Meiyu front, Many meteorologists have studied the physical processes for which the LLJ had
resulied in heavy rainfalls, e.g., Matsumoto (1972) drew the conclusion that the upward
branch of the secondary circulation associated with the LLJ is responsible for the heavy rain-
fall. Chen, {1977) suggested that the LLJ is the main mechanism for creating potential insta-
bility to the warm side of a Meiyu front and for generating the convective heavy rainfall by
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Fig, 3. 850 hPa flow fields, wind fields and vertical cross—sections {INS) through poini M {around
118°E. 31°N3}. {a), {c) and (¢) are for the observed. the simulated in Exp.1 and Exp.2 at 0000UTC
June 13, respectively; (b), (d) and () for the vertical cross—seciions corresponding to (a), (¢) and
(&) Allunits are inm /' 5.
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Fig. 4. Simulated specific humidities (interval: 0,002 kg / kg) and temperature {interval: 4°C) a1
0000UTC June 12, {a) and (b) are for the 700 hPa specific humidities in Exp.]1 and Exp.2,
respectively, (c) and {d) for the 500 hPa temperatures corresponding to (a) and (b) respectively,

the associated convergence downstream. Chen (1963) used the thermalwind theory to explain
why heavy rainfalls existed in front of the left side of the large—wind center of the LLJ and
behind the right side of the upper—level jet.

The observations and simulations for case 1 confirmed the above conclusions of the rela-
tionship between LLJs and heavy rainfalls, Analogous to those at 1200UTC June 12, at
0000UTC June 13, the NS vertical cross—sections of the LLJ at a point other than M also il-
lustrate that the LLJ simulated in Exp.l is apparently weaker than that in Exp.2 and closer to
the observation (not shown), So we can see the effects of the land surface on the heavy
rainfall: the land surface transports upwards the momentum, sensible heat and latent heat,
though the influences of these smali—scale fluxes in different locations are different in differ-
ent periods, their bulk effect changes the dynamical and thermodynamic structures (especially
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the LLJ) of the relatively—large scale, which further influence the heavy rainfall, In case 1, the
LLJ simulated in Exp.1 employing B1Z is closer to the observation than that in Exp,2 using
BOZ, therefore the relevant precipitation is better simulated,

1t should be noted that because of the differences of the physical features represented by
BOZ and B1Z, even in the 24—hour simulations, not only there are differences between the
fields of characteristic quantities at 850 hPa, but also the upper layer is influenced (see Fig. 4),
which is closely related to intensive convective upward currents affected by the LLJ—induced
CONVETgence,

3.2 Concise analysis of the other experiments

In order to test the sensitivitics of parameters a, and y, Exp.3 and Exp.4 are designed
(see Table 2). In Exp.3, , and y ar¢ very small, d, and ¢ are chosen as the BOZ input val-
ues, and the simulated results in Exp.3 are very close to those in Exp.2, This further confirms
the conclusion in Z99 that when z, is very small, results with the heterogeneity treatment are
very close to those without the treatment, via the simulations of the coupling models. In
Exp4, «,, 7 and dy, are the same as those in Exp. 1, but ¢, is different which is chosen as the
classification value in BOZ and is input inte B1Z, and finally a precipitation is simulated
which greatly exceeds the observation and the simulation in Exp.1, This also demonstrates the
reasonability of the parameter ¢y, selected in Exp,l, ie., it is correct to take the value of
roughness—lzngth classification as the approximate average after the heterogeneity treatment,

In Exp.5 and Exp6, case 2 is respectively calculated for the heavy rainfall from
1200UTC July 4 to 1200UTC July 5, when it was at the final phase of the Meiyu season for
the Valley; while in Exp.7 and Exp.8. case 3 is respectively cakulated for the heavy rainfall
from 0000UTC May 24 to 1200UTC May 25, when it was at the early phase of the Meiyu
season, Similar to that in case 1, there is still the Meiyu front which leads to the weather pro-
cess of intensive convection in the two cases , From the comparison between the simulated
precipitations and the corresponding observation (see Table 2, while figute not shown), the
result in Exp.5 by B1Z is closer to the observation than that in Exp.6 by BOZ, except the bias
of MM4 that the rain area in the west is quite small. The whole processes in the simulations
obtain many results and conclusions similar to case 1, e.g. (not shown), Exp,5 better simulates
the LLJ than Exp.6, the difference of the land surface fluxes between the two experiments be-
comes greater as the time passing, the field of relative vorticity at 850 hPa can well correspond
to the short—term rain—band, and so on,

Analogous Lo above two cases, the simulations of case 3 also exhibit that Exp.7 by B1Z
can reproduce results more consistent with the observations than Exp.8 by BOZ (not shown),
Table 2 presents some difference of the rain—bands between the two experiments from
0000UTC May 24 to 1200UTC May 25. In case 1, the precipitation simulated in Exp.2 by
BOZ is greater than the observation, while the precipitation simulated in Exp.1 by B1Z is less
than that in Exp.2; contrary to those in case 1, the precipitation simulated in Exp.8 by BOZ is
less than the observation, while the precipitation simulated in Exp.7 by B1Z is greater than
that in Exp.8. All these also reveal the effects and the semsitivity of the land surface
heterogeneity in the short—term weather processes.

4, Summary and conclusions

In this paper, two land surface schemes, one the standard BATS1e (BOZ) and the other
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B1Z based on BOZ and heterogeneously—treated by * combined approach’ , were coupled to
the mesoscale model MM4, respectively, On the basis of considering the features of the coup-
ling models, we took roughness length z, in BOZ which was a classification value as the
approximate value after the helerogeneity treatment in B1Z, through the numerical calcula-
tions of the formulae in the companion paper (ie, Z99) to find out suitable
heterogeneity—representing parameters o, and y, and designed several experiments to com-
pare those without the heterogeneity treatment, so as 1o test the sensitivity of the short—term
weather processes to the land surface heterogeneity.

We have conducted the three—case simulations for heavy rainfalls within 36 hours when
it was in the Meiyu season in May, June and July of 1991, and specifically analyzed the
simulation of case 1. Tt was confirmed that B1Z could quite realistically reflect the characteris-
tics of land surface heterogeneity and therefore could more realistically reproduce the circula-
tions and precipitations in the processes of the short—term heavy rainfalls for these three
cases, compared with BOZ. This showed that even the 24—hour short—term weather is sensi-
live to the land surface heterogeneity, The sensitivity became more obvious with time, which
was most apparent in the lower layer and whose influences extended to the upper layer gradu-
ally, Hence, this provides a way to us for developing and improving the weather—forecasting
models, i.e., it should be considered for the numerical weather forecast system to include the
land surface model with detailed heterogeneity representation.

Through the analysis of the three—case simulations, we suggest that in the land surface
model B1Z, the bulk effect of smaller—scale fluxes (i.e., the momenium, water vapor and sen-
sible heat fluxes} near the significantly heterogencous land surface is to change the
larger—scale, ie., mesoscale, circulation {e.g., the low—level jets which are closely related to
heavy rainfalls), and further influence the development of convection and precipitation. And
also, some details in the rainfall processes have been shown, e.g., the intensive convergence of
the vapor fluxes in the rain—band; the relative vorticity field at 850 hPa better corresponding
to the rain—band; the contributions of the vapor and sensible heat fluxes to the atmospheric
stability are different in different periods in the simulations by B1Z, and the difference of the
total precipitations simulated by different land surface schemes does not mean the same trend
in different periods. All these demonstrate the complexity of land—atmosphere interaction,

In view of the simulations of precipitation amounts, there is quite an improvement after
the heterogeneily treatment, but still there are differsnces between the observations and
simulations, This shows that there is a long—term and arduous journey for us to go in devel-
oping the numerical models with the inclusion of land surface schemes. These differences
come from two aspects in the models, The first is the aspect of atmospheric models, For the
short—term weather processes, atmospheric models which describe the laws of the atmospher-
ic motions are more important than land surface schemes. The second is the aspect of land
surface schemes. In this aspect, firstly it is very necessary to correctly and quantitatively des-
cribe the transfers of fluxes of the momentum, the vapor and the sensible heat at the land sur-
face, secondly it is necessary to realistically represent various heterogeneities. In this paper, we
have only considered the roughness—length heterogeneity, while no temperature and moisture
heterogeneity is taken into account, In addition, for lack of the data of higher resolutions, on-
ly certain values of the parameters «, and y are chosen for the sensitivity experiments, while
actually the parameters may differ from the grid cells. Because of the length of this paper, the
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heterogeneity of stomatal resistance is not further discussed. which witl be given in a future
paper.
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