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1. What is Coupled Data 

Assimilation (CDA)?



What is the coupled data assimilation (CDA) system?

✓ CDA may reduce initial shocks due to imbalance

between the atmosphere and ocean in weather and

climate predictions with a coupled model.
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➢ A system which estimates atmospheric and oceanic states 

simultaneously using a coupled model and atmosphere and 

ocean observations through data assimilation techniques.

➢ Weakly coupled DA (e.g., NCEP-CFSR)

• Information of observations does not propagate across the sea

surface in an analysis step.

• Uncoupled atmosphere and ocean DA systems are typically

used with only small changes.

➢ Strongly coupled DA⇒ full-coupled EnKF, full-coupled 4DVAR

➢ Quasi-strongly coupled DA (e.g., outer-loop coupling)

• Although atmosphere and ocean analyses are performed

separately, information of atmosphere and ocean observations

can affects the assimilated fields across the sea surface.
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➢ This negative feedback has a role of adjusting precipitation, that is, it avoids the continuous

rainfall over high SST regions. We expect that the feedback is better reproduced in CDA.

◆CDA may be able to generate more consistent atmosphere and ocean analyses with
each other. ⇒e.g., Negative feedback between SST and precipitation (Convection)

Other advantages of Coupled Data Assimilation (CDA)

◆ Information of observation data associated with the atmosphere-ocean interface may
be able to be assimilted more effectively.

⇒ e.g., Satellite Brightness Temperature (SST), Scatterometer (Surface Winds and Currents),
Sea Ice Observations



2. Introduction of the CDA 

system in JMA/MRI



MRI-CDA1, Coupled DA System in JMA/MRI 
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✓ Based on the operational atmosphere and ocean DA
systems and the operational coupled model for the
seasonal forecasting,

✓ The coupled model is used as the outer model for
atmospheric 4DVAR, but the outer loop is not iterated.
(The background state required for integration of the
adjoint model is generated by the coupled model.)

✓ The oceanic analysis increments are applied through
Incremental Analysis Updates (IAU).

✓ The atmosphere component in the coupled model is
updated from the model in the NWP system and JRA-55
in order to improve the model climatology.

✓ The system uses different intervals for data assimilation
cycles of the atmosphere (6 hours) and ocean (10 days.)



System Flow of MRI-CDA1

◆ Ocean 3DVAR results are 

inserted into the coupled model 

by IAU with 10-day interval.

◆ But the model integrations in the 

IAU scheme are substituted by 

alternate integrations of the 

coupled model and atmospheric 

4DVAR.

◆ Atmospheric 4DVAR results are 

used as the initial of the coupled 

model every 6 hours. And the 

coupled model passes SST and 

background state data to the 

4DVAR system every 6 hours.

◆ Atmospheric 4DVARs are performed twice 

before and after the ocean analysis between 

Day-0 and Day-5. This allows atmospheric 

fields to adjust to the assimilated oceanic fields.

◆ Thus, this system can be considered as a quasi-strongly coupled 

data assimilation system.



Reanalysis Experiments  

 Reanalysis experiments are performed for the period from 28 

October 2013 to 31 December 2015.

◆ CDA: Reanalysis run of the coupled data assimilation system, 

MRI-CDA1

◆ UCPL: All delivery of oceanic data (SST, sea ice, surface 

current) to the atmospheric model is stopped.

 Reference data

✓ JRA-55: JMA’s Atmospheric Reanalysis Data by 4DVAR. The 

atmospheric model is different from those in MRI-CDA1.

✓ GPCP (Objective Daily Precipitation Map)

✓ COBE-SST (Objective SST Map for climate analyses in JMA)
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3. Improvements in the coupled 

reanalysis over JRA-55



✓ Excess precipitation in the tropics in JRA-55 is
suppressed in CDA.

✓ This improvement also appears in UCPL. Therefore,
this improvement is mainly caused by the difference
of the atmospheric model between CDA/UCPL and
JRA-55.

Comparison of Mean Precipitation (2014-2015)

JRA-55

GPCP (Observation)

CDA UCPL



✓ The amplitude of the precipitation bias is
reduced in the tropical regions owing to the
reduction of the excess rainfall.

✓ The RMSE is decreased and the correlation is
increased in large part of the global area.

✓ Improvements of the model for a good climate
balance also improve the precipitation fields.

CDA improves PRC statistical scores over JRA-55 

Correlation Difference (CDA – JRA-55)

RMSE Difference (CDA – JRA-55)

Absolute Bias Difference (CDA – JRA-55)

Reference: 

Daily GPCP data

mean: -0.235

mean: -0.525

mean: +0.0221



4. Difference between the 

coupled and uncoupled 

reanalyses



✓ Negative anomalies south of the Atlantic, and eastern Pacific ITCZ, and over SPCZ
and SICZ reduced the bias there.

✓ Positive anomaly in the central equatorial Pacific and the North Indian Ocean
increased the bias, there.

✓ Negative in the North Pacific, and around the Gulf Stream reduced the bias.

Climatological PRC difference (2014-2015) 

Abs. bias Difference (CDA – UCPL)PRC Climatology Difference (CDA – UCPL) mean: -0.0040



✓ The absolute bias of SAT in CDA is reduced compared with UCPL, especially in the
central and eastern tropical Pacific.

✓ ACC is generally increased in CDA, especially in the western and central tropical Pacific.

✓ Thus, the mean state and the variability of SAT are generally improved in CDA over
UCPL.

Comparison of SAT Absolute Bias and ACC (Reference: TAO/TRITON)



✓ Most of SAT difference [Fig. (b)] can be explained by the difference between
reconstructed SST in CDA and prescribed SST in UCPL [Fig. (a)].

✓ Difference of SST between CDA and the ocean part of UCPL [Fig. (c)] is much smaller.

✓ This result indicates that the capacity of the ocean data assimilation part to reproduce
SST fields directly affects the reproducibility of climatological SAT fields

Climatological SAT Difference



5. SST-SAT Relationship associated 

with the tropical instability waves 

(TIWs)



Enhancement of SST-SAT relationship in CDA (10-60-day time scale)

✓ SST-SAT relationship is generally enhanced in CDA in the 

comparison with UCPL.

✓ The relationship is enhanced by the adjustment of SAT in the 

central and eastern tropical Pacific (the TIW regions).

✓ Figure (c) also shows that SST-SAT relationship is enhanced in 

CDA although it is still weaker than those for FREE and TAO.

(a) SST-SAT Reg. Diff. (CDA-UCPL) (b) Increase by SAT adjustment in CDA 

(c) Subseasonal SST-SAT correlaions

(1-6N, 90-170W) 



Regression of SST, SAT, and surface winds on SST at 2N ad 125W

✓ The regression maps of SST and SAT properly reflect the zonal scale of TIWs in CDA. Winds 

blowing into the peak of SST are also reproduced.  

✓ In contrast, the positive regression area of SST and SAT is extended zonally in UCPL, which means 

that SST and SAT variations related to TIWs are not properly reproduced. And northerly winds are 

dominated at the north of 3N.



Hovmöller diagram of SST and SAT between 1-6N

✓ Figure (a) shows SST variations associated with TIWs in CDA, and Figure (c) shows the adjustment 

of SAT to the SST variation  

✓ SST variations associated with TIWs are not clearly represented in the prescribed SST in UCPL. 

Thus, the propagation of SAT variations is hardly seen in UCPL. 



6. Validation for SST-PRC 

relationship on the subseasonal time 

scale in the western tropical Pacific



Maps of PRC Lagged Regression on SST (Time scale: 10-60 days)
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✓ It should be noted that the regression of PRC on SST is negative in the tropical area.

✓ The positive regression with 7-day lag and the negative one with 5-day lead are amplified in CDA. 



Negative Feedback between SST and Precipitation
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This negative feedback causes negative regression of PRC with 5-day lead, and positive regression

of PRC with 7-day lag on SST



Comparison of SST-PRC Lagged correlation in the western Equatorial Pacific

✓ Time series of SST and precipitation averaged in 10ºS-

10ºN, 130-150ºE are used.

✓ The time series are bandpass-filtered for 20 to 100 days 

OBS
JRA55
CDA
UCPL

✓ CDA well reproduces the amplitude of the SST-PRC lagged correlation although the lag of PRC 

behind SST, which is well reproduced in UCPL-Exp, is slightly shortened in CDA. 

✓ The SST-PRC relation is also improved in the NCEP coupled reanalysis, CFSR (Saha et al., 2010). 

From Saha et al. (2010)

OBS
CFSR
NCEP-R1
NCEP-R2



What causes the change of the lagged correlation in CDA?

✓ However, the PRC correlation in CDA with GPCP almost coincides with the correlations in UCPL 

and JRA-55, which means PRC variations are very similar among them. 

✓ Therefore, if we examine correlation of PRC in CDA and UCPL with independent SST, the 

difference between CDA and UCPL disappears.

✓ The same result based on NCEP reanalyses was reported by Kumar et al. (2013).

✓ Because the constraint of the atmospheric fields by data assimilation is too strong, the precipitation 

field cannot be adjusted to the SST field.

✓ The SST field is adjusted to the atmospheric fields instead.
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vsCDA
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GPCP
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Obs-SST - model-PRC relation Obs-SST-model-SST relation Obs-PRC - model-PRC relation



Lagged correlations between SST and heat flux components 

✓ The short wave flux is dominant in the net heat flux. Latent heat flux plays a marginal role. 

✓ PRC variation is in phase with the net heat flux variation. Thus, SST-PRC lagged correlation reflects 

the correlation between SST and the net heat flux.

✓ But … Why does SST start to decrease before the net heat flux changes the sign from negative to 

positive?

CDA Run Free Run

Positive: Upward



Ocean vertical mixing Effect on the SST Variation (10ºS-10ºN, 130-150ºE)

✓ Lags of ocean interior temperature behind SST indicates downward heat transfer in the mixed layer.

✓ This transfer significantly affects the SST variation.

✓ Since heat transfer across 50 m depth is not significant, variation of VAT50 can be explained by the 

surface heat flux alone.

Lagged correlation

SST-PRC vs VAT50-PRC

Lagged Correlation between SST and 

ocean interior temperature (CDA)

VAT50: 0-50m averaged Temp.

SST-PRC

VAT50-PRC



Comparison of downward heat transfer at eq.-147ºE between CDA and Obs. 

Lagged Correlation between SST and ocean interior temperature 

TRITON Buoy CDA-Run

✓ The downward heat transfer in the mixed layer in CDA is faster than that observed by the buoys. 

✓ This discrepancy causes smaller deviation of the timing that the net heat flux changes the sign from 

the peaks of temperature in CDA in comparison with observation data.



7. Reconstruction of SST-PRC and 

SST-SAT relationship on the weather 

time scale 



Maps of PRC Lagged Regression on SST (Time scale: 1-10 days)
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✓ CDA and FREE reproduce SST-PRC relationship with negative feedback in this short time scale.

✓ UCPL shows no significant relationship between SST and PRC.

FREE Run



Maps of SAT Lagged Regression on SST (Time scale: 1-10 days)
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✓ CDA and FREE shows a positive correlation with no lag, and a negative correlation with 2-day lag. 

These relation is not significantly reproduced in UCPL.

FREE Run



ACC of PRC, SAT, and SST with TAO/TRITON on 1-10 days time scale

✓ Coupled data assimilation (CDA) well 

improves SST variation on the weather time 

scale over the prescribed SST in UCPL.

✓ PRC and SAT variations are also improved 

in many positions probably due to the 

improvement of SST variations.

SST PRC

SAT



8. Summary and Future 

Development



Evaluation of MRI-CDA1

◆The excess rainfalls found in JRA-55 is suppressed in CDA.

◆CDA generally improves precipitation climatology over UCPL.

◆CDA represents variation of SST associated with TIWs and adjustment of SAT 

and surface winds to the SST variations better than UCPL. 

◆CDA improves SST-PRC relationship on the subseasonal time scale.

◆Too fast downward heat transfer in the ocean mixed layer degraded the SST-

PRC relationship in CDA.

◆CDA can reproduces SST variations on the weather time scale and adjustment of 

precipitation and SAT fields to the SST variations. 

These results are included in the following papers:

Fujii et al. 2021, QJRMS, DOI:10.1002/qj.3973

Kobayashi et al., 2021, ClimDyn, DOI:10.1007/s00382-020-05592-w 



Future Development

◆ Incorporation of the ocean 4DVAR scheme

JMA plans to adopt the Ocean 4DVAR system for the seasonal forecasting in this 

year. The 4DVAR system will be also incorporated into the coupled DA system. 

◆ Incorporation of a skin SST scheme into the atmospheric 4DVAR, and assimilating 

high-frequency SST data in 6-hour interval along with atmospheric data.

◆Direct assimilation of the brightness temperature reflecting SST in which 

atmospheric influence on the brightness temperature is considered.

SST Bias (4DVAR) SST Bias (3DVAR)

In the new ocean DA system, 
the 4DVAR scheme effectively 
reduces the SST bias.



◆Decade project that OceanPredict OS-Eval TT plans 

to submit to the UN  Decade of Ocean Science.

◆Mainly, it  seeks the way to extract the maximum 

benefit from the combination among various 

observation platforms, typically between satellite and 

in situ observations, in ocean and coupled predictions.

➢ Evaluation and design that make the ocean 

observing networks more synergistic

➢ Development of DA methods for the synergy

◆ Evaluation and development for the earth system 

predictions, including coupled DA systems, is a major 

target and JMA will contribute to SynObs through the 

development.  

Synergistic Observing Networks for Impactful 

and Relevant Ocean Predictions (SynObs)



Thank you!



✓ JRA-55 surface analysis makes SAT warmer than the original JRA-55 in most areas
to fit it to the observations, which means JRA-55 itself has a cold SAT bias.

✓ This bias is reduced in CDA and UCPL by the mitigation of the excess rainfall found in
JRA-55 in the tropical rain areas.

✓ However, the bias is increased in other areas in CDA. Mitigation of the excess
evaporation (latent heat flux from the ocean) induces this change.

SAT comparison between CDA and JRA-55



✓ CDA reduces the absolute bias of SAT in the tropical rain areas but increases it at
other areas.

✓ ACC is generally increased in CDA (and UCPL) in comparison with JRA-55.

Comparison of SAT Absolute Bias and ACC (Reference: TAO/TRITON)


