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By using a 4-dimensional variational (4D-VAR) coupled data assimilation system exploited at JAMSTEC for the first time,

a newly developed reanalysis dataset has been constructed to better define seasonal to interannual (S-I) climate variations. The

analysis field well reflects most of the familiar gross features of observed climatological states. The time-series of the analysis

fields also exhibit realistic features of important climate events such as the El Nifio and the Asian Monsoon evolution and

thereby have the ability to provide physical insight into the dynamic nature of S-I coupled phenomena. The forecast result

using an initialization procedure by our 4D-VAR coupled data assimilation demonstrates the capability of one-year-lead pre-

diction of the 1997/1998 El Niiio event. These results reveal that our system can provide greater information content and fore-

cast potential than do models or data alone.
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1. Introduction

Modeling studies using a coupled general circulation model
(CGCM) represent a useful means of investigating the physi-
cal mechanisms responsible for climate variabilities generated
by atmosphere-ocean interactions (e.g., Wang et al., 2004).
However, current CGCMs are still at insufficient levels of
performance to provide fully comprehensive descriptions of
the important physical processes involved in climate varia-
tions. In particular, realistic simulation of the seasonal to
interannual (S-I) variations such as the monsoon and the
El Nifio Southern Oscillation (ENSO) represents one of the
toughest challenges of the modeling community (e.g., Sperber
and Palmer, 1996; Annamalai and Murtugudde, 2004).

Recently, a 4-dimensional variational (4D-VAR) data
assimilation system has gathered much attention in the mod-
eling and the data analysis studies as an important tool of
improving the representation of S-I climate processes. In
fact, Mochizuki et al. (2007a) successfully reproduced the
Asian summer monsoon development by optimizing the

bulk adjustment factors required in the calculation of air-sea
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flux values for use in a CGCM by using a 4D-VAR tech-
nique. In the present study, we perform further coupled data
assimilation experiments to make a better reanalysis dataset
than earlier results and to improve the CGCM simulations
for major processes during 1997-1998. In these years, the
strongest ENSO and Indian Ocean Dipole Mode (IODM)
events take place. A better definition of the clomatological
features and accurate estimates of S-I variations of such
important climate events strengthen our understanding of the
underlying physical mechanisms, since the reanalysis data
derived from our 4D-VAR data assimilation technique offer
dynamically and thermodynamically self-consistent informa-
tion on the air-sea coupled system.

Here, in line with our earlier work (e.g., Mochizuki et al,
2007a; b), we optimize the initial conditions together with
the bulk adjustment factors using a 4D-VAR assimilation
approach.

2. Model and assimilation experiment
The CGCM employed here in the atmosphere-ocean-land
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surface coupled data assimilation system is the coupled
model for the Earth Simulator (CFES) (Ohfuchi et al., 2004;
Komori et al., 2005) and the adjoint code is obtained on the
basis of the Tangent linear and Adjoint Model Compiler
(Giering and Kaminski, 1998) and the Transformation of
Algorithms in Fortran compiler (Giering and Kaminski,
2003). The radiation code of the atmospheric component has
been updated using the MstrnX system (Nakajima et al.,
2000) and a simple diagnostic calculation of marine stra-
tocumulus cloud cover has been newly implemented
(Mochizuki et al., 2007b). The ocean mixed-layer scheme
also has been updated using the method of Noh (2004). The
resolution of the atmospheric model is horizontally the same
as the commonly-used T42 spectral model and has 24 layers
in the vertical o coordinate. The resolution of the ocean-sea
ice model is 1° in both latitude and longitude and has 45 ver-
tical layers. A rather coarse resolution has been employed in
order to restrict the computational load required by the cou-
pled 4D-VAR experiment.

The latent heat, sensible heat, and momentum fluxes are
determined here as o, F;; F,(x, y, ) and o, (x, y, f) represent
the surface flux values calculated from the bulk formulae in
the CFES model and the adjustment factors introduced into
each bulk formula, respectively. These bulk adjustment fac-
tors are chosen as control variables along with the oceanic
initial conditions in this study. Note that each value of «;, is
optimized at each grid point as a 10-day mean value by the
present coupled assimilation experiments. The cost function
J is composed of background and observational terms (not
shown), and the minimization of J is performed for the opti-
mization of the control variables by using the 10-day mean
values of the modeled variables and the observational data to
improve the S-I component. Thus, shorter timescale fluctua-
tions and the climatological monthly-mean fields are
not directly corrected in our assimilation approach. In addi-
tion, the error covariance matrices for the control variables
and observational data are assumed to be diagonal for con-
venience.

The assimilation experiments are performed for the 3-year
period from January 1996 with a 9-month assimilation win-
dow. First guess values of the initial oceanic conditions are
derived using the Incremental Analysis Updates (IAU)
method (Bloom et al., 1996) and those of the bulk adjust-
ment factors are set to unity. Thereafter the initial oceanic
conditions and the bulk adjustment factors are optimized in
every assimilation cycle of both the 9-month-long forward
run and the subsequent 9-month-long backward run using
the adjoint codes. The iterative procedure with the forward
and the back run for each cycle is continued until the cost
function value reduces to a level that is almost equivalent to
the errors in the assimilated input fields in this study. This
reduction proves that the correction of the model fields in
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the CGCM simulation is meaningful in a statistical sense,
although the repetition of the adjoint calculation may not be
sufficient to obtain an optimum solution. Further details of
the experimental design will be documented in Sugiura (in

preparation).

3. Results
3.1 Climate fields in 1997 and 1998

Here, we direct our attention to the S-I processes in the
specific years from 1997 to 1998 when several important cli-
mate events took place. Firstly, to examine the effects of the
optimization of bulk adjustment factors and initial oceanic
conditions on the representation of climate fields, we ana-
lyze the ensemble-mean fields (referred to as CTL and ADJ)
of 11 ensemble control simulations with different atmos-
pheric initial conditions, since the shorter timescale atmos-
pheric disturbances that are not directly assimilated in this
study lead to an intrinsic limit in the effectiveness of mon-
soon predictability.(e.g., Palmer and Anderson, 1994). In the
CTL simulations, the values of bulk adjustment factors are
set to be uniformly 1 and those of oceanic initial conditions
are derived from the IAU method, while those in the ADJ
run are set to the optimized values from the assimilation.

The large differences observed in summertime SST
between 1997 and 1998 can be interpreted as related to the
IODM and the ENSO phenomenon (Fig. la). When com-
pared to 1997, colder water is observed over the western
equatorial pacific and the western equatorial Indian ocean
during June-July of 1998, while warmer water spreads
around the maritime continent and over the northwestern
Pacific. These SST anomalies are better defined in the ADJ
data (Fig. 1b), while the CTL case fails to simulate the warm
SST anomalies, particularly to the west of Sumatra Island
and southeast of Japan (Fig. 1c). We also perform two addi-
tional runs in which optimized values of either the initial
oceanic conditions (Experiment ADJinit) or the bulk adjust-
ment factors (Experiment ADJalpha) are used. The ensem-
ble-mean fields derived from these additional runs (Fig.
1d,e) offer less favorable comparisons with observations
(Fig. 1a) than the ADJ run (Fig. 1b), although the presence
of unrealistically cold water west of Sumatra Island is now
largely removed and the weak warm SST anomaly southeast
of Japan is enhanced in comparison to the CTL run (Fig. 1c).
These results suggest that the optimization of initial oceanic
conditions in conjunction with the bulk adjustment factors is
able to improve the modeled SST fields.

In the summers of 1997 and 1998, the difference plot
between the ADJ data and the CTL data displays large-scale
patterns rather than localized patches (Fig. 2), whereas the
control variables are optimized at each grid point. Although
the assimilation experiments are performed independently in
1997 and 1998, the spatial pattern in SST difference in 1997
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Fig. 1 Summertime SST differences between 1997 and 1998 (averages over June-July) of (a) OISST observation,
(b) ADJ data, (c) CTL data, (d) ADJ, , data and (e) ADJ

is almost the same as in 1998 (Fig. 2b,d). This suggests that
our coupled assimilation primarily improves the model cli-
matologies.

In addition to these improvements in climatological fea-
tures, the 1997/1998 IODM event is also better reproduced in
the ADJ data. For example, the observed SST anomalies relat-
ing to the IODM event in the equatorial Indian ocean rapidly
decay in early summer of 1998 (e.g., Sadi et al., 1999). The
relatively warm water west of Sumatra Island in Fig. 2d sug-
gests that the IODM event in the ADJ data is realistically
terminated in early summer of 1998, while that in the CTL
data persists for an excessively long time. The dominant spa-
tial pattern of differences in precipitation (Fig. 2c) is similar
to that typically observed during a negative IODM year.

Our optimization improves both the climatological sea-
sonal cycle and the interannual variation of the Asian mon-
soon dominating in seasonal variations. For example, the
heavy-rainfall areas over the Indochina Peninsula in the ADJ
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o data, respectively.

data rapidly migrate northward in mid-May in agreement
with observations, while south northward migration in the
CTL case takes place in June. Mochizuki et al. (2007a)
reported a similar improvement on the timing of the climato-
logical monsoon onset by a coupled assimilation. Note that
the precipitation data are not directly assimilated in our
experiments.

These improvements are realized by optimization of both
the bulk adjustment factors and the oceanic initial condi-
tions. The optimized «;, values in 1997 display similar spa-
tial variations to those in 1998 (not shown). This again sug-
gests that our assimilation primarily improves the model cli-
matologies.

The optimized oceanic initial condition is also a major
contributor to the better definition of S-I climate variations
using the CGCM. Large changes in initial water temperature
are evident around the thermocline of the equatorial Indian
ocean, particularly in 1997 (Fig. 3). In the ADJ data, well
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Fig. 2 Summertime differences between ADJ data and CTL data (averages over June-July) of 1997 (left) and 1998 (right).

Lower panels denote SST values (shade) and upper panels denote precipitation rate (shade) and 850hPa geopotential

height values (contour), respectively.
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Fig. 3 Longitude-depth section of initial water-temperature differences between the optimized values derived by our assim-
ilation (ADJ case) and the IAU-derived values (CTL case), for (a) along the equator and (b) along 10°S. Left and
right panels denote these values for 1997 and 1998, respectively.

initialized water-temperature anomalies propagate as tropical
waves over the topical Indian ocean and make the thermal
conditions in the upper ocean more realistic throughout the
assimilated period. In fact, along 10°S in 1997, in the ADJ
data, the initial warmer water in the central Indian ocean is
transported towards the west through an oceanic Rossby
wave action and consequently the upper ocean temperature
in the western equatorial Indian ocean attains an above-nor-
mal values in autumn when these waves reach the east coast
of Africa (not shown). Such westward propagation of warm
water along 10°S is a key process in the development of the
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1997/1998 IODM event (e.g., Xie et al., 2002).

3.2 El Nifio reanalysis and predictability

Using one member of the ADJ run, we assess the El Nifio
phenomenon which is one of the most dramatic climate
events in the Pacific ocean. Figure 4 shows the time series of
SST values averaged in Nifio 3.4 region (5°N-5°S,
170°W-120°E) in which the ADJ data are quite similar to
the observed data. The root mean square difference of the
SST values between the ADJ run and the observations is
approximately 0.53K during the period of 1996—1998, while
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the difference for the CTL case is 0.86K. Figure 5 shows the
longitude-time section of absolute SST values averaged in a

NINO3.4 as(G):fg(R):Rey(B) ym5kco
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. zonal band between 2°N and 2°S. Note that accurate esti-
mates of absolute SST values are quite important in identify-
3t ing and predicting realistic air-sea interactions (e.g., Gadgil
et al., 1984). The time evolution of SST in the ADJ data well
reflects the observed features about the 1997/1998 El Nifio
(Picaut et al., 2002). For example, the El Nifio onset is trig-
gered by strong westerly bursts in the spring of 1997 and the
peak value of SST in the central equatorial Pacific reaches
about 30°C in October of 1997 (Fig. 5). In the CTL data
(first guess field), such a familiar gross feature is not well
presented (Fig. 5a). In addition, the time series of the equato-
rial zonal wind stresses averaged between 2°N and 2°S in the

ADJ data (Fig. 6) exhibit the occurrence of a couple of west-
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erly bursts observed in the spring of 1997 that initiated the
1997/1998 El Nifo. The wind stress distribution in the
mature phase of the El Nifio is also corrected in the ADJ
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Fig. 4 Time change of Nifio 3.4 SST from 1996 to 1998 for the first

guess (red curve ; CTL data), the analysis (green curve ; ADJ
data), and Reynolds product (blue curve). The unit is in °C.

data when compared with observations. The successful
reproduction of wind stress fields leads to a better time tra-
jectory of the main thermocline (thus, upper ocean heat stor-
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Fig. 5 Longitude-time section of SST along the equator averaged in 2°S—2°N from 1996 to 1998 : (a) first guess field
(CTL data), (b) analysis field (ADJ data), and (c) Reynolds product. The unit is in °C.
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age and sea surface height) (Hirst, 1986). Further, associated
with the improved ENSO process, the Pacific-North
America teleconnection pattern is better represented in the
ADJ data than in the CTL data (not shown).

The good representation of Nifio 3.4 SST and wind stress
fields in the ADJ data implies the enhancement of El Nifio
predictability, since previous studies have shown the effec-
tiveness of the appropriate initialization for the upper ocean
on the ENSO prediction (e.g., Ji and Leetma, 1997; Alves et
al., 2004). Note that the SST nudging method often used for
initialization of forecasts inevitably contaminates the fore-
cast field leading to less predictability than sophisticated
assimilation methods such as the 4D-VAR technique.
Considering these facts, we have attempted the 1997/98
El Nifio forecast experiments using the 4D-VAR coupled
data assimilation system. Figure 7 shows the forecast result
in terms of the time series of the Nifio 3.4 SST. This result
demonstrates the success of about one-year-lead prediction
of the El Nifio evolution process. This is an appropriate
benchmark for the advantage of our 4D-VAR coupled data
assimilation approach in initializing the El Nifio prediction
and thereby demonstrates greater forecast potential of our

system than earlier results.

4. Concluding remark

By developing the 4D-VAR coupled data assimilation
system for the first time, we have obtained dynamically self-
consistent reanalysis dataset suited to applications in climate
variation. The dataset shows consistency with previous
knowledge of seasonal to inter-annual climate changes.
Analysis and prediction using the reanalysis dataset confirm
that our 4D-VAR coupled data assimilation system has more
ability than earlier systems and, further, create new informa-
tion for the understanding of climate change mechanisms.
These results underline its usefulness in formulating accurate

forecasts.

Acknowledgments:

This work has been funded by the Japanese Ministry of
Education, Culture, Sports, Science and Technology
(MEXT) as category 7 of the RR2002 Project. We would
like to thank the TOPEX/POSEIDON and WOA research
communities for allowing us to their valuable data. We also
thank the NCEP for kindly offering many of atmospheric
data. Our thanks are extended to all the members of this
project for their excellent discussion and assistance. This
work also depends on the support of the Earth Simulator
Center. The numerical calculation was carried out on the
Earth Simulator.

References
Alves, O., M. A. Balmaseda, D. L. T. Anderson, and T.

296

lead time (months)

NINO 3.4 SST anomaly correlation coefficient for prediction
experiments. Solid line: extended integration from optimized
oceanic initial condition given by ADJ data, dotted line: predic-
tion from oceanic initial condition by IAU, dashed line: persist-
ence. The statistics is from 6 cases of ensemble runs starting
from October and April of 1996 to 1998 (each with 11 different
atmospheric initial conditions).

Stockdale, Sensitivity of dynamical seasonal forecasts
to ocean initial conditions, Quart. J. Roy. Meteor. Soc.,
130, 647-667, 2004.

Annamalai, H., and R. Murtugudde, Role of the Indian
ocean in regional climate variability, Earth's Climate:
The Ocean-Atmosphere Interaction, Monogr., 147,
Amer. Geophys. Union, 213-246, 2004.

Bloom, S. C., L. Taakacs, A. M. da Silva, and D. Ledvina,
Data assimilation using Incremental Analysis Updates,
Mon. Wea. Rev., 124, 1256-1271, 1996.

Gadgil, S., P. V. Joseph, and N. V. Joshi, Ocean-atmosphere
coupling over monsoon regions, Nature, 312, 141-143,
1984.

Giering, R., and T. Kaminski, Recipes for adjoint code con-
struction, ACM Transactions on Mathematical
Software, 24, 437-474, 1998.

Giering, R., and T. Kaminski, Applying TAF to generate
efficient derivative code of Fortran 77-95 programs,
Proceedings in Applied Mathematics and Mechanics,
2(1), 54-57, 2003.

Hirst, A. C., Unstable and damped equatorial modes in sim-
ple coupled ocean-atmosphere models, J. Atmos. Sci.,
43, 606-632, 1986.

Ji, M., and A. Leetma, Impact of data assimilation on ocean
initialization and EI Nifio prediction, Mon. Wea. Rev.,
125, 742-753, 1997.

Komori, N., K. Takahashi, K. Komine, T. Motoi, X. Zhang,
and G. Sagawa, Description of sea-ice component of
Coupled Ocean—Sea—ICE Model for the Earth
Simulator (OIFES), J. Earth Simulator, 4, 31-45, 2005.

Mochizuki, T., H. Igarashi, N. Sugiura, S. Masuda, N. Ishida,



Chapter 4 Research Revolution 2002: Research Project for Sustainable Coexistence of Human, Nature, and the Earth

and T. Awaji, Improved coupled GCM climatologies for
summer monsoon onset studies over southeast Asia,
Geophys. Res. Lett., 34, LO1706, doi10.1029/2006GL
027861, 2007a.

Mochizuki, T., T. Miyama, and T. Awaji, A simple diagnos-
tic calculation of marine stratocumulus cloud cover for
use in general circulation models, J. Geophys. Res.,
112, D06113, doi10.1029/2006JD007223, 2007b.

Nakajima, T., M. Tsukamoto, Y. Tsushima, A. Numaguchi,
and T. Kimura, Modeling of the radiative process in an
atmospheric general circulation model, Appl. Opt., 39,
4869—-4878, 2000.

Noh, Y., Sensitivity to wave breaking and the Prandtle number
in the ocean mixed layer model and its dependence on lat-
itude, Geophys. Res. Lett., 31, 123305, doi:10.1029/2004
GL021289, 2004.

Ohfuchi, W., H. Nakamura, M. K. Yoshioka, T. Enomoto, T.
Takaya, X. Peng, S. Yamane, T. Nishimura, Y.
Kurihara, and K. Ninomiya, 10-km mesh meso-scale
resolving simulations of the global atmosphere on the
Earth Simulator: Preliminary outcomes of AFES
(AGCM for the Earth Simulator), J. Earth Simulator, 1,

297

8-34, 2004.

Palmer, T. N., and D. L. T. Anderson, The prospects for
seasonal forecasting - A review paper, Quart. J. Roy.
Meteor. Soc., 120, 755-793, 1994.

Picaut, J., E. Hackert, A. J. Busalacchi, R. Murtugundde, and
G. S. E. Lagerloef, Mechanism of the 1997-1998 El
Nifo-La Nifia, as infered from space-based observations,
J. Geophys. Res., 107 (C5), doi:10.1029/2001JC000850,
2002.

Saji, N. H., B. N. Goswami, P. N. Vinayachandran, and T.
Yamagata, A dipole mode in the tropical Indian ocean,
Nature, 401, 360-363, 1999.

Sperber, K. R., and T. N. Palmer, Interannual tropical rain-
fall variability in general circulation model simulations
associated with the atmospheric model intercomparison
project, J. Climate, 9, 2727-2750, 1996.

Wang, B., [.-S. Kang, and J.-Y. Lee, Ensemble simulations
of Asian-Australian monsoon variability by 11
AGCMs, J. Climate, 17, 803-818, 2004.

Xie, S.-P., H. Annamalai, F. A. Schott, and J. P. McCreary,
Structure and mechanisms of south Indian ocean cli-
mate variability, J. Climate, 15, 864—-878, 2002.



Annual Report of the Earth Simulator Center April 2006 - March 2007

ZIVEEGWMRICT — % [AAL Y A7 2 DWFZER 56 &
PIIEAL - FEERT 7 — 7 DR R

PARZER AN LIt

o EEEZE B FE MR WERBRSE 7 v v 74 TR v 8 —

HH

Wk Wz, il 2HE, 2H Sl HEH RSP, 3£ &, AT EEAE
Al B2, N Y, B4R, B B\BAY, A EBIET

w1 EEATZERH ZERERE  WERBRSE 70 v 7 4 THi%ER v 8 —

*2 FUEBRAE R b BAE W SE B} 3t 2Ry B 22 =

*3 M ERRRE AR G HE R

*4 R EEUTZERHFEARRE WERT I 2L - by —

T - B8 - HERIE | BT CRITE L 22U R TCE SR AT — ALY A 5 2 2 8H LC7 ¥4 ¥ 7 v &5l B3 R OF
SH SRR EBR E AT W ORGREM EARH ST A =5 Th HK - 2 - BEHELZBONV 7 B E &#EbT 5 2L 12X - T,
B ~RRAEE BB O BHMEZESNICN ESE L5 LKLz, BRI, 7YV TEV A=A vV FEF A K=
T— FBIG, 50TV = — = a RO MBI 2 W8I FLld 2 BT 7 — & &y M ERER LT, 2R 2 W mi i
3252 Licdh, 1997-19984E 12584 L 22 Ede Ko TV = — = 3 ORI BFRO VELATFHISHD TRIY Lz,

F—TU—FIG T — 2 AL, REHEE, i - RELS), 2V =—= a3 Tl

298



