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1. Introduction

In the 2000s, advances in computer science made it
possible to apply data assimilation techniques to integrate
global ocean observation data (i.e., global ocean state
estimation), and this has led to the development of new
technologies that enable us to understand the dynamics of the
ocean climate and its changes (e.g., Stammer et al., 2002[1]).

Vertical mixing of the ocean is known to play an essential
role in the dynamics of ocean circulation, including
meridional overturning circulation, and thus is an important
factor in refining ocean state estimation (e.g., Liu etal.,
2012[2]).

In recent years, direct and indirect observations of vertical
mixing have been increasing, and it is expected that more
extensive and high-quality observation opportunities will be
available through the installation of Argo-type buoys
equipped with turbulence sensors. Such direct observation of
vertical mixing is expected to be used to uncover ocean
climate changes taking advantage of ocean data synthesis.

In this study, we developed a new ocean data synthesis
system that can optimize the vertical mixing parameters and
validated the properties of the obtained state estimation.

2. Data

The observational datasets used were water temperature
and salinity data from the EN4 dataset compiled by the
UK-MET office ([Good et al.,2013[3]) and sea surface
temperature (SST) data from Reynolds and OISST. The
assimilation period is 58 years, from 1957 to 2014. Six tidal
mixing parameters were used as control variables, in addition
to the initial conditions of the model (water temperature,
salinity, horizontal current velocity, and sea surface height)
and air-sea fluxes (heat, freshwater, and momentum). This
required the calculation of the adjoint sensitivity of the tidal
mixing parameters.

3. Model implementation

We implemented two new vertical diffusion schemes for the
base model of the four-dimensional variational data
assimilation system (Osafune et al., 2015[4]), which represent
vertical mixing with tides (St. Laurent et al., 2002[5], Hibiya
etal., 2006[6]).

It is important to reduce the representation error of the base
model in the long-term data synthesis. In addition to vertical
diffusion, we also introduced the effect of geothermal heating
to our model. Geothermal data were used from Devies (2013)
[7.

Prior to the data synthesis experiments using the
four-dimensional variational method, model parameters were
optimized in order to improve the agreement between the
model's first guess field and observations. In addition to the
physical parameters used in previous studies, the five
parameters used in the vertical tidal diffusion scheme,
horizontal diffusivity, and a coefficient used for the tapering
function for isopycnal and thickness diffusion were used as
control variables.

4. Result and Discussion

The results of the optimization using the Green's function
method were applied to perform data synthesis experiments
using a strong-constrain four-dimensional variational method.
Figure 2 shows a pattern of bottom-water warming. In the first
guess field (no assimilation; FG), the bottom-water warming
shows little change over time. On the other hand, the data
synthesis results (with assimilation; ASSIM) reproduced a
similar degree of warming as observed one (Kouketsu et al.,
2011[8)).

This dataset allows us to diagnose the contribution to water
temperature changes in line with the model's system of
equations (Masuda et al., 2010[9]). We will make use of this
data set to further elucidate the mechanism.
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Figure 1. Bottom-water warming in 4000-5000m layer
between two decades: 1997-2006 and 1985-1994. Three
panels show observation (upper panel), model (lower left),
and state estimation (lower right).





