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ABSTRACT 

Based on the National Center for Atmospheric Research (NCAR) Climate System Model version 1 
(CSM-1), a Flexible coupled General Circulation Model version 0 (FGCM-0) is developed in this study 
through replacing CSM-I's oceanic component model with IAP L30T63 global oceanic general circulation 
model and some necessary modifications of the other component models. After the coupled model 
FGCM-0 is spun up for dozens of years, it has been run for 60 years without flux correction. The model 
does not only show the reasonable long-term mean climatology, but also reproduce a lot of features of the 
interannual variability of climate, e.g. the ENSO-like events in the tropical Pacific Ocean and the dipole 
mode pattern in the tropical Indian Ocean. Comparing FGCM-0 with the NCAR CSM-1, some common 
features are found, e.g. the overestimation of sea ice in the North Pacific and the simulated double ITCZ etc. 
The further analyses suggest that they may be attributed to errors in the atmospheric model. 
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I. Introduction 

Global coupled ocean-atmosphere general circulation models (CGCMs) are now be- 

coming important tools to study climate variability and climate change induced by external 

forcing. For example, the National Center for Atmospheric Research (NCAR) Climate Sys- 

tem Model version 1 (CSM-1)  (Boville and Gent, 1998, hereafter referred to as BG98 in this 

study) has been widely used in climate studies, and it reproduces a lot of  important character- 

istics of contemporary climate (Meehl and Arblaster, 1998). The model contains an atmos- 

pheric model and an oceanic model, a land process model, and a thermodynamic and dynam- 

ic sea ice model. These component models communicate through a flux coupler, which con- 

trois the time coordination of  the integration and calculates most of  the fluxes at the interface 

of  the model components. Although no flux correction in momentum, heat and fresh water 

fluxes is applied, the model does not show any significant climate drift in a 300-year integra- 

tion. 

A lot of  coupled GCMs including CSM now show pretty good ability to simulate the 

fundamental features of  climate system, but there are some uncertainties induced by cloud, 

turbulence flux etc. in models' simulations. An effective procedure to understand these 

uncertainties is intercomparison between model and observation or model and model. In fact, 
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the latter has been commonly adopted, for example both the Atmospheric Model Inter-com- 
parison Project (AMIP) (Gates, 1992) and the Coupled Model Inter-comparison Project 
(CMIP) (Meehl et al., 2000), from which scientists have learnt a lot of important and inter- 
esting points, are international corporation projects containing dozens of climate models. 
Therefore, it is a beneficial idea to substitute the oceanic or atmospheric component model of 
CSM with the other model then compare its simulation with those from the origin CSM ver- 
sion, because it will help us partly understand the reason of model's problems such as climate 
drift and the double ITCZ etc. In this study, the oceanic component model of CSM-1 is re- 
placed with another OGCM successfully, which is developed in the Laboratory of Numerical 
Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG), Institute of 
Atmospheric Physics (IAP) (Jin et al., 1999). There have been three generations of global 
coupled models developed in the IAP in the past decade (Zhang et al., 1992; Chen et al., 1997; 
Wu et al., 1997), but the above current coupled model is very different from these coupled 
models in the configuration of models, because it is a Flexible coupled General Circulation 
Model (hereafter referred to as FGCM), in which it is easy to replace any component model 
with another one. 

The purpose of this study is to describe the major characteristics of a 60-year integration 
from F G C M - 0  especially the mean climatology and the interannual variability, and compare 
them with those from NCAR CSM-1. It is organized as follows. Section 2 describes model 
components and flux coupler, as well as the coupled model spin-up procedure. The 
multi-year mean climate simulated by FGCM-0  is shown in section 3. Section 4~describes the 
ability of F G C M - 0  to reproduce the interannual variability in the tropical Pacific and Indian 
oceans. Section 5 is summary and discussion. 

2. Model description 

The oceanic component model used in the coupled model is the third-generation global 
OGCM developed at lAP by Jin et al. (1999). Its horizontal grid system is just the same as 
that of a T63 spectral atmospheric general circulation model (AGCM) with the grid size of 
about 1.875 ~ • 1.875 ~ There are thirty layers in the vertical, of which twelve equal depth lay- 
ers are placed in the upper 300 m for depicting the equatorial thermocline better. In short, the 
model is often called " L30T63". Some fairly mature parameterizations are adapted to the 
model, including the penetration of solar radiation (Rosati and Miyakoda, 1988), the "PP" 
scheme for the upper ocean vertical mixing (Pacanowski and Philander, 1981), and the 
isopycnal mixing scheme proposed by Gent and MacWilliams (1990). A thermodynamic 
sea-ice model based on Parkinson and Washington (1979) is also incorporated into the ocean 
model. The model was first integrated for 1160 years with the wind stress forcing of 
Hellerman and Rosenstein (1983) and the thermal forcing required in a Haney-type formula 
for heat-flux (Haney, 1971), taken from the COADS (Comprehensive Ocean-Atmosphere 
Data Set) (da Silva et al., 1994). The model's surface salinity was simply relaxed to the 
climatological annual cycle of Levitus and Boyer (1994). By the end of the integration, the 
model reaches a quasi-equilibrium state, of which both the wind-driven circulation and the 
thermohaline circulation are reasonably simulated (Jin et al., 1999). This may be seen as the 
L30T63's basic run that provides initial conditions for the coupled model spin up run. Forced 
by the month-by-moth wind stress over the tropical Pacific Ocean from the ECMWF 
Reanalysis (ERA) data for the time period from 1980 to 1989, the OGCM reproduces the rea- 
sonable interannual variability in the tropical Pacific Ocean (Yu et al., 2001). 
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The coupled ocean-atmosphere general circulation model (CGCM) used in this study is 
the primary version of a Flexible General Circulation Model for climate system (referred to as 
FGCM-0). The FGCM-0 is formulated based on the NCAR CSM-1 (BG98) by replacing 
the CSM-1/s ocean component, NCOM (the NCAR CSM Ocean Model), with the L30T63 in 
virtue of the CSM/s flux coupler. The functions of the flux coupler are: 1) controlling the time 
coordination of all the component models of the climate system model; 2) calculating most of 
interfacial fluxes; 3) communicating with component models for exchanging fluxes and some 
control parameters (Fig. 1). The flux coupler is also responsible for interpolating and aver- 
aging between the different grid systems of component models while conserving local and in- 
tegral properties. As pointed out already in BG98, the coupling strategy (based on the flux 
coupler) allows component models to be exchanged relatively easily. In fact, it provides an ef- 
ficient way to formulate a new climate system model and to test the sensitivity of the model to 
any of its component models. The FGCM-0 represents just the first step towards a fully de- 
veloped FGCM, of which the oceanic component is the OGCM, L30T63 (without using its 
thermodynamic sea-ice component), and the others are almost the same as those in the 
CSM-1. The atmosphere and land surface components are the CCM3 (the Community Cli- 
mate Model, Version Three, see Kiehl et al., 1998) and the LSM 1 (Bonan, 1998), respectively. 
Since the geography of the FGCM-0 is identical with that of the L30T63, the land-sea marks 
and surface types of the CCM3 have been modified to match the OGCM. Also, the horizontal 
grid system of the sea ice model of Weatherly et al. (1998) has been modified to be same as 
that in the original L30T63. The atmospheric, land and sea ice model communicates with the 
flux coupler every model hour, and the oceanic model every model day. 

To diminish the initial shock in the coupling process, a spin-up procedure is adopted be- 
fore running the FGCM-0. 

Firstly, the AGCM, CCM3, and the land surface model, LSM1, are integrated for five 
years by using the observed climatological sea surface temperatures (SST), sea-ice distribu- 
tions based on Shea et al. (1990) and the same land-sea mask as the ocean component model 
L30T63. This five-year integration is referred to as "Run 1" in this study. Daily data from the 
last four years of Run 1 are archived for state variables and for radiation flux at the lowest 
model level. 

Secondly, the OGCM, L30T63, in association with the thermodynamic sea ice model of 

Fig. 1. The FGCM-0 component models configurations. 
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Weatherly et al. (1998) is integrated for seventy years, started from the year 1160 of the ocean 
model's basic run mentioned above. In the course of the integration, the surface wind stress 
and thermal forcing were taken from the daily state variables and radiation flux for the last 
four years of the aforementioned CCM3 run. For the surface salinity, the restoring condition 
is still used, without considering the fresh water flux calculated based on the AGCM and 
OGCM themselves. This seventy-year integration of the ocean model will be referred to as 
"Run 2" or "Spinup Run". 

Following the spinup step, the fully coupled model, FGCM-0 ,  was integrated for sixty 
years. The initial conditions for the atmosphere, land surface, ocean and sea ice models are 
taken from the end of the Run 1 and Run 2, respectively. As in the CSM-1, the atmosphere 
and ocean-sea ice models in the F G C M - 0  were directly coupled by exchanging the heat and 
momentum fluxes themselves, rather than the flux-anomalies as in the previous I A P / L A S G  
CGCMs (Yu et al., 2000). Different from the CSM-1, the fresh water exchange was not in- 
cluded; instead, the relaxation condition of salinity was still used in the FGCM-0.  Also in or- 
der to diminish the initial shock, the dynamic process of sea ice was not included until the end 
of the first seven years of the coupled integration. 

Although there is moderate difference between simulations from the ocean-only model 
in the basic run and ocean model spinup run in Run 1, both the two simulations describe very 
similar large scale pattern of ocean circulation compared with coupled simulation (Zhang and 
Yu, personal communication). 

3. Long-term mean climatology 

The F G C M - 0  has been integrated for 60 years. The monthly global mean sea surface 
temperatures (SSTs) shown in Fig. 2a does not exhibit a significant cooling or warming trend, 
e.g. the difference of global mean SSTs from the first and second 30-year runs is only -0. I~ 
that is much less than its interannual and interdecadal variability. Figure 2a also shows the 
stronger oscillation at the interannual and interdecadal time scale during the first 30 years 
than that during the last 30 years, which may be associated with the variation of sea ice as 
shown in the following analyses. Figures 2b and 2c show the area of simulated sea ice in the 
Northern and Southern Hemispheres together with the observational annual ranges of sea ice 
indicated by straight lines from Gloersen et al. (1992), respectively. In the Southern Hemi- 
sphere, an abrupt decrease in the area of sea ice around the 8th model year should be attri- 
buted to introducing dynamic process of sea ice in the model at that time as described in sec- 
tion 3. The area of sea ice becomes stable in the Southern Hemisphere 10 model years later. 
However, although there is not any obvious change around the 8th model year in the North- 
ern Hemisphere, the area of sea ice has been increasing in the first 40 model years that is re- 
sponsible for the cooling trend in global mean SST. In fact, there is not any cooling or warm- 
ing trend in the tropical central Pacific and Indian oceans (see Figs. 8, 10a and 10b). When the 
total area of sea ice becomes stable after the 40th model year, it is overestimated about 30% 
in the Northern Hemisphere compared to the observation annual ranges. The excess is some- 
what larger in winter than in summer. In contrast, the simulated sea ice in the Southern Hem- 
isphere is very close to the observational one. The overestimation of sea ice in the Northern 
Hemisphere is very similar to that given by CSM-1 (see Fig. 11 in BG98). Because the only 
difference between CSM-1 and F G C M - 0  is OGCM, the atmospheric and land model should 
be responsible for this overestimation. 
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Fig. 2. The time series of (a) monthly global mean sea surface temperature (~ the total area of 

sea ice (1013 m 2) in (b) the Southern Hemisphere and (c) the Northern Hemisphere, the straight 

lines indicate the observational maximum and minimum area of sea ice. 
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Fig. 3. Simulated sea surface temperatures (~ averaged from l lth lo 60th model year for (a) 
March and (b) September. 

The simulated climatological SST for March and September are shown in Figs. 3a and 
3b. Although the warmer water is simulated in the off-equatorial oceans in the Southern 
Hemisphere and the colder water in the North Pacific than those from observation, the large 
pattern of SST is acceptable compared with the other direct coupling models (Mechoso et al, 
1995; BG98). Figs. 4a and 4b exhibit the difference between simulated SST from the coupled 
model and spin up run for March and September. It is very interesting that the coupling 
among four component models results in warming in most area of the Southern Hemisphere 
and cooling in most area of the Northern Hemisphere, respectively. The combined impacts of 
the warming and the cooling is the decrease in the global mean SST about 0. I~ only during 
60 years run as described above. The significant warming in the Antarctic Circumpolar 
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Fig. 4. The SST difference (~ between coupled simulation and spinup run for (a) March and (b) 

September. 

Current (ACC) region is associated with the variation of  sea ice. In the spin up run, because 
the dynamic process of  sea ice is not introduced in the model, melting or freezing of sea ice is 
dominated by the local heat flux only. Once the dynamic process of  sea ice is considered, it 

becomes possible that sea ice drifts to the region with warm water and then melts rapidly. Be- 
cause ACC is much stronger than any currents in the Arctic Ocean, the velocities of  sea ice in 

the Southern oceans are much larger than those in the Arctic Ocean. Thus, it is easier for sea 
ice to drift to the warm region and be melted in the Southern Hemisphere in the coupled mod- 

el, which results in much more solar flux into the ocean and in turn significant warming in this 
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Fig. 5. Simulated annual mean precipitations (mm/day)  averaged from 1 lth to 60th model year 
for (a) the coupled model and (b) the uncoupled CCM3. 

region compared to spin up run. The strong cooling center in the North Pacific is related to 
the southward extension of sea ice, which shows about 10 ~ southward displacement during 
wintertime (not shown here) compared to the observational one. Although the simulated ex- 
tension of sea ice in the North Pacific from CSM-1 is somewhat better than that in the coup- 
led model, CSM-1 overestimates the area of sea ice too much in the winter in the Northern 
Hemisphere (see Fig. 13 in BG98). This is because that the air temperature simulated by the 
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atmosphere-only model CCM3 near the northwest Pacific coast shows a cold bias about 
5-10~ as described by Bonan (1998). In a coupled model, the a i r - ice-sea  interaction will 
amplify the initial error from the uncoupled AGCM due to the so-called ice-albedo-temper-  
ature positive feedback mechanism and result eventually in much increase in the extension of  
sea ice. Because the simulated cold tongue extends to far west, and the warm pool is pushed 

southwestward (Fig. 3), a cold bias in the central and western Pacific and a warm bias can be 
found from Fig. 4 in the eastern Pacific and off  the equator, respectively. These errors in the 
climatological state from the coupled model still induce a lot of  changes in the oceanic and 
atmospheric circulations. 

Figures 5a and 5b show the annual mean precipitation from the coupled model and 

uncoupled AGCM, respectively. Forced with climatological SST from Shea et al. (1990), the 
CCM3 simulated the major precipitation belts such as the inter-tropical convergence zone 
(ITCZ), the South Pacific convergence zone (SPCZ) and Asian monsoon system etc. (Fig. 5b). 
There is not evident difference between the large-scale patterns of  precipitation from the at- 
mosphere-only model and the coupled model at middle-high latitudes. But the tropical pre- 

cipitations are significantly different between these two simulations. Unlike the uncoupled 
CCM3, the coupled model fails to simulate the SPCZ but shows highly symmetric ITCZs 
about the equator, e.g. the so-called " double ITCZ" (Mechoso et al., 1995), while both the 

observations (not shown here) and the a tmosphere-only model CCM3 show only ITCZ in 

the Northern Hemisphere permanently. The simulated northern ITCZ in the coupled model is 

much less than that in the a tmosphere-only  model in the central and western Pacific, where 
there is cold bias in SST from the coupled model. In contrast, the simulated southern ITCZ is 
much stronger than the a tmosphere-only simulation in the southeastern Pacific, where there 

is a warm bias in SST from the coupled model. These are very common features for the 
directly coupled ocean-atmosphere  models, as mentioned by Mechoso et al. (1995) and 
BG98. The simulated double ITCZ results directly from errors in SST from the couple model, 
but the ultimate causes can be traced back to models ' physical parameterizations. Philander et 
al. (1996) argued that the double ITCZ might be caused by too much net downward solar ra- 

diation off  the western coasts of South America, while Kiehl et al. (1998) argued that it should 
be associated with overestimation of  net downward solar radiation at the western equatorial 
Pacific Ocean. Moreover, the former suggested that an underestimation of low-level stratum 
clouds in AGCM should be responsible for the double ITCZ, while the latter suggested that 
an underestimation of  model cloud shortwave absorption in the western tropical Pacific was 
the fundamental reason. In order to discuss the possible causes for the double ITCZ in the 
coupled model, the comparison of  solar radiation among atmosphere-only  model, the coup- 
led model and observation is conducted as follows. 

The simulated net downward solar flux derived from spin up run and the coupled model 
are shown in Figs. 6a and 6b, respectively. The observed solar radiation from da Silva et al. 

(1994) is shown in Fig. 6c, which is used to force the individual OGCM in this study. The 
large-scale spatial pattern of the simulated solar radiation in the spin up run is very similar to 

the observational one. However, the former, outputted from the a tmosphere-only model 
CCM3, overestimates the net downward short wave radiation at the sea surface in most re- 

gions of  the tropical Pacific Ocean, especially in the warm pool and the southeastern Pacific 
Ocean about 20 W / m  -2. Because the net downward heat flux is very small (15-30 W / m  -z) 

in these two regions, it is easy for the overestimation of  solar radiation to alter the spatial 



178 Advances in Atmospheric Sciences Vol. 19 

Fig. 6. Simulated net downward annual mean solar radiation (W m 2) for (a) uncoupled CCM3, 
(b) the coupled model FGCM-0 averaged from 11 th to 60th model year, and (c) observation. 

pattern of the simulated warm pool and cold tongue through the air-sea interaction as dis- 

cussed in the following analysis. 

In the tropical oceans, heat fluxes contributing to heat budget are solar flux and latent 

flux, which dominate the tendency of temperature at the sea surface. Thus the overestimation 

of  solar radiation should be balanced by the latent heat flux. In the coupled model, the latent 
flux is calculated according to the following formula: 

Flat = PC,tL]k'~(qa- qs) , (1) 

where Fla t is the latent flux that depends on the air density p, drag coefficient Ca,  evapora- 
tion potential heat L, scalar wind velocity [V~, air humidity qa and saturation humidity at the 
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Fig. 7. (a) Simulated annual  mean latent flux (w  m -2) for the uncoupled CCM3 and (b) the differ- 

ence of  lalent flux (W m 2) between the coupled model F G C M - 0  averaged from l l t h  to 60th 

model year and the uncoupled CCM3. 

sea surface qs that only depends on SST. In short, we consider both p and C d as constants. 
In the spin up run, the ocean model is forced by the a tmosphere-only  mode CCM3 daily out- 
put variables such as surface air temperature, wind, specific humidity etc. In order to balance 
the overestimation of solar radiation in the western tropical Pacific and southeastern Pacific 

Ocean, the latent flux have to increase compared with the individual OGCM forced with the 

observational climatology. In the "Spin up" run or "Run 2" as described in section 3, both the 
scalar wind velocity and the air humidity are the external forcing variables derived from the 

a tmosphere-only model CCM3 and are independent of  the simulated SST. The saturation 
humidity at the sea surface q~ is the only variable that contributes to the increase in the latent 

flux in terms of  Formula (1), which implies than the simulated SST is warmer than that by the 
ocean-only  model. In fact, the simulated SST is a little warmer in the warm pool region in the 
spin up run than the ocean-only  model forced with the observed climatology (not shown) in 

the "Basic Run". 
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In the coupled model, the response of the model to overestimation of solar radiation be- 

comes more complex due to the air-sea interaction, because it is cancelled by the increase in 
either cloud, which can reflect more short wave radiation to outer space, or latent flux. In the 
warm pool region, the warmer SST results in stronger zonal wind because the zonal gradient 
of  SST increases, then the stronger zonal wind in turn enhances upwelling in the equatorial 
eastern Pacific that decreases SST off the eastern coast and increases the zonal gradient of  
SST. This is a positive feedback, finally it results in very strong zonal wind (not shown) and 

2-3~ cooling in the western Pacific as shown in Fig. 4. As indicated above, the simulated 
SST is warmer in the spin up run than the individual OGCM run in the warm pool region, 
thus the zonal gradient of SST is stronger than that from the individual OGCM run. 

However, in the southeastern Pacific, where the subtropical high is located, the 
overestimation of  solar radiation results in the warmer SST that weakens the subtropical high 

and wind and increases cloud and precipitation, which in turn augments SST again. Finally, 
about 2~ warming in SST associated with the double ITCZ occurs in the southeastern Paci- 

fic Ocean due to the air-sea interaction (see Figs. 4 and 5). The simulated latent flux shown in 
Fig. 7 confirms our hypotheses above, there is significant increase of  latent flux in the coupled 
model in comparison with the individual OGCM in the tropical central and western Pacific, 
which cancels the overestimation of  the solar radiation; in the southeastern Pacific, the differ- 
ence of  the latent fluxes between the coupled model and the individual OGCM is very small, 
because the overestimation of the solar radiation is cancelled by increase in cloud. 

4. Simulation of  interannual variabilities over the tropical Pacific and the Indian Ocean 

Forced with the observed wind stress, the oceanic component model has shown good 
ability in reproducing El Nifio and La Nifia events during the 1980s (Yu et al., 2000). When 

the oceanic model is coupled to the atnaospheric, land and sea ice models through the flux 
coupler, the interannual variation of the averaged SST over the Nifio 3.4 region 
(170~176 5~176 is produced automatically without any external forcing except for so- 
lar radiation, implying that the coupled model can simulate the " ENSO-like" phenomena 
(Fig. 8). The coupled model produces very similar amplitude of Nifio index to the 
observational one, but shows a quasi-biennial oscillation only instead of a considerable wide 
period from 2 to 7 years as in the real world. 

As discussed above, the FGCM shows some ENSO-l ike  characteristics in the 
interannual variation of SST in the eastern equatorial Pacific. Here we examine the 
t ime-space features associated with oceanic and atmospheric circulations in the model. Fig- 

ure 9 shows lag correlations between the Nifio 3.4 index and SST, zonal wind stress, vertically 

averaged temperatures (VAT) in the upper 300 m as an indicator of  heat content in the equa- 
torial and off-equatorial  oceans. In Fig. 9a, the SST anomaly propagates westward very fast 
off the eastern coast, but it shows some features like standing oscillation in the central equa- 

torial Pacific. The zonal wind stress shows the similar feature of propagation (Fig. 9b), while 
the westerly wind anomaly leads the warm SST anomaly about 2 to 5 months off  the eastern 
coast, but only 1-2 month in the central equatorial Pacific. It is interesting that VAT shows 

an eastward propagation with a phase speed about 0.6 m / s ,  At the equator, the positive 
VAT anomaly occurs near the western boundary about 9 ~onths  prior to the mature phase of 

El Nifio events (lag = - 9  months), then propagates eastward (Fig. 9c), which induces an initial 
warm SST anomaly off  the eastern coast (Fig. 9b); at l a g - 3  months, a negative anomaly 
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occurs at the western boundary then moves eastward, which ends the current E1 Nifio and in- 
trigue the next La Nifia event. Out of the equator (5~176 the VAT anomaly propagates 
westward with very slow speed in the eastern Pacific and very fast speed in the central and 
western Pacific (Fig. 9d). The negative VAT anomaly off the equator occurs at the eastern 
boundary and shifts westward about one year prior to the mature phase of E1 Nifio event 
(lag =-12  months), and then it reaches the western boundary about 15 months later (lag = - 3  
months), when the negative VAT anomaly at the equator begins to propagate eastward. Thus 
the VAT anomalies with westward propagation off the equator and eastward propagation at 
the equator play a negative feedback mechanism in the ENSO cycle simulated by the coupled 
model, which is very similar to the so-called delayed oscillator as proposed by Schopf and 
Suares (1988) and Battisti and Hirst (1989). But the physical mechanism associated with the 
ENSO cycle in the coupled mode may not be identical with that in the delayed oscillator, be- 
cause meridional resolution of the model at the equator is too coarse to describe the Kelvin 
wave correctly that plays a crucial role in the delayed oscillator hypotheses. 

As known well, the E1 Nifio/Southern Oscillation (ENSO) is the strongest signal of 
interannual variation in the tropical Pacific, while a lot of analyses have suggested that the 
similar interannual variation but independent of ENSO signal has been found in the Indian 
Ocean (Saji et al., 1999, hereafter referred to as SGVY99; Webster et al., 1999; Anderson, 
1999). SGVY99 defined the difference in SST anomaly between the tropical western Indian 
Ocean (50~176 10~176 and the tropical eastern Indian Ocean (90~176 10~ ~ as 
a dipole model index (DMI), and found very close relationship between DMI and wind stress 
as well as precipitation in the tropical Indian Ocean. SGVY99 suggest that the dipole pattern 
may be attributed to the air-sea interaction in the tropical Indian Ocean. 

In this study, the similar analyses are conducted as SGVY99 except for data from the 
coupled model. The regionally averaged SST anomalies in the tropical western and eastern 
Indian Ocean are shown in Figs. 10a and 10b, respectively, and the difference between them, 
referred to DMI, is shown in Fig. 10c. The significant correlation can be found among three 
time series, e.g., the correlations between DMI and SST anomalies in the western and eastern 
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Fig. 10. Time series of sea surface temperature anomalies (~ averaged from (a) 50~176 
10~176 and (b) 90~176 10~ ~ (c) the dipole mode index in the Indian Ocean (see section 
4), (d) the zonal wind stress anomaly (10 -3 N m-2). 
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Fig. 11. Correlation coefficients of  Nifio 3.4 SST index with (a) SST, (b) correlation coefficients of 

dipole mode index with SST, (c) vertically averaged temperatures in the upper 300 m, (d) zonal 

wind stress and (e) precipitation in the Indian Ocean. 

Indian Ocean are 0.83 and -0.78, respectively. The correlation coefficient between the DMI 
and the Nifio 3.4 index is 0,44, which is not very strong but still significant. It implies that the 
simulated dipole mode in the tropical Indian Ocean is associated with the ENSO event in the 
coupled model. In addition, there is a strong correlation between the DMI and zonal wind 
stress averaged over the central and eastern Indian Ocean (70~176 5~176 (Fig. 10d), the 
correlation coefficient is -0.72, which is also similar to the observational one as described by 
SGVY99. 

Here we calculate the correlation between the Nifio 3.4 index and SST in the tropical In- 
dian Ocean (Fig. l la),  and the DMI and SST (Fig. l lb),  VAT (Fig. llc), zonal wind stress 
(Fig. 1 ld) and precipitation (Fig. 1 le). Although there is a significant positive correlation be- 
tween Nifio 3.4 index and SST in the northwestern Indian Ocean, the dipole mode pattern as 



No. 1 Yu Yongqiang, Yu Rucong, Zhang Xuehong et al. 187 

in Fig. 1 lb cannot be found. In fact, the dipole mode pattern exists not only in SST, but also 

in the subsurface with a clearer pattern (Fig. 1 lc). When the DMI is positive, e.g. the cold 
SST anomaly occurs in the eastern Indian Ocean and the warm SST anomaly in the western 
Indian Ocean, the .zonal wind stress is enhanced (Fig. 1 ld). It implies that the zonal wind 
stress dominates the variation in SST and VAT; in other words, the dipole mode pattern 

should be attributed to the air-sea interaction in the Indian Ocean. As a result of  the dipole 
pattern in SST, the precipitation also shows the similar pattern (Fig. 1 le), it increases over the 
warm ocean and decreases over the cold ocean. The similar pattern has been found from the 
observational precipitation (See Fig. 4 in SGVY99). 

5. Summary and discussion 

The flexible coupled ocean-atmosphere  general circulation model version 0 ( F G C M - 0 )  
has been successfully integrated for 60 years. Some general characteristics of model 

climatology are examined to evaluatethe ability of  the coupled model in simulating the con- 
temporary climate and its interannual variability in this study. 

Although the flux correction is not employed in the coupled model F G C M - 0 ,  the model 
does not show the obvious climate drift. This is because that all component models, NCAR 
CCM3, land model, sea ice model, as well as IAP OGCM, show good ability to depict 
dynamical and physical processes in the climate system, in the meantime the flux coupler, 

which assures the conservation of  energy and mass at the interfaces of  model components, al- 
so plays an very important role in controlling the climate drift. 

Compared to the observed climatology, the model/s major errors are the simulated doub- 
le ITCZ and the associated SST pattern. As described by a lot of  studies (Mechoso et al., 

1995; BG98), they are common features for the coupled models without flux correction. Ana- 
lyses on heat budget in the coupled model indicate that the double ITCZ can be traced back 
to the overestimation of net solar radiation at the sea surface, which should be attributed to 
the error in the simulation of  cloud in AGCM. In addition, there is about 10 ~ southward ex- 
tension of  sea ice from the coupled model F G C M - 0  than that from observation due to lower 

surface air temperature from the a tmosphere-only model CCM3 over the Northwest Pacific 
Ocean. 

Although the mean climatology from F G C M - 0  is very similar to that from CSM-1,  the 
F G C M - 0  shows some different features of  interannual variability. For  the simulations of 
ENSO-l ike  events, the F G C M - 0  shows considerable regular oscillation around 2 years, but 

the CSM-1 shows a wider spectrum from 2 years to 7 years. The short oscillation period 
seems to be attributed to the faster phase speed of the eastward propagation of  the heat con- 
tent in the upper ocean in F G C M - 0  than the observational one, e.g. the phase speed is about 
0.6 m / s  for F G C M - 0 ,  0.3 m / s  for CSM-1 and 0.2 m / s  for observation. The main differ- 

ence between the coupled model F G C M - 0  and NCAR CSM-1 is the ocean component mod- 
el, the IAP L30T63 is adopted for the former and the NCAR ocean model (NCOM) (Gent et 
al., 1998) is adopted for the latter. The NCOM configuration for NCAR CSM-1 has 2.4 ~ in 

longitude and variable resolution in latitude, with minimum spacing 1.2 ~ at the equator and 
in the Arctic Ocean and maximum spacing about 2.3 ~ at middle latitudes. In the vertical, 45 

levels are used, with 4 equal depth layers in the upper 50 m and 25 layers in the upper 1000 m 
in the ocean. The principal physical processes distinguishing L30T63 are the non-local  K 

profile boundary layer parameterization (Large et al., 1994) and the th i rd-order  upstream 
differencing used for heat and salt (Holland et al., 1998). Although there are a lot of differ- 
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ences between L30T63 and NCOM, but the coarse meridional resolution at the equator may 
be responsible for too fast eastward propagation of  VAT in the coupled model F G C M - 0 ,  be- 
cause the high meridional resolution is crucial for the model to describe the Kelvin wave 
correctly. 

In the tropical Indian Ocean, the coupled model F G C M - 0  shows a similar dipole mode 
pattern to the observational one. The simulated dipole mode pattern is not only shown in 
SST, but also in VAT, especially there is close correlation between dipole mode index and the 
zonal wind stress in the central Indian Ocean, which implies that the dipole mode pattern is a 
coupled mode resulting from the air-sea interaction in the tropical Indian Ocean. In the 
meanwhile, not as shown in SGVY99, the simulated DMI is closely related to the Nifio 3.4 
index in the coupled model. In fact, the relationship between ENSO and the dipole mode may 
be very complex, for example, Yu and Rienecker (2000) indicated that the strong El Nifio 
events favor the dipole mode events in the Indian Ocean, i.e. the dipole events coincide with 
E1 Nifio events in some years such as 1972 and 1997. Because the coupled model can repro- 
duce El Nifio and dipole events simultaneously, it may be a beneficial tool to study the physi- 
cal link between them in the future. 
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