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Subseasonal-to-seasonal (S2S) forecasts have the potential to provide advance
information about weather and climate events. The high heat capacity of water means
that the subsurface ocean stores and re-releases heat (and other properties) and is
an important source of information for S2S forecasts. However, the subsurface ocean
is challenging to observe, because it cannot be measured by satellite. Subsurface
ocean observing systems relevant for understanding, modeling, and forecasting on S2S
timescales will continue to evolve with the improvement in technological capabilities. The
community must focus on designing and implementing low-cost, high-value surface
and subsurface ocean observations, and developing forecasting system capable of
extracting their observation potential in forecast applications. S2S forecasts will benefit
significantly from higher spatio-temporal resolution data in regions that are sources of
predictability on these timescales (coastal, tropical, and polar regions). While ENSO has
been a driving force for the design of the current observing system, the subseasonal time
scales present new observational requirements. Advanced observation technologies
such as autonomous surface and subsurface profiling devices as well as satellites
that observe the ocean-atmosphere interface simultaneously can lead to breakthroughs
in coupled data assimilation (CDA) and coupled initialization for S2S forecasts.
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These observational platforms should also be tested and evaluated in ocean observation
sensitivity experiments with current and future generation CDA and S2S prediction
systems. Investments in the new ocean observations as well as model and DA system
developments can lead to substantial returns on cost savings from disaster mitigation
as well as socio–economic decisions that use S2S forecast information.

Keywords: subseasonal, seasonal, predictions, air–sea interaction, satellite, Argo, gliders, drifters

INTRODUCTION

Operational centers are undertaking a seamless extension of
weather forecasts to Subseasonal-to-Seasonal (S2S) forecasts.
There is a growing consensus that coupled atmosphere-ocean
modeling will be essential to forecasts on S2S time scales (Penny
and Hamill, 2017; Penny et al., 2019). The role of ocean-
atmosphere coupling in S2S variability and its representation in
models is one of the research foci of the World Meteorological
Organization (WMO) S2S Prediction Project. In particular, the
initialization and configuration of the ocean and sea ice are key
modeling research issues1.

The role of ocean-atmosphere coupling in S2S variability
must be well understood not only for improving atmospheric
predictions but also for improving predictions relevant to
the entire gamut of socio–economic scenarios encompassing
everything from disaster mitigation to marine ecosystems
and coastal management. Detailed studies to help improve
strategies for coupled initialization are underway at various global
modeling centers (e.g., ECMWF, NCEP, NRL; Lea et al., 2015;
Frolov et al., 2016; Laloyaux et al., 2016).

Innovative observing technology in the subsurface ocean
and at the air-sea interface will help us understand air–sea
interaction and its role in S2S variability and prediction. S2S
forecasts for high- and mid-latitudes can be improved with better
observations of sea-ice thickness and concentration and ocean
basin boundary currents (current intensity and stratification).
Evaluating impacts of new ocean observing technology on
ocean analyses and S2S forecasts will contribute to the design
and the evolution of oceanic observing systems, such as the
Tropical Pacific Observing System (TPOS-2020; Smith et al.,
2019), the Atlantic Ocean Observing System (AtlantOS; Foltz
et al., 2019), and regional boundary current observing systems
(Todd et al., 2019).

Multi-system evaluation of observation impacts based
on international collaboration is effective to deliver fair and
robust information to society and observational agencies.
Coordination by international groups such as CLIVAR and
GODAE OceanView aims to support these efforts to make
significant progress (see also Fujii et al., 2019). Here, we
provide scientific rationales for ocean observations being
important for S2S predictions, discuss gaps in observations,
and recommend designs of observational and modeling
experiments to evaluate the impact of ocean observations
on S2S forecasts.

1http://s2sprediction.net/file/documents_reports/S2S_Implem_plan_en.pdf

NEED FOR OCEAN OBSERVATIONS FOR
S2S PREDICTIONS

The top 100 m of the ocean have 40 times the heat capacity
of the entire atmosphere. This makes the upper ocean a major
reservoir of heat energy for the weather/climate system and a
critical component of S2S prediction. In addition to the ocean
surface temperatures, several other potential sources of S2S
predictability have been identified such as: tropical intraseasonal
oscillation (namely, the Madden-Julian Oscillation, MJO; Vitart
et al., 2012), subsurface ocean heat anomalies (Alexander et al.,
1999; Vimont et al., 2001), and sea ice (Vitart et al., 2012). These
phenomena serve as sources of S2S predictability because of
their relative persistence or known oscillatory behaviors. Some
of them are directly related to ocean conditions. In addition,
there are requirements to correctly represent coastal SST, ocean
boundary currents, ocean mixed-layer structures, and other
oceanic fields relevant to teleconnections and regional variability
on S2S timescales.

ENSO is the most dominant mode of climate variability,
with a significant influence on S2S variability through global
teleconnections (Yeh et al., 2018). The recharge and discharge
of warm water volume (WWV) in the Tropical Pacific is closely
related to ENSO variability (Jin, 1997; Meinen and McPhaden,
2000). Hence, accurate observations of the evolution of Tropical
Pacific WWV can help improve ENSO process understanding
and predictions on seasonal timescales. Accurate analysis and
initialization of ocean sub-surface states in the equatorial Pacific
is of great importance for S2S prediction (Fujii et al., 2015).

Air-sea coupling has been considered a key process that
needs to be accurately represented in models for MJO and
Monsoon IntraSeasonal Oscillation (MISO) prediction (DeMott
et al., 2015 and references therein). MJO prediction skill is higher
in coupled models compared to uncoupled atmosphere-only
models (e.g., Woolnough et al., 2007; Subramanian et al., 2017).
The biases in sea surface temperature in operational forecast
models are known to impact the operational predictability
of MISOs over Indian region (Sahai et al., 2019). Yet, our
understanding of the exact processes of air-sea coupling that are
crucial to MJO and MISO prediction is incomplete. The diurnal
cycle in air-sea coupling associated with the MJO (Seo et al., 2014)
and MISO needs to be observed and understood further. The
myriad phenomena that govern the S2S variability in the Tropical
region (e.g., Tropical Pacific) are depicted in the schematic shown
in Figure 1. Comprehensive observations of these processes will
help improve their representation and prediction in the S2S
forecasting systems.
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FIGURE 1 | Schematic depicting spatial and temporal scales of phenomena in the ocean-atmosphere coupled system that govern the variability in the Tropical
Pacific. Due to limitations in space, we have depicted only a few of the key processes. The blue shaded ovals represent ocean processes and green ovals represent
atmospheric processes.

Another outstanding issue related to air-sea coupling is the
MJO propagation over the Indo-Pacific Maritime Continent
(MC), where some MJO events terminate as consequences of
the “barrier effect” of the MC (Zhang and Ling, 2017). This
barrier effect is often exaggerated in numerical models, which
limits MJO prediction skill. Air–sea interaction in the MC seas
plays a key role in determining the MJO propagation through the
region. In situ ocean observations are needed for understanding
air–sea interaction in the region and their representation in
S2S prediction models. The international program Years of
the Maritime Continent (YMC, 2017–2020) includes several
simultaneous measurements of the upper ocean, atmosphere,
and their interactions. These observations provide sorely needed
in situ observations from the region.

Predicting sea ice at S2S timescales has also been challenging,
but progress is being made (Zampieri et al., 2018). Sea-ice
prediction at S2S time scales is challenging in part due to a lack
of in situ observations to develop adequate sea-ice models and
initialization techniques (Day et al., 2014; Guemas et al., 2014,
2016). The unseasonably early and rapid sea-ice retreat in the
Bering Sea in spring 2018 and unprecedented springtime retreat
of Antarctic sea ice in 2016 (e.g., Turner et al., 2017) highlight
priorities that should be accurately captured by S2S prediction

models. Sea-ice-related predictions will not be possible without
relevant observations that provide needed initial conditions in
terms of upper ocean current and temperature, surface radiation
and heat fluxes, surface wind, and wave height in and around
the marginal ice zone (MIZ) and underneath sea ice during the
sea-ice growing and retreating seasons.

Mid-latitude SST anomalies are a source of predictability on
S2S time scales (McKinnon et al., 2016; Saravanan and Chang,
2019 and references therein). Regional warm SST anomalies that
persist for 5 days or longer, known as the marine heat waves
(Frölicher and Laufkötter, 2018), are being studied as a potential
source and target of S2S predictability. Recently, a marine heat
wave near the west coast of North America between 2013 and
2015 (Bond et al., 2015; Di Lorenzo and Mantua, 2016; Zaba and
Rudnick, 2016) including the 2015–2016 El Niño event persisted
for over a season and is being studied as a cause of several
regional anomalies in both atmospheric and land conditions. The
majority of marine heat waves, however, are not covered by in situ
observations. This makes it difficult to understand the physical
processes responsible for the formation and termination of the
heat waves, let alone their prediction. Representation of marine
heat waves requires good observations of air-sea fluxes, as well as
the ocean mixed layer.
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NEED FOR NEW OBSERVING
TECHNOLOGY FOR S2S PREDICTIONS

The current global ocean observing system comprises a range
of in situ and satellite based observing networks, including
moored buoys, Argo profiling floats (Roemmich et al., 2019),
surface drifters, satellites, ship-based measurement, and gliders
(Testor et al., 2019). In addition, emerging observing technology
offers the promise of innovative devices [e.g., Autonomous
Surface Vehicles (ASVs)] that can supplement the conventional
platforms to fill gaps in ocean observations for S2S prediction.

Moored buoys provide high-frequency sampling to resolve
the surface diurnal cycle. Argo profiling floats measure oceanic
temperature and salinity profiles throughout the top 2000 m of
the ocean with near global coverage. Surface drifters (Centurioni,
2018) measure mixed-layer currents while also recording sea
surface temperature (SST) and sea-level atmospheric pressure
(SLP) globally. These different platforms provide near-real time
observations through the Global Telecommunication System for
initialization of global prediction models. The SLP data from
drifters are known to have a significant and positive impact on
numerical weather prediction (Centurioni et al., 2017; Horányi
et al., 2017). They are extremely valuable for the global in situ
ocean observation network that supports the S2S forecasting
systems for initialization and verification. Skillful prediction on
S2S timescales demands high temporal (hourly) and vertical
resolution (<1 m) observations in the upper ocean (Bernie et al.,
2008; Seo et al., 2014).

Current satellites do not provide measurements for all surface
variables critical to air-sea fluxes (e.g., surface air temperature,
humidity, and downwelling radiation), nor can they measure
within the ocean interior. China-France Oceanography SATellite
(CFOSAT, launched in 2018) and proposed satellite projects
including the European Sea surface KInematics Multiscale
monitoring (SKIM) mission for waves and surface currents,
as well as a United States concept for a Wind and Currents
Mission (WaCM) offer the prospect of enhancing the range
of information available from space. One challenge for satellite
observations is that most Earth-observing satellites use sun-
synchronous orbits, which means that they sample at the same
local time (e.g., 6 am and 6 pm) everywhere, and thus multiple
satellites with similar objectives but different local sampling times
may be needed to capture diurnal variability or the scales of
fast-moving synoptic storms.

Autonomous Surface Vehicles have been developed over
the last decade to measure air-sea surface fields. Advanced
ASVs can measure surface radiation, air pressure, upper-ocean
currents, in addition to the standard surface variables. These
are variables important to initialize coupled S2S prediction.
Collocated ocean-atmosphere observations using ASV are
essential for strongly coupled data assimilation (CDA) (Penny
et al., 2019). The ASVs can be used to adaptively target special
events (e.g., El Niño development) to supplement existing
sources of ocean observations. As another example, ASVs are
particularly appropriate for observing the diurnal and subsurface
structure of marine heat waves. Hence, the advent of the
ASVs to gather collocated ocean-atmosphere boundary layer

observations, especially in locations where moored buoys are
impractical (e.g., near seasonally migrating sea-ice edge) could
be an irreplaceable source of information for both improving the
models as well as for coupled assimilation for S2S prediction.

Autonomous underwater gliders (Rudnick, 2016; Testor et al.,
2019) provide high-resolution, particularly within boundary
current systems (Rudnick et al., 2017; Todd et al., 2019). Glider
observations resolve the strong gradients that typify coastal and
boundary current systems and have demonstrated impact on
operational forecast models (e.g., Todd and Locke-Wynn, 2017).
Increased utilization of gliders in boundary and coastal regions
with strong gradients can help improve our ability to initialize
S2S forecasts that are sensitive to upper-ocean gradients.

Some aspects of the MJO genesis and large-scale evolution are
captured by the RAMA moored buoy array in the Indian Ocean
and by the TAO array in the tropical Pacific, where MJO events
interact with and affect ENSO evolution. However, these arrays
do not resolve the gradients of temperature and salinity fields or
upper ocean currents that potentially influence S2S predictions
(Moum et al., 2016). Another example is the eastern edge of
the western Pacific warm pool, where strong zonal gradients
of temperature with a sharp salinity front at and near the
surface migrate in longitude on the S2S timescales. In these two
cases, sustained observation platforms complemented with ASVs
are needed to cover the gradients in between fixed moorings.
Observations in the atmospheric boundary layer are also required
as the zonal migration of the salinity front and SST gradient
are driven by intraseasonal fluxes of buoyancy, radiation, water
vapor, and stress. The deliberate discussion that is taking place as
part of TPOS 2020 on the future of the tropical Pacific observing
system is essential for improving the skill of S2S predictions.

Western boundary current regions are areas of strong currents
and hence are a challenge for Argo and drifting floats to
make sustained observations. Moorings, though challenging to
maintain in strong current regions, can still act as an important
source of measurements of surface fluxes that are useful for
initializing S2S forecasts as well as verifying the forecasts (Cronin
et al., 2008; Weller et al., 2012; Bigorre et al., 2013). Gliders are
able to deliver the data from these moorings via real-time acoustic
telemetry to monitoring and assimilation networks (Send et al.,
2013). These should ideally be complemented by more spatially
integrated transport and surface flux measurements in these
regions for forecast validation. Observational efforts should go
hand in hand with modeling and data assimilation methods to
help improve predictions in these regions.

Although assimilation of sea-ice concentration data into S2S
prediction models has started in several operational centers,
assimilation of sea-ice thickness is rarely performed due to
the limitations of ice thickness data. Sea-ice thickness, while
difficult to measure via remote sensing, is an important variable
in sea-ice prediction (Blockley and Peterson, 2018). Water
and air properties surrounding sea-ice are needed for sea-
ice prediction. Currently, there are no routine observations
taken near the edge of sea-ice nor in the transition marginal
ice zone (MIZ) between sea ice and open water (Lee et al.,
2017; Nguyen et al., 2017). Permanent moored subsurface buoys
and ice-tethered profilers could be a key source of time-series
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data in these data sparse regions. However, mobile vehicles
(ASVs, and subsurface gliders) are dynamic platforms that
can monitor surface and subsurface conditions following the
seasonal migration of sea ice. The value of data collected
by these mobile vehicles in polar regions to S2S prediction
needs to be explored.

OBSERVING SYSTEM EXPERIMENTS TO
EVALUATE OBSERVATION NETWORKS
AND S2S MODELS

Ocean observing system experiments are conducted at ECMWF
and other global forecasting centers to evaluate the use of
ocean observations in ocean reanalyses (Balmaseda et al., 2007;
Fujii et al., 2015; Xue et al., 2017). In these ocean reanalyses
produced at ECMWF, specific observing systems are withdrawn
in a controlled manner. We call these experiments OSE-
ORAs (Observing System Experiments – Ocean ReAnalyses).
Differences between OSE-ORAs give information on the
possible impact of a given observation type on the mean and
variability of the reanalyses. The impact of observations on
forecasts could in principle be further quantified by using
these OSE-ORAs to initialize coupled forecast, although this
assessment may be hindered by low statistical significance
and issues related to model biases. This is the approach
followed in previous studies targeting seasonal time scales

(Balmaseda and Anderson, 2009; Balmaseda et al., 2010;
Fujii et al., 2011).

It is important to use a metric with significant level of skill
and clearly influenced by the ocean state. Experiments have
been conducted to quantify the impact of altimeter-derived
sea level anomaly on sub-seasonal forecasts of tropical cyclone
activity. The impact is measured by the differences between two
sets of sub-seasonal reforecasts spanning the period 1994–2016,
which differ only in the ocean initial conditions. The reference
experiment uses the operational ocean reanalyses ORAS5 (Zuo
et al., 2019), where all the ocean observing systems are used. The
second experiment is initialized using a variant of ORAS5 where
the altimeter sea level data are withdrawn from the assimilation,
keeping everything else the same as in ORAS5. Figure 2 shows
that by withdrawing the altimeter sea-level from the ocean
initial conditions, the forecast of tropical cyclones is degraded
in the 16–45-day time range. Correlations between observed
and predicted Accumulated Cyclone Energy (ACE) during the
monthly period are lower over the North Atlantic, the eastern
North Pacific, the western north Pacific and the South Pacific in
the experiment initialized with the assimilation without altimeter
data than in the control experiment. The assessment of the
adequacy of the current ocean observing system for the sub-
seasonal range will be a focus activity of the WWRP/WCRP sub-
seasonal to seasonal prediction project (S2S) in the next few years.
Hence, the engagement of the ocean observations community
with this WMO activity would be very beneficial for all involved.

FIGURE 2 | Anomaly correlation skill of forecast of tropical cyclone energy at days 16–45 days from two experiments with different ocean initialization: CNTL
(orange) is initialized by ORAS5, which uses all the ocean observing system. In experiment NoAlti (green) the altimeter-derived sea-level has been removed from the
ocean initial conditions.
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CONCLUSION

Global S2S forecasting systems are evolving rapidly in centers
around the world. Their success critically depends on the
development of a CDA capability that demands adequate
observations of the upper ocean and ocean-atmosphere interface.

The ocean is under-observed relative to the number of
routine observations collected in the atmosphere over land.
The subsurface ocean and many variables at the ocean surface
are hard, if possible, to observe with satellite remote sensing
technologies. The surface and upper-ocean observing systems
relevant for understanding, modeling and forecasting on S2S
timescales will continue to evolve with the improvement in
technological capabilities. Current and future challenges in ocean
observing system designs and implementations are complicated
by the desire to balance resources for routine ocean observation
systems (e.g., moorings, Argo, and satellites) with new and more
sophisticated technologies (e.g., ASVs). Hence, the community
must focus on designing and implementing cost-effective surface
and subsurface ocean observations with a combination of
various technologies that provide needed data for initialization
and validation of S2S prediction systems as well as advancing
understanding of ocean-atmosphere coupling on S2S timescales.

The community can advance the skill of S2S forecasts
significantly by focusing next generation ocean observations
on higher temporal and spatial resolution observations in the
ocean-atmosphere boundary layers in key regions hosting known
sources of S2S predictability (Tropics, coastal regions and polar
regions) including the diurnal cycle of air-sea coupling and
mixed-layer structure as highlighted by studies referenced in
the above sections.

Breakthroughs in the accuracy of S2S predictions are
finally within reach with the current generation coupled
forecasting systems. New tools from CDA and advanced
satellite and autonomous technology to observe the ocean-
atmosphere boundary layers will make it possible to integrate
global observations and local high-resolution simulations in S2S
forecasting systems. Scientific, computational, and observation

technology challenges need to be addressed to accomplish
these required advances in the coming decade. While these
challenges are substantial, the revolution in autonomous
observing systems and computational breakthroughs focused
on addressing high priority S2S prediction problems can help
make key progress possible. This will not only benefit the
scientific community but also society as a whole by providing
climate information that can change the world of climate-data
driven decision-making.
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