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Abstract

To evaluate the atmosphere—ocean coupled data assimilation system developed at the Meteorological Research Institute,
the lead-lag relation between the intraseasonal variations (with a time scale of 20-100 days) in precipitation and sea sur-
face temperature (SST) is examined in the tropics. It is shown that the relationship over the tropical western Pacific in the
coupled reanalysis experiment (CDA) follows the observed relationship more closely than that in the uncoupled reanalysis
experiment (UCPL). However, the lead-lag correlations with the observed SST are almost identical between precipitations
in CDA and UCPL, indicating that the atmospheric component is strongly constrained by atmospheric observations and
hardly affected by the SSTs as boundary conditions. Better representation of the SST—precipitation relationship in CDA is,
thus, mostly due to the SST variation modified by the model physics. Comparison with additional reanalysis experiments
using coupled and uncoupled systems that assimilate only in-situ observations without satellite observations suggests that
the coupled model’s physics complements the relatively weak observation constraints and reduces the degradation of the
SST-precipitation relationship. Additional analysis for CDA suggests that the warming-to-cooling (cooling-to-warming)
transition of the surface net flux, which is in phase with precipitation, is delayed from the positive (negative) peak of SST
due to downward heat propagation in the ocean. Comparison of the oceanic near-surface temperature field with observation
data indicates that the downward propagation of heat signals is too fast in CDA, resulting in smaller lags of transitions of
the net heat flux and precipitation behind SST peaks.

Keywords Atmosphere—ocean interaction - Intraseasonal variation - SST—precipitation relationship - Coupled data
assimilation - Coupled climate model

1 Introduction

The initial fields of a global coupled atmosphere—ocean
model are often obtained by combining the atmospheric and
oceanic parts, which are analyzed separately (e.g. Balmaseda
and Anderson 2009; MacLachlan et al. 2015; Hudson et al.
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2-020-05592-w. when making predictions using such a model, it is inferred
that these combined initial fields have inconsistencies near
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atmosphere—ocean assimilation system is considered prom-
ising for producing such balanced initial fields (Mulholland
et al. 2015).

Although precipitation in reanalysis products is not a
direct assimilation result, but an output from the initial part
of the model forecast in the data assimilation cycle, it is a
variable that represents the comprehensive performance of
the assimilation system. As an indicator of the accuracy of
the atmospheric reanalysis system, the relationship between
SST and precipitation (“SST-P relationship”, hereafter),
which is the result of atmosphere—ocean interaction, has
been investigated. For example, Arakawa and Kitoh (2004)
showed that local precipitation fluctuation lags two pentads
behind SST over large areas of the tropical oceans in their
observation. However, the National Centers for Atmospheric
Prediction (NCEP) and the National Center for Atmospheric
Research (NCAR) reanalysis dataset (“NCEP1”; Kalnay
et al. 1996) could not capture the observed SST-P relation-
ship. Arakawa and Kitoh (2004) speculate that the relation-
ship is caused by the specification of the observed SST as
the lower boundary condition in the numerical model of the
data assimilation system, and insufficiency of observation
data assimilated in the system, that is, atmospheric reanaly-
sis prescribed by the observed SST does not simulate actual
precipitation behavior due to various problems in the model
and data assimilation system. Fujii et al. (2009) reported
that the observed SST-P relationship is represented in the
semi-coupled assimilation system, which assimilates only
ocean observation data to the coupled atmosphere—ocean
model, although the atmospheric model simulation forced
with observed SST (so-called AMIP run) could not repro-
duce the observed relationship.

In addition, Saha et al. (2010) compared the relationship
between simulated SST and precipitation in the equatorial
western Pacific among reanalysis datasets and indicated
that the Climate Forecast System Reanalysis (CFSR) rep-
resents the observed SST-P relationship better than either
the NCEP1 or the NCEP2 (NCEP Department of Energy
(DOE) AMIP-II Reanalysis, Kanamitsu et al. 2002). Saha
et al. (2010) argued that this result was obtained because
the CFSR is generated by a coupled atmosphere—ocean data
assimilation system. However, a later study by Kumar et al.
(2013) showed that the ERA-Interim (Dee et al. 2011) and
MERRA (Rienecker et al. 2011), which are generated by
uncoupled atmospheric data assimilation systems, well rep-
resent the observed SST-P relationship. Kumar et al. (2013)
also pointed out that the improvement in SST-P relationship
in CFSR shown in Saha et al. (2010) cannot be confirmed
when a single SST dataset is used in computation of the
relationship instead of SST used in each reanalysis.

Feng et al. (2018) evaluated the coupling effect in repre-
sentation of SST-P intraseasonal relationships through com-
parison between the European Centre for Medium-Range
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Weather Forecasts (ECMWF) coupled climate reanalysis
(CERA-20C) and the ECMWF atmosphere-only climate rea-
nalysis (ERA-20C). In these reanalyses, only surface mete-
orological observations are assimilated in the atmospheric
component. Feng et al. (2018) showed a better representation
of the SST-P relationship in CERA-20C than in ERA-20C,
and argued that the improvement is not due to coupling and
instead is due to CERA-20C including short timescale SST
variability not present in ERA-20C which uses a monthly
product.

In this study, we evaluate a short-term reanalysis experi-
ment produced by the coupled atmosphere—ocean data
assimilation system (Fujii et al. 2019, 2021), developed by
the Meteorological Research Institute (MRI). This system is
based on Japan Meteorological Agency (JMA)’s operational
atmospheric data assimilation system and JMA’s opera-
tional global ocean data assimilation system. We focus on
the SST-P relationship of intraseasonal variation through
comparison with the Japanese 55-year Reanalysis (JRA-55;
Kobayashi et al. 2015) and non-coupled data assimilation
experiment. The atmospheric component uses all available
observations for assimilation, including upper-air observa-
tions and satellite observations, which are the same obser-
vation sets as JRA-55. The uncoupled data assimilation
experiment is carefully designed for comparison with the
coupled experiment, so that the two experiments differ only
in the lower boundary of the atmosphere. The lower bound-
ary of the atmosphere is either the active ocean component,
or the prescribed SST analysis, which is the same as the
one assimilated into the ocean component in the coupled
experiment. We also evaluate the difference between cou-
pled and non-coupled data assimilation experiments without
satellite observations in order to examine the sensitivity to
the strength of the atmospheric constraint by data assimila-
tion. Then, the process determining the SST’s intraseasonal
variation in the coupled experiment is examined through the
analysis of the sea surface heat flux.

2 Data and methods

We performed a 2-year reanalysis experiment using the cou-
pled atmosphere—ocean data assimilation system version 1
(MRI-CDAL, Fujii et al. 2019, 2021). In this coupled data
assimilation system, the assimilation procedure (see Fig. 1)
consists of two phases. The first phase is named “the only-
atmosphere assimilation coupled ocean—atmosphere gen-
eral circulation model (CGCM) run” (indicated by a green
arrow in Fig. 1). The second phase is “the atmosphere—ocean
assimilation CGCM run” (indicated by the red arrow in
Fig. 1). In the first phase, while the coupled model is inte-
grated for 5 days from ‘day 0’, the state of the atmospheric
component is replaced by the atmospheric four-dimensional
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Fig.1 Schematic diagram illustrating the assimilation procedure in
the MRI-CDA

variational (4DVAR) data assimilation result every 6 h, and
the oceanic component freely evolves without assimilation.
The final state of the ocean is used as the first guess of the
oceanic three-dimensional variational (3DVAR) analysis, in
which observation data between ‘day 0’ and ‘day 10’ are
utilized. In the second phase, the coupled model is again
integrated for 10 days from the same ‘day 0’ in the same
manner as the first phase (i.e., with six-hourly atmospheric
data assimilation), except the increments generated by the
oceanic 3DVAR analysis are added to the ocean component
through incremental analysis updates (IAU; Bloom et al.
1996). The oceanic and atmospheric outputs of the second
phase are the final products of the data assimilation system.
Note that the assimilation intervals of the atmospheric and
oceanic components are different (6 h and 10 days, respec-
tively). Following the definition described in Penny et al.
(2017), this system is classified as an atmosphere—ocean
“quasi-strongly” coupled data assimilation system, since
atmosphere and ocean analyses covering the same valid time
influence each other, although they are conducted separately
with uncoupled analysis procedures.

This MRI-CDA1 system consists of three major compo-
nents. The atmosphere analysis system is a global atmos-
pheric four-dimensional data assimilation system used in
the JMA’s operational numerical weather prediction (JMA
2013), and forms the first component. Its inner model based
on Global Spectral Model applies TL159 horizontal resolu-
tion (approximately 110 km) with 100 vertical levels (model

top is 0.01 hPa). The observation data assimilated in the
atmosphere 4DVAR system are land and marine surface
data, upper air data (observed by radiosondes, pilot bal-
loons, and wind profilers), tropical cyclone wind retrievals,
and various satellite data which are the same observation
sets as the JRA-55 reanalysis system. The second compo-
nent is the ocean analysis system, which is the global ocean
three-dimensional operational data assimilation system
(MOVE/MRI.COM-G2; Toyoda et al. 2013). The system
adopts vertical empirical orthogonal function modes cal-
culated from historical temperature and analysis observa-
tion profiles in order to represent vertical correlations of the
background errors. In-situ temperature and salinity profiles,
satellite sea surface height data, and an observation-based
SST dataset (COBE-SST; Ishii et al. 2005) are utilized by
the ocean analysis system. The coupled ocean—atmosphere
general circulation model JMA/MRI-CGCM2) forms the
third component. Its atmosphere part of the coupled model
applies TL159 horizontal resolution with 60 vertical levels.
Although it originated from the same version of the Global
Spectral Model as JRA-55’s outer model, it was modified in
the several parts for CGCM to improve model climatology
(Takaya et al. 2018), and these modifications can contribute
the difference between the CDA and JRA-55. The ocean
part of the coupled model adopts the zonal resolution of
1° (approximately 100 km) and the meridional resolution
of 0.3°-0.5° with refinement near the equator. The oceanic
analysis increments are applied to the ocean component dur-
ing a 10-day interval in the second phase of the assimilation
procedure by IAU, as explained above. It should be noted
that SST observations are assimilated in the same manner
as observations of interior ocean temperature and SST in
the oceanic component of the coupled model is not directly
nudged to the observed SST, which allows relatively free
evolution of SST by the model. The MOVE/MRI.COM-
G2 and IMA/MRI-CGCM2 are parts of JMA’s operational
seasonal prediction system (JMA/MRI-CPS2; Takaya et al.
2018).

Using the MRI-CDA1, we performed a coupled rea-
nalysis experiment (CDA) for the period from November
2013 to October 2015. In order to investigate the effects
of the atmosphere—ocean interaction, we also conducted
a uncoupled reanalysis experiment (UCPL), in which the
atmospheric component is forced by COBE-SST, which
are the same SSTs used as observations in the oceanic data
assimilation, instead of those calculated by the ocean com-
ponent of the coupled model. In both experiments, all avail-
able observational data, including satellite data, are used for
atmospheric data assimilation. Additional coupled reanalysis
experiments (CDAC) and uncoupled reanalysis experiments
(UCPC) were also conducted, in which only in-situ obser-
vational data were used for atmospheric data assimilation,
without using satellite observation data during the reanalysis
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period, in order to assess the influence of the observed
data injected into the atmospheric data assimilation. This
is a similar process to JRA-55C (Kobayashi et al. 2014), a
reduced observation version of the JRA-55 reanalysis. The
data assimilation experiment settings are summarized in
Table 1. In addition, a 2-year free-run experiment (no data
assimilation experiment, referred to as “FREE” hereafter)
using JMA/MRI-CGCM2 started with the initial value at
28 October 2013 was also conducted in order to assess the
impact of not doing data assimilation.

The analysis presented in this paper uses daily average
values of precipitation and SST from these experiments. For
verification of the results from the experiment, daily aver-
aged precipitation of JRA-55 was used. Note that JRA-55
uses COBE-SST as the oceanic lower boundary condition
in data assimilation. The daily precipitation of GPCPv1.2
(Huffman et al. 2001) and the COBE-SST are also used for
comparison, as the observed precipitation and SST. For sta-
tistical analysis, both precipitation and SST were spatially
interpolated to a 2.5° grid and then, following Saha et al.
(2010), smoothed by a bandpass filter of 20-100 days, in
order to evaluate the intraseasonal time scale variation. The
temperature profiles from a TRITON buoy (e.g., Ando et al.,
2017) at the equator, 147° E, are used for verification of
CDA’s near-surface temperatures. The period for the statisti-
cal analyses shown in this study is from November 2014 to
April 2015. This is the same season that Saha et al. (2010)
analyzed, although covering only 1 year. Although the statis-
tical period is short, the main features are consistent with the
results of previous research with a longer statistical period,
as described later.

3 SST-precipitation relationship in coupled
reanalysis experiments

Figure 2 shows the lead-lag SST-P correlation between
intraseasonal variations of SST and precipitation for each
grid in the observation data and in the CDA reanalysis. In
the tropical Indian Ocean and tropical western Pacific, the
observed SST-P correlations are positive with SST leading
precipitation for 10-15 days (Fig. 2a, b). In these regions,

Table 1 Settings of data assimilation experiments

Exp. name Atmosphere—ocean Observation datasets used in
coupling the atmospheric data assimila-
tion
CDA Yes In-situ and satellites
UCPL No In-situ and satellites
CDAC Yes In-situ
UCPC No In-situ
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the correlations are negative with SST lagging precipitation
for 5-10 days (Fig. 2e, f), while the correlations with no
lag are weakly negative (Fig. 2d). The distribution and time
transition of the observed lead-lag correlation are mostly
captured in the CDA reanalysis. The same plots for UCPL
and FREE are shown in Fig. S1. UCPL and FREE do not
result in a significant difference from the observation and
CDA, as contrasted with the results of Feng et al. (2018),
in which there is large difference in SST-P correlations
between the coupled and uncoupled reanalyses. In this study,
as the SSTs used as the lower boundary condition for UCPL
are the same as those assimilated into the ocean component
of CDA (both are daily COBE-SST), the resulting SSTs in
CDA are similar to UCPL. A closer look, however, reveals
that the amplitudes of the positive and negative correlations
in the tropical Indian Ocean and tropical western Pacific
are slightly smaller in UCPL. Thus, temporal variations of
SSTs in the two reanalyses result in a difference, which will
be the focus of the following discussion. We concentrate on
assessing the tropical region where the observed relationship
is strong since the SST—P relationship in the mid-latitudes
is weak.

Figure 3 shows plots of the lead-lag correlation coeffi-
cients between SST and precipitation in the equatorial west-
ern Pacific (10° S—10° N, 130°-150° E). This region is the
same as that described by Saha et al. (2010) and is the area
that has been focused on in subsequent studies (e.g., Kumar
et al. 2013; Feng et al. 2018). “OBS” indicates the correla-
tion between GPCP precipitation and COBE-SST. The cor-
relations between SST and precipitation in the coupled and
uncoupled reanalysis experiments (CDA, UCPL) are also
shown in Fig. 3, with the correlation between precipitation
in JRA-55 and COBE-SST. Figure 3a shows the correla-
tion of each precipitation with its own SST whereas Fig. 3b
shows the correlation with a reference SST product (i.e.,
COBE-SST).

The plot from GPCP and COBE-SST indicates that pre-
cipitation shows a weak negative correlation with simultane-
ous SST. The SST-P correlation has a positive peak when
SST leads by approximately 12 days and a negative peak
when SST lags by approximately 8 days. Although these
characteristics are calculated from observations over only 6
months, they are approximately in agreement with the char-
acteristics of observations spanning a 10-year or 30-year
period shown in the previous studies (e.g., Saha et al. 2010).

Figure 3a shows that the SST-P correlation is well
simulated in the CDA reanalysis (red line), although the
CDA'’s line is shifted to the right and the negative peak
becomes slightly smaller than the observation (black
line). The CDA reproduces the observed SST-P rela-
tionship closer than JRA-55 (orange line) and the UCPL
(blue line), although the maximum correlation of CDA
occurs earlier than that the observational counterpart. In
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Fig.2 SST-P intraseasonal lead-lag correlations in observations (left
panels) and in the reanalysis by CDA (right panels). From the top, the
correlation between local precipitation and local SST leading 15 days
(a, h), SST leading 10 days (b, i), SST leading 5 days (c, j), simul-

particular, the positive and negative peaks in UCPL and
JRA-55 are smaller than those in CDA. This indicates that
incorporating the atmosphere—ocean interactions into the
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taneous SST (d, k), SST lagging 5 days (e, 1), SST lagging 10 days
(f, m), and SST lagging 15 days (g, n). Colors indicate correlation
coefficients, where a warm color indicates a positive correlation and a
cold color indicates a negative correlation

data assimilation system improves representation of the
SST-P relationship. It is also noted that the lag of the
drought-to-precipitation transition (cutting of the plot
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Fig.3 Lead-lag SST-P correlations for CDA and UCPL reanalyses
and observation over the tropical western Pacific (averaged over 10°
S-10° N, 130°-150° E). Positive numbers on the x axis indicate the
days by which the precipitation leads the SST, and negative values
indicate days by which the SST leads the precipitation. a For each of
the reanalyses, their respective SSTs are used. b For each of the rea-

across the horizontal axis) behind the SST peak in CDA
(1 day) is smaller than the lag estimated from observation
data (3 days). This discrepancy likely reflects some defects
of the system, as discussed later.

Meanwhile, Kumar et al. (2013) stated that the differ-
ence in the SST-P relationships among reanalysis datasets
stems from the difference in SST in each reanalysis, and
the relationship will be similar if the simulated precipita-
tion are assessed against the same SST product. Therefore,
the lead-lag correlations of precipitations in the reanalysis
datasets (CDA, UCPL, JRA-55), and the observed pre-
cipitation (GPCP) with COBE-SST, are shown in Fig. 3b.
Here it is noted that, in addition to the plot for GPCP,
the plots for UCPL and JRA-55 are identical with those
in Fig. 3a since the COBE-SST is the SST product that
forces the atmospheric component of the coupled model in
UCPL and the atmosphere model in JRA-55, and therefore
is used in the calculation of the SST-P lead/lag correlation
shown in Fig. 3a. The plot for CDA (red line) in Fig. 3b
indicates that the lags corresponding to the correlation
peaks are closer to the plot for observations (black line)
than in Fig. 3a. Figure 3b also shows that CDA represents
the precipitation variability relative to the observed SST
better than JRA-55 (orange line). In addition, the plot for
CDA is almost identical to the plot for UCPL (blue line). It
suggests that the difference in SST—P relationship between
the CDA and UCPL reanalyses, shown in Fig. 3a, is not
due to the difference in precipitation but due to the differ-
ence in SST. The improvement of SST-P relation in CDA
compared to JRA-55 is considered to be mainly due to
the better performance of CDA’s atmospheric component
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nalyses, COBE-SST is used. Here, the SST used for UCPL and JRA-
55 in the calculation for a is COBE-SST because it forces the atmos-
pheric component of the coupled model in UCPL and the atmosphere
model in JRA-55. Thus, the only difference between a and b is the
red line

(the model and the assimilation system) and not due to
atmosphere—ocean coupling.

The amount of precipitation in the reanalysis product is
an integrated value of the 6-h forecast values in the assimila-
tion system. It is considered that the precipitation amount
in the early stage of numerical forecasts is affected more by
the initial atmospheric field than by the SSTs as boundary
conditions. That is, the precipitation in the reanalysis by the
coupled data assimilation system is more strongly affected
by the atmospheric initial field produced by assimilating the
satellite observation data of the atmosphere, in addition to
in-situ data, than by the SST. This is considered to be the
reason the intraseasonal variation of precipitation behaves
in a similar manner in the reanalyses of CDA and UCPL,
even though the SSTs to which the atmospheric part of the
coupled model refers differ.

In order to confirm the discussion above, the lead-lag
correlations between observed SST (COBE-SST) and SSTs
in the reanalyses, and those between observed precipitation
(GPCP) and precipitations in the reanalyses are shown in
Fig. 4. As the SST in UCPL is the COBE-SST, the lead-lag
correlation between COBE-SST and the SST in UCPL (blue
line) shown in Fig. 4b coincides with the COBE-SST’s auto-
correlation (black line). It can be also seen from Fig. 4b that
there is a phase delay of about 4 days in CDA SST relative
to COBE-SST. In contrast, Fig. 4a shows that the phase of
CDA precipitation closely follows that of the observation
(GPCP), and the phase of UCPL precipitations is almost
identical to that of CDA. The maximum correlation of simu-
lated precipitation with observed one occurs at 0-day lag
in both CDA and UCPL as shown in Fig. 4a. These results
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Fig.4 a Lead-lag correlations between precipitation from different
reanalyses and GPCP-observed precipitation over the tropical western
Pacific (averaged over 10° S—10° N, 130°-150° E). Positive numbers
on the x axis indicate days by which the reanalysis precipitation leads
the GPCP precipitation, and negative values indicate days by which

indicate that the precipitation of the CDA is hardly affected
by the SST used in the atmospheric model.

In order to confirm the influence of the observation data
used in atmospheric data assimilation on the behavior of
precipitation, the reanalysis experiments using coupled and
uncoupled system, which assimilates only in-situ observa-
tions without satellite observations, are performed (CDAC
and UCPC). Figure 5 shows plots of the lead-lag correla-
tion coefficients between SST and precipitation for CDAC,
UCPC and observations. Figure 5a, in which the SSTs in
corresponding reanalyses are used, indicates that the correla-
tions for the coupled reanalysis (CDAC, red line) are closer
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the GPCP precipitation leads the reanalysis precipitation. b Lead-lag
correlations between SSTs from different reanalyses and the COBE-
SST over the tropical western Pacific. Negative lag in days on the x
axis indicates days by which the COBE-SST leads SSTs in other rea-
nalyses

to the observational counterpart than those for the uncoupled
reanalysis (UCPC, blue line), although the maximum corre-
lation of CDAC occurs earlier than that of the observational
counterpart. In addition, the relationship degrades in both
CDAC (red line) and UCPC (blue line) compared to those in
CDA and UCPL (Fig. 3a), respectively. The degree of deg-
radation in UCPC relative to UCPL is larger than the deg-
radation of CDAC relative to CDA. In Fig. 5b, in which the
COBE-SST is used for all lines, it can be seen that CDAC’s
SST-P relationship (red line) is better than that of UCPC
(blue line), which implies the possibility that CDAC has
better precipitation reproducibility than UCPC does. This

— OBS(COBEvsGPCP

=% COBEvsCDACPrec
--- COBEvsUCPCPrec
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Fig.5 Same as Fig. 3, but for reanalyses produced by the CDAC and UCPC experiments, which are the reanalyses without using satellite obser-

vations
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is in contrast to Fig. 3b, in which the CDA and UCPL lines
are almost identical.

These results suggest that when using satellite observa-
tions, constraints in the atmospheric component by data
assimilation are sufficiently strong and, therefore, precipi-
tation in CDA and UCPL are hardly affected by the SSTs.
In contrast, when satellite observations are excluded as in
CDAC and UCPC, it is considered that the atmospheric
components are less strongly constrained and allowed freely
to respond to the SSTs to some extent. The fact that CDAC’s
precipitation phase relative to observed SST is closer to
observed precipitation than UCPC suggests that the cou-
pled model’s physics can complement relatively weak obser-
vational constraints, leading to smaller degradation of the
SST-P relationship in CDAC than in UCPC.

4 Relationships among surface heat
flux, SST, and oceanic near-surface
temperatures

In this section, we discuss the surface heat flux affecting SST
variation in the coupled data assimilation experiment. In
the atmosphere—ocean coupled model, the surface heat flux
given from the atmosphere to the ocean plays an essential
role in determining the SST. In the coupled data assimila-
tion system, the SST calculated by the atmosphere—ocean
coupled model are further corrected using the SST observa-
tion data. In order to assess the role of surface heat flux in
determining the SST, the relationships between surface heat

flux variations and SST variation in the coupled experiments
are examined.

Figure 6a shows the lead-lag regression relationship
between the surface heat flux and the SST of the intrasea-
sonal timescale variations in the tropical western Pacific.
Here, positive surface heat flux indicates cooling of the sea
surface. As mentioned in the previous section, the CDA SST
fluctuation lags behind COBE-SST, resulting in the smaller
lag between the SST peak and the drought-to-precipitation
transition in CDA (the black dashed line that crosses the
horizontal axis at — 1 day) than in observation (the gray line
that crosses the horizontal axis at — 3 day). Among the four
components of the surface heat flux shown in Fig. 6a, the
short-wave radiation makes the largest contribution to the
net heat flux, followed by the latent heat flux contribution,
while the other two components make only small contribu-
tions. Both of the two main flux components and the net
heat flux change their signs nearly simultaneously to the
precipitation.

These results suggest the following process: the phase
relationship of CDA’s precipitation relative to SST is
strongly constrained by the assimilation in the atmospheric
component. Precipitation strongly controls the short-wave
radiation which makes the largest contribution to the net heat
flux. In CDA, the lag between the SST peak and the drought-
to-precipitation transition is smaller than in the observation,
indicating that the MRI-CDA1 system has some errors in
representing the relative roles of the surface heat flux and
the oceanic processes (advection and mixing) in determining
CDA’s SST variation, which will be discussed later.
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Fig.6 Lead-lag regression relationship between a the surface heat
flux and the SST for CDA reanalysis and b simulated heat flux and
simulated SST in the atmosphere—ocean coupled model (FREE) over
the tropical western Pacific (averaged over 10° S—-10° N, 130°-150°
E). “Prec”, “netf”, “shrt”, “late”, “long” and “sens” in the legend
indicate precipitation, net heat flux, short-wave radiation, latent heat
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cipitation (unit: mm/day/K). The vertical scale differs between a and
b



Intraseasonal SST-precipitation relationship in a coupled reanalysis experiment using the...

2385

As shown in Fig. 6b, the FREE run without data assimi-
lation also simulates the phase relationship among SST,
precipitation, and flux components qualitatively, similar
to CDA, although the lag between the timing of the net
flux variation components sign change and the SST peak
is smaller in CDA than in FREE. The ability of the cou-
pled model (FREE) to reproduce such a process might con-
tribute to CDAC’s ability to complement the sparseness of
observations (as mentioned in the discussion of Fig. 5b).
The simulated fields in FREE cannot be validated against
observations because of their large deviations from the real
temporal variations. In contrast, the CDA experiment real-
istically simulates the intraseasonal variation of precipita-
tion and SST to some extent, and related physical processes
including heat flux components are represented in the model
to be consistent with precipitation and SST. The MRI-CDA1
system is, therefore, considered useful for diagnosing such
temporal variations and related processes based on a realistic
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Fig.7 a Lead-lag SST-P correlations and VAT50-precipitation corre-
lations for CDA reanalysis over the tropical western Pacific (averaged
over 10° S-10° N, 130°-150° E). “VATS50” is the vertically averaged
temperature from the surface to the 50 m-depth. b Lead-lag SST-

time series of the state of the coupled atmosphere—ocean
system.

SST’s temporal variation is thought to be determined by
surface heat flux and oceanic processes. Although, as men-
tioned above, CDA simulates the qualitative timing rela-
tionship between SST and heat flux realistically, the CDA
is likely to have some errors in relative oceanic processes,
possibly resulting in the timing error of SST variation (CDA
SST lagging behind COBE-SST).

To trace the possible source of this error, the temporal
variation of the near-surface temperature in the CDA experi-
ment is examined. Figure 7a shows the lead-lag correlation
(green line) between the precipitation and the vertically
averaged temperature from the surface to the 50 m-depth
(VATS50) overlaid on the lead-lag correlation (red line)
between the precipitation and the SST. It can be seen from
this figure that VAT50’s temporal peak coincides with the
drought-to-precipitation transition, indicating that the heat
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ocean temperature correlations for CDA reanalysis over the tropical
western Pacific (averaged over 10° S—10° N, 130°-150° E). Contour
interval is 0.2. ¢ Same as b but for TRITON buoy data at 147° E,
Equator. d Same as b but for CDA reanalysis at 147° E, Equator
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budget is nearly balanced within the top 50 m of the ocean
in the target region, while the SST peak slightly leads the
drought-to-precipitation transition. In Fig. 7b, the lead-lag
correlations between the SST and the near-surface tempera-
tures at the top 200 m depths are plotted. It shows that the
temporal variations of the near-surface temperatures lag
behind SST, and the lag increases with depth in the layer
approximately above 50 m. This suggests that a heat signal
injected at the surface is propagated downward into the near-
surface ocean, and due to this vertical heat transport, the
SST reaches its peak earlier than the drought-to-precipitation
(heating-to-cooling) transition. Oceanic processes including
vertical mixing are considered to contribute to this vertical
heat transport. For comparison between observations and
CDA, plots similar to Fig. 7b are presented in Fig. 7c and
d, but for the observed temperature profile by the TRITON
buoy at the equator, 147° E, and for the CDA’s temperature
profile at the closest grid point to the buoy, respectively. In
the target region, there are only two TRITON buoys whose
data cover the analysis period, and for comparison, we show
here the plot using the equatorial buoy, as the other (at 2° N,
147° E) shows similar variability. Here, it should be noted
that the TRITON buoys made temperature measurements
only at 1, 25, 50, 75, 100, 125, 200 m and those data are
interpolated into the model levels (1, 3.5, 7, 11.5, 23.5,
31 m, and every 10 m between 40 and 190 m). It can be seen
from these plots that the vertical propagation of the tempera-
ture signal is much faster in the CDA than in observation,
suggesting that the oceanic processes related to the vertical
heat transport, including vertical mixing, are too intense in
the CDA. Thus, although the CDA achieves qualitatively
good simulation, in that the SST peak leads the drought-to-
precipitation transition, the lag between them is smaller than
observation because of the error in the oceanic processes
related to vertical heat transport. It should be noted that the
lag of the drought-to-precipitation (warming-to-cooling)
transition behind SST peaks in FREE is larger than that in
CDA (Fig. 6), suggesting a possibility that the vertical heat
propagation in the near-surface ocean is faster in CDA. We
infer that modification of mixed layer depth and near-surface
water density stratification by oceanic data assimilation in
CDA causes this difference.

In light of the above considerations on the processes
determining SST in CDA, we return to Fig. 3. In Fig. 3b,
the correlations between the reanalysis precipitation and
the observed SST for CDA (red line) and UCPL (blue line)
nearly overlap, and are both weaker than the observational
correlation (black line), probably due to the error in repre-
sentation of precipitation by the atmospheric data assimi-
lation system. In Fig. 3a, the UCPL line is essentially the
same as in Fig. 3b, because the COBE-SST is prescribed
as the lower boundary condition. For CDA, on the other
hand, the correlation between the reanalysis precipitation
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and SST is stronger than the counterpart of Fig. 3b, and it is
considered to be due to the adjustment of the SST field to the
atmospheric forcing in CDA. Here it should be emphasized
that the COBE-SST, which forces the atmosphere compo-
nent in UCPL, is a daily-varying SST product. Feng et al.
(2018) argued that the better representation of SST-P rela-
tion in their coupled reanalysis is brought by reconstruc-
tion of daily-intraseasonal SST variability not present in the
monthly SST product used in their uncoupled reanalysis. But
we show that the coupled reanalysis improves the SST-P
relationship over uncoupled reanalysis, even when daily-
varying SST is used in the uncoupled reanalysis.

5 Summary

In this study, the SST-P intraseasonal relationships, as an
indicator of atmosphere—ocean interaction, are examined
in order to evaluate the MRI-CDA1 coupled atmospheric-
ocean data assimilation system. The CDA experiment
adequately reproduces the observed lead-lag correlation
between precipitation and SST. In addition, the SST-P rela-
tionship in the tropical western Pacific presented in the CDA
follows the observed relationship more closely than that of
the uncoupled assimilation (UCPL) experiment. However,
when a single observed SST is considered instead of the
simulated SSTs, the phase relationships of precipitation in
the CDA experiment and that for the UCPL experiment are
almost identical. Therefore, it is considered that the differ-
ence of the SST-P relationship between CDA and UCPL,
shown in Fig. 3a, is caused by the difference of SSTs that
forced the atmosphere component. Thus, the impacts of
atmosphere—ocean coupling on the DA system can be seen
more clearly in the SST variation than in the precipitation,
probably because observational constraints are stronger in
the atmosphere component than in the ocean component in
the MRI-CDA1 system.

In other words, the intraseasonal variation of precipita-
tion of CDA is influenced more strongly by the atmospheric
field constrained by data assimilation than by the SSTs used
as the boundary conditions. In the targeted period, a large
amount of satellite observation data is used for atmospheric
data assimilation, and the atmospheric conditions such as
the total amount of precipitable water in the atmosphere are
determined robustly by the observation data used in the data
assimilation system. Since precipitation is generated in the
early stage of the prediction in the data assimilation system
and strongly affected by the atmospheric initial conditions
constrained by those observations, the intraseasonal precipi-
tation represented in the CDA and UCPL reanalyses behave
very similarly. In the experiments (CDAC and UCPC) in
which only conventional observations (without satellite
observations) are assimilated in the atmospheric component,
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the coupling effect on the atmospheric assimilation can be
seen in that CDAC better reproduces the observed SST-P
relationship than UCPC does. The ability of the coupled
model (FREE) to simulate the SST-P relationship realisti-
cally may contribute to CDAC’s better performance.

In addition, the sea surface heat flux, which is consistent
with CDA’s atmospheric condition, forces the ocean com-
ponent of the coupled atmosphere—ocean model of the data
assimilation system and controls the SST variation. As a
result, the SST of CDA lags behind the observed SST. By
examining the temporal variation of the ocean near-surface
temperature, it is suggested that CDA overestimates the
downward heat propagation compared to the observation,
causing the error in the SST temporal variation. To improve
the data assimilation system and the atmosphere—ocean cou-
pled model, it is necessary to pay attention to near-surface
ocean processes as well as the contribution of sea surface
heat flux relative to oceanic processes in determining the
SST. For the development and validation of near-surface
oceanic processes, such as downward propagation of the
heat signals, in a coupled model/CDA system, oceanic tem-
perature data with high vertical and temporal resolutions
are very helpful, and we expect the enhanced observation
in the oceanic mixed layer by the tropical Pacific mooring
buoy array planned by the Topical Pacific Observing System
2020 (TPOS2020) project (Cravatte et al. 2016; Smith et al.
2019) will make an essential contribution to this purpose.

In the CDA experiment improvement of atmospheric
fields by atmosphere—ocean coupling could hardly be seen
because the atmospheric component is strongly constrained
by data assimilation and hardly affected by SST. When
atmospheric constraints are relaxed, as in the CDAC and
UCPC experiments, the coupling effect becomes more evi-
dent, although overall performance is degraded. It is nota-
ble that the coupled system is less degraded by the removal
satellite DA in the atmosphere. The coupled system does
not really improve products with the present observing
network but it is more robust to changes in that network.
The intraseasonal variation of SST and precipitation, and
related physical processes including surface heat flux are
simulated realistically in CDA to some extent. Therefore, a
CDA system is considered useful for diagnosing such tem-
poral variations based on a realistic time series of the state
of the coupled atmosphere—ocean system. In addition, it is
a promising tool to estimate historical atmospheric fields,
particularly the precipitation field, which are consistent with
the historical oceanic variation, because it is more accurate
than those generated by uncoupled data assimilation systems
particularly for the period in which modern satellite data are
not available.

Even if the observation data are not sufficient, CDA
system has a possibility to obtain a more physically con-
sistent atmosphere and ocean fields by simulating more

realistic SST variations based on ocean model physics and
ocean—atmosphere interaction and also with the aid of data
assimilation. Observation data has a limit in terms of tem-
poral/spatial resolution and accuracy, particularly in the
pre-satellite era and even in the present. Therefore, it is still
worthwhile to use atmosphere ocean coupled DA system to
compensating for those observation data limits.

Although the results obtained in this study include uncer-
tainty related to a short period for statistical analysis, the
results were consistent with previous studies using decades
of experimental data. To increase statistical reliability of
our results, we need to extend the experiment period and
perform verification including a significance test, which we
would like to leave as future tasks.
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