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Abstract
The future climate dynamical downscaling method is that output of general circulation models

(GCMs) is employed to provide initial conditions, lateral boundary conditions, sea surface tempera-

tures, and initial land surface conditions to regional climate models (RCMs). There are two meth-

ods of downscaling: offline coupling and online coupling. The two kinds of coupling methods are de-
scribed in detail by coupling the Weather Research and Forecasting model (WRF) with the Institute
of Atmospheric Physics of Chinese Academy of Sciences Atmospheric General Circulation Model Ver-
sion 4.0 (IAP AGCM4.0) in the study. And the extreme precipitation event over Beijing on July 21
2012 is simulated by using the two coupling methods. Results show that online coupling method is of

great value in improving the model simulation. Furthermore, the data exchange frequency of online

coupling has some effect on simulation result.

Key words: coupling method, online coupling, climate model, performance evaluation, tor-

rential rainfall

0 Introduction

General circulation models ( GCMs) are used for
forecasting weather, understanding climate and forecas-
ting climate change. Atmospheric GCMs ( AGCMs)
numerically solve equations of physics (e. g. , dynam-
ics, thermodynamics, radiative transfer, etc. ) and
chemistry applied to the atmosphere and its constituent
"V Due to
, GCMs are usually used to

components, including greenhouse gases
huge computational cost'***’
simulate global climate at coarse spatial resolution.
Now the resolution of GCMs which is below 100km is
still too coarse to be directly used in regional climate
impact studies. Therefore, global climate models with
coarse resolution have no good simulation ability on a
regional spatial scale'*”’ | specifically for the topogra-
phy, eddy processes and have some difficulty in para-

I Regional climate

metrizing subgrid scale processes
models (RCMs) with high resolution can resolve more
accurately regional variations in orography and land
surface characteristics'>'. Downscaling of global mod-
el results has been used to address this issue by bridg-
ing the gap of scales between global and regional cli-

mate information'®"”’. That is, GCMs provide initial

and lateral boundary conditions to RCMs'"""*' called
offline downscaling or coupling. There are many previ-
ous studies on coupling regional climate models within
global climate models'"**™*.

Because of too long time interval (always several
hours) of the GCM outputs, simulations of all the off-
line couplings suffer from some systematic biases in a
way. Some bias correction methods such as correcting
GCM outputs by observations have been used for im-
proving the simulation of regional climate downscaling.
Meanwhile online coupling RCMs with GCMs has been
used at the forefront of model development to decrease
time interval of outputs used for lateral boundary condi-
tions. The data exchange frequency of online coupling
is much higher than that of offline coupling, so the da-
ta exchange frequency can be increased to improve the
simulation results. The Institute of Atmospheric Phys-
ics (IAP) of Chinese Academy of Sciences ( CAS) has
designed and developed a new fully coupled climate
system model ( Chinese Academy of Sciences-Earth
System Model, CAS-ESM)'"'. The CAS-ESM system
achieves the online coupling of the Institute of Atmos-
pheric Physics of Chinese Academy of Sciences Atmos-
pheric General Circulation Model version 4. 0 ( IAP
AGCM4. 0) and Weather Research and Forecasting
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model (WRF) by the coupler.

Extreme weather and climate events have major
impacts on the society, economy and environment.
Torrential rainfall is one of the major weather disasters
in China. Affected by the summer monsoon, the sum-
mer rainfall areas are mainly in southern China, Jiang-
huai district and northern China. The heavy rain period
of northern China with highly intense precipitation
mostly occurs in July and August of the summer.
Northern China, where China’ s capital Beijing is, has
varied and complicated topography and dense popula-
tion. Therefore, if torrential rainfall occurs, it would
lead to huge economic loss and endanger people’ s
lives and property. The heaviest rainfall over 61 years
hit Beijing on 21-22 July 2012""*). The torrential rain-
fall caused landslides and floods, killed 79 people,
and caused direct economic losses of nearly $2 bil-
lion'"").

Many papers usually describe some coupling ap-
plication of GCMs and RCMs, however, there are no
researches on their comparison and implementation de-
tails of offline and online couplings. Therefore, the
coupling methods and implementation details of GCM
and RCM are studied. During assessing simulation
ability of offline and online couplings, the study choo-
ses the torrential rainfall event in Beijing as the experi-
ment case. For the offline coupling, the IAP AGCM4.
0 model is used to drive WRF. And the CAS-ESM is
employed to evaluate the online coupling of IAP
AGCM4.0 and WRF.

The paper is organized as follows. Section 1 main-
ly introduces the global model IAP AGCM4. 0 and re-
gional model WRF. Section 2 describes two kinds of
coupling methods and experiment setup. Section 3 ana-
lyses and discusses the simulation results of the four
experiments. The last Section contains a summary.

1 Models

1.1 Atmospheric global circulation model

An AGCM usually consists of the “dynamics”
( dynamical core ) and the * physics” ( physical
process). The dynamical core calculates atmospheric
flow and solves the hydrodynamic equations of atmos-
phere. Then, the physical process parameterizations
for subgrid phenomena such as long- and short-wave
radiation, moist process, and gravity wave drag '™’
The total frame diagram of an AGCM is presented in
Fig. 1.

In the study, the GCM model used is the TAP
AGCM4. 0 model which uses the Community Atmos-

phere Model version 3. 1 physics package of the Na-

tional Center for Atmospheric Research is developed by
TAP'"'. For the IAP AGCM4.0, the T42 spectral dy-
namical core with a horizontal resolution of 1.4° lati-
tude by 1.4° longitude and 26 levels in the vertical di-
rection is employed. The initial conditions and lateral
boundary conditions are from National Centers for Envi-
ronmental Prediction (NCEP) re-analysis data.

Dynamical core Physical process
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time integration scheme C:D
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Fig.1 Total frame diagram of an AGCM

1.2 Regional climate model

The regional climate model is the Advanced Re-
search WRF ( ARW) Version 3.2. WRF is often used
to forecast weather and simulate climate. The integra-
tion domain which covers all of Beijing has 401 grids
along the East-West direction and 281 grids along the
North-South direction, with the center at 40° N,
116°E. In the WRF, the grid spacing is 30km and
vertical direction is 31 sigma levels with the model top
at 50hPa. The time step of the WRF is set to 50s. The
WRF physics use Rapid Radiation Transfer Model
(RRTM) long-wave radiation scheme, Dudhia short-
wave radiation scheme, Yonsei University planetary
boundary layer scheme, Kain-Fritsch cumulus scheme,
Lin microphysics scheme, Monin-Obukuhov surface
layer scheme and Noah land surface scheme. The ini-
tial conditions and lateral boundary conditions are from

NCEP re-analysis data or IAP AGCM4. 0 output.

1.3 CAS-ESM model

The CAS-ESM is developed from the Community
Earth System Model version 1.0. Composed of six sep-
arate models simultaneously simulating the Earth’ s at-
mosphere, ocean, land, land-ice, sea-ice and atmos-
pheric chemistry, plus one central coupler component,
the CAS-ESM allows researchers to conduct fundamen-
tal research for the Earth’ s climate states. In the CAS-
ESM system, the atmosphere component model used is
the TAP AGCM4.0, the ocean component model is the
LASG/IAP Climate System Ocean Model ( LICOM )
version 2. 0 developed by the State Key Laboratory of
Numerical Modeling for Atmospheric Sciences and Geo-
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physical Fluid Dynamics ( LASG) of the IAP, the land
component model is the Common Land Model ( Col.M)
developed by Beijing Normal University, the sea-ice
the land-ice
component model is the GLC and the atmospheric

component model is the CICE version 4,

chemical component model is the Global Environmental
Atmospheric Transport Model (GEATM) developed by
IAP.

Besides the six separate model components, WRF
is also put into the CAS-ESM modeling system. Here,
WRF is considered as a part of the IAP AGCM4. 0
source code. Meanwhile, the four computation models
(geogrid, metgrid, real, integration) of WRF are inte-
grated together in order to make the IAP AGCM4. 0
drive the WRF online. That means that the IAP
AGCM4. 0 provides the initial conditions,
and soil

lateral
boundary conditions, surface temperature,
moisture online to the WRF. The data exchange be-
tween the IAP AGCM4. 0 and WRF is achieved through
the CAS-ESM Coupler version 7 ( CPL7). The model

structure of the CAS-ESM system is presented in

Fig. 2.
@

0~~
@

Fig.2 Model structure of the CAS-ESM
In the study, data ocean model, the prescribed
sea-ice model, active land model Community Land
Model (CLM) and atmospheric model IAP AGCM4. 0
in the CAS-ESM are employed to only evaluate the on-
line coupling of the IAP AGCM4.0 and WREF.

2  Coupling methods and experiment setup

2.1 Offline coupling

The process of offline coupling of GCMs and RC-
Ms is quite simple. A GCM is executed at first, then
the output of GCM is used to drive a RCM. However,
during the whole offline coupling process, the research-
ers have to manually perform these operations in turn

and implement some data conversion.

Fig. 3 shows the flow chart of the offline coupling
of the TAP AGCM4. 0 and WRF. The fnl2cam. ncl
script is used to read data from the NCEP final analysis
(NCEP-FNL) data with GRIBI1 format and produce the
initial data file for the IAP AGCM4. 0. The
CAM2WREF software package is used to convert the
outputs of the IAP AGCM4. 0 to the intermediary for-
mat file needed by the WRF Preprocessing System
(WPS).

input data

fnl2cam.ncl script

TAPAGCMA4.0

1|

‘WPS input data

CAM2WREF software
package

Fig.3 Flow chart of the offline coupling of the IAP
AGCM4.0 and WRF

2.2 Online coupling

The aim to online coupling is that a GCM can
drive a RCM in real time for many times. Generally,
online coupling is achieved by the coupler. Some-
times, the source code of a RCM is considered as a
part of a GCM. During the whole online coupling
process, the researchers don’ t have to manually per-
form these operations. In online coupling, the time in-
terval of data exchange between GCMs and RCMs
could be a few minutes or a few seconds. And yet, the

There-

fore, online coupling can achieve higher data exchange

one in offline coupling is 3 hours or 6 hours.

frequency.

Fig. 4 describes the flow chart of time integration
of the WRF in the CAS-ESM system, where the cou-
pling time interval between the TAP AGCM4. 0 and
CPL7 is atm _ cpl _ dt, and the one between the WRF
and CPL7 is wrf _cpl _dt. The wif _cpl _dt can be
set to the IAP AGCM4. 0 time step or an integral multi-
ple of the IAP AGCM4.0 and WRF time steps. When
the CPL7 sends the data to the WRF at each time step
of data exchange, the WRF updates its lateral bounda-
ry data set and other data information'™’. The fields
that the WRF receives from the CPL7 are listed in Ta-
ble 1.
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Table 1  Variables received by the WRF from the CPL7
Type Variables
Surface Snow depth, surface skin temperature, sea surface temperature, surface pressure, sea
level pressure, coarse IAP AGCM4. 0 terrain, land mask, sea ice mask
Soil Soil temperature, soil moisture
Atmosphere Temperature, relative humidity, zonal wind, meridional wind, geopotential height

and pressure on each vertical level of AP AGCM4. 0

Coupling Flow
Atmosphere sﬁtﬂﬁﬁ atm_cpl_dt
variables Surface and soil

.

AN
Atmosphere - 1= wrf cpl dt=n*atm cpl dt
state and flux | | CAS-ESM leads WRF

variables

— C:l geogridatt=0
Integrate

wrf cpl dt

_

Fig.4 Flow chart of time integration of the WRF in the
CAS-ESM

2.3 Experiment schemes

To simulate the exireme precipitation event over
Beijing on 21 July 2012 (00:00 universal coordinated
time (UTC) 21 July 2012 to 00,00 UTC 22 July
2012) , the paper sets four numerical experiments.

(1) The first experiment only uses the WRF to
simulate the event. The 6-hour NCEP-FNL data ( from
00:00 UTC 21 July 2012 to 00:00 UTC 22 July 2012)
is employed to drive the WRF.

(2) The second experiment is an offline coupling
testing using the IAP AGCM4. 0 and WRF. First, the
6-hour NCEP-FNL data at 00:00 UTC 21 July 2012 is
employed to drive the IAP AGCM4. 0. Then the output
of the IAP AGCM4. 0 is used to drive the WREF.

(3) The third experiment is an online coupling
testing using the CAS-ESM, where the TAP AGCM4. 0
is also driven by the 6-hour NCEP-FNL data at 00 ;00
UTC 21 July 2012 and the output of the AP AGCM4. 0
is equally used to force the WRF. The time interval of
the data exchange between the WRF and CPL7 is 1
hour. That is, the frequency of data exchange is 24
times per day.

(4) The fourth experiment is also an online cou-
pling testing with 1/3 hour time interval. It means that
the frequency of data exchange is 72 times per day.

The first and second experiments are offline cou-
pling, and the third and fourth experiments are offline
coupling.

2.4 Data

The observation data including the site precipitati-
on data based on the MICAPS system are provided by
the China Meteorological Administration.

In the first and second experiments, the 6-hour
NCEP-FNL data at 1° x 1° resolution is used to provide
initial conditions for the TAP AGCM4. 0 and WRF
model. The NCEP-FNL data which corrects GCM out-
puts by observations is one of the datasets used for real
time simulations.

In the third and fourth experiments, the initial
conditions for the IAP AGCM4. 0 are generated by in-
terpolating the NCEP-FNL 1° x 1° data to the T42
Gaussian grids by using the first-order area-weighted
mapping. The CLM is spun up using the atmosphere
data model in the CSA-ESM (DATM?7) and the surface
forcing of Qian et al'*'' for 10 years up to the starting
date and time of the experiment. The sea surface tem-
perature and sea ice data are from the National Oceanic
and Atmospheric Administration ( NOAA ) Optimum
Interpolation sea surface temperature V2 data set with
weekly temporal resolution and 1° X 1° spatial resolu-

tion.
3 Results and discussion

The validation and comparison of the four experi-
ment results are based on the observations. The obser-
vations of the daily-accumulated rainfall from 00; 00
UTC on 21 July 2012 to 00:00 UTC on 22 July 2012
are shown in Fig. 5. The observations indicate that the
24h rainfall of the whole Beijing city is more than
100mm and the intensive precipitation area whose cen-
ter is Beijing extends from southwest of Beijing to its
northeast.
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Precipitation 0BS unit: mm
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40N
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Fig.5 Accumulated 24 hours observation precipitation

The daily-accumulated rainfall of all the four sim-
ulations is smaller than the observations. However, the
rainbands of the four simulations are different. As
shown in Fig. 6, the first experiment can reproduce the
observed precipitation distribution tendency. Compa-
ring with the observations the precipitation center is to
the north. Fig.7 shows the daily-accumulated rainfall
in the second experiment. There are two rainbands
with accumulated rainfall of more than 100mm, but
there is only a main rainband in the observations.
Fig. 8 and Fig. 9 show the daily-accumulated rainfall in
the third and fourth experiments. Both of the rainbands
become one and the rainbands are to the south compa-
ring with the first experiment although the precipitation
center is still to the north comparing with the observa-
tions. The results show that the online coupling of the
IAP AGCM4. 0 and WRF can produce better simulation
than the offline coupling.

According to comparing Fig. 8 with Fig.9, it is
found that the simulation results of the two online cou-
plings are similar, sometimes even better than driving
the WRF with NCEP-FNL reanalysis data. However,
the data exchange frequency of the online coupling has
also some effect on the simulation result and the online

Precipitation

110E 115E 120E

Fig.6 Rainfall in the first experiment

Pracipitation

Offline IAP AGCM4.0 + WRF unit: mm

110E 115E 120E

Fig.7 Rainfall in the second experiment

Precipitation CAS-ESM unit: mm

110E 115E 120E
Fig.8 Rainfall in the third experiment
Precipitation

CAS-ESM unit: mm

45N

40N

110E 115E 120E

Fig.9 Rainfall in the fourth experiment

coupling with higher data exchange frequency does not
necessarily produce better result.

4 Conclusions

The study introduces offline and online coupling
methods of GCMs and RCMs at first, then achieves the
offline and online coupling of the IAP AGCM4. 0 and
WRF. According to employing the offline and online
coupling to simulate the extreme precipitation event
over Beijing on 21 July 2012, the study draws a con-
clusion that the online coupling simulates better than
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the offline coupling. In addition, the data exchange
frequency of the online coupling has also some effect on
the simulation result. In a word, it is quite meaningful
to continue to study and utilize the online coupling of
GCMs and RCMs for climate simulation in the future.
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