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ABSTRACT

Predictions of ENSO are described by using a coupled atmosphere—~ocean general circulition model
The initial conditions are created by forcing the coupitd system using SST anomalies in the tropical Pacific
at the background of the coupled model climatology. A series of 24—month hindcasts for the period from
November 1981 to December 1997 are carried out to validate the performance of the coupled system. Corre-
lations of S3T anomalies in the Nino3 region exceed .54 up to 15 months in advance and the rms errors are
less than 0,9°C. The system is more skillful in predicting SST anomalies in the 19805 and less in the 1990s.
The mode! skills are also seasonal—dependent, which are lower for the predictions starting from lale aniumn
to winter and higher for those from spring 10 autumn in a year—time forecast length. The prediction, begin-
ning from March, persists 8 months long with the correlation skill exceeding 0.6, which is important in pre-
dictions of summer rainfall in China, The predictions are succesful in many aspects for the 19972000
ENSQ cvents,
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1. Introduction

El Nifio and Southern Oscillation (ENSO) is the most prominent phenomenon of
interannual climate variability in the tropical Pacific occan—atmosphere systeny, and predic-
tion of ENSO variability is potentially important because its impact is significant on the
global short~term climate anomalies. The tropical Pacific sea surface temperature (SST)
anomaly is one of the crucial factors that affect the summer monsoon precipitation in China
(Huang and Wu,, 1989; Wang, 1997), especially in the southeast of China where the economy
is most developed and the population is most inhabited. The predictions of ENSQ play an
important role in the summer rainfall forecast in China (Wang, 2000; Lin et al,, 1999, 2000),

The dynamics and predictability of ENSO have been major topics in many wordwide re-
search projects since the 1980s (e.g. CLIVAR). Simulated by pioneering work of Cane et al,
(1986), a number of forecast systems with varying complexity have been developed and tested
for predicting ENSQ variability (Latif et al, 1998). Hindcast experiments with the different
systems have shown that the models have the potential to make useful forecasts for seasonal
to interannual time scales (Cane et al., 1986; Latif et al,, 1993; Jiet al, 1996, 1997; Kirtman et
al,, 1997; Latif et al,, 1998), In forecast mode, however, the predictive skills highly depend on
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the model’s configuration and the forecast cases, Therefore, It is necessary to improve ENSO
predictions by developing different types of forecast systems with their own unique features,
In principle, a coupled atmosphere—ocean general circulation model (CGCM) is most power-
ful way to produce the best forecast because of its faithful approximation to the dynamics of
ENSO. However, the problems of climate drift and initial shock prevent the coupled GCMs
from achieving their potential (Schneider et al., 1999).

Some progress has been made in seasonal to interannual climate prediction in China, es-
pecially, based on a coupled atmosphere—ocean GCM, a semi—operatianal short—term cli-
mate prediclion system has been established in Institute of Atmospheric Physics (IAP),
Chinese Academy of Sciences (CAS) (Zeng et al, 1997). In 1999, a coupled
atmosphere—ocean general circulation model for the tropical Pacific (IAP TP-CGCM) was
developed in which the oceanic component was a free surface model with higher resolution
and the statistic technique was applied to remove the ‘climate drift’ in the coupling scheme
(Zhou et al, 1999). A long time free integration was carried out to validate the coupled
model’s performance, indicating that the ENSO—like interannual variability was re—produced
quite well,

In this paper, an ENSO prediction system is developed based on IAP TP-GCM,
Through designing an anomalous initialization scheme in which the balance between the
component models in initial conditions is taken into account, a series of 55T anomaly
hindcasts in the tropical Pacific up to 24 months lead time have been carried out, one hincast
per month for the period from 1982 to 1997, In Section 2, the model’s configuraticn and per-
formance are described; the anomalous initialization is designed in Section 3; the hindcast ex-
periments and some near real—time predictions for 1997 / 1998/ El Nifio and 1999 / 2000’
La Nifia are presented in Sections 4 and 5, respectively; and a summary is given in Section 6.

2. Coupled model and its simulation

A coupled atmosphere—ocean—land model with some unique characteristics was de-
signed by Zeng (1983) (referred as TAP—type models), e.g. calculation of the departures of
thermodynamic variables in time integration by subtracting the standard stratification, a uni-
fied vertical coordinate (6—coordinate) for both atmosphere and ocean, total available energy
consideration of the coupled sysiem for not only the differential but also finite—difference sys-
tem, free surface treatment for the oceanic GCM, consistent treatment for the boundary terms
and boundary conditions at the interface of atmosphere—ocean and atmosphere —land, and so
on, The coupled model used in this paper combines the IAP 2-L global atmosphere GCM
(AGCM) and the [AP tropical Pacific oceanic GCM (OGCM} with free surface. Brief des-
criptions of the component medels, the coupling procedure and the coupled simulation are
given below.

2.1 Atmospheric model

The atmosphere model is a global grid point model that was designed and developed at
TAP (Zeng, 1983; Liang, 1986, Zeng et al,, 1989). The horizontal resolution of the atmospher-
ic model is 4° in latitude and 5° in longitude, The vertical structure is represented by two
equal mass layers that is formulated in 6—coordinate between the surface and 200 hPa. The
model fully adopts standard physics such as longwave radiation, cloud—radiation feedback,
convective processes, boundary layer treatment, ground surface hydrology and so on devel-
oped by Qregon State University (OSU) (Ghan et al, 1982) with appropriate modification and
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improvements (Liang, 1986). The boundary layer, although it is not explicitly treated, is
parameterized as a constant flux surface layer of undefined thickness.

The atmosphere GCM has been used in a variety of climate simulation and sensitivity
experiments, These resulis show that this AGCM is able 1o reproduce the observed
climatology and variations of global atmosphere when forced by prescribed boundary condi-
tions (Liang, 1986; Zeng et al,, 1997; Zeng et al., 1990).

2.2 Ocean model

The ocean model is a free surface tropical Pacific Ocean general circulation model des-
cribed by Zhang and Endoh (1992). The domain exiends from 121°E to 69°W between 30°S
and 30°N in the tropical Pacific Ocean, and has realistic coastline in the east and west bound-
aries. The model’s horizontal grid lengths are 1° in latitude and 2° in longitude, and in the
vertical, there are 14 layers with 20 m resolution in the upper 60 m and 30 m resolution be-
tween 60m and 240 m depth. The flat—bottom is 4000 m deep. In time integration the
barotropic and baroclinic modes are calculated separately with the time step taken as 5
minuts for the barotropic mode and 2 hours for the baroclinic mode, respectively. The hori-
zontal eddy viscosity is 2% 10° m’ s™' equatorward of 10° latitude; poleward of this, it in-
creases linearly to 3% 10* m* s™' at 30°N (S); the lateral eddy diffusivity for temperature and
salinity is held constant at 2 value of 2 x 10*> m* s™'; the vertical eddy viscosity and diffusivity
are dependent on the Richardson number (Pacanowski and Philander, 1981). The lateral
boundary conditions are non—slip and non—flux conditions; however, along the model north-
ern and southern boundary, the temperature and salinity equations gain an additional
Newtonian term for their relaxation to the observations (Levitus, 1982),

The model has been tested in several numerical simulations and the results show that the
OGCM has reproduced rezlistic climatology and interannual variability, respectively, when
forced by observed fluxes (Zhang and Endoh, 1992, 1994),

2.3 Coupling

The coupled GCMs, in general, suffer the difficuliy of the so—called * climate drift” which
shows the model’s severe discrepancies in climatology from the reality, The realistic
climatology is the foundation for simulating and predicting climate variations. Therefore,
some methods, e.g. flux correction or anomaly coupling, are used to reduce the climate drift
and cause the coupled model’s climatology of the target fields (such as SST, wind stress, sea
level pressure, and so on) to be close to the observations,

In this present work, the so—called “statistical correction’ method {SCM) is developed to
modify the atmospheric variables at the models” air—sea interface (Zhou et al., 1999). Because
only the winds at approximately 400 hPa (V' } and 800 hPa (V) can be predicted by
AGCM, the surface wind {V ;) is extrapolated externally from those of the tow model levels
by

V= 0715V — 0.5V ) . (1)

Numerical analyses have shown that there are systematic errors in such externally extrapolat-
ed surface winds compared with the corresponding observations. In order to reduce these sys-
tematic errors, a statistical relation between the surface winds and those at the model levels is
constructed as '
Vs=aot eVt aVo , )
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where a,.4,. and a, are space—dependent coefficients determined by statistical regression,
The numerical experiment shows that this is a method effective in reducing the systemalic er-
rors of AGCM in the uncoupled mode, The above correction is carried out by means of mak-
ing the annual mean errors minimum and the phases of annual cycle are maintained by the
model,

In uncoupled mode of OGCM, the heat flux formulation is usually calculated as a relax-
ation of the simulated SST to the observed climatology {Haney, 1971). In coupled mode,
however, considering the realistic heat flux feedback between the ocean and atmosphere, the
following formula is used:

Q,=S— R~ LE,— H (3)

where @, and § are the net heat flux and net solar radiation absorbed by ocean, respectively,
R.LE¢ and H are the net upward long—wave radiation, latent heat flux and sensible heat flux
at the sea surface, respectively, and

R=Q" «aT} , (4)

0" = 0985x (0.39— 0.05/e, N1— 0.6% nl) (5)
LEg=p,CpVaLolgs(T )~ q,], {6)

H=pp CpVaC, «[Ty—Tal, N

where 7, and T, are the sea surface temperature and the air temperature, respectively, e, ,
the air vapour pressure, n_, the fraction of cloud cover, p, and ¥, , the atmospheric density
and the wind speed at sea surface, respectively, g, and g, the specific humidity and saturate
specific humidity at T, respectively, o, the Stefan—Boltzmann constant. Furthermore, the
SCM is used to modify the above variables.

The SST predicted by OGCM acts directly as the forcing of the atmospheric model with-
out any modification, Outside the QGCM’s domain, the climatological SST with annual cycle
is adopted, The fluxes between the two component models are exchanged once a day, i.e. the

synchronously coupling,
2.4 Coupled model simulation

A 100—year integration of the coupled model was carried out. The initial conditions were
taken respectively from the 10—year—long simulations of the two component models with ob-
served forcing, The last 40—year coupled integration were used to define the coupled model
climatology.

The annual-mean SST field in the tropical Pacific simulated by the coupled model is
shown in Fig, 1a, in which many characteristics agree very well with the cotresponding obser-
vations (Fig. 1b), e.g. the tongue of cold water in the eastern equatorial Pacific which extends
westward along the equator from the South American coast and the warm pool in the western
Pacific. Figure 2 shows the vertical section of the sea temperature along the equator, The
thermocline, which is distinguished by great temperature gradient in the vertical, was simu-
lated quite well {Zhou et al,, 1999), The main features of seasonal variation wete also simu-
lated which present as spring warming and fall cooling in the eastern equatorial Pacific. But
the westward propagation of seasonal transition was not simulated well,
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Fig. 1. Simulated {a) and observed (b) annual mean SST. Contour interval is 1°C,
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Fig. 2. Longitude—depth section of simulated annual mean sea temperature along the equalor.

Contour interval is 1°C.
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Fig. 3. Longitude—tlime section of simulated sea surface temperature anomalics along the equator.
Contour interval is 0.25°C.
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Realistic interannual variability is also important to the coupled model tests. Figure 3
shows the equatorial Pacific $5T anomalies, Peaks of warm and cold events are generally in
the far eastern Pacific with the amplitudes of about 1.5°C, weaker than the obvserved. The
SST anomalies vary on interannual time scales similar to ENSO cycle and show a little phase
propagation, Further analysis shows that the anomalies of heat content in the upper ocean,
which is defined as vertical-averaged temperature, propagate eastward along the equator and
westward off the equator, consistent with the delayed oscillator mechanism (Suarez and
Schopf, 1988; Baitisti and Hirst, 1989),

3. Initial condition

There is an evidence that coupled predictions depend sensitively on initial conditions (Ji
and Leetmaa, 1997). If this is the case, the realistic initial states from which the coupled pre-
dictions begin are crucial, On the other hand, however, there are still deficiencies in the
model’s simulation even though the climate drift has been reduced and the imbalance between
the model and initial conditions generally exists if it is not modified properly. Therefore,
model’s adjustment to these unbalanced initial conditions will occur and the expected predic-
tions will be disturbed when predictions begin from these initial conditions. This adjustment
procedure is referred as initial shock,

At the present work, an initialization scheme for the counpled system is developed to
avoid the problem of initial shock. In the hypothesis that the memory of ENSO variability are
contained in ocean and keeping in mind that the balance between the coupled system and ini-
tial states is important for good predictions (Schneider et al., 1999), only the observed sea sur-
face temperature anomaly in the tropical Pacific is used to initialize the model. The procedure
is that from the states of the coupled model at year 100, the initial conditions for the atmos-
phere are first created by forcing AGCM with the observed SST anomalies added to the coup-
led model’s climatology; at the same time of AGCM integration, the output of the AGCM,
including the wind stress and heat flux, is used to force OGCM to create aceanic initial condi-
tions,

In fact, the above procedure is performed in quasi—coupled mode. The initial conditions
are created through inducing the actual interannual phases by using observed SST anomaties

0/\ I N\ AA,

-2
l Initializotion; Observad; r=0.91; rmes=D.43
-4 — v —r T T T T ——— T J v T T
1982 1984 1486 1988 15990 1992 1994 1996 1988
Year

Fig, 4. Time curves of SST anomalies in Nino3 region (150°-90°W, 5°8—5°N). Solid line: observa.
tion; dashed line: initializing results.
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al the background of the coupled model climatology, Therefore, the balances between the
models and initial conditions and between atmosphere and ocean in initial states are achieved.
The initializing procedure is continuously carried out for the period of November 1981 to De-
cember 1997 using the analyzed data of Reynolds (1994). The results show that the simulated
SST anomalies in Nino3 (150°—90°W, 30°5—30°N) are close to the observation with correla-
tion of 0.91 (Fig. 4). -

4, Hindcast experiments

194 hincast experiments, starting from the end of every month for the period of November
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Fig. 5. Correlations (a) and root—mean—square errors (b) with observation for forecast {solid line)
and persistence (dashed line), respectively.
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19%1 to December 1997, were performed. Each hincast had been integrated for 24 months,
and a set of forecast climatologies was defined as the mean of the hindcasts with the same lead
time. In this section, we discuss the skill of hindcast anomalies from this set of climatologies
respectively,

3.1 General statistics

The anomaly correlations and foot mean square (rms) ervors of the predicted SST anom-
alies averaged over Nino3 region are shown in Fig. 5. Also shown are the ones by persisting
the observed SST anomalies from the same initial times as a reference. Although the forecast
skills decrease with lead time, the forecasts are skillful at least up to more than 15 months in
advance with the correlations above 0.54, in particular for the predictions exceeding 4 months
in advance which show much higher skills than persistence. During initial 4 months, the fore-
cast skills are lower than the persistent ones, This is mainly attributed to less thermocline ac-
curacy of ocean in initial conditions, In facts, most dynamical forecast systems without
subsurface oceanic data assimilation perform in similar ways. Therefore, it is important to in-
sert oceanic subsurface data in the forecast system for improving prediction skill. The rms er-
rors have a coherent relation with correlation skills, which grow with forecast length, The
mean rms errors are less than 0.89°C at lead time of 15 months and much smaller than per-
sistent ones after 4 months {rom initial time.
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Fig. 6. Cotrelations (a and b}and root—mean—square errors (c and d) for the period of 1982—198%
(left panel) and 1990—1997 (right pantl), respectively, Solid line; forecast; dashed line: persistence.
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0.6

Fig. 7. The distribution of correlations with months and forecast length for forecast (a) and per-
sistence (b), Correlations exceeding 0.5 are shaded with darker shading over 0.6,

3.2 Time dependence

Climate variability during the 1980s in the tropical Pacific was dominated by strong
low—frequency interannual variations, while in the 1990s, especially in the first half of the
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1990s, the climate state was characterized by a patiern of persistent positive 8ST anomalies in
the tropical Pacific superimposed by several short—lived weaker warm events, e.g. in the spr-
ing 1993 and late 1994. Most of dynamical forecasl systems show a higher skill in predicting
the low—frequency SST variability int the 1980s and a lower skill for the short—lived variations
(Ji et al, 1996). The coupled system presented here shows the similar feature of skill in pre-
dicting these SST anomalies in the tropical Pacific. Figure 6 shows the anomaly correlations
and rms errors in Nino3 region for the 1980s and the 1990s, respectively. The coupled sysiem
is much more skillful in predicting the eastern equatorial Pacific SST anomalies with correla-
tions exceeding 0.6 up to 22 months lead time, and relative smaller rms errors of about 0,7°C,
in particular, the correlations of near 0.8 persist up to almost one and half years. For the vari-
ations in the 1990s, however, the correlation skill reduces rapidly to about 0.4 after 4 months
in advance, and the rms errors increase to about 0,9°C for the same lead time. If the analysis
samples include the predictions of 1998 and ]999, the correlations would increase to near 0.5.

To verify these forecasts further, the month—dependent skill scores are calculated, Shown
in Fig_ 7 is the plane of correlation distribution of SST anomalies in Nino3 region as a func-
tion of seasons and forecast length. The forecasts initiated from spring to autumn are more
skillful with the correlations above 0.5 persisting to more than 15 months, while the skills ex-
ceed 0.6 up to 16 months when the predictions start from July fo September, On the other
hand, the skill scores of the predictions beginning from later autumn to winter are lower,
which reduce rapidly to below 0.5 after 5 month forecast, It should be pointed out, in particu-
lar, that the prediction initiated from March is useful with the skills exceeding 0.6 up to 8
month length, because this is very important for the prediction of summer monsoon precipita-
tion in China at that time.

5. Some forecast cases

A very strong El Nifio occurred in 1997. The SST anomaly in the eastern equatoriai Paci-
fic turned to be negative in the summer 1998 and had been persisting until the summer 2000
(Fig. 8), Some successful near—real—time predictions of 88T anomalies in the equatorial trop-
ical Pacific had been carried out since the end of 1997, In this section, some cases of these pre-
dictions are described and compared with the observations,

The predicted SST anomaly evolution in Nino3 region from the summer 1996 to the spr-
ing 1999 is shown in Fig. 9. Three individual forecasts initiated from April, May, and June
1996 were combined into an ensemble mean, The S8T anomaly would become positive in the
spring 1997 and grow eventually 10 be a warm event in the end of 1997, Then it would decay
from 1998 and turn to be negative in August 1998, The predicted phase of SST anomaly in
Nino3 region is quite consistent with the observed except that the transition time in 1998 is
about 3 months later than the observation, The amplitude, however, is just 1°C, too smaller
than the observed 4°C. This is mainly due to the less accuracy of subsurface anomalies in
thermocline, which are too weaket than the analyzed anomalies {only 20% of the analyzed
ones) although they perform eastward propagation clearly, and the weak amplitude of
interannual variability sustained by the coupled system as shown in Fig, 3,

The case shown in Fig. 10 starts from the spring 1998 initial states, which is also an
ensemble mean of three forecasts. The SST anomaly in Nino3 region would decay gradually,
but keep positive during 1998 in this forecast case that is inaccurate in comparison with the
observed.
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Fig. 8. Time curves of SST anomalies in Nino3 region from analysis dala (Reynolds and Smith, 1994).
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Fig. 9. Predicted SST anomaly in Nino3 region initiated from Apr. {thin solid line), May (dashed
line ) and Jun, (dotted line) 1996, and the ensemble of the three forecasts {thick solid line),

Figure 11 shows another case, beginning from the spring 1999, which is an ensemble of
six individual predictions. The negative SST ancmaly in Nino3 region would persist to the
spring 2000 but the amplitude would reduce gradually according to this forecast. The
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Fig, 10, Predicted SST anomaly in Nino3 region starting from Jan, (thin solid line), Feb, (dashed
line) and Mar. (dotted line) 1998. The ensemble mean is presented by the solid line with dots.
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Fig. 11. Predicted SST anomaly in Nino3 region starting from Oct., Nov,, Dec,, 1998 and Jan,,
Feb,, Mar., 1999, respectively. Thick dashed line: ¢nsemble mean of six forecasts; thick solid line:
observation; thick dot—and—dash line: initialization; the other lines: six individual forecasts. )

observation shows that the negative anomaly indeed became wgaker in the beginning of 1999,
but they re—strengthened from the spring 1999 until the end of 1999 (Fig. 8). The forecast is
successful in terms of persisting negative anomalies in the entire 1999 but fails in predicting
the re—strengthened process,
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Fig, 12. Predicted SST anomaly in Nino3 region starting from Oct., Nov., Dec,, 1999 and Jan,,
Feb,, Mar., 2000, raspectively. Thick dashed line: ensemble mean of six forecasts; thick solid line:
observation; thick dot—and—dash line: initialization; the other lines: six individual forecasts.

In the spring 2000, a prediction combining six forecasts was also carried out (Fig. 12).
The negative SST anomaly in Nino3 region would reduce and transfer to weak positive
anomaly in the summer 2000. In the first half of 2001, the eastern equatorial Pacific will be in
a little warm state above the normal in a sense of the forecast.

6. Summary

We described an ENSQO prediction system based on the coupled atmosphere—ocean
GCM developed in Institute of Atmospheric Physics, Chinese Academy of Sciences. The
model’s climate drift was removed by using a statistic method to correct the atmospheric vari-
ables in air—sea interface, and the climate variations in interannual scales are simulated con-
sistent with ENSQ cycle in many aspects.

An initialization scheme was designed for inducing climate anomalies by using SST
anomalies in the tropical Pacific at the background of the model climatology. The numerical
experiment showed that the initialization was successful in creating interannual variabilities
which were needed in ENSO predictions.

The forecast system was test by performing a series of 24—month hindcast experiments,
one per month for the period of November 1981 to December 1997. The system was found to
produce generally good hindcasts of SST anomalies in the eastern tropical Pacific. The corre-
lations of SST anomaly in Nino3 region exceed 0,54 up to 15 months in advance though they
are lower than the persistence in the first few months, The rsm errors are less than 0.9°C for
the same forecast length,

Further analyses show that the system is more skillful in predicting 8ST anomalies in the
1980s and less in the 1990s. This is a common discrepancy in most other dynamical forecast
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systems. The model skills are also seasonal—dependent, which are lower for the predictions
starting from later autumn to winter and higher for those from spring to autumn in a
year—time forecast length, especially, from July to September the system performs very higher
skills with anomaly correlations exceeding 0.6 up to about one and half years, It is encour-
aging that the prediction, beginning from March, persists 8 months long with the correlation
exceeding 0,6, This is operationally useful in predictions of summer rainfalt in China {Lin et
al,, 1999, 2000).

The results from this study are encouraging, but there are also many aspects to be im-
proved. The initial conditions created by using the SST anomalies in the tropical Pacific are
less accurate in the anomalous structure of the ocean thermocline in which the memory of the
coupled system for the ENSO variability is contained, We are developing a data assimilation
system similar to that of Derber and Rosati (1989), which is obviously an efficient way for in-
serting ocean subsurface data into the coupled system to created more accurate initial condi-
tions that are physically in balance with the model through some appropriate modification,
There are deficiencies in the present coupled model. The amplitude of the simulated
interannual variability is smaller than the observation, which 5 presented in most coupled
general circulation models. The reasons are not well known. One of the possible reasons is the
coarse models’ resolution, especially that the horizontal resolution in the ocean model is not
higher enough in simulating the Kelvin wave well in the tropical waveguide which is regarded
as the control mechanism in the ENSO evolution, Another possible reason is maybe from the
coupling scheme and / or the two—component model’s performance themselves, such as phys-
ical parameterization, the limited tropical region of the ocean model and so an, which sup-
press and/ or modify the feedback between atmosphere and ocean, We are currently im-
proving the model’s simulations for both climatology and climate variation by increasing the
model’s resolution and modifying the coupling techniques. Another obvious deficiency is the
lower skills in the 1990’s predictions. Most coupled forecast systems based on dynamical
frames show the similar performance, The development of ENSQ in the earlier 1990s is differ-
ent from that in the 1980s and this period is sometimes referred as an irregular developing pe-
riod. Some researches indicted that the lotiger—than—interannual time scale variability (e.g.
decadal variation) maybe plays an important role, which is regarded as the interaction be-
tween tropics and extratropics (Zhang et al, 1999), The coupled model applied in this forecast
system is failing in simulating this long—term variation because the model’s ocean is restricted
in the tropical Pacific belt. In theory, therefore, the application of a global ocean model in-
stead of the tropical one is maybe a good way to improve the forecasts, but the other diffi-
culties caused by the global simulation could prevent the system achieving this improvement,
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