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A multi-layer land surface model (SOLVEG) is dynamicelly coupled to the non-hydrostatic
atmospheric model (MMS5) in order to better represent spatial variations and changes in land surface
characteristics compared with the land surface parameterization schemes included in the MMS. In this
coupling, calculations of the atmosphere and the land surface models are carried out as independent tasks
of different processors; a model coupler controls these calculations and data exchanges among models
using the Message Passing Interface (MPI) libraries. This coupled model is applied to the record-breaking
heavy rain events occurred in Kyushu Island, the southernmost of Japan's main islands, from July 20 to.
July 25 in 2006. The test computations are conducted by using both the coupled model and the original
land surface parameterization of MMS5. The results of these computations show that SOLVEG reproduce
higher ground temperatures than land surface parameterization schemes in the MMS5. The results indicate
that feedbacks of the land surface processes between MMS and SOLVEG play an important role in the
computations. The most pronounced difference is in the rainfall simulation that shows the importance of
coupling SOLVEG and MMS5. The coupled model accurately reproduced the heavy rainfall events
observed in Kyushu Island compared to the original MMS5 from both the spatial and the temporal point of
view. This paper shows that realistic simulation of rainfall events strongly depends on land-surface
processes interacting with cloud development that depends on surface heat and moisture fluxes, which in
turn are mainly determined by land surface vegetation and soil moisture storage. The soil
temperature/moisture changes significantly affect the localized precipitation and modest improvement in
the land surface representation can enhance the heavy rain simulation. MMS-SOLVEG coupling showed
a clear image of the land surface-atmosphere interactions and the dynamic feedback on convection
initiation, storm propagation and precipitation.
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1. INTRODUCTION

In the earth environment system, the role of the
land surface is to provide the lower boundary
conditions for the overlaying atmosphere.
Characteristics of the land surface processes play an
important role together with sea surface in the
distribution of the incoming heat energy into latent
and sensible heat fluxes and their exchange with the
atmosphere, thus affecting the evolution of the

atmospheric boundary layer. Mesoscale atmosphere
models depend on Land Surface Models (LSM) to
provide surface fluxes of heat, moisture, and
momentum from the land surface to the atmosphere.
In the last 40 years several land surface models
have been developed and applied for diverse
climate conditions worldwide. The
parameterizations of these models differ in
complexity from very simple methods to very
complicated methods (e.g. Noilhan and Planton
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1989; Sellers et al. 1996). Inter-comparison studies
have been summarized and evaluated the
commonly used land surface parameterization
schemes (e.g. Chen et al. 1997; Luo et al. 2003).
Worldwide, the approach to represent land surface
processes into the atmosphere is through coupling
of the LSMs and atmosphere models. One-way
coupling was implemented in the beginning, in
which the atmospheric fluxes are passed from the
atmosphere models to LSMs with no feedback to
the atmosphere models (e.g. Kite et al. 1994,
Hostetler and Giorgi 1993). In contrast, in two-way
coupling, models exchange the relevant fluxes; that
is, there is feedback from the LSM to the
atmosphere model that influences future model-
derived fluxes (e.g. Chen and Dudhia 2001a, b;
Maxwell et al. 2007; Seuffert et al. 2002).

Realistic and idealized case studies indicate the
extent of the influence of land surface processes on
the atmosphere. Taylor et al. (1997) used
observations to study land surface atmosphere
interactions in semiarid areas. They proved that
variability of boundary layer is related to previous
rainfall events and its associated soil moisture
variation pattern. Molder and Raabe (1997)
investigated the influence of model coupling on the
formation of clouds and precipitation. In a one-day
simulation of an idealized case, they showed that
runoff modeling influences soil moisture and hence,
indirectly, the formation of cloudiness and
precipitation by changing the turbulent energy
fluxes. Seuffert et al. (2002) coupled the LM model
(Doms and Schiittler, 1999) and the land surface
hydrologic model known as the TOPMODEL-
Based Land Surface Atmosphere Transfer Scheme
(TOPLATS) in a two way-coupling to study the
Influence of hydrologic modeling on the predicted
local weather. Their results emphasized the
importance of the improved simulation of soil
moisture and soil temperature fields on reproducing
the observed precipitation better than the original
LM did. Chen and Dudhia (2001 a, b) in their
validation study of the NOAH LSM; they compared
the performance of the slab model (Blackadar
1976) and the NOAH LSM model when coupled to
the mesoscale meteorological model (MM35, Grell
et al. 1996) for several rainfall events using the
FIFE experiment results (Sellers et al. 1997). Their
results for simulating the rainfall events were not
conclusive, both LSMs coupled to the MM5
reproduced good estimates of the observed rainfall
with similar problems related to the spatial and the
temporal distribution of the rainfall. Recently,
Chang et al. (2008) studied the impact of
convection and land surface parameterizations on

the simulation of a heavy rain event over India
using both MMS5 and WRF models with different
convection and land surface schemes. They
concluded that the rainfall amounts are sensitive to
the choice of the convective parameterization and
to the land surface/land use change. Their land
use/land cover sensitivity tests showed that land
surface feedback results in broader areal and
dynamical impacts on rainfall intensity and
distribution. Their results indicated that the land
surface models in MM5 and WRF need to be
further evaluated.

The models combination introduced in this paper
are representing the atmosphere land surface
interaction part of a comprehensive Atmosphere-
Ocean-Land-Surface-Hydrology coupled model
known as ASIA ENVIRONMENTAL
SIMULATOR, AES, (Haggag and Yamashita,
2009; Yamashita et al. 2007). Haggag and
Yamashita (2009) defined AES as a coupled system
of computer simulation for meteorology, physical
oceanography, land 'surface, vegetation, hydrology,
coastal dynamics and urban environment. The
objective of AES is to be an effective
environmental assessment tool for the integrated
sustainable development plans in Asia. All the
models included in AES to represent the different
components of the Earth environment have been
used and validated in the literature, but in isolation
from other environmental processes. Our proposed
scheme is to model the earth environment in unison
to better represent the different feedbacks among
the Earth system components and their ultimate
influence on the properties of the whole system. In
this paper, we want the readers to realize that we
are neither developing a new atmospheric
circulation model nor a new land surface model
from scratch. But we make use of the available
state-of-the-art tools in different fields to build an
integrated Earth environment modeling system by
introducing the feedbacks among the different
environmental phenomena.

The models incorporated in this study are the fifth
generation mesoscale non-hydrostatic atmosphere
model (MMS, Grell et al. 1996) that is a well-
known atmosphere research model in operation at
several meteorological agencies, and the new multi-
layer atmosphere vegetation soil model (SOLVEG)
(Nagai and Yamazawa 1999; Nagai 2005; Nagai
2003; Nagai 2002). The coupling of the models has
been carried out to investigate the influence of the
state-of-the-art land surface hydrologic model on
the reproduction of the energy fluxes, structure of
the atmospheric boundary layer, and precipitation,
when compared with observed data and other
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model configuration derived results. The simulation
results are evaluated for the two-way coupled
model system (MM5-SOLVEG) and for the MM$5
with its original land surface models.

The coupled model is applied to investigate a real
case study in Kyushu Island, Japan. A record-
breaking heavy rain event occurred over Kyushu,
the southernmost of Japan's main islands in July
2006 causing deadly flooding and mudslides, taking
at least 29 lives. The model computations along
with recorded data at surface weather stations are
used to analyze the heavy rainfall over Kyushu
Island. The paper is organized as follows: section 2
briefly describes the characteristics of the MMS and
SOLVEG models and the coupling scheme. In
section 3, a description of the case study and the
different types of datasets are presented. Section 4
presents the structure of the different test cases and
results evaluation method. The results of the test
cases compared with available observations are
shown in section 5 and section 6. Finally, section 7
concludes and summarizes the contents of the paper.

2. MODELS DESCRIPTION AND
COUPLING

(1) The fifth-generation mesoscale atmospheric
model

The MMS5 (Grell et al. 1996) is a regional, non-
hydrostatic model primarily designed to simulate or
predict mesoscale and regional-scale weather. The
MMS5 uses a terrain-following non-dimensional
pressure, or sigma-P, vertical coordinate. The MM$5
uses an efficient split/semi-implicit temporal
integration scheme and has a nested-grid capability.
Initial and lateral boundary conditions on the
outermost grid mesh can be specified from global
circulation models 3-D reanalysis or predictions.
The slab LSM (Blackdar 1976) and the NOAH
LSM (Chen and Dudhia 2001 a, b) are incorporated
in the MMS model. The slab LSM is a ground heat
budget model that is not suitable with the
complexity of other physics processes of MMS.
Soil temperature predicted in 1, 2, 3, 8, and 16 cm
layers with fixed substrate below using vertical
diffusion equation. An important weak point of the
slab model is the soil moisture field that is defined
as a function of land use and has only two seasonal
values (summer and winter). The soil moisture is
kept constant during model computation and cannot
reflect the impact of recent precipitation. Chen and
Dudhia (2001 a, b) added the NOAH LSM to the
MMS5 model. The NOAH LSM is based on
coupling the diurnally-dependent Penman potential

evaporation approach of Mahrt and Ek (1984) to
the multi-layer soil model of Pan and Mahrt (1987).
It has one canopy layer and the following
prognostic variables: soil moisture, soil ice, soil
temperature, water stored on the canopy, and snow
stored on the ground. Surface skin temperature is
determined following Mahrt and Ek (1984) with a
single linearized surface energy balance equation
dependent on the surface radiation, turbulent heat,
and ground heat fluxes. Because of the extensive
prior validation of the MMS5, we use it directly to
provide the best available representation of the
atmosphere and have not made any modifications to
the MMS5 other than those associated with the flux
transfer calls through the model coupler.

(2) Atmosphere-soil-vegetation model

SOLVEG is originally developed by Nagai and
Yamazawa (1999) at the Japan Atomic Energy
Research Institute (JAERI). It is a multilayered
model, therefore, it can aid in clarifying the heat
and water exchanges in each layer of the
atmosphere-soil-vegetation system. It includes an
advanced radiation processes for transmission of
solar and long wave radiation fluxes in the canopy
(Nagai 2003). The radiation process provides the
Photosynthetically Active Radiation (PAR) flux for
each layer in the canopy, which is necessary for the
photosynthetic CO2 assimilation. The model
considers the interactions between the CO2
exchange and the heat/moisture exchanges by the
stomatal resistance scheme based on photosynthesis
(Nagai 2005). SOLVEG’s framework combines
two types of model concepts; the first type
resembles the bulk method, which has been mainly
used in atmospheric models to facilitate the
exchange process between the atmosphere and
plants or soil as a whole (e.g. Noilhan and Planton
1989), the other type is the research model, which
uses a multilayer expression for the vegetation
canopy to examine the turbulence transfer of
momentum, heat, and moisture within and above
the canopy (e.g. Meyers and Paw 1986; Shaw and
Schumann 1992). Nagat (2002, 2003, and 2005)
tested the performance of SOLVEG using observed
data in the Cooperative Atmosphere—Surface
Exchange Study (LeMone et al. 2000). A
comparison with Oregon State University LSM
(Chen et al. 1996) and the National Center for
Atmospheric Research LSM (Bonan 1995) was also
made by Chen et al. (2003)) and Yates et al (2003)
and the performance of SOLVEG was comparable
to those of the other models.

(3) Coupling method and models interaction
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Calculations of the two models (MM5 and
SOLVEG) are carried out as independent tasks at
different processors and a model coupling program
(coupler) controls these processes and
exchanges between the two models using the
Message Passing Interface (MPI) libraries. The
coupling procedure is based on a similar scheme
embedded in SOLVEG. All models and the coupler
program start together, and the coupler invokes and
controls the calculation processes. It receives 2D
data from one model and distributes it to the other
model in arbitrary time intervals. Figure 1 shows
the data exchange between MM5 and SOLVEG.
The numerical stability condition in MMS5 requires
the maximum time step not to exceed 3 times the
maximum grid distance. For grid distance of 27 km,
the maximum time step should not exceed 81 sec.
In all of the numerical experiments a time step of
60 sec is used for MMS5 calculation. The time step
of SOLVEG is smaller than that of MMS5, and
several time steps are carried out for SOLVEG

" during a single time step of MMS. For SOLVEG, a
time step of 20 sec is used such that during one
time step of MM35, SOLVEG executes 3 time steps.

ROU =20s5ec =40 .

=80 sec t= "2

soLveG L_Ist | 2nd | cﬂxlsmlsm ™ i

ELEV: dcvnnm.LUlmduse.Sl"Ex mlmnc.TB deep sail

speed
rediation, Ri: long mvcndunmkmnm&!!mty?xmﬁm
pressure, TS: skin temperstre, H: hest flux, E: moisture fux, u®:
momentum fux

Fig.1 Coupling method and data exchange in the atmosphere
land surface coupled model.

At the first time step, MMS5 sends the initialization
states to SOLVEG: elevation (ELEV), land use
(LU), soil texture (STEX), soil bottom temperature
(TB), initial soil moisture (SM), initial air density

(ROU), air pressure (Ps), radiation (solar: Rs, long-
wave: Ri), precipitation (Rain), wind speed (x, V),
temperature (7) and humidity (¢q). SOLVEG
calculation proceeds for the same time interval as
MMS5 and sends its results to MMS: skin
temperature (75), albedo, momentum flux (4*), heat
flux (H) and vapor flux (E). MMS5 receives these
values in the next time step and uses them as the
surface boundary condition in the Planetary
Boundary Layer (PBL) processes.

3. CASE STUDY AND MODEL SETUP

The East Asian rainy season is called the “Bain
front in Japanese. It refers to the frontal
precipitation that lasts from late June to the end of
July in Japan. The front forms when the moist air
over the Pacific Ocean meets the cooler continental
air mass. In summer 2006, an extraordinary amount
of rainfall has been observed over Japan. The area
that severely affected by that event is located in
Kyushu Island. Three nested domains are
implemented for that purpose, the geographical
locations of the 3-domains and their boundaries are
shown in Fig.2.a. Kyushu is mainly mountainous
area except for the wide urban area at the top of the
island. Kyushu is predominantly mixed forest with
shrubs interspersed, underlain by mostly clay loam
on most of the island and mainly loam at the
mountainous areas. Elevation, land use and soil
cover are shown in Fig. 2b, 2.c, and 2.d at
horizontal resolution of 3km which is used to
represent the third simulation domain. The
numerical experiments are performed using 23
vertical levels (with the model top at 100 hpa) and
two-way interactions among the three horizontal
domains, The model physics in all runs reported
here are Reisner graupel mixed phase explicit
moisture scheme (Reisner et al. 1998), the Grell
cumulus parameterization scheme (Grell et al
1996), the cloud radiation scheme, and MRF’s PBL
scheme (Hong and Pan 1996). For the surface
schemes; the slab LSM, the NOAH LSM and
SOLVEG are used to represent the land surface
processes. The specific characteristics of the model
as it is applied in this study are summarized in
Table 1.

Soil parameters used in SOLVEG are the
saturated volumetric soil water content, the
saturated hydraulic conductivity, the exponent in
the Clapp and Hommberger equations, the wilting
volumetric soil water content and the dry soil heat
capacity. These values were determined according
to the U.S. Department of Agriculture (USDA)
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Grid increment (D1) 27 km 3
Horizontal meshsize (D1) 84 x 99 it
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Grid increment (D3) 3 km “j A
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texture classes, by using data from Clap and

Hornberger (1978). McCumber (1980) and Chen i Crop.Post
and Dudhia (2001 a, b). Vegetation leaf surface

properties and vegetation structure are given values
from global survey of leaf area index of land use
classes by Asner et al. (2003). The computations

were initialized using the

(¢) Land use

large-scale analysis

global final analysis (FNL) data archived at NCAR

that exist every 6 hours at a s

x1°. Japan Meteorological Agency’s (JMA) Grid 340
Point Value (GPV) hourly rainfall forecasts and
Tropical Rain Measuring Mission (TRMM) satellite
data from 20 to 25 July in 2006 are used for

evaluation of model results.

form JMA’s Automated Meteorological Data =
Acquisition System (AMeDAS) stations are used in 330 1y
the model evaluation. A total of 165 meteorological At
stations are employed. A map showing the station

locations is shown in Fig. 3.

4. MODEL COMPUTATIONS

Hindcast simulations of the

patial resolution of 1°

i
132°
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(d) Soil texture classes

Fig. 2 (a) Domain configurations over Japan,
(b) land surface elevation for the third domain (USGS),
(c) land use map (USGS) global land use classes, and
(d) soil texture classes (FAO+STATSGO).

132¢

Rainfall observations

Latitude

320

atmosphere and land

surface over Japan are used to study the e

performance of the new coupled model, and the
evolution of the model-derived rainfall distribution 3re

e

Kagoshima s!au':m“/‘-l'—

f {

to the spatial variation in surface characteristics. 12 130°
The lower boundary conditions represented in the
land surface heat/moisture fluxes differ among the

different model cases. Three identical hindcast
simulations  with  different land  surface
parameterization are performed.

1. First, the stand-alone MM3 model is used as a

Longitude

131°

132°

Fig. 3 AMeDAS stations in Kyushu Island (filled circles).
Kagoshima and Miyazaki AMeDAS stations are
represented by filled triangles.
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control run, herein after MM5-CTRL. Land surface
is parameterized using the slab model with five soil
layers.

2. Second, the MM35 is run with land surface
parameterized using NOAH LSM, herein after
MM35-NOAH.

3. Third, the fully coupled MM5-SOLVEG, herein
after MM35-CPL, is run with land surface fluxes
coming from the coupled calculations.

For evaluation of the model results, gridded
analysis of the observed precipitation fields has
been performed using the adjustable tension
continuous curvature surface gridding algorithm
(Smith and Wessel 1990). The verification domain
is limited to the region of Kyushu Island that
contains relatively high-resolution meteorological
observations. Since rainfall depends strongly on the
atmospheric motion, moisture content and physical
processes, the quality of a model's rainfall results is
used as an indicator of model health. The following
continuous statistical measures are in use in this
paper: mean value ("o“)“, variance (§%), standard
deviation (s), mean error (ME), mean absolute
error (MAE), root mean square error (RMSE) and
correlation coefficient(r).

5. ANALYSIS AND COMPARISON OF
TEST CASES

(1) Soil surface variables

Figure 4 shows the computed ground
temperatures (Kelvin) by MMS5-CTRL, MM5-
NOAH and MMS5-CPL with 12hr intervals from
00:00 JST, July 21 to 12:00 JST, July 22. This time
was chosen because it is the period in which most
of the rainfall occurred (discussed further below).
Cooler ground temperatures can be seen in the most
of the domain on July 21 for the cases of MM3-
CTRL and MM5-NOAH compared to MM35-CPL.
On July 22, MMS5-CPL shows cooler ground
temperatures in the south of the domain, below
32.5°N, and higher ground temperature in the
northern part of the domain compared to MM5-
NOAH and MMS5-CTRL. This pattern of ground
temperature suggest a link with radiation
differences between the model runs, which results
in ground temperature differences. It also can be
seen as a footprint of the produced rainfall by each
model and its corresponding soil moisture
variability. The soil texture classification given in
Figure 2 shows that the clay loam soil is the most
dominant soil type in the southern part of Kyushu.
The clay loam has a higher maximum soil moisture
content compared to loam that can affect the soil

moisture and ground temperature distribution under
heavy rain conditions. In July 22, the heavy rainfall
over southern Kyushu combined with the clay loam
soil’s large moisture capacity caused higher soil
moisture  values along with cooler ground
temperature in the southern part of Kyushu
compared to the northern part.

The ground temperatures of MM3-CTRL and
MM35-NOAH show small differences. In day time,
MM35-NOAH yields higher ground temperature
compared to MMS5-CTRL. This is can be explained
by the constant soil moisture used in the slab land
surfaice model of MMS5-CTRL. The ground
temperatures computed by SOLVEG in MM5-CPL
which fed back into MMS3 is higher than that of

MMS-CTRL MMS-NOAH MMS-CPL

spo, OST00:00,July21) (JST00:00, July 21) (IST 0000, July 21)
iy - oy e
4 - e W P | .

-
]

MM5-NOAH
(IST 12:00, July 21)
f S e

MMS-
(JST 12:00, July 21)
. o b

. i

MMS-CPL
(JST 00:00, July 22)
e vy

MMS-NOAH

MMS.CTRL
(ST 12:00, Joly 22)
L1200 My 22), .

;
¢

g 3
v

vy, kY
= r
13 B0 136 13 132
T k

20 295 300 305 310 315 320
(a) MMS-CTRL (b) MMS-NOAH {e) MMS-CPL

a5 s
=
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Fig. 4 Ground temperature (Kelvin), for the different cases
from 21 to 22 July, 2006 every 12hr.

MMS5-CTRL or MM5-NOAH. Since ground
temperature represents the changes in surface soil
temperature and moisture conditions in response to
atmospheric radiation, the formulation of the
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radiation and the stomatal resistance schemes in
SOLVEG may have major effects on the difference
between the computed ground temperatures. The
radiation scheme in SOLVEG (Nagai 2003)
calculates the four solar radiation components
(visible and near infrared bands of direct and
diffuse components) separately which have positive
effects especially in cloudy days. The stomatal
resistance scheme in SOLVEG (Nagai 2005) based
on photosynthesis is a key factor for the heat and
water exchange between the atmosphere and the
land surface.

Figure 5 provides evidence that MMS5-CPL
results are more accurate compared to the original

&

setting in MMS. Figure 5 shows a time series
comparison for the downward solar radiation
(Watt/m®), surface air temperature (°C) at 2m above
ground surface and sea level pressure (mb) at the
locations of two JMA meteorological stations,
Kagoshima station (130.546°E, 31.553°N) and
Miyazaki station (130.706°E, 31.938°N), in Kyushu
Island. At both stations, there are considerable
differences in the simulated downward solar
radiation and air temperature, with MMS5-CPL
being closest to the observations. MM5-NOAH and
MMS5-CTRL considerably underestimates the
downward solar radiation for most of the times.

g
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Fig. 5 Downward solar radiation (Watt/m?), air temperature at 2m above ground surface (°C) and sea level pressure (mb) at two
AMeDAS stations (Kagoshima and Miyazaki) for the different computational cases from 20 to 25 July in 2006.



HAGGAG, YAMASHITA, LEE, and KIM

Neither MMS5-NOAH nor MMS-CTRL can
simulate the daily variation in air temperature in the
cloudy days from July 20 to July 22 in 2006. In the
clear days of July 23 to July 25, all models can
simulate the daily variation in radiation and
temperature with the best results derived from
MM5-CPL. All models can well-simulate the sea
level pressure with MMS5-CPL being closest to the
observed values. Generally, we can state that
SOLVEG has tendency to produce higher ground
temperature than the slab LSM or the NOAH LSM.
The higher ground temperature heats up the surface
layer air, and the higher air temperature causes
further rise in ground temperature. This is a positive
feedback to MMS5 from SOLVEG. An additional
variability in the ground temperature fields that is
clearer in the night time more than in day time
comes from the influence of the topography in the
model domain. The coldest ground temperatures are
always found in the mountainous area in the center
of Kyushu Island.

Figure 6 shows two snapshots of the computed
soil moisture fields (m*m?) by MM5-NOAH and
MM5-CPL on July 22, The land surface
parameterization in MM3-CTRL uses constant soil
moisture and hence is not a part of soil moisture
comparison. The variability in the soil moisture
distribution comes mainly from the influence of the
distributed soil cover and the topography as shown
in Fig. 2 over the computational domain. Lower
soil moisture values are found in areas of loam
compared to the areas covered by clay loam. Figure
6 highlights the rough resolution of the
incorporated soil texture classes that limits the
model capability to represent the soil moisture
heterogeneity and its effects on moisture/heat
interactions between the land surface and the
atmosphere.

For the soil moisture variability, the effect of the
coupling of SOLVEG and MMS5 is less pronounced
than the effect of the soil cover in this case.
However, the difference in rainfall fields between
MM35-NOAH and MM5-CPL is reflected in higher
soil moisture fields in the north of the model
domain, above 32.5°N, on July 21 (not shown) for
the case of MM5-NOAH compared to MM5-CPL
following the high rainfall rates produced in that
day, and higher soil moisture fields in the south of
the model domain, below 32.5°N, on July 22 in the
case of MM5-CPL compared to MM5-NOAH
following the high rainfall rates produced on July
22 by the MMS5-CPL. The plots show that soil
moisture in the case of MMS5-NOAH is dried up
faster than that of MM5-CPL which retains its soil
moisture content for longer time. Despite of the fact

that soil cover is pronounced at all times for both
MM5-NOAH and MMS5-CPL, more heterogeneity
of soil moisture can be seen in MM5-CPL. Soil
moisture and surface temperature are used to
compute the atmospheric turbulence fluxes and to
determine the turbulence kinetic energy balance, so
more heterogeneous-accurate ficlds of them mean
more accurate heat fluxes from the land surface to
the atmosphere.

(2) Surface heat fluxes

Figure 7 plots the latent heat flux and the sensible
heat flux for the different computation cases at
12:00 JST, July 21 and 12:00 JST, July 22. In
contrast to the case of soil moisture or ground
temperature discussed above, there is no obvious
effect of the topography or the soil cover on the
computed heat fluxes. Day time plots show a
pronounced variation among the different model
configurations. First, despite of heavy rains the soil
moisture in the MM5-CTRL does not change with
being in relatively high sensible heat fluxes and low
latent heat fluxes compared with the MM5-NOAH
and MM5-CPL. The day time latent (sensible) heat
flux computed by SOLVEG in MMS5-CPL is
generally higher (lower) than the computed ficlds
by NOAH in MM3-NOAH.

MMS-NOAH
(IST 00:00, July 22)
aidassd

MMS-CPL
(JST 00:00, July 22)

MMS5-CPL
(JST 12:00, July 22)
aad T VR
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(IST 12:00, July 22)
34 el YO Ty
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030 035 0.40 0.45 0.50

(a) MM5-NOAH (b) MMS-CPL

Fig. 6 Soil moisture (m*/m®) for the different cases on July 22,
2006 every 12hr.
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This matches the previous tests by Godfrey et al
(2007) and Yates et al. (2003) which mentioned
that forecasts by the NOAH LSM consistently
underestimate midday latent heat fluxes by 20-40%
compared with observations on clear days. These
errors primarily come from partitioning errors
between the fluxes of sensible and latent heat that
may arise number of problems, such as incorrect
estimates of moisture availability, skin temperature
and resistance to heat flux.
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Fig. 7 Latent and sensible heat fluxes (W/m?) for the different
cases at 12.00 JST, on 21 and 22 July, 2006.

6. RAINFALL PATTERNS AND
VARAIABIITY

Figure 8 shows the total cumulative rainfall
distribution of the different computational cases,

AMeDAS observations, TRMM and JMA-GPV’s
rainfall for 6 days, from 00:00 JST, July 20 to
23:00 JST, July 25. There is a pronounced variation
in the rainfall intensity distribution computed by
MM5-CTRL or MM5-NOAH and the computed
rainfall intensity distribution by MMS5-CPL.
Interpolation of observed rainfall shows that the
area bounded by 31.5°N -32.5°N received most of
the rainfall with peak cumulative rainfall depth of
1161mm recorded at Shibisan station (130.36°E,
31.98°N). This pattern is only produced by the
MMS5-CPL with even similar distribution of the
model cells that received the maximum rainfall
depths. Computed rainfall ficlds by MMS5-CTRL
and MMS5-NOAH show similar pattern that is
clearly contradicts with those of the MM3-CPL and
the AMeDAS observations. Both TRMM and JMA-
GPV shows heavy rainfall depth centred at (32°N,
130.5°E) which conforms to the rainfall fields
computed by the MM5-CPL, but both of them
underestimate the rainfall depth considerably.
TRMM'’s maximum accumulated rainfall is about
450  mm, while JMA-GPV’s maximum
accumulated rainfall is about 700 mm compared to
a maximum accumulated rainfall depth of 1161mm
from the surface rain gauges. The goal of
considering both TRMM and JMA-GPV is to
evaluate the areal rainfall distribution produced by
the different model configuration with other
independent reliable rainfall datasets. Figure 9
shows the daily cumulative rainfall distribution of
the MMS5-NOAH, MMS5-CPL and AMeDAS
observations on 20 and 22 July in 2006. On July 20,
heavy rainfall band (200-600 mm) bounded
between (32.5°N to 33.5°N) is reproduced by the
MMS5-CTRL and MMS5 NOAH with higher
intensities in MM5-NOAH. This heavy rainfall
band can be seen neither in the AMeDAS
observations nor MMS5-CPL. The rainfall computed
by MM5-CPL matches the AMeDAS observations
fields with higher rainfall intensitics of MM35-CPL.
On July 21, two heavy rainfall bands (~200 mm)
bounded between (31.5°N to 33°N) (not shown) are
produced by the MM35-CPL matching the
AMeDAS observation fields. Neither MM5-CTRL
nor MM5-NOAH could reproduce the rain events
on July 21 over the land area of Kyushu. On July
22, heavy rainfall (200-500 mm) is observed in the
location of (130.5°E, 132°N) with two heavy
rainfall zones in the east and the west of 130.5°E.
MM35-CPL captured well this event despite of the
computed rainfall area being shifted little to the
south of the AMeDAS observations position. This
heavy rainfall cannot be reproduced in the
computation by MMS5-CTRL or MMS5-NOAH.
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In fact, it was not expected to have such
improvement in the rainfall simulation results.
Further analysis of the test case experiments has
been done to understand the impact of land surface
processes and the grid spacing on the simulation of
the heavy rainfall event in July 2006. Such
improvement in the simulation of the rainfall pattern
of the coupled model (MMS5-SOLVEG) compared
to MM35 with its original LSMs raises an important
question about the reasons why MMS5-CPL can
reproduce such well-simulated rainfall patterns. The
land surface processes in the continent of mainland
China can be the strong candidate reason for
simulation improvement. Assessment of this
hypothesis is done by performing 4 extra
computational experiments with simulation domains
that exclude/include mainland China on the west
boundary using both MM3-NOAH and MM35-CPL.
Figure 10 shows a comparison of the total rainfall
distribution in our temporal domain for the four
cases with and without mainland China on the west
boundary of the coarsest simulation domain.
However, the effect of the China mainland boundary
on the rainfall distribution is pronounced, this
hypothesis could not explain the reasons of
improvement. The southern shift in the rainfall
distribution over south and west of Japan is not a
function of the land border of China continent. The
results  from the MM3-CPL give accurate
distribution of rainfall compared to the results from
the original MM35.
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Fig. 10 Total rainfall distribution (from JST 00:00, July 20 to
23:00, July 25, 2006) using different computational
domain geometry for the assessment of China land
boundary effects on the rainfall simulation.

Another possible explanation of the improvement of
rainfall pattern by the coupled model is derived
from the basics of meteorological physics; it is well
known that the uneven heating of the land surface
results in temperature gradients at the ground
surface. Warmer surface areas heat the overlaying
air mass and force it to rise in the atmosphere
causing reduction in the surface pressure compared
to an increase in the surface pressure at locations of
cooler air temperature. The resulting pressure
gradient forces wind movement from areas of high
pressure to arcas of low pressure to restore the
pressure balance in the atmosphere. The clouds
move at a speed and direction of the prevailing wind
at the altitude where the clouds are occurring, and
the rainfall areal distribution is a direct function of
the clouds areal distribution. These simple basics of
the atmospheric physics enable us to explain the
reasons behind the enhancement in the rainfall
results over South Japan. SOLVEG has a tendency
to produce higher ground temperature compared to
the slab LSM or NOAH LSM as shown in Fig. 4
and Fig. 5 The higher ground temperature heats up
the surface layer air and force it to rise to upper
layers causing areas of lower atmospheric pressure.
Figure 11 shows the difference in the average sea
level pressure between MMS5-CPL and MMS5-
NOAH overlaid by the difference in the average

surface wind vectors on July 20 and 22, respectively.

A large area of lower pressure is found to cover the
whole southern and western part of Japan in the case
of MMS5-CPL compared to MMS5-NOAH. A
stronger north-west surface wind is generated in the
case of MMS5-CPL toward the areca of lower
atmospheric pressure. This difference in wind field
caused the shift of cloud system to the south
resulting in  an accurate pattern of rainfall
distribution from the coupled model computation
(see Fig. 12).

As regards to the effect of model grid spacing
(resolution) on precipitation, as anticipated and
consistent with past studies, with higher model
resolution, the mesoscale model simulates higher
precipitation amounts that are closer to the
observations. The rain rate from 3 km grid spacing
is also higher than rain rate from 9 km and 27 km
grid spacing which can be attributed to the
consideration of detailed surface representation in
the finer grid domain (see Fig. 12).

After the visual verification done above, further
statistical measures are found to be of use in
clarifying the performance of the different model
configuration. The mean value, variance, standard
deviation, mean error, mean absolute error, root
mean square error and correlation coefficient are the

11
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continuous statistical measures used here. Table 2
summarizes the different statistical measures. The
mean value of the observed accumulated rainfall
from July 20 to 25 is underestimated by all model
configurations with MMS5-CPL has the most
accurate value compared to other model
configuration. The variance and standard deviation
which describes the rainfall variability has a
minimum value in case of MMS5-CPL compared to
all other cases. The mean error that measures the
average difference between model computation and
observed values shows best performance in the case
of MMS5-CPL. The error between the observation
and the model computed rainfall depth has a
minimum value in case of MMS5-CPL. The mean
absolute error and the root mean square error
similarly shows good performance of MM5-CPL in
reproducing the rainfall depths compared to MM5-
CTRL and MM5-NOAH. For the correlation
coefficient, MM5-CPL and JMA-GPV shows the
highest values of » (0.836, 0.953) compared to
inadequate correlation given by MMS5-CTRL or
MM35-NOAH (0.545, 0.445).

5:] July 20, 2006 (b) July 22, 2006
misec

120° 125* 130* 135° 140* 145°

-1.0 -0.5 0.0 0.5 1.0

Fig. 11 CPL-NOAH differences of the average daily surface
wind vectors, and the average daily sea level pressure
over the coarse simulation domain on July 20 and 22.
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Fig. 12 Cumulative rainfall of 6 days (from JST 00:00, July 20
to 23:00, July 25 in 2006) in the coarse computational
domain (upper panel) and the second domain (lower
panel.

7. SUMMARY AND CONCLUSIONS

This paper described the development and
application of a dynamically coupled atmosphere-
land surface-hydrology model. The models
incorporated in this study are the non-hydrostatic
atmospheric model (MMS35), and the state-of-the-art
multi-layer atmosphere vegetation soil model
(SOLVEG) to better represent spatial variations and
changes in land surface characteristics compared to
the current land surface parameterization included in
MMS3. In this coupling, the models are two-way
coupled with full consideration of momentum,
energy and water exchanges between the
atmosphere and the land surface. A number of short-
term numerical experiments were conducted to
evaluate the MMS5 model coupled with SOLVEG.
The performance of three model configurations (one
with the slab model, another with the NOAH LSM
and the last with SOLVEG) against the rainfall
observed over Kyushu Island, Japan in the period
from 20 to 25, July in 2006 is documented. Satellite

Table 2 Statistical summary for 6 days of cumulative rainfall data (from 00:00, July 20 to 23:00, July 25 in 2006).

Mean Var. Std. Dev. ME MAE RMSE

(mm) (mm®) (mm) (mm) (mm) (mm) i
OBS 225.164 0.870 0.933
IMA-GPV 130.217 0.397 0.630 -94.946 101.415 142.349 0.953
MMS35-CTRL 173.627 2.087 1.444 -51.537 120.339 194.634 0.545
MMS5-NOAH 195.721 3.166 1.779 -29.442 127.670 198.713 0.445
MM5-CPL 197.841 0.495 0.704 -27.323 108.906 148.735 0.836
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rainfall estimates based on TRMM and JMA-GPV’s
operational forecasts are used for the evaluation of
the results by the coupled model along with
AMeDAS surface rain gauge measurements.

The results of the case study indicate that the
coupled MMS5-SOLVEG leads to the most
promising results. The improved simulation of soil
moisture in conjunction with improved simulation
of the surface temperature leads to better
computation of energy fluxes, and precipitation. The
results showed that, SOLVEG has tendency to
produce higher ground temperature than the slab
LSM, and the NOAH LSM indicating the positive
feedback to MMS5 from SOLVEG. The simulated
latent and sensible heat fluxes using SOLVEG
seems to make clear the reported problem of the
underestimated latent heat flux from NOAH.
Detailed parameterization in SOLVEG works well
in the portioning of the heat fluxes into latent and
sensible heat flux on the land surface. The results
indicate the potential to improve predictions of
boundary layer and cloud microphysics processes by
incorporating advanced physical processes on the
land surface. The most pronounced difference
among the different model configurations results is
in the rainfall simulation. The MMS5 coupled with
SOLVEG shows an improvement in reproducing the
observed heavy rainfall compared to the original
land surface models in the MMS5. Both spatial and
temporal distributions of the heavy rainfall are
reproduced with sufficient accuracy. The MM35 with
its slab LSM and NOAH LSM failed to locate the
rainfall in its correct position with pronounced
underestimation of the rainfall depth. The results
show the large impact of SOLVEG and MMS5
coupling. It also points out the inadequacy of the
current land surface parameterization in MM5 for
the reproduction of heavy rainfall events.

In fact, it is difficult to describe reasons for the
different rain distribution patterns among the
different computation cases. Heterogeneity of the
surface layer causes differences in latent heat fluxes,
while the treatment of sensible heat flux with skin
temperature in the slab model and with ground
temperature in the NOAH and SOLVEG appears to
cause thermal differences in the boundary layer. The
SOLVEG run warmed and moistened during the
computation time compared to the original land
surface models in MMS5. The improvement in
reproducing the rainfall by the coupled model is
explained by a stronger north-west wind caused a
southern shift in the cloud system over South Japan.
The strong north-west wind was a result of a
stronger pressure gradient computed by the coupled
model as a function of ground temperature gradient.

Such result is evidence that the realistic simulation
of rainfall generation depends strongly on land-
surface  processes interacting with cloud
microphysics. Soil temperature/moisture changes
significantly affect localized precipitation over
Kyushu Island and modest improvement in the land
surface representation can enhance the heavy rain
computations. MM5-SOLVEG coupling shows a
clear image of the land surface-atmosphere
interactions and the dynamic feedback on
convection initiation, storm propagation and
precipitation.
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