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A series of observing system simulation experiments (OSSEs) have been carried out using
the Met Office global Forecasting Ocean Assimilation Model (FOAM) to provide insights
on the current and future design of the in situ observing network for ocean monitoring and
forecasting. Synthetic observations are generated from a Nature Run (NR) that represents
the true ocean state in the experiments. These observations are assimilated in FOAM
and the results are compared to the NR to assess the impact of the observations, as
well as assessing the effectiveness of the data assimilation system. The NR and FOAM
based OSSEs have different resolutions and are driven by different surface forcing. The
results show that assimilating observations equivalent to the current observing system
allows the system to produce a realistic representation of the ocean state. Additional
Argo profiles in some of the Western Boundary Current (WBC) regions and along the
Equator improve the performance of FOAM by reducing the root mean square error
(RMSE) against the Nature Run by ~10% for temperature and salinity fields in the upper
ocean. Assimilating additional Deep Argo floats leads to ~20% RMSE reduction in basin
scale regions and the reduction rate is up to 80% in the Labrador Sea below 2,500 m.
An experiment withdrawing mooring profiles indicates the impact of moorings is localized
and on average the analysis shows ~5% degradation without the mooring observations.
The additional Argo profiles in the WBC regions and deep ocean also have impacts on the
representation of the Ocean Heat Content (OHC) and the Atlantic Meridional Overturning
Circulation (AMOC), with the deep Argo observations correcting the model drift in OHC
below 2,000 m. The results highlight the necessity of a well-designed and coordinated in
situ observing network globally, as well as requirements for future model and assimilation
developments to achieve the best use of the additional in situ observations.

Keywords: observing system simulation experiment, H2020 AtlantOS project, argo floats, ocean analysis,
data assimilation

1. INTRODUCTION

Observations play an important role in initializing ocean models for various applications, from
operational near-real time ocean forecasting to decadal predictions for climate studies (Fujii et al.,
2019). While constellations of satellites altimeters and radiometers are mature, these provide only
measurements of the near-surface ocean and integrated measures of the sub-surface. The global
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FIGURE 12 | The Heat Content between 2,000 and 4,000 m for the Nature Run (dashed blue lines), Free Run (yellow), Backbone (green), and Deep Argo (red). The
results were averaged over Global Ocean (A), Atlantic (B), Pacific (C), Indian Ocean (D), and Equator (E).

the discontinuities of the stream function at the Equator. The
added WBC Argo floats (Figure 13D) have little impact on the
AMOC compared to the Backbone, possibly because these floats
are located only in the WBC regions and are mostly distributed in
the upper 2,000 m. The only noticeable impacts include slightly
reduced northward volume transport in the upper ocean and a
smaller maximum transport center for the upper cell.

The timeseries of the vertical maximum volume transport
at 26.5°N over the 2-year model run are shown in Figure 14.
The timeseries are comparable between the four runs, with

the Free Run showing slightly weaker volume transport at
the beginning of the timeseries. The transports in all runs
are steady over most of the period and toward the end of
2009, the northward transports are noticeably reduced. This
period falls in the declining phase of the AMOC, previously
observed and reported from the RAPID array (McCarthy
et al., 2012; Smeed et al., 2014). The timeseries confirm the
feature seen in Figure 13, that the northward flow remains
similar between the two OSSEs with the additional Argo
profiles assimilated.
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FIGURE 13 | The average Atlantic Meridional Overturning Circulation (AMOC) during 9 January 2008-31 December 2009: (A) AMOC in the Free Run, (B) AMOC in
the Backbone run, (C) AMOC in the Deep Argo run, and (D) AMOC in the WBC_ARGO2X run.

4. DISCUSSION AND CONCLUSIONS

This paper assessed the impact of assimilating observations in
the FOAM ocean forecasting system from an OSSE perspective.
More specifically, the benefits from assimilating additional in-situ
observations and the importance of a well-designed observing
network. A set of synthetic observations were produced from the
Nature Run, produced by Mercator Ocean as part of the Horizon
2020 AtlantOS project. As part of this project, OSSEs were carried
out at the Met Office using the FOAM system and the synthetic
observations for the period of 2008-2009.

Statistical comparisons between the Free Run and the Nature
Run indicated that the differences between the two versions of
the model (including resolution and surface forcing differences)
are mainly seen in the top 1,000m. Generally the Free Run
is warmer and fresher near the surface than the Nature Run.
The fresh biases at the very top layer of the water column are
related to the different surface flux products used to force the
two models. By assimilating observations from the full observing
network, the biases and RMSEs of temperature and salinity fields
are significantly reduced in the Backbone compared to the Free
Run. This indicates that the NEMOVAR data assimilation scheme
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FIGURE 14 | Daily vertical maximum AMOC transport at 26.5 °N during 9 January 2008-31 December 2009 in Free Run, Backbone, Deep Argo, and
WBC_ARGO2X run.

is effective in utilizing observations to reduce model errors and
FOAM can better represent the true ocean state by assimilating
existing observations.

Three more OSSEs were completed to test the impacts of
adding or removing observations with the aim of improving the
design of the future in-situ observing networks for reanalysis,
analysis and forecasting of the ocean. The WBC_ARGO2X run
assessed the benefit of doubling the sampling frequency of
Argo floats in the Western Boundary Currents and equatorial
regions. With the additional Argo profiles, the RMSE of
the WBC_ARGO2X run is reduced by ~10% compared to
the Backbone RMSE in WBC regions and the Equator. The
improvement is more uniform across the regions for temperature
than for salinity. It is clear that assimilating observations is vital
in constraining the models and correcting the model drift seen in
the Free Run. However, the impact on the Ocean Heat Content
estimation of the extra Argo observations in the WBCs is less
clear, but there is some improvement in the East Australian
Current region.

The core Argo floats normally measure the water column
down to 2,000m. The DEEP run provided an opportunity to
assess the potential benefits from assimilating Deep Argo profiles
with measurements below 2,000 m. The improvements in the
biases and RMSE in the DEEP experiment (relative to the
Nature Run) are clear for temperature and salinity fields in
the Atlantic, especially between 2,000 and 4,000 m. The DEEP
RMSE is reduced by around 20-25% compared to the Backbone
RMSE in most regions. In the Indian Ocean, the salinity RMSE
reduction reaches 40% around 3,000m and in the Labrador
Sea, the salinity RMSE reduction can reach 80%. Assimilating
deep Argo profiles also leads to further modification of the
MOC below 2,000 m, although the discontinuities of the stream
function near the Equator appears to have intensified in the

DEEP run. The magnitude of the OHC in the deep ocean
(below 2,000 m) is significantly improved in all ocean basins
when assimilating deep Argo observations. However, assimilating
deep Argo observations degraded the temperature and salinity
RMSEs against the Nature Run above 1,500 m. This could be
due to the interactions between SLA and deep Argo not being
resolved properly by the current data assimilation scheme. Future
development would be beneficial to make better use of the deep
Argo observations.

The long-term mooring projects in the tropical oceans have
provided valuable information for understanding the ocean
and atmosphere conditions. The observations have proved to
be crucial in constraining ocean models for operational ocean
forecasting, seasonal forecasting and climate studies in the tropics
(e.g., Ballabrera-Poy et al.,, 2007; Fujii et al., 2015; Xue et al.,
2017b), as well as being a useful tool for model and satellite
data validation (e.g., Bentamy et al., 2006; Tang et al., 2014).
By removing the mooring profiles from the system, an overall
degradation in biases and RMSEs is seen for temperature and
salinity fields at the Equator. However, some improvements are
seen when with-holding the mooring observations, for example
during October-December 2009 in the temperature field at
the surface and during January-March 2009 in the subsurface
salinity field.

Compared to the Backbone RMSE, the NoMoor RMSE
changes are within & 5% in the tropical regions. One surprising
result is the improvement in RMSE of ~5% in the Tropical
Pacific, especially considering the success of TAO and the
later Triangle Trans-Ocean Buoy Network (TRITON) arrays in
providing oceanic and atmospheric information over the past
decades. It has been previously reported that within 10 degrees of
the equator, mooring profiles are as important as Argo floats in
reducing model errors, although the impact from moorings are
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more localized than the Argo floats (Oke et al., 2015; Xue et al,,
2017b). One possibility is the fact that the number of mooring
observations is much smaller than other types of observations
such as satellites and the core Argo floats, hence the impact
from the moorings could be dominated by these observations.
The NoMoor results also depend on the effectiveness of the data
assimilation scheme in utilizing mooring observations. It is also
possible that future model development could make better use of
the mooring data. The importance of the moorings should not be
underestimated and the design of the mooring locations could be
essential to ensure the effectiveness of the mooring observations.
The Tropical Pacific Observing System (TPOS) 2020 project
reached a similar conclusion that moorings are essential in
constraining temperature fields in ocean analyses, as the current
Argo coverage alone is not sufficient to achieve this in the tropical
Pacific (Fujii et al., 2019; Kessler et al., 2019a). They also highlight
that moorings provide good temporal coverage of a variety
of oceanographic, atmospheric and biogeochemical variables
and direct velocity measurements. Better communication with
experts in ocean modeling and data assimilation during the
design of mooring sites would promote better use of the mooring
data in ocean analyses, as some ocean data assimilation systems
tend to overfit the fixed mooring observations. This could lead to
a state estimate that is too localized to the moorings and cause
dynamic inconsistency and spurious variability at larger scales
(Sivareddy et al., 2017; Xue et al., 2017a; Kessler et al., 2019a).

From the OSSEs performed at the Met Office using the FOAM
system, we conclude that FOAM produces realistic analyses
of the ocean state by assimilating observations. Additional
observations provide further improvements to the analysis,
especially the deep Argo floats. The impacts of these additional
observations are also manifested in the OHC and AMOC, with
the deep Argo observations correcting the model drift in OHC
below 2,000 m.

The study also points out potential directions for future
model developments. For example, the interactions between
assimilating SLA and deep Argo profiles need to be addressed
better to avoid degradation of the model performance for the
top 1,000 m. The discontinuities in the AMOC at the Equator
is intensified with the assimilation of additional Deep Argo
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