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Abstract Long-term high-resolution coupled climate
model simulations using the Max Planck Institute Re-
gional Climate Model and the Max Planck Institute
Ocean Model have been performed with boundary
forcings from two reanalyses: firstly from the European
Centre for Medium-Range Weather Forecasts, and
secondly from the joint reanalysis of the National Cen-
ters for Environmental Prediction and the National
Center for Atmospheric Research. This study employs a
special coupling setup using a regional atmospheric
model and a global ocean model. The latter model ap-
plies a special conformal grid from a bipolar orthogonal
spherical coordinate system, which allows irregular
positions of the poles and focuses on the detail over the
Maritime Continent. The coupled model was able to
simulate stable and realistic rainfall variabilities without
flux correction and at two different ocean resolutions.
The coupled system is integrated for a period between
1979 and 1993 and the results are then compared to
those from uncoupled runs and from observation. The
results show improved performance after coupling: a
remarkable reduction of overestimated rainfall over the
sea for the atmospheric model and of warm SST biases
for the ocean model. There is no significant change in
rainfall variability at higher ocean model resolution, but
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the ocean circulation shows less transport variability
within the Makassar Strait in comparison to observa-
tions.

1 Introduction

The maritime continent, Indonesia, is the largest archi-
pelago and mostly covered by ocean. Study concerning
the temporal and spatial variation of rainfall of Indo-
nesia using a regional climate model (RCM) has been
reported by Aldrian et al. (2004). One problem in sim-
ulating rainfall of the region is the appropriate land—sea
representation (Aldrian et al. 2003). The area is highly
complex with large ocean coverage and chains of islands.
Intense ocean atmosphere interactions take place at the
ocean surface in this most convective region of the
world. Due to large ocean areas, such processes will be
important in modeling the climate of the region, because
the local sea surface temperature (SST) is among the
major factors that drive rainfall variability across the
Maritime Continent (e.g., Nicholls 1979; Hackert and
Hastenrath 1986; Hendon 2003; Aldrian and Susanto
2003). With a stand alone (uncoupled) atmospheric or
ocean model, such processes cannot be simulated ade-
quately. The uncoupled atmospheric model uses the
spatially and temporally prescribed and interpolated
SST, while the uncoupled ocean model uses the ocean
surface fluxes calculated using empirical formulae. Such
configurations disregard dynamical interactions that
occur at the ocean surface. An integrated or coupled
ocean/atmosphere model gives more realistic dynamics
close to the ocean surface, where ocean atmospheric
exchanges take place at higher frequency determined by
the coupling setup. Regional climate studies using a
coupled ocean/atmosphere model for the maritime
continent are relatively new.

Our approach is to use a high-resolution, regional
atmospheric model coupled to an ocean model with an
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adjusted special conformal grid that both have a com-
parable high-resolution in the region. The coupled sys-
tem will provide high-resolution regional interpretations
of large-scale modeling. A nested RCM could downscale
global circulation model (GCM) results to a regional
scale. The Max Planck Institute (MPI) RCM or REMO
(Jacob 2001; Jacob et al. 2001) is suitable for this pur-
pose, because REMO provides detailed forecasts of
weather parameters close to the ground and an im-
proved simulation of clouds and rainfall compared to a
GCM. REMO has been coupled with a regional ocean
model HAMburg Shelf Ocean Model (HAMSOM) over
Baltic seas (Schrum et al. 2003), while there is no REMO
model coupled experiment with an Ocean Global Cir-
culation Model (OGCM) yet. On the other hand, the
MPI OGCM, the MPI-OM1 (Marsland et al. 2003) can
also be used for a regional climate study (Marsland and
Wolff 1998, 2001) . MPI-OM1 is the latest development
of the Hamburg Ocean Primitive Equation (HOPE)
ocean model (Wolff et al. 1997). A major improvement is
the transition from a staggered E-grid to an orthogonal
curvilinear Arakawa C-grid (Arakawa and Lamb 1977)
and arbitrary placement of the poles from a bipolar
orthogonal spherical coordinate system. This coupling
method, to the authors’ knowledge, is relatively new to
the region.

The purposes of this paper are: to analyze the per-
formance of a very high resolution coupled-climate
model; to compare the result with observations; and to
study the implication of coupling to atmosphere and
ocean and to see the importance of different ocean
model resolutions and model boundary forcings. Due
to limited observation data, emphasis will be given to
parameters whose observation data are available, i.e.
rainfall, SST and ocean current from the monthly to
the interannual time scale. The period of analyses is
from 1979 to 1993. The outline of this paper is as
follows: Sect. 2 presents the data and model setup,
Sect. 3 discusses the implication of coupling for the
atmosphere and Sect. 4 the implication for the ocean.
Finally, Sect. 5 summarizes the highlights of the find-
ings.

2 Data and model setup
2.1 Data

The data used in this study are monthly rainfall data
collected by the Indonesian Meteorological and Geo-
physical Agency (BMG) at 167 stations all over Indo-
nesia, and monthly mean rainfall data from the WMO-
NOAA project on The Global Historical Climatology
Network (GHCN; Vose et al. 1992) from 1979 to 1993.
For the area of this study (19°S—8°N and 95°E-145°E),
there are 545 rain gauges. They are referred hereafter as
the “rain gauge” data. The data has passed some quality
control tests including the homogeneity test before they
are incorporated into GHCN (Peterson et al. 1998).

These data are gridded to match the REMO 0.5° reso-
lutions using the Cressman (1959) method. As the sec-
ond observation data set, a combination of gauge
observations with satellite estimates from the Global
Precipitation Climatology Project (GPCP; Huffman
et al. 1997) at the 1° spatial resolution is used. The
second data set provides more reliable ocean rainfall
data than land rain gauge interpolated data into the
ocean. The data has been interpolated into the REMO
grid as well.

This study uses surface ocean forcings from two
reanalyses, one from ECMWF reanalysis (ERA) or
ERA15 (Gibson et al. 1997), which is available at the
horizontal resolutions T106, equivalent to 1.125° in the
tropics, from 1979 until 1993 and NCEP reanalysis
(NRA; Kalnay et al. 1996) at the horizontal resolutions
T62, equivalent to 2.5°, from the time period 1948 to
1999. These forcings have been interpolated to the model
geometry.

For climatological runs, the German Ocean Model
Inter-comparison Project (OMIP; Roéske 2001) forcing
was used. This study also made a climatological run,
which was set up using the German OMIP climatology
dataset as the surface forcing and was rerun for 11 years,
which the first 10 years were skipped due to spin-up. The
OMIP forcing was derived from the ECMWF reanalysis
15-year averages.

An independent gridded SST data from the global ice
and SST dataset (GISST2; Rayner et al. 1996) version
2.3b are used in this study to validate other SST data.
This dataset is compiled from SST observations from
1903—present, with a spatial resolution of 1°. To have the
same period as the rainfall data, we used data from 1979
to 1993 only.

2.2 Model descriptions

Both REMO and MPI-OM are hydrostatic models
working on the Arakawa-C grid for the horizontal rep-
resentation. REMO requires a lateral boundary forcing
at the sea surface and in each vertical layer at the
boundary, while MPI-OM requires sea-surface condi-
tions from the atmosphere.

2.2.1 The regional atmospheric model

The REgional atmosphere MOdel (REMO) is based on
the ‘Europa-Modell’ of the German Weather service
(Majewski 1991). It can be alternatively used with the
physical parameterizations of the Europa-Modell or
with the parameterizations of the global climate model
ECHAM-4 (Roeckner et al. 1996), which were imple-
mented at the MPI. The dynamical core of the model as
well as the discretisation in space and time are based on
the Europa-Modell. However, in REMO with ECHAM-
4 physics not enthalpy and total water content but
temperature, water vapor and liquid water are prog-
nostic variables. In the present study, REMO with EC-
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HAM-4 physics is applied. For a more detailed
description of the REMO for this region, the reader is
referred to Aldrian et al. (2004).

2.2.2 The ocean model (MPI-OM )

The Max-Planck-Institute Ocean Model (MPI-OM,
formerly C-HOPE) is the ocean/sea ice component of
the Max-Planck-Institute climate model ECHAM/
MPI-OM. MPI-OM is a primitive equation model (z-
level, free surface) with the Boussinesq and incom-
pressibility assumptions, formulated on an orthogonal
curvilinear Arakawa C-grid. The parameterization of
net longwave radiation is based on a bulk formulae by
Berliand and Berliand (1952), with the fractional cloud
cover n taken as prescribed forcing. The cloudiness
factor is a modified form of that proposed by Budyko
(1974) and is a function of latitude only. A more de-
tailed description of the MPI-OM is given in Marsland
et al. (2003).

2.2.3 Coupling

Regional atmosphere model/MPI-OM coupling was
carried out using the OASIS coupler developed by
CERFACS (Terray et al. 1999; Valcke et al. 2000). The
coupling procedure is similar to the one used in the
MPI global climate models ECHO-G (Legutke and
Voss 1999) and ECHAM-5/MPI-OM. A similar cou-
pling procedure for a regional coupled simulation using
both regional atmospheric and ocean models has also
been reported (Meier et al. 2003). In this study, which
differentiates from common usages, the task of the
coupler is to synchronize time for coupling or data
exchange only, and not to interpolate data between
different grid systems. The synchronization is required
because both models are running at different time
steps.

The regional climate model (REMO) covers only a
part of the MPI-OM area and divides the global Ocean
Global Circulation Model into two subdomains: cou-
pled and uncoupled. This peculiarity provides a
requirement to run MPI-OM both in coupled and stand-
alone modes simultaneously using additional atmo-
spheric forcing defined in the uncoupled domain. The
coupled domain is the REMO domain covering the
whole archipelago (19°S—8°N, 91°E-141°E).

In the coupled domain, the ocean model receives, at a
specified frequency (coupled time step), heat, freshwater
and momentum fluxes which are calculated in REMO
(Fremo), and passes back the sea-surface parameters to
the atmospheric model. Outside the coupled domain, the
ocean model receives, at specified frequency (forcing
time step), the global, predefined atmospheric fields,
which are recalculated in heat, freshwater and momen-
tum fluxes (Fpuk) using bulk formulae. Note that the
coupled time step and the forcing time step can be dif-
ferent. The fluxes, which are to be used as an ocean

model forcing (F), are then the result of the following
mixing scheme:

F:I'EﬂemoJF(l*I)Fbulk (1)
where I is defined as follows:
; { 1, inside coupling/REMO region )
N 0, outside coupling/REMO region

In a normal condition, REMO-MPI-OM coupling
also includes ice parameters. Since the coupled domain is
located in a tropical region, the ice component is omit-
ted. Thus the ocean only passes the SST to the atmo-
sphere. Figure | illustrates the coupling processes
between reanalyses, REMO and MPI-OM in coupled
and uncoupled domains.

Interpolation from the atmospheric grid to the
ocean’s grid and vice versa is achieved in the ocean
model using the so-called mosaic interpolation. Thus,
the OASIS coupler sees both models on the same com-
putational grid, i.e. the REMO grid, because it repre-
sents also the coupled domain. The interpolation scheme
from MPI-OM to REMO is as follows:

R
M _ Zlm Flm 'Aijlm

F (3)
/ > im Aijm
and from REMO to MPI-OM
M
g _ SuFs A “
i > im Aijim

where FM, FR. are the fields defined on MPI-OM and

ij>
REMO grid, respectively. Ay, is the interpolation ma-
trix.

REMO/MPI-OM Coupling

Boundary conditions:
ERA/NCEP

surface pressure
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liquid water content :
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2m temperature water fluxes
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Fig. 1 A schematic view of the processes in the coupled and
uncoupled domain for the ocean/atmosphere coupling of the
atmospheric regional climate model REMO and the global ocean
model MPI-OM, using a coupler (OASIS)
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Fig. 2 The global view of the low
resolution MPI-OM orthogonal
curvilinear grid (above) and the
grid system of REMO along with
the five major islands and three
sea areas examined in this study
(below)
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Usually, an ocean model has a much finer resolution
than an atmosphere model. To take into account small-
scale variability, a subscale correction of the atmo-
spheric heat fluxes is used. As these fluxes are strongly
dependent on the sea-surface temperature, this correc-
tion is assumed to be proportional to the difference be-
tween the SST calculated in MPI-OM and the same SST
interpolated onto the atmospheric grid and backward.
The proportionality constant, which is actually equal to
d Q/d T, where Q is a heat flux and T is a surface
temperature, was set according to Rdoske (2001) from
50 W/(m*K) to 60 W/(m>K).

2.3 Model setups

2.3.1 REMO setup

REMO was run in the climate mode at the resolution
0.5° or about 55 km horizontal resolution and 20 hy-
brid vertical levels. The REMO domain is formulated
in a finite difference grid with 101 points in longitude,

105 110E 115 120€ 125E 130E 135€ 140E

55 points in latitude with a bottom left corner at 91°E/
19°S or a region between 15°S—-8°N and 91°E-141°E
(Fig. 2). This grid system has about 21% land cover-
age. The model was forced with lateral boundaries
from ERA15 and NRA. The lateral boundaries have a
temporal resolution of 6 h and are interpolated into a
5-min time step. REMO obtains the lower boundary
conditions over the sea surface from MPI-OM through
the OASIS coupler at every coupling time step (6 h)
and, at the same time, passes the atmospheric
momentum, heat and water fluxes to the ocean model.
In the uncoupled mode, REMO has its own prescribed
SST from the corresponding reanalyses. The REMO
used in this study allows only one type of land cover,
either land, sea or ice.

A RCM has to be initialized once and supplied
with lower and lateral boundary values during the
whole simulation. Initialization is done for all prog-
nostic variables in all model levels. In addition, surface
temperature, soil temperatures for five soil layers down
to a depth of 10 m, soil moisture, snow depth and
temperature as well as the skin reservoir content
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Table 1 MPI-OM ocean model descriptions

Low-resolution

High-resolution

Meridional grid points
Zonal grid points
Layers

Mid of layer level (m)

North Pole

South Pole

Time step

Input/Output

Cell size (Banda Sea)

Max. cell size (west equatorial Atlantic)
Input forcing (OMIP climatology,

cNCEP/NCAR and ERA 15 reanalyses)

105
182
20
10, 30, 50, 75, 110, 155, 215, 295,
400, 535, 700,
895, 1,125, 1,400, 1,750, 2,200, 2,750,
3,400, 4,200, 5,350

112°E 29°N

132°E 22°S

3,200 s

6 hourly/monthly

0.391° (40 km)

8.20° (800 km)

2 m air temperature short
wave radiation forcing
precipitation rate cloud cover dew
point temperature zonal (u)
momentum surface flux meridional (v)

210
362

30

6, 17, 27, 37, 47, 57,

69, 83, 100, 123, 150, 183, 220,
265, 320, 385, 460, 550, 660, 795,
970, 1,220, 1,570, 1,995, 2,470,
2,970, 3,470, 4,020, 4,670, 5,520

1,440 s

0.202° (20 km)
3.88° (370 km)

momentum surface flux 10 m wind velocity

(water stored by the skin of the vegetation) must be
supplied.

2.3.2 MPI-OM setup

The MPI-OM uses a bipolar orthogonal spherical
coordinate system, which allows irregular positions of
the poles. This study uses a special conformal grid where
the North Pole is located in China (112°E-29°N) and the
South Pole in Australia (132°E-22°S). This pole place-
ment offers two major advantages over regular latitude—
longitude grids. Firstly, the placement of the poles over
land removes the numerical singularity associated with
the convergence of meridians at the geographical north
pole. Secondly, the choice of nondiametric poles allows
for the construction of regionally high resolution models
that maintain a global domain and thus avoid the
problems associated with either open or closed bound-
aries. However, it should be noted that this approach

has the disadvantage of globally constraining the model
time step to one small enough to be appropriate for the
highest resolution region. This limitation will be ana-
lyzed with different resolutions in the present study.
Figure 2 illustrates this conformal grid with a global
view. The minimum cell size is located near the poles. In
Table 1, selected information on the model setup are
presented. The higher resolution grid is characterized by
a double horizontal resolution and 30 vertical levels (as
opposed to 20 levels in the coarse resolution) with
increasing level thickness from surface to bottom. The
horizontal resolution gradually varies between a mini-
mum of about 15 km near the poles and a maximum of
370 km (high-resolution mode) in the western edge of
equatorial Atlantic. MPI-OM is a hydrostatic ocean
model, which uses z-coordinates for vertical discretisa-
tion.

The MPI-OM is started from the stand-alone mode
and it is initialized with climatological temperature and
salinity data (Levitus et al. 1998). It is then integrated for

Table 2 Fifteen-year correlations between rainfall simulations and rain gauge observations for reanalyses, uncoupled REMO and two

coupled REMO simulations over the five major islands

Java Kalimantan Sumatra Sulawesi Irian
NCEP
Global reanalysis 0.708 (39.2) 0.783 (4.2) 0.666 (18.3) 0.693 (8.5) 0.507 (10.9)
Uncoupled REMO 0.722 0.702 0.716 0.609 0.403
Coupled low ocean 0.777 (11.8) 0.763 (10.4) 0.740 (31.6) 0.626 (39.6) 0.437 (34.6)
Coupled high ocean 0.787 (7.5) 0.766 (9.1) 0.749 (25.5) 0.600 (45.1) 0.445 (31.6)
ERA
Global reanalysis 0.822 (30.9) 0.803 (49.3) 0.779 (15.3) 0.472 (0.3) 0.442 (31.2)
Uncoupled REMO 0.804 0.800 0.732 0.669 0.483
Coupled low ocean 0.826 (26.4) 0.786 (32.6) 0.721 (41.4) 0.673 (47.0) 0.490 (46.3)
Coupled high ocean 0.823 (29.3) 0.776 (24.4) 0.713 (35.7) 0.650 (37.8) 0.509 (37.1)

All correlation values have 0.01% significant levels on two sides of all data. Numbers in brackets are significances of differences between
correlations of the uncoupled REMO with others. All values are in percent and significant for one side



Fig. 3 Weighted area averages of the variability of simulated (uncoupled and coupled) and observed rainfall for the five major islands
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Fig. 3 (Contd.)

31 years from 1948 to 1978 using 6 h NCEP reanalysis
data as forcing. This period of this integration is used as
spin-up.

2.3.3 Coupling experiments

In the coupled mode, the model is started from the state
obtained by the stand-alone runs after the spin-up. The
initial date is 01.01.1979 and it is integrated until
31.12.1999. Atmospheric forcing, calculated from NCEP
reanalysis data is applied every 6 h. At that same time,
the ocean model gets atmospheric fluxes calculated in
REMO and passes sea-surface temperature to REMO.
The coupled REMO/MPI-OM experiments covered the
period from 1979 to 1993 for both reanalyses and
additionally up to 1999 for NCEP in order to account
for the Indonesian Throughflow study (see Sect. 4.1).

The Indonesian throughflow study cannot be performed
with ERA data due to limited reanalysis data up to 1993.
One simulation was performed for each reanalysis and at
two resolutions of MPI-OM. In total, for two reanalyses
and two resolutions, there are 66 years of integration.
During the whole experiment, instead of the salinity
relaxation procedure, only the constant freshwater flux
correction was used. No heat and momentum flux cor-
rections were applied during the entire coupling experi-
ments.

The model output consists of two parts: the atmo-
spheric and oceanic. REMO output is based on the
REMO’s rotated Arakawa C-grid with 20 vertical hy-
brid levels and is stored with 6-h time interval. The
ocean dataset, omitting the sea-ice parameter output, is
written on the MPI-OM orthogonal curvilinear Araka-
wa C-grid with 20 (low-resolution) and 30 (high-reso-
lution) vertical levels as monthly mean values.
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Table 3 Fifteen-year correlations between global reanalyses, uncoupled REMO and two coupled REMO and observations over the three

sea areas
WSUM MALS SSCS
NCEP . . X
Global reanalysis 0.133**@6.9) 0.534**(0.5) 0.675 (47.7)
Uncoupled 0.232 0312 0.679+
Coupled low ocean 0.317*; (19.3) 0.489 (2.4) 0.535_(1.6)
Coupled high ocean 0.311 (20.9) 0.519° (0.9) 0.726" (18.8)
ERA
Global reanalysis 0.418"" (43.3) 0.259™ (0.01) 0.771" (7.2)
Uncoupled 0.433 0.581 0.700
Coupled low ocean 0.431 (49.2) 0.650 (14.8) 0.579_(2.6)
Coupled high ocean 0.437 (48.1) 0.696 (3.3) 0.746  (18.1)

One, two and three asterisks indicate correlation at the 0.01, 5 and 10% significance levels on two sides of all data, respectively. Numbers
in brackets are significances of differences between correlations of the uncoupled REMO with others. All values are in percent and

significant for one side

3 Implications for the atmosphere

This section presents rainfall variability from the cou-
pled model integrations, the uncoupled REMO model
described in Aldrian et al. (2004) and their comparisons
to the observed data. The stand-alone model results will
not be covered in detail here. We will look at the rainfall
variabilities for the five major islands and three sea re-
gions as illustrated in Fig. 2.

3.1 The five major islands

Figure 3 shows wvariabilities of the monthly mean
rainfall from the coupled REMO-MPI-OM simulations
from two reanalyses with two different ocean resolu-
tions and their uncoupled REMO simulation counter-
parts for the five major islands. There are no notable
differences between simulations with different ocean
resolutions except for Sumatra and Sulawesi or, in
other words, the lateral boundary and reanalyses play
stronger role here. From that figure, Java seems to
have the best performance after coupling, where
REMO does not produce under- or overestimations as
large as on the other islands. Within all other islands
REMO simulations tend to underestimate, and the
largest underestimation occurs in Kalimantan and in
Irian with the NRA forcing. In the coupled simula-
tions, REMO performances improve over Java,
Sumatra and Sulawesi quite well. Strong improvements
of those islands are obvious from the annual average
figures. Between the two reanalyses, ERA forcing leads
to better performances than NCEP (except for Sulaw-
esi). The latter fact is obvious from the 15-year aver-
aged, monthly mean figures.

The summary of the correlations between original
reanalyses or REMO simulations and rainfall observa-
tion is given in Table 2. We then use the Fisher’s z-
transformation (Press et al. 1996) to calculate the

approximately normally distributed correlation values
as given below

z:%lnGj:) (5)

Using the above z values, the significance of a dif-
ference between two measured correlation coefficients on
two sides is defined by

erfc 71 — 2]
/ (\/5\/1/(]\71—3)+\/1/(Nz—3)> (©

All significant differences between uncoupled
REMO simulations and others are presented in
Table 2 for values in the brackets. For the case of the
NCEP analysis in Java, there is about 19% improve-
ment from the original reanalysis to the coupled sim-
ulation and about 9% in Sumatra and their
corresponding significant differences. For other islands,
REMO simulations could not produce correlation as
high as the original reanalysis. However, among the
REMO simulations, there is a small improvement by
coupled REMO with high-resolution ocean model. For
the case of ERA reanalysis, improvements occur in
Java, Irian and the largest in Sulawesi of about 18%.
Among REMO simulations coupling does not always
produce a better result. In fact, the improvement by
coupling in comparison to the uncoupled model is in
general, rather small. For both reanalyses, the best
performance is in Java, which has a homogenous cli-
mate region (the monsoonal region), while other is-
lands experience a combination between different
monsoonal systems (Aldrian et al. 2003). Kalimantan
has the second best performance followed by Sumatra
and Sulawesi. Irian has the lowest performance in
both reanalyses, which is mainly due to boundary zone
problem. This island is located in the REMO bound-
ary zone, where the coarse resolution lateral boundary
has still some influence. In general, Table 2 shows that
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Fig. 5 Comparison of three rainfall simulations and observation, from land-based rain gauges for July 1983. The coupled mode stands for

REMO/MPI-OM with high resolution of the ocean model MPI-OM

the quality of the reanalysis largely determines the
quality of the REMO result.

3.2 The three sea regions

The variabilities of REMO simulations for the three sea
areas are given in Fig. 4. The three sea regions are West
Sumatra (WSUM), the Molucca Sea (MOLS) and the
southern part of the South China Sea (SSCS), which
represents the monsoonal, anti-monsoonal and semi-
monsoonal region, respectively, following the three

Table 4 Major Seas and straits

major climate regions of Indonesia according to Aldrian
and Susanto (2003). In comparison to the uncoupled
simulation results, there is less overestimation in all three
regions and the improvements are obvious from their
annual mean figures than in the uncoupled simulations.
The much greater coherence among the coupled simu-
lations should be noted. In uncoupled simulation,
REMO-ERA gives much too high estimations over the
sea, which turns out to be the major problem of REMO
simulations in this region. Like in the case of simulations
over land, coherence between similar reanalysis for two
different ocean model resolutions is high (especially with

No. Area or section Start position
1. South China Sea 112.0E 8.0N
2. Karimata Strait 106.1E 1.8N
3. Java Sea 109.2E 5.0S
4. Makassar Strait 116.1E 5.8S
5. Sulawesi Sea 120.2E 4.0N
6. Halmahera Strait 131.0E 2.9N
7. Seram Strait 129.1E 2.1S
8. Banda Sea, Timor Sea 131.5E 4.7S

End position Remarks

106.1E 1.8N

109.2E 5.0S Between Sumatra and Kalimantan
116.1E 5.8S Ocean depth 50m

120.2E 4.0N Between Kalimantan and Sulawesi
131.0E 2.9N Between Sulawesi and Mindanao
129.1E 2.1S Between Halmahera and Irian
131.5E 4.7S Between Seram and Irian

124.0E 14.S Between Australia and Timor
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NRA). In other words, the type of reanalysis plays a
greater role than the resolution. Over the Molucca Sea,
the coherence among all REMO simulations is high,
except for some cases with the ERA forcing coupled
with the high-resolution ocean model and for REMO-
NRA over Molucca Sea. In the Molucca Sea, most
REMO simulations overestimate rainfall, while, on the
other hand, in the South China Sea, most REMO sim-
ulations underestimate. Regardless of these small
drawbacks, the too large overestimation over the three
sea regions in the uncoupled REMO (Fig. 3) has been
reduced considerably for the coupled REMO. The sim-
ulation in the South China Sea seems to be the best
among the three sea regions (see Table 3), followed by
the Molucca Sea. In comparison to the analyses of five
major islands, coupling processes improve REMO per-
formances over the sea regions better than those over the
major islands.

The summary of correlation between reanalysis or
model simulations and observation over the three sea
regions is given in Table 3. In two of three regions of each
reanalysis, there are some improvements in coupled
REMO simulations and their corresponding significant
differences, especially over the Molucca Sea from the

original ERA reanalysis for about 46%. Among NCEP
simulations, most have improved from uncoupled to
coupled model except for West Sumatra. Among ERA
simulations, WSUM and MOLS have improved. In fact,
this region has the lowest correlation in comparison to
other regions in different reanalyses. Low correlation in
West Sumatra is also due to low quality of observation in
the area. The observation data comprises only inland
station data while the ocean data have been interpolated.

3.3 Precipitation reduction over the sea

In Aldrian et al. (2004) or the uncoupled simulation, the
overestimation of rainfall over the sea is one of the
difficult problems faced by REMO. Some sensitivity
studies have been performed in order to understand the
problem, but none has passed the criteria of lowering the
precipitation amount over the sea, while maintaining the
accumulated inland precipitation amount. The inland
precipitation by REMO has performed well in com-
parison to the observation. One promising solution from
these sensitivity studies is the reduction of SST by 1°C.
The result was a high reduction of precipitation over sea
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and a small reduction over land. However, with the
current coupled model, SST is no longer prescribed but
derived from the ocean model calculations.

Figures 4 and 5 illustrate two examples of the cou-
pling effect over the sea by REMO in comparison to the
original reanalysis and to the observations. The exam-
ples are taken from a non-ENSO year for boreal sum-
mer (Fig. 4) and winter (Fig. 5). The two figures indicate
the overestimation of precipitation over the seas by the
uncoupled REMO simulations. The overestimations
have been reduced in the coupled mode. The boreal
winter case illustrates a better example with a strong
reduction of overestimations from the uncoupled to the
coupled mode. Although correlations between coupled
and uncoupled are similar, there is an improvement
because of a smaller overestimation of rainfall over the
sea.

4 Implications for the ocean

This section presents results from coupled model inte-
grations and their comparisons to the uncoupled MPI-

Jan-84 Jan-86 Jan-88 Jan-90 Jan-92

OM model as described in Table 1. Thus, the stand-
alone model result will not be described in detail here.
We will look at the variabilities of the Indonesian
throughflow, SST and thermohaline circulations and
focus over eight major sections from a continuous
polygon of Indonesian seas. The polygon sections will be
used in each vertical profile analysis, where the inset
figure in each contour map represents the major sections
of Table 4 starting from Sect. 1 (on the left end of each
contour map) in the South China Sea.

4.1 Variability of throughflow

The coupled model simulations of the variability of two
major throughflows (the Makassar and the Halmahera
Straits) are given in Fig. 6. There is a slight contrast
between the results of uncoupled and coupled models;
however, within the Halmahera Strait and in some years,
differences are eminent. The coupled mode throughflow
in the Halmahera Strait, in comparison to the uncoupled
model, shows more variability and more southward
transport. In comparison to the low-resolution coupled
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model (not shown), the high-resolution model produces
more vigorous flow and more high frequency variability
in both straits. Due to poor observations both in time
and space, only few studies have addressed the oceanic
variation in this region. Here, we use the in-situ obser-
vation from November 1996 to July 1998 of the water
transport (Gordon et al. 1999) from the Arlindo project.
In comparison to the observed Makassar Strait
throughflow (Gordon et al. 1999) in the middle panel,
the coupling has damped the variability from September
1997 until February 1998 more than the high-resolution
uncoupled model. There is more southward transport
over that period. This result is unexpected, because in
the long simulation of the throughflow in the top panel
of Fig. 6, the coupled model calculates stronger vari-
ability. Thus, the uncoupled mode produces a better
simulation than the coupled one.

4.2 SST Variability

The SST variability of the three sea regions from the
coupled simulation as shown in Fig. 7 is closer to
observation (GISST) than that of the uncoupled ocean
model. The uncoupled ocean model had an almost 2°C
warm bias all over the places. The OMIP forcing
simulation has the least biases among the uncoupled
model. On the other hand, all results after coupling,
especially with ERA forcing, are better than the cli-
matological run with the OMIP forcing at the low-
resolution uncoupled model. In all three sea regions,
the ERA high-resolution coupled model produce al-

most aligned annual variability to observation. In most
cases, there is a close agreement between coupled
model results with the same forcing at different reso-
lutions. Between two different forcings, ERA forced
simulations produce better SSTs. The significant
improvement by the coupled model shows the solution
of the warmer biases in the uncoupled model due to
bulk formulae. However, the uncoupled model follows
the SST variability quite well but not in the correct
magnitude. Inside the limited coupled region, the sea-
surface atmospheric fluxes are calculated using the
dynamic input from the REMO model instead of using
the bulk formulae. Besides, the atmospheric regional
model works at a higher resolution than the original
reanalysis, thus providing better atmospheric fluxes to
the ocean.

4.3 Mean thermohaline condition

In order to understand the implication of coupling to
sea-surface flux exchange better, we will analyze verti-
cal profiles of the mean thermohaline differences. Fig-
ure 8 shows the mean difference of the vertical
temperature profile in the upper ocean between the
coupled and the uncoupled model. Most differences are
confined to the upper 200 m. In comparison to the
uncoupled mode, there is a 2°C lower surface temper-
ature all over the place and 1°C higher temperature at
around 100 m depth in January in the eastern seas and
in July in the South China Sea and the Karimata
Strait. The lower surface temperature is associated with



14 Aldrian et al.: Modelling Indonesian rainfall with a coupled regional model

Fig. 9 Differences of the mean e z 2 o i < 3 = g
vertical temperature profile in = S S - & o & ® LN
January (above) and July 6 LON
(bottom) for the years 1979— ’ e ___’_R';
1993 between coupled and ; = :
uncoupled mode of MPI-OM- . i S
NRA in high resolution. o ~ 1.00
Contour interval is 0.5°C. The : 1
inset shows the geographic 187 .50 i 150
location of the section following i I q | |
Table 4. Labels show depth in : {
meter (ordinate), latitude | 5
(bottom abscissa) and longitude 278 i i 1
(top abscissa) ! 4
- 36?: Il ] W— - . B
: [}
i
-459 : | 11 Lgoan |
| 0
| 0
550 | 2
-6 .
= ! ~1.50
|
|
-97 ! - 58—
I 0 )
|
|
-187 L {
[ -150
|
I
27E t
|
i
369 iy 0
[+}
|
|
-459 L i
|
|
! oo
_SE\E - —
o © o o ° * - ~ LAl
=9} — Lll“ [Tn] =+ o \! =+

the warm bias probably originating from the bulk
formulae in the uncoupled model. In the southern edge
of the Banda Sea at around 150 m, there is a 4°C lower
temperature in July and 1°C lower temperature in
January. In January in Seram Strait, there is 1.5°C
higher temperature.

The mean salinity difference between the coupled and
uncoupled model is given in Fig. 10. Most differences
take place in the upper 100 m and rather in January than
in July. January is the peak of the wet season, when most
precipitation takes place, thus fresher seawater (indi-
cating by minus sign in Fig. 9) is expected by high
amount of surface water input. Large differences occur
in the shallow water regions of the Karimata Strait and
the Java Sea. However, the absolute difference between
coupled and uncoupled run is small for both months
with a maximum difference of 0.25 psu. In January,
there is a fresher (less saline) water layer near 70 m
depth in Sulawesi Sea and the Halmahera Strait. In
January the water is fresher in the coupled model for
most regions of the upper 100 m layer.

5 Discussions and concluding remarks

Simulations of the Indonesian climate using a special
coupled model setup with a Regional Climate Model,
REMO, and an Ocean Global Circulation Model
(MPI-OM) with boundary forcings from two reanaly-
ses have been performed. We analyzed the results with
the comparison to the uncoupled ocean and atmo-
sphere models. The analysis focuses on the rainfall
variability for the atmospheric part and SST and
ocean circulation for the oceanic part. With our spe-
cial model setup and without flux correction, the
coupled model is able to produce stable and realistic
rainfall variabilities. In fact, in most cases, perfor-
mances of the coupled model simulations are better
than the uncoupled ones.

Our study was motivated by the unsatisfactory result
of some rainfall patterns in the uncoupled climate model
for this region. The uncoupled atmospheric model had a
major drawback in overestimated rainfall over the sea
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(Aldrian et al. 2004). The uncoupled ocean model, on
the other hand, had a problem with the bulk formulae
for heat fluxes, which consequently lead to a warm SST
bias over the region. The coupled climate model has
successfully reduced these problems. With a coupled
model, we give more degree of freedom to both models.
In the uncoupled ocean model, the forcing is prescribed
from the atmospheric reanalyses and recalculated to
provide surface water and heat fluxes for the model
using an empirical bulk formulae. Such an approach
suffers large effect in this archipelago, since the bulk
formulae are applied globally and may not be suitable
for local and regional use. This deficiency is reduced in a
coupled model, because the RCM improves the coarse
resolution of the reanalyses and thus provides a higher
resolution atmosphere in the coupled region. Moreover
in the coupled domain, the ocean model does not receive
flux calculations from the bulk formulae, but directly
from the atmospheric model.

The ocean in the coupled mode gives feedbacks to
REMO with a higher resolution SST than the original

05

o5’ {25

2.9

140

SST from the global reanalysis. In the uncoupled
mode, the SST is obtained from an interpolated
coarser resolution reanalysis and this SST is a static
supply, which does not respond to any dynamical
processes in the atmosphere. In the coupled mode, the
dynamics in the atmosphere changes the ocean, which
consequently changes the SST. Besides, the rainfall is a
stochastic process, where the dynamics of some pre-
vious feedbacks is important. Thus the accumulated
errors by few consecutive supplies of SSTs provide
wrong feedbacks to the precipitation processes. This
stochastic error will be reduced by better dynamics
from the ocean feedback. Hence, the two figures
illustrate two step improvements by REMO from the
original reanalyses. Firstly, there is an improvement by
better orography, which contributes to better atmo-
spheric dynamics in a higher REMO resolution.
However, the improvement is confined to the quality
of the lateral boundary condition from the reanalysis
(Table 2 and 3). Secondly, a better dynamic in a
higher resolution SST also determines the quality of
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the simulation result. Although correlations between
coupled and uncoupled are similar in coupled and
uncoupled REMO, there is an improvement in the
absolute amount of overestimations over the sea
(Fig. 4 and 5).

There are only small differences in rainfall variability
for two different ocean resolutions and the difference is
mainly due to the quality of the reanalysis. However, in
the ocean, different resolutions play a greater role than
the atmospheric forcing type. The results also show that
the improvement for inland rainfall is very small, but for
rainfall over the ocean, it is remarkable. Much of the
improvements over the sea can be attributed to the
reduction of rainfall overestimation. Thus, large
improvement in the atmosphere is due to an introduc-
tion of a dynamic change of SST from the uncoupled to
the coupled model.

The analyses of the ocean model simulations show
the importance of a correct bulk formulae. In the cou-
pled mode, the model simulates the SST variability well.
One possible parameter that plays a significant role in
the bulk formulae is the cloud cover, which is badly
represented in the reanalyses and the global climate
model (Jakob 2000). Although the coupling occurs only
for a limited domain, the SST variability and ocean
circulation has changed drastically compared to the
uncoupled mode. With regard to the stratification, the
coupling changes the temperature and salinity profiles in
the upper 200 m and 100 m, respectively. Thus, changes
in ocean dynamics in the upper 200 m are very impor-
tant in regulating the local SST and, eventually, the
precipitation pattern.

In summary, the coupling has positive implications
for the atmosphere and the ocean. There is less over-
estimation of rainfall over the sea and a more realistic
representation of SST. However, coupling reduces the
variability of the throughflow. Both reductions of the
rainfall over the sea and the variability of the
throughflow show that the coupling damps the atmo-
spheric and ocean circulation. In comparison to pre-
vious results from the uncoupled climate model, the
rainfall simulation over this region has been simulated
best with the high-resolution coupled model. This
study uses only one spatial resolution in the atmo-
sphere model and two ocean resolutions. It is desirable
to extend the work with different atmospheric resolu-
tion to investigate the role of different resolution on
the model simulation. The present simulations and
analyses are confined to the ERA15 period. It is also
desirable to extend the work with the new ERA40
(Simmons and Gibson 2000) and the whole NRA
dataset.
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