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Summary

In order to further understand the land—atmosphere inter-
actions and increase the predictability of climate models, it
is very important to investigate the effects of land-surface
heterogeneities. In this paper, we considered roughness-
length and stomatal-resistance heterogeneities in the re-
gional climate model RegCM2 (Giorgi et al, 1993) that
employs BATS (Dickinson et al, 1993) as the land sur-
face scheme. In representing the subgrid heterogeneities, a
computationally efficient method, which is a combination
of the mosaic approach and the analytical type of the
statistical-dynamical approach, is applied. The method is
also characterized by converting the probability distribution
of fundamental variables to probability distributions of
derived quantities. By using the 3-month observational data
of 1991 Meiyu season over China, we conducted coupled-
model experiments, and found that: (i) For the whole model
domain, the consideration of the two heterogeneities, in
which intrapatch variability plays a very important role,
greatly affects the simulations for the surface flux, wind,
temperature and precipitation fields. (ii) The temperature
and heat fluxes are quite sensitive to the heterogeneities,
which displays the following rule: for a sub-region, the
mean sensible heat flux decreases, the mean latent heat flux
increases, and the mean surface temperature decreases with
the increase of the heterogeneities. Furthermore, the mean
latent heat flux is more sensitive to the heterogeneities than
the mean sensible heat flux. (iii) It seems that the influence
of stomatal-resistance heterogeneity on the latent heat flux
is greater than that of roughness-length heterogeneity.
Therefore, it is necessary to appropriately represent subgrid

land-surface heterogeneities so as to improve regional
climate modeling.

1. Introduction

The land surface is a key component of the
earth’s climate system, and is characterized by
significant heterogeneities. In the last decade or
so, there have been an increasing number of land
surface parameterizations considering these het-
erogeneities (Avissar and Pielke, 1989; Koster and
Suarez, 1992; Avissar, 1992; Seth et al, 1994; Li
and Avissar, 1994; Leung and Ghan, 1995; 1998;
Sivapalan and Woods, 1995; Giorgi, 1997a; Liu
et al, 1999; Walko et al, 2000; Wang et al,
2000). As indicated by Giorgi and Avissar
(1997), the effects of surface heterogeneity can
be grouped in two categories (i.e., ‘‘aggrega-
tion” and “dynamical” effects): subgrid scale
aggregation has been shown to especially affect
the surface latent and sensible heat fluxes, the
simulation of snow, and the dynamics of soil
moisture and runoff, while dynamical heteroge-
neity effects are associated with microscale and
mesoscale circulations induced by heteroge-
neous surfaces. The effects of the heterogeneities
are such that it is necessary to represent them
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in land surface schemes for use in climate
models.

Currently, land surface models are all based on
“big leaf” theory, in which a model grid cell is
subdivided into some ‘‘patches” to consider spa-
tial variability, and in which interpatch variability
is mostly taken into account while seldom intra-
patch variability. Among different approaches in
the land surface model, the mosaic approach has
been mostly applied to describe interpatch var-
iability (Avissar and Pielke, 1989; Koster and
Suarez, 1992; Leung and Ghan, 1995), while
the statistical-dynamical approach, in which het-
erogeneity is described in terms of probability
density functions (PDFs), is used to represent
intrapatch variability and can be classified into
two types, the numerical type (e.g., Li and
Avissar, 1994) and the analytical type (e.g.,
Entekhabi et al, 1989). Obviously, the combina-
tion of the Mosaic approach and the analytical
type of statistical-dynamical approach can fully
account for the surface heterogeneities and is
computationally efficient.

The above efficient method was adopted by
Giorgi (1997a). He subdivided a grid cell into
fractional areas covered by basic surface types
(e.g., vegetated, bare soil, snow-covered sur-
faces), which separately exchange momentum,
energy, and moisture with the atmosphere. With-
in each surface type, heterogeneity is described
by assuming that variables (i.e., surface tempera-
tures and moistures) follow continuous analytical
PDFs and by integrating relevant nonlinear terms
over the appropriate PDF. Besides, linear and
symmetric PDFs are chosen since they allow
ready analytical integration and can represent
the first-order effects of heterogeneities. Giorgi
(1997b) used the model and performed some
off-line experiments.

As indicated by Pitman et al (1990), “‘advances
in land-surface modeling must be made in tandem
with improvements in the coupling between the
land surface and atmosphere”. In the study con-
sidering sub-grid spatial variability by Liang et al
(1996), the authors noted that, the feedback ef-
fects are not included in their off-line study, and
atmospheric feedback effects are potentially im-
portant and would be a focus of future study. In
facts, the off-line experiments are very limited
when accounting for strong, nonlinear interac-
tions between the surface and overlying atmo-
sphere.

The present study is intended to conduct
coupled-model simulations to investigate the in-
fluences of the land surface heterogeneities on
the regional climate with an approach for hetero-
geneity representation similar as Giorgi (1997a).
There are many heterogeneities at the land sur-
face, in this paper, however, we only focus on
two primary ones, the heterogeneities in rough-
ness length and stomatal resistance (other than in
moisture and temperature as Giorgi, 1997a for
the sake of paper length). Then, it’s very natural
for us to expect that regional climate might dis-
play a certain sensitivity to the heterogeneities.
Here arise two questions: (1) To what extent do
the heterogeneities affect the regional climate?
(2) Is there any rule in the modeled regional cli-
mate affected by the heterogeneities? If the an-
swers are definitely given, they would be very
conductive for the regional climate modeling,
that is, we can evaluate regional climate mod-
eling that is performed without inclusion of het-
erogeneity effects according to what we have
investigated with the inclusion.

In Sect. 2, the description of the regional cli-
mate models used here is firstly provided, Sect. 3
addresses the results of the sensitivity experi-
ments, and the summary and discussion are pre-
sented in Sect. 4.

2. The regional climate model

This section describes the regional climate mod-
els and the design of sensitivity experiments.
Two models are used here, one is the NCAR
(National Center for Atmospheric Research)
regional climate model RegCM2 (Giorgi et al,
1993a,b), and the other is based on RegCM2
with heterogeneity representation. That is, the
only difference between the two models is that
the latter includes heterogeneity treatment.

The land surface scheme employed in RegCM?2
is BATS (Dickinson et al, 1993). Since there
have been many studies on RegCM2 (e.g.,
Giorgi et al, 1999), in this section, the focus is
the treatment of roughness-length and stomatal-
resistance heterogeneities in BATS as well as
experimental design.

2.1 Heterogeneity treatment

In this paper, roughness-length heterogeneity and
stomatal-resistance heterogeneity are treated,
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respectively. Following is the brief descriptions
of the treatment.

Roughness length affects surface fluxes, and
is directly associated with drag coefficient. In
BATS, the representative value of drag coeffi-
cient is a weighted average over different types
of land surface at the grid cell. For a given land
type, Cpy, the drag coefficient under neutral con-
dition, is the function of roughness length (zg)
and the height of the lowest atmospheric-model
level (z):

k 2
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where k is von Karman constant, z; varies little in
a given atmospheric model, and d,, the zero
plane displacement height, is introduced when
obstacles (e.g., buildings, trees and even crops)
exist. As a general treatment, z, can be regarded
as a fraction of the height of the obstacle (e.g.,
1/10), d, also a fraction (e.g., 8/10), then d, is a
multiple of zy (i.e., dy=dyy X 29, Where dyq is
a constant). So, the heterogeneity of d is tak-
en into account as long as that of zq is, and Cpy
can be assumed to change only with z,. In the
cases without obstacles (e.g., bare soil, sea sur-
face), dy =0 is taken. Therefore, we obtain

k 2
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The above equation demonstrates that a distri-
bution of z; corresponds to a determined distri-
bution of Cpy, and vice versa. Rather than
assuming the independent variable of PDFs to be
fundamental variables, e.g., soil moisture (e.g.,
Entekhabi et al, 1989; Giorgi, 1997a), we assume
the independent variable to be the functions of
fundamental variables, which is more universal
and feasible. For simplicity, here we assume

y =In[(z1 — do)/z0], (3)

and employ f,4(y) as a linear and symmetric
PDF (Giorgi, 1997a), therefore y is the indepen-
dent variable of f,4(y), the function. Assume the
average, half width and height ratio of y denoted
by yo, @, 7, respectively, and introduce heteroge-
neity operator (Giorgi, 1997a),

CDN:|:
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where A is a term nonlinear with respect to x, the
heterogeneous variable, then the average of A is

represented by the above equation. Similarly, as y
and f,,4¢(y) are introduced, the heterogeneity treat-
ment of Cpy is obtained:

Foap(Con) = JCDNﬁde‘<y)dy, (5)

which allows analytical integration over the
whole distribution.

Similarly, the average expression of z, after
heterogeneity treatment is obtained by

Fyp(z0) = jzafpdxy)dy

— |t o/ dn) o (6)

Since Cpy is a single valued function of zg, in
terms of mathematics, it is necessary to deal with
other characteristics or terms associated with zg
or Cpy (e.g., Snow coverage fsyow The wind
speed within the foliage layer U, ., aerodynamical
resistance at the foliage layer r;,). Besides, the
heterogeneity in stomatal resistance is also in-
cluded in this study. For details, see Appendix.

2.2 Experimental design

On the basis of the above subsection, a new
regional climate model, here referred as RCM1
with a corresponding new land surface scheme
(BAT1), is constructed. For simplicity, the stan-
dard version of RegCM2 is hereafter referred to
as RCMO corresponding to BATS (Dickinson
et al, 1993, hereafter referred to as BATO).
Hence RCMO (BATO) is different from RCM1
(BAT1) only in whether the heterogeneities are
considered or not. By use of different models
with different extents of the heterogeneities, the
sensitivities of the model-produced climate can
be analyzed.

2.2.1 Design of model mesh

The model domain covers the area within 24.7—
45.7°N and 100.88-133.12°E. The center of
the simulated domain is located at 35.20° N/
117.00° E. The grid resolution is 60 km with the
grid number 41 x 40. Vertical levels of the model
are set nonuniformly with 11 integral levels (i.e.,
c=0.0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.85, 0.93,
0.97, 0.99, 1.00) and 10 half levels (for mostly
output), which are located between 11 integral
levels.
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2.2.2 Option of model physics and dataset

Both models apply the same model physics, e.g.,
Holtslag’s planetary boundary-layer scheme
(Holtslag et al, 1990; Holtslag et al, 1993),
time-dependent, exponentially nudging lateral
boundary scheme, the modified Kuo-type cu-
mulus parameterization scheme (Anthes et al,
1987), etc., and the same dataset, i.e., 3-month
observational data during 1991 Meiyu season
(May—July) when a catastrophic flood occurred,
are used so as to confirm the comparability of
the experiments. The only difference among the
simulations lies in the extent of heterogeneity
(see Table 3).

2.2.3 Choice of PDF parameters

When the PDF and its independent variable are
chosen, it is necessary to choose suitable PDF
parameters (i.e., half width o and height ratio
v) so as to represent the first-order heterogeneity.

Apparently, the greater «, the wider the range
of the PDF independent variable; the closer to 1
the value of ~, the more heterogeneous the PDF
independent variable distributed over the same
range. As for performing simulations, we sug-
gest, it must be followed that the chosen PDF
parameters should be relatively consistent with
the used model and the properties of the simu-
lated domain.

As an example, some results of Exp.l com-
puted according to the PDF of z, (see Appendix)
are given in Table 1. From the table, we can see
that, the heterogeneity in y can result in a large
change in the averaged values of drag coefficient
and snow cover. Besides, with low y heterogene-
ity (denoted by small values of «,,, e.g., 0.001),
the treated-characteristic values are close to those
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without heterogeneity treatment, which confirms
the expressions for treatments mentioned above
and can be proved with rigorous mathematical
method.

Furthermore, 5,,4(2¢), the PDF of z, still dis-
plays a single-peak pattern, just like what f,,4(y)
illustrates (see Fig. A.1 in Appendix).

Shown in Table 1, o, has an upper limit which
is generally smaller than about 0.6. Because the
value of the chosen v does not lead to physical
mistakes (e.g., the value of the heterogeneous
characteristic exceeds the reasonable range), here
we only discuss the choice of width ratios corre-
sponding to y and to stomatal resistance r,, when
performing simulations with RCM1.

Table 2 shows the experiment results of PDF
parameters chosen in RCM1, where «,, 7, 200, Z1
and dy, are the inputs, the others are output
results; Cpyo and zgp are drag coefficient and
roughness length without heterogeneity treat-
ment; Cpy; and zg; which are appended with
subscript ““1”” denote drag coefficient and rough-
ness length with heterogeneity treatment, re-
spectively; 7.4, and r,, are the ratios of drag
coefficient and roughness length with heteroge-
neity to their corresponding values; zgmi, and
Zomax are the lower and upper limits of z, after
heterogeneity treatment, respectively.

From Table 2, it can be seen that the average of
roughness length will be increased after hetero-
geneity treatment (i.e., r,, > 1). Since values of
Z00, 21 and dg are close to those inputs in BATO
in the case of vegetation, under the assumption
of roughness length zy, which was classified by
Olson et al (1983), to be a specific average (even
though it is very approximate), in order to approx-
imate 7z (a value for z; after heterogeneity treat-
ment) to zo given by classification, the ratio ¢y of

Table 1. Results of heterogeneity treatment in Exp.1 (z; =40 m, zgo=2.69 x 10~ 2m, Sr=0.01m, ¥ =0.8). Fean> Tfsn> Tuafs Trai
and r,, are the ratios of drag coefficient (Cpy;), snow cover, within-foliage wind, transfer coefficient at foliage layer, and
roughness length (zy;) with heterogeneity treatment to the corresponding characteristics without heterogeneity treatment. zo i,
and zg max are the minimum and maximum values of roughness length zg, zoo is the average of z,. For simplicity, here «, an input
parameter, is replaced by «,,, width ratio that is defined as the ratio of « to the average of y, or to the PDF independent variable

without heterogeneity treatment

<20 min <0 max 201 CDNl Tedn Tfsn Tuaf Trai £
(x1072m) (x107%m) (x107°m) (x1073)
«,=0.001 2.67 2.71 2.70 2.999 0.99998 0.99960 0.99998 0.99998 0.99999
a,=0.1 1.30 5.59 2.92 3.029 1.0095 1.0265 1.0032 1.0012 1.0862
a,=0.3 0.301 24.1 5.27 3.28 1.0932 1.1872 1.0299 1.0111 1.9548
«a,=0.6 0.0337 215 23.0 4.58 1.5266 1.4210 1.1459 1.0509 8.5625
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Table 2. Experiments for PDF parameter choice. PDF here directly corresponds to y, the single valued function of z,, with
71 =38.4m and dyy =9 (the ratio of zero plane displacement to z,, see text). The other symbols are the same as Table 1

No. Qy 0l 200 (m) 20 min (m) 20 max (m) 201 (m) Tz
1 0.2 0.001 1.00 5.75x 107! 1.60 1.34 1.34
2 0.4 0.001 1.00 3.13x 107! 2.31 1.47 1.47
3 0.6 0.001 1.00 1.65x 10! 2.98 1.63 1.63
4 0.2 0.9 1.00 5.75x 1071 1.60 1.05 1.05
5 0.4 0.9 1.00 3.13x 107! 2.31 1.13 1.13
6 0.6 0.9 1.00 1.65x 10! 2.98 1.25 1.25
7 0.2 0.001 0.80 426 x 107! 1.38 0.98 1.23
8 0.4 0.001 0.71 1.79 x 10! 2.04 0.98 1.38
9 0.6 0.001 0.58 5.92x 1072 2.74 0.99 1.71
10 0.2 0.9 0.95 538 x 1071 1.55 1.00 1.05
11 0.4 0.9 0.84 234 %1071 2.17 0.98 1.17
12 0.6 0.9 0.76 9.55x 1072 2.85 1.04 1.37

Table 3. PDF parameters chosen in the experiments, in which «,, and ~ represent width ratio and height ratio, respectively,
both are in form of the function of y or ry; dyp and cgo are inputs associated with the roughness length

EPT00 EPTO1

EPT02 EPT03 EPT04 EPTO5 EPTO06 EPT07 EPT08 EPT09 EPT10 EPT11 EPTI12

any) - 0.1 0.3 0.5 0.1 0.3
vy - 0.9 0.9 0.9 0.9 0.9
an(ry) - 0.3 0.3 0.3 0.3 0.3
wWry) - 006 006 006 006 0.06
dey - 9 9 9 9 9
coo - 0.7 0.7 0.7 0.9 0.9

0.5 0.5 0.5 0.5 0.5 0.5 0.5
0.9 0.4 0.1 0.9 0.9 0.9 0.9
0.3 0.3 0.3 0.3 0.5 0.7 0.5
0.06 0.06 0.06 0.06 0.06 0.06 0.8
9 9 9 9 9 9 9

0.9 0.7 0.7 0.7 0.7 0.7 0.7

the input zg to zp 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 2, zg; =0.99 m, which is close to the clas-
sification (zo=1m), when zo0=0.58 m. So for
the original classification zp=1m, we input
Zoo = 0.58 m. On the basis of this we change z, in
BATO to the other value in BAT'1, and then use the
changed value to calculate the treated values of
the expressions of relevant characteristic quanti-
ties (e.g., drag coefficient, snow coverage, etc.).

The heterogeneity in stomatal resistance r is
also considered in RCMI1. Since many factors
affecting r, are very complicated, the spatial dis-
tribution of ry is highly heterogeneous, there are a
lot of controversies about r; treatments in the
land surface models (Carlson, 1991), most of
the r; equations are given empirically (Avissar,
1993), and the minimum r; in BATO produced
too low evaporation and too high sensible heat
flux compared to observations (Giorgi, 1997b).
Therefore, in this paper, the output value of the
BATO algorithm is used as the average in the
distribution, and the width ratio of r, to be smal-
ler than or equal to 0.30.

All the parameters in the experiments (EPT00—
EPT12) are given in Table 3, where «,(y) and
~v(y) respectively denote the width ratio (ratio
of half width to the average) and height ratio of
v; a,(rg) and ~y(ry) correspond to those for the
stomatal resistance, respectively; d is the ratio
of zero plane displacement to the roughness
length, and cqy represents the ratio of the input
roughness length to the roughness length given
by the classification in BATO. Among the experi-
ments, EPT00 employs RCMO while others ap-
plying RCM1.

3. Model results due to heterogeneities

In the analysis of model results, we focus on the
simulated 3-month-mean fields for the domain.
Meanwhile, due to the different features of tem-
peratures and moistures over the southern and
northern parts of China, we also pay great atten-
tion to the JHR region, which represents part of
the southern China and is characterized by its
warm and humid climate, and to the HBR region,
which represents part of the northern China and
is characterized by its relatively cool and arid
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climate. Both regions are shown in Fig. 1. The 13
experiments are analyzed according to the fea-
tures of the heterogeneities, i.e., the PDF width
ratios and height ratios.

In addition to 3-month-mean quantities, the
differences between the experiments are stressed
on so as to show the sensitivities of the simulated
climate to the heterogeneities. For example, the
major differences in temperatures are Dtgm
(the maximum of absolute differences between
the values of Tg(i,j), the 3-month-mean surface
temperature at a grid cell (i,j) for the relevant
experiment, and that for EPT00), and Adtg (the
regional-average absolute difference between
Tg(i,j) and that for EPT00). That is, Dtgm is
calculated by

Dtgm = max|[Tg(i,j) — Tgoo (i, )]l; (7)

where Tgoo(i,j) corresponds to 7g(i,j) but for
EPTO0O0; and Adtg is obtained by

Adig = %Z [Telid) ~ Tew@dll ()
where N is the number of the grid points in the
given region. Apparently, the larger Dtgm and
Adtg, the more significant heterogeneity. 78,
Dt8m and Adt8 are quantities for 850 hPa air tem-
perature, while Sh, Dshm and Adsh for surface

sensible heat flux, and LA, Dlhm and Adlh for
surface latent heat flux, which correspond to
Tg, Dtgm and Adtg, respectively. All these results
are listed in Table 4.

Besides, two kinds of characteristic differ-
ences Qym and O, (“Q” represents a quantity,
e.g., Tgom and Tg, for the surface temperature,
SHgyn and SH, for the sensible heat flux, while
LH,;, and LH, for the latent heat flux.), whose
algorithms are similar to Dtgm and Adtg but for
two relevant tests (e.g., EPTO1 and EPT02), are
statistical quantities used in the following anal-
yses (not given in Table 4).

In this section, the sensitivities to roughness-
length and stomatal-resistance heterogeneities
are analyzed in the following, respectively.

3.1 Sensitivities to roughness-length
heterogeneity

Firstly in this sub-section, we analyze the results
of sensitivity tests for roughness-length heteroge-
neity according to different PDF parameters.

3.1.1 Experiments with respect to width ratio

In order to explore the sensitivities of the region-
al climate to width ratios, 3 experiments, i.e.,
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Table 4. Some results of the experiments. All values are for 3-month-mean quantities. That is, Tg, Dtgm and Adtg represent
respectively the regionally-averaged surface temperature, the maximum absolute difference in surface temperature for grid
points between relevant experiment and EPT00, and the mean absolute the difference; 78, Dt8m and Adt8, Sh, Dshm and Adsh,
and Lh, DIhm and Adlh all correspond to Tg, Dtgm and Adtg, but for the 850 hPa temperature, and the surface sensible and latent
heat fluxes, respectively. Apart from Ps, which represents the maximum precipitation amount for June in JHR region and
corresponds to an observed value of 478 mm, the upper-row value of the two for a quantity in an experiment is for the JHR
region, while the lower-row value for the HBR region

EPT00 EPTO1 EPTO02 EPT03 EPT04

EPTO05

EPT06 EPTO7

EPTO8

EPT09 EPT10 EPT11 EPTI12

Tg[K] 300.17 300.15 300.14 300.04 300.17 300.21 300.14 300.05 300.17 300.04 300.12 300.14 300.10
297.50 297.26 297.02 296.99 297.26 297.16 296.91 296.79 297.08 296.99 296.97 297.10 296.88
Dtgm[K] - 1.58 119 1.25 1.62 148 1.79  2.05 1.49 1.25  2.05 130 1.28
- 1.83 244 238 207 195 281 247 202 233 213 237 224
Adtg[K] - 031 031 030 028 033 032 033 030 030 037 028 033
- 055 062 066 057 054 080 075 060 066 074 061 072
T8[K] 292.41 29238 292.40 292.43 292.50 292.44 292.46 292.45 292.48 292.47 29248 292.47 292.45
291.02 290.99 290.88 290.93 291.00 290.94 290.99 290.86 290.97 290.93 291.01 291.03 290.87
Dt8m[K] - 0.13 019 018 011 015 025 018 020 0.18 025 024 0.17
- 022 030 027 015 030 035 036 027 027 023 027 030
Adt8[K] - 004 005 007 003 004 010 005 006 007 0.07 006 0.06
- 006 015 012 007 009 010 017 008 0.12 008 009 0.16
Sh[W/m?] 704 692 636 471 673 628 538 491 573 471 456 340 3.99
22.84 2229 19.68 18.59 20.69 20.22 19.06 1793 1939 1859 17.84 1825 17.52
Dshm[W/m?] — 12.5 12.7 12.6 9.1 11.8 239 168 146 126 148 186 152
- 13.6 223 235 18.7 19.1 263 262 210 235 277 240 271
Adsh[W/m?] - 273 244 305 230 260 334 316 285 305 3.63 4.1l 3.64
- 487 578 608 584 519 729 6.14 567 608 694 675 7.06
Lh[W /m?] 914 912 924 956 915 922 944 945 938 956 954 973  96.6
98.07 9895 99.07 102.69 98.49 9899 102.83 101.87 100.77 102.69 103.19 103.84 104.58
DIhm[W/m?] — 15.8 159 177 172 128 13.0 123 12.5 17.7 155 223 18.8
- 195 327 311 215 228 264 277 220 312 281 317 287
AdIh[W/m?] - 321 343 492 264 331 442 436 374 492 481 623 565
- 631 587 697 587 536 812 701 6.13 697 745 774 832
Ps[mm] 615 758 594 548 763 579 572 698 476 548 627 646 497

EPTO1, EPT02 and EPTO3 corresponding to
a,(y)=0.1, 0.3 and 0.5, respectively, are design-
ed different from each other only in width ratios.
As shown in Table 1, a larger «,,(y) corresponds
to a larger Cpy;, the drag coefficient under neutral
condition, that is, the more heterogeneous rough-
ness-length distribution, the stronger turbulent
transportation under neutral condition. Therefore,
a larger Cpy corresponds to larger absolute val-
ues in turbulent fluxes under the same boundary-
layer forcings. However, the relation between
a,(y) and surface fluxes should be more complex
in coupled-model simulations due to many fac-
tors, e.g., the constant energy inputs to the mod-
el domain and complex nonlinear interactions
between the surface and the atmosphere. Firstly
we discuss the simulation for the JHR region.

From the results, the maximum sensible heat flux
difference SH,,, between EPTO1 and EPTO03 can
be up to 19.2W/m? at a grid point, the mean
difference SH, reaches 3.24 W/m”. Compared
with the mean sensible heat flux Sk of about
6W/m2 over the region, the spatial variability
of sensible heat fluxes among different grid
points affected by the heterogeneity is quite
large. Correspondingly, the maximum latent heat
flux difference LH,,,, between EPTO1 and EPTO3
can be up to 21.4 W /m? the mean difference LH,
reaches 5.06 W/ m?”. We suggest that these values
are quite large, as compared to the Earth’s
surface flux balance of CO, doubling which
would reduce the thermal radiation flux by about
4W/ m” (Houlton, 1997). The simulated surface
temperature difference 7g,y, can reach 1.84K,
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with the mean difference Tg, of 0.37 K. And the
mean deviation of 0.37 K of surface temperature
are also quite large, as compared to the increase
of about 0.5 K of the global warming during the
last century or so (Houlton, 1997). All this shows
that, the temperature fields are sensitive to the
heterogeneity due to roughness-length distribu-
tion range, and the local/grid-point difference
is very large. From the comparison of the differ-
ences between EPTOl and EPTO3 and corre-
sponding differences between EPT01 and EPTO02,
a greater sensitivity caused by larger «,,(y) can be
seen (Table 4). Besides, the values of Ps, the
maximum precipitation amount for June, are
758 mm, 594 mm and 548 mm in EPTO1, EPT02
and EPTO03 (Table 4), respectively, which dis-
plays a great difference, and in which EPTO03
with the largest roughness-length heterogeneity
can well reflect the observed maximum of
478 mm, implying that appropriate representation
of roughness-length heterogeneity can improve
the simulations for precipitation.

Analogous results can be found in the simula-
tion for the HBR region. In Table 4, we can see
that the temperature fields are very sensitive to
roughness-length heterogeneity, and the heat
fluxes are quite sensitive. In addition, these sen-
sitivities display a rule (or a feature): for a certain
region, with the increase (decrease) of rough-
ness-length heterogeneity, i.e., with the increase
(decrease) of a,,(y), the mean sensible heat flux
Sh decreases (increases), the mean latent heat
flux Lh increases (decreases), and the mean sur-
face temperature Tg decreases (increases). Be-
cause the changes of both the mean heat fluxes
are just a partition of energy for the region with
each has an opposite sign to the other, and when
the change of the mean latent heat flux is greater
than that of the mean sensible heat flux (this is
generally the case for a humid region, as dis-
cussed later in this subsection), the surface tem-
perature should changes correspondingly in such
a way that the radiative-flux change could add to
the approximate balance of the fluxes. Conse-
quently, the above rule shows itself. As for the
mean surface temperature (the mean 850 hPa
temperature and surface sensible heat flux as
well), the variation in the HBR region is larger
than that in the JHR region. Thus, we can see, the
influence extent of roughness-length heterogene-
ity differs from region to region due to various

conditions of vegetation, e.g., vegetation types,
coverages and growth phases.

In Table 4, Adsh, the absolute difference in 3-
month mean surface sensible heat fluxes com-
pared to EPTO00, can amount to about 3W/m2
(6 W/m?) for the JHR (HBR) region in the 3
experiments; similar is Adlh, the absolute differ-
ence in 3-month mean surface latent heat fluxes.
Generally, the values of Adlh are greater than
those of Adsh in both regions, as can be seen in
other experiments. This shows that the latent
heat flux is more sensitive to the heterogeneities
than to the sensible heat flux. By conducting off-
line experiments with a land surface scheme
(PLAID), Li and Avissar (1994) indicated that
the latent heat flux was the most sensitive to spa-
tial variability compared to the sensible heat and
radiative fluxes. We further confirm part of this
conclusion by performing coupled-model simu-
lations with a different land surface scheme
(BAT1).

The simulation of the whole domain is similar
to those for partial regions in the domain, as can
also be seen from Table 4. It should be noted
that, although the previous sub-section reveals
that the mean sensible heat flux is less sensitive
to the heterogeneity than the mean latent heat
flux for a region, the mean sensible heat flux
may be more sensitive than the mean latent heat
flux for a grid cell.

Figure 2 presents a comparison of the simula-
tions of EPTO1 and EPTO3. From the systematic
fields at 850 hPa (Fig. 2b), the temperature over
most part of the southern domain in EPTO3 is
higher than that in EPTO1, while the temperature
over most part of the northern domain in EPT03
is lower than that in EPTO1. Correspondingly at
the surface, the temperature is lower by over
0.5K over a large area in EPT0O3 compared to
EPTOI1, while there is a slightly warmer area in
the south (Fig. 2a) in EPT03. The patterns of
temperature changes are consistent with those
of the sensible and latent heat fluxes illustrated
in Fig. 2c, d.

During the Meiyu season in 1991, most of the
rainfall occurred in June. Figure 3a—c illustrate
the June precipitation amounts of observations
and simulations. From Fig. 3b and c, due to the
same lateral boundary forcing, the precipitation
patterns are similar, however, owing to the ef-
fects of heterogeneity, great difference between
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Fig. 2. Comparison of EPTO1 and EPTO03, where differences of the ground surface and 850 hPa air temperatures, and the
sensible and latent heat fluxes between EPT03 and EPTO1 are plotted in Fig. 2a—d, with contour intervals of 0.5K, 0.1 K,
4w/ m? and 4 W / m>, respectively; in Fig. 2a—d, areas with differences smaller than —0.5K, —0.1K, —4 W/ m? and greater

than 4W/m2 are shaded, respectively

the precipitation amounts at the rainbelt centers
in EPTO1 and EPTO3 can still be identified. The
rainbelt center in EXPOI is much stronger.

Results from EPT04-EPTO06 are similar to
those from EPTO1-EPTO03, which is shown in
Table 4.

From all these, it is obvious that the influences
of roughness-length heterogeneity on the region-
al climate modeling of regional surface fluxes,
and the flow, temperature and precipitation fields
are generally very large. Since both interpatch
and intrapatch variabilities are included, and
interpatch variability are initially considered as
the same in each experiment, all these also show

great sensitivities of precipitation, temperature
and surface fluxes to intra-patch variability.

3.1.2 Experiments with respect to height ratio

EPT06, EPTO7 and EPTO8 are different from
each other only in height ratios, with v(y) =0.9,
0.4 and 0.1, respectively, and the differences
also reflect effects of roughness-length hetero-
geneity. In the simulation for the JHR region, the
difference in SH,,, (SH;) between EPT06 and
EPT08 can be up to 30.2W/m?> (2.90 W/m?).
Similar are the results of other quantities, e.g.,
LH,,, LH, and Tg,,. These show that the flux,
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tions, where precipitation amounts observed and
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temperature and precipitation fields are also sen-
sitive to the heterogeneity due to the concentration
of roughness-length distributions, as is confirmed
by the results in Table 4.

Similar results can be found when we again
turn to the simulation for the HBR region
(Table 4). We can also identify that the model cli-
mate in the HBR region is generally more sensi-
tive than that in the JHR region. For example, for
the JHR (HBR) region, the values of the mean
surface temperature 7g are 300.14 K and 300.17 K
(296.91 K and 297.08 K) in EPT06 and EPTOS,
respectively.

Figure 4 illustrates the comparison of EPT06
and EPTOS. As is shown in the 850 hPa-tempera-
ture-field difference in EPTO8 (Fig. 4b), in con-
trast to EPTO06, the main warmer area lies in the
north of the domain, with the increase center over

0.2 K, while the main cooler area lies in the
south. Besides, the temperature fields, the sur-
face fluxes and the precipitation field are quite
sensitive to the heterogeneity represented by

Y).

3.2 Sensitivities to stomatal-resistance
heterogeneity

The results of sensitivity tests for stomatal-resis-
tance heterogeneity are then analyzed according
to different PDF parameters in this subsection.

3.2.1 Experiments with respect to width ratio

The stomatal resistance r, is affected by many
factors, e.g., radiation, vapor pressure and soil
moisture, which further lead to the heteroge-
neity. Here EPT(09, EPT10 and EPTI11, with
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Fig. 4. Comparison of EPT06 and EPT08, where panels are similar to those in Fig. 2, but for differ-

ences between EPT08 and EPT06

a,(rg)= 0.3, 0.5 and 0.7 respectively, are de-
signed in such a way that the sensitivity of the
modeled regional climate to stomatal-resistance
heterogeneity can be obtained. The 3 experi-
ments are different from each other only in width
ratios of r,. It can be proved via Eq. (A.10) that
the more heterogeneous ry, the larger transpira-
tion rate under a given condition. But the case
would be much more complex in the coupled-
model simulations due to the changed conditions,
e.g., larger transpiration rate might reduce the
incoming solar radiation to the leaves, and this
might further increase the average of r;, which
reduces transpiration in its turn.

Again, we discuss the simulation for the JHR
region firstly. From the results, the difference in
SHy (LH,) between EPT09 and EPT11 can be

up to 12.9W/m? (3.5W/m?); the temperature
difference in Tgyy, (Tg) amounts to 1.39K
(0.25K). As presented in Table 4, the mean sur-
face temperature difference between EPT09 and
EPT11 reaches 0.1 K; the values of Ps in EPT09
and EPT11 are 548 mm and 646 mm, respec-
tively. All these show that the surface fluxes,
temperature and precipitation fields are quite sen-
sitive to the heterogeneity due to the distributed
range of roughness lengths.

And then we move to the HBR region. Analo-
gous to those in the JHR region, the sensitivities
of the heat fluxes to the heterogeneity due to
the concentration of stomatal resistance distri-
butions are shown as the similar rule: generally
for a certain region, with the increase (decrease)
of stomatal-resistance heterogeneity, i.e., with
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the increase (decrease) of «,(r,), the mean
sensible heat flux decreases (increases), and the
mean latent heat flux increases (decreases).
Furthermore, the influence on the mean latent
heat flux due to stomatal-resistance heterogeneity
is greater than that due to roughness-length het-
erogeneity, e.g., in the 13 experiments carried
out, it is the experiments (i.e., EPT09, EPT10,
EPT11 and EPT12) with relatively large stoma-
tal-resistance heterogeneity that have the rela-
tively large mean latent heat fluxes and relatively
small mean sensible heat fluxes.

The analysis for the two regions is consis-
tent with that for the whole domain. Figure 5
illustrates the comparison of EPT09 and EPT11.
From the 850hPa temperature field in EPTI11,

in contrast to EPTQ9, there is a large warm-
er area in the simulated domain with an in-
crease over (.1 K. Besides, the temperature
fields, the surface fluxes and the precipitation
field are quite sensitive to the heterogeneity
due to different ranges of stomatal-resistance
distributions.

3.2.2 Experiments with respect to height ratio

Here we design EPT10 and EPT12, which are
different from each other only in height ratios
of ry and correspond to ~(r,)=0.06 and 0.8,
respectively, so as to test the sensitivity of the
modeled regional climate to stomatal-resistance
heterogeneity.
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Fig. 5. Comparison of EPT09 and EPT11, where panels are similar to those in Fig. 2, but for differ-

ences between EPT11 and EPT09



Effects of land-surface heterogeneities on regional climate 79

Again, we start with the discussion of the JHR
region in the simulations. From the results, the
differences between EPT10 and EPT12 seem to
be quite large, e.g., the value of SH,, (SH,)
reaches 10.5W/m* (2.66 W/m?); correspond-
ingly, the value of LH,,, (LH,) reaches 11.5W/
m* (3.0 W/m?). The differences in surface fluxes
lead to the surface temperature difference, Tgom
can be up to 1.52 K, with the mean deviation Tg, of
0.29K, and the maximum 850hPa temperature
difference T8, reaches 0.24 K for a grid cell, with
the mean deviation 78, of 0.05 K. This shows that
the major surface characteristics are also quite
sensitive to the heterogeneity in accordance with
the extent of the distributed concentration of sto-
matal resistance. Additionally, the Ps values are
627 mm and 497 mm in EPT10 and EPT12, re-
spectively, which also displays a large difference.

As we examine the HBR region, similar sensi-
tivities can be seen (e.g., see Table 4).

It should be noted that, the sensitivities ana-
lyzed in this section are not overestimated, for
instance, in EPTO1 and EPTO07 with different
roughness-length heterogeneities, the mean sur-
face temperatures are 297.26 K and 296.79 K for
the HBR region, respectively (Table 4).

4. Summary and conclusions

In this paper, the land surface heterogeneities in
roughness length and stomatal resistance, rather
than those in moisture and temperature (Giorgi,
1997a), have been studied. We have employed a
continuous approach (Giorgi, 1997a), which is
a combination of the mosaic approach and the
analytical type of the statistical-dynamical ap-
proach and is computationally efficient, to repre-
sent the heterogeneities in BATS (Dickinson et al,
1993). Different from the methodology in Giorgi
(1997a), the independent variable of probability
density function (PDF) is extended to the single
valued function of basic meteorological charac-
teristic quantities, which is more universal for
applications. Based on this methodology, analy-
tical expressions of characteristic quantities
affected by the heterogeneities, e.g., drag coeffi-
cient, snow coverage, within-foliage windspeed
and leaf surface aerodynamical resistance, are
obtained. Only by computing the expressions
without the use of the full land surface scheme,
we have obtained some sensitivities of the

quantities to the heterogeneities, e.g., the more
heterogeneous roughness length, the greater dif-
ferences between the characteristic quantities
with and without heterogeneity treatment, and
the drag coefficient seems to be most sensitive
as compared to other quantities.

Previous studies of land surface heterogene-
ities are generally focused on off-line experi-
ments (e.g., Entekhabi et al, 1989; Li and
Avissar, 1994; Giorgi, 1997b), as is unable to rep-
resent the strong nonlinear interactions between
the surface and the atmosphere. In this paper,
however, coupled-model experiments have been
performed with the application of a new regional
climate model, which is based on the regional
climate model RegCM?2 (Giorgi et al, 1993a, b)
and includes heterogeneity representation.
The observational data of May—July, 1991 have
been used as the initial and lateral boundary con-
ditions, and the major conclusions obtained from
the simulations are as follows:

(1) For the whole model domain, the considera-
tion of the two heterogeneities greatly affects
the simulations for the surface flux, wind,
temperature and precipitation fields, while
for different sub-regions, the extents of the
influences of the heterogeneities are differ-
ent. In fact, this also means the simulations
for these quantities are sensitive to intrapatch
heterogeneity due to the same interpatch het-
erogeneity initially considered. For a certain
region, the heterogeneity-induced differences
can amount to about 0.5K, 0.2K, 4W/m2
for the mean surface temperature, 850 hPa
air temperature, sensible/latent heat flux, re-
spectively. While for a grid cell, the differ-
ences can reach around 3K, 0.5K, 30 W/ m?>
for the corresponding quantities, respectively.

(2) The temperature and heat fluxes are relatively
sensitive to roughness-length heterogeneity,
which displays the following rule: for a cer-
tain region, the mean sensible heat flux de-
creases, the mean latent heat flux increases,
and the mean surface temperature decreases
with the increase of roughness-length het-
erogeneity. And analogous is the rule of
the effects of stomatal-resistance hetero-
geneity. Furthermore, our coupled-model
experiments have confirmed a conclusion,
i.e., the mean latent heat flux is more sensitive
to the heterogeneities than the mean sensible
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heat flux, obtained by use of off-line experi-
ments in Li and Avissar (1994).

(3) It seems that the influence of the stomatal-
resistance heterogeneity on the latent heat
flux is greater than that of the roughness
length-heterogeneity in certain cases.

From the results, it can be concluded that
appropriate heterogeneity representation can im-
prove regional climate modeling. For further in-
vestigations, we suggest that the model include
other major heterogeneities (e.g., soil moisture
and temperature) in addition to the heterogene-
ities in this study.

Appendix A

Heterogeneity treatment results of two characteristic
quantities

A.I Roughness-length heterogeneity

We also employ f,4+(y) as a linear PDF (Giorgi, 1997a), and
assume the average, half width and height ratio of y denoted
by yo, a, v (see Fig. A.1), respectively, then

foar () = c1y + di, if yo—a<y<yo; (A.la)
foar(y) = 2y + da, it yo<y<yo+a, (A.1b)
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Fig. A.1. The PDF employed in Giorgi (1997a), where x,,,
o, and 7, are the gridpoint average, half width, and
height ratio (i.e., the ratio of a;, the minimum, to a,, the
maximum of f,, the PDF), respectively. In this paper, the
linear PDF is also employed for y and r,. For the distribu-
tion of y, o and «y correspond to Wpf and Vodf> respectively,
and for simplicity, « is replaced by «,,, width ratio that is
defined as the ratio of half width to the average (i.e., a/yo).

Similar is width ratio of the PDF of r

where

ci =ax(l —v)/a, and

A2a
dy = axly + (1~ )0 + a) o] (A2
for yo — a<y<yg, and
cy=—a(1—7)/a, and (A2b)

dy = ax [y + (1 = y)yo/al

for yo <y <yo+a.
In (A.2), a, is the maximum PDF value. The treatment for
Cpy can derived from

2
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The right-hand side of (A.3) consists of 8 terms, where

yi2
(A3)

yil

Yo = k/~/Cono, (A.4)
Yi=Yo—q y2 =Y+ (A.5a)
Yir =Y, Yi2 = Yo, for i=1; (A.5b)
Y21 = Yo, Y22 = Y2, for i=2. (A.5¢)

In (A.4), Cppp is an output from BATO.
Since y is a single-valued function of zy, /1,,4(z0), the PDF
of zp, can be obtained by

— b @) £
_ {C,‘ [ln(zl

hpar (20) =

— doozo) — Inzo] + di}z
(z1 — dooz0)z0 .
Due to effects of different land using, the realistic PDF of
zo would be very complex, and here the derived single-peak
pattern of (A.6) is applied. Besides, the average expression of
7o can be computed from (6).
Snow coverage fsyow in BATO is written as

Sfsnow = Sr/(Sr + z0), (A7)

(A.6)

where Sr is independent of zp. Using heterogeneity operator,
we obtain

F i (fsvow)
— doozo) —

. ZZ:J Sr{ci[In(z
B =1 Y20 20 + Sr
d[In(z; — doozo) — In 2o

In Z()] + d,}

2
= (R1+R2+R3+R4), (A.8)
i=1
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where
R1 = cidooSr/(z1 + dooSr)
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In above terms, some mathematically complex transfor-
mations and approximations are used, e.g.,

2
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and then, the last form of the expression allows analytical
integrations.

Other quantities, such as the wind speed within the foliage
layer and aerodynamical resistance at the foliage layer
(Dickinson et al, 1993), are taken as simple functions of y,
and the expressions after heterogeneity treatment can be eas-
ily derived (not given for the sake of paper length).

A.2 Stomatal-resistance heterogeneity

In BATO, transpiration rate E,, is calculated by

y_—

where ry, is the aerodynamical resistance at the foliage layer,
r, the stomatal resistance, ¢?'" the saturation specific humid-
ity corresponding to the leaf temperature, g, the specific
humidity of the air within the foliage, and c, a coefficient
that does not vary with both r;, and r,, and where r, and r,
are independent of each other.

According to BATO formulae, it can be proved that ry, is
approximately proportional to the square root of y:

rla = CE\/y7

where Cp is a coefficient independent of y.

In BATO, many factors affecting r; are highly heteroge-
neous. For example, r; has a very complicated relationship
with the sky situation, solar zenith, leaf area index, etc.
Avissar (1993) suggested the lognormal PDF for stomatal-
conductance distribution from observed data (i.e., stomatal-
resistance distribution follows the lognormal PDF), and Li
and Avissar (1994) performed sensitivity experiments using
11 PDFs (e.g., normal and beta PDFs). Hence, we assume
what BATO outputs are averages, on the basis of which the
heterogeneity is considered. If we take

q = rs/Ck, (A.12)
and choose g,4r(g) as the linear PDF, in which ¢, d;, v, and
ay, correspond to ¢;, d;, v and o, and in which g;, qo, ;1 and

g correspond to y;, yo, yi1 and y;. qo is the value of ¢
computed by r; and Cg, i.e., the two output values from
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dp, (A.9)



82 X.-M. Zeng et al

BATO, via the above equation. In addition, it can be proved
that the values of PDF parameters (e.g., width ratio) for g and
ry are the same.

Analogously, the corresponding heterogeneity operator is
written as

Gly(A) = jAgpdf@dq.

Then the treatment of (A.7) involves that of the inverse of
(/Y + q), which is represented as

Gl Fogel(ria + 1) 7'}

(A.13)

2 2
=20 » Y (T1+T2—T3-T4+T5),

j=1 i=1

(A.14)

where the 5 terms are calculated by:

T1 = J J x(c,'x2 + d;)cgidxdg
qJx

< x4 d X2> xi2 g2
Y4 2 ) 4jl
T2 = In(x + gjn)(AX’ + Bx* 4+ Cx* + Dx?) ’iii
T3 = In(x + gj1)(AX’ + Bx* + Cx* + Dx?) ’;2?7
As>  (B—5Aqp)s*
T4 — |22 N2 20412)°
{ 5 + 4
(10Ag}, —4Bg;, +C)s’
+
3
B (IOAqu - 6qu'22 +3Cq;, — D)s*
2
+ (5Ag}, —4Bq;, +3Cq}, —2Dq, )s
xi2+qj2
+ (—Aq>, +Bgh — Cq3, + D> )lns}
j2 j2 2 2 5
xil+qj2
and
As®  (B—5Aqj)s*
T5=|—+—-"+1—
5 + 4
(10Ag;, —4Bg;, +C)s’
_|_
3
~ (10Ag), — 6Bq;, +3Cq;, — D)s*
2
+(5Aq}, —4Bq;, +3Cq;, —2Dq;, )s
xi24gjl
5 4 3 2
+ (—Agq;, +Bq;, — Cqj, +qu1)lns}
xil+qjl

(For terms T1— T3, x=y"/? while s=x+qp for T4 and
s=x+gqj for T5).
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