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elcome to this issue of the US CLIVAR Variations focused on the

Tropical Pacific Observing System (TPOS) and related process stu-
dies, where we spotlight emerging science and evolving needs in tropical
Pacific observations critical for advancing Earth system predictions.

The tropical Pacific Ocean drives global climate variability, weather
extremes, and ecosystem dynamics. This collection of articles highlights
the forefront of observational and modeling science aimed at improving
our understanding and prediction of key coupled ocean-atmosphere
processes, and the observations needed to achieve these objectives.

We begin with Kumar et al., who provide a broad perspective on the
critical observational needs for initializing Earth system models and
reducing persistent biases. They emphasize two key components: the
need for sustained observations on subseasonal-to-seasonal (52S) and
subseasonal-to-decadal (S2D) timescales and targeted process studies of
phenomena like upper ocean mixing and barrier layer formation.

Jauregui and Chen delve into the intricate interactions between the
Madden-Julian Oscillation (MJO) and El Nifio-Southern Oscillation
(ENSO), focusing on how MJO-driven oceanic and atmospheric processes
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modulate the timing of El Nifio onset via ocean Kelvin waves and freshwater jets. They present detailed
ocean-atmosphere diagnostics of processes relevant to the variability of the eastern edge of the West
Pacific Warm Pool.

Building on the theme of ocean-atmosphere coupling, Eddebar et al. explore the equatorial Pacific cold
tongue, a region vital to climate variability and marine ecosystems. Their paper outlines the urgent need
for more comprehensive turbulence and tracer observations to better resolve the processes driving
biogeochemical dynamics and ocean heat uptake.

Turning to atmospheric observations, Wolding et al. question whether the current and planned marine
boundary layer observations are sufficient to support initiatives like the “Decade of Convection.” They
stress that systematic errors in models often stem from limited measurements in key convective regimes
of the tropical Pacific.

Drushka et al. highlight the strengths and gaps in satellite-based observing capabilities, particularly the
challenge of resolving fine-scale variability and the vertical structure of coupled marine boundary layers.

Complementing these observational studies, Fujii et al. illustrate how adjoint sensitivity methods can
diagnose the spatial-temporal value of observations and identify gaps. Their analysis underscores the
importance of existing systems, like the TPOS array and Argo, while pointing to critical areas for enhanced
monitoring.

Finally, Thompson et al. provide a comprehensive review of the operational in-situ observing system across
the tropical Pacific, showing how the current network—from moorings to drifters—is the backbone for
advancing research and operational forecasting.

Together, these papers articulate a vision for the next generation of tropical Pacific observations, blending
sustained monitoring with targeted process studies to reduce uncertainties and unlock new predictive

capabilities for the Earth system.

We hope this issue sparks further dialogue and collaboration as we advance towards a more integrated
and impactful observing system.
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he consequences of weather and climate

variability intersect with large swaths of society.
Prolonged droughts and flash floods, along with
many other extremes, all have substantial impacts
on the economy, while posing further threats to
loss of life and property. To ameliorate adverse
consequences or to benefit from favorable
climate conditions, decision makers can benefit
from knowing the future weather and climate
conditions. One approach for providing outlooks
for the evolution of the current climate is based
on Earth System prediction models.

The basic premise of dynamical Earth System
prediction methods is the specification of the
initial state for various model components
(e.g., the initialization) followed by the forward
integration of equations of motion. Although
dynamical models work to incorporate physical
processes that occur in the Earth System
components, inadequate understanding of
physical processes and approximations involved
in their representation in the models results
in biases in the models’ depiction of observed
climate variability.

The requirements that (i) dynamical models need
to be initialized and (ii) observational data is
needed to understand and reduce model biases
guide requirements for the observing system
needs. In this article, needs for the Tropical Pacific
Observing System (TPOS), in the context of Earth
System prediction, are discussed.

Needs for TPOS: Sustained observations

The needs for TPOS can be separated into two
categories: (i) sustained observations and (ii)
process studies which will collect observations for
improved understanding of processes that govern
aspects of climate variability to improve their
representation in prediction models.

The need for sustaining real-time weather and
climate predictions requires an infrastructure of
sustained observations and these requirements
differ for predictions for weather, subseasonal to

seasonal (S2S), and decadal time scales. Unique
features of climate variability in the tropical Pacific
that include El Nifio-Southern Oscillation (ENSO),
the Madden-julian Oscillation (MJO), and tro-
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Figure 1. Physical processes on different spatial and temporal scales that are of importance in the tropical Pacific and that govern
the multi-scale interactions in ocean-atmospheric boundary layer. TPOS needs to sample relevant spatial and temporal scales to
improve understanding, modeling, and prediction. Skill in predicting phenomenon like ENSO and MJO is the underlying source of

predictability on longer timescales (Slingo et al. 2006).

pical instability waves (TIW) also place distinctive
requirements for the TPOS (Figure 1).

Sustained observations are needed for the esti-
mation of the ocean state and the atmosphere
when using data assimilation (DA) techniques.
The most critical observations to capture are
variables needed for the initial conditions for
forward integration. These variables in the
ocean temperature, salinity, and currents; and
atmospheric temperature, humidity, and winds.
Additional variables that are used in DA are
surface pressure and sea surface heights.

Spatial and temporal requirements for observations
in support of S2S predictions depend on the
phenomena that are important sources of
predictability. The importance of ENSO on seasonal

prediction requires spatial and temporal sampling
that can adequately resolve features that are impor-
tant for ENSO evolution and these may depend on
the decorrelation scales of variables to be observed.
The spatial design of the TAO array relied on the
spatial decorrelation scales of the surface zonal and
meridional wind in the equatorial Pacific because
of their importance in modulating ENSO variability
(Harrison and Luther 1990; Wen and Kumar 2020).
Similarly, the westerly wind events associated with
the MJO in the western Pacific are important for
ENSO so observing requirements over that region
must take these corresponding scales of variability
into account.

The surface fluxes of heat, momentum, and
precipitation from atmospheric reanalyses have
large errors, and it is believed that the large
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part of the uncertainty is not related to the bulk
formulation, but to the poor knowledge of state
variables, such as directional surface wind, skin
temperature, and 2 m temperature (Cronin et
al. 2019). Reference in-situ measurements of
these variables will greatly help their retrievals
at a global scale from satellite instruments,
which will indirectly translate into improving
ocean initialization and facilitate model and DA
developments.

On decadal timescales, the observables of interest
are related to the representation of the large-scale
teleconnections and their phases (e.g., ENSO,
North Atlantic Oscillation (NAO), and the Atlantic
Meridional  Overturning Circulation (AMOCQ))
(Harries and O’Kane 2021). In decadal prediction,
the challenge is to detect the trends associated
with the occurrence and frequency of particular
phases of the low frequency modes of variability
while limiting the impact of rapidly growing
errors due to the fastest spatio-temporal scales
(weather) in the system. This is a classic signal to
noise problem but one where the signal, although
weak, is often highly predictable in certain regions
but requires large ensemble forecasts to capture
(Smith et al. 2019; 2020).

Decadal predictions require observations relevant
to the many processes within the broader Earth
system that can influence large scale variations
in the TPOS because of the wide range of
timescales involved (O'Kane et al. 2014). Hence,
a globally heterogeneous observing system
of the atmosphere, oceans, land, and sea ice
that enables quality-controlled observations
to be interpolated through space and time
with sufficient spatial and temporal density to
provide accurate estimates of the evolution of
the major climate teleconnections is required.
Such a system has only been in existence for the
oceans over the most recent decades such that
we only have a largely climatological stationary
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estimate of the subtropical upper oceans prior to
the early 2000's, with the deep ocean remaining
largely unobserved. That said, with the advent of
“deep Argo” and increasingly accurate satellite
observations of sea surface height, total water
storage and the geoid from GRACE and SMOS,
there are now additional observational constraints
to be exploited for DA and forecast system design.

Ancillary practices need to be in place to monitor
that collected observations are being adequately
utilized. As multiple operational centers are
engaged in analysis and predictions (Graham et
al. 2011), coordinated efforts to monitor what
observational data is received in real-time and
how it is used in the DA systems need to be put in
place. Similarly, methods to monitor the efficacy of
observations in constraining the state of the ocean
and atmosphere, along with the relative utility
of different observing platforms on subsequent
forecasts, are also essential.

Needs for TPOS: Process studies

Although variables that are ingested in the
DA systems are the most critical to sustaining
prediction systems, observations of other non-
assimilated variables on the observation platforms
of opportunity can play a critical, supportive
role. The inclusion of instruments that pro-
vide measurements of radiative fluxes, rainfall,
and covariances on the tropical moored array
can provide important constraints in validating
corresponding variables that are produced as part
of DA thereby providing an assessment of model
biases.

A challenge in our efforts to reduce model
biases is our inadequate understanding of some
phenomena. Examples include but are not limited
to diurnal variability at the ocean-atmosphere
boundary layers, vertical mixing in the ocean
(Figure 2), and processes that govern the
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Figure 2. A composite analysis of diurnal variability at the ocean-atmosphere interface in the equatorial eastern Pacific. Blue
vectors represent surface wind, color shading represents ocean temperature, and black vectors are ocean currents (relative to at
25-meter depth). In response to the diurnal variability, heating and ocean currents propagate downward through the evening. The
influence of diurnal variability can rectify in constraining the mean climate and needs to be correctly represented in Earth System
models (Cronin and Kessler 2009; Cravatte et al. 2016). © American Meteorological Society. Used with permission.

evolution of barrier layers in the western Pacific.
Improved simulation of these phenomena in the
prediction models requires a period of intensive
observations targeting (often non-traditional)
variables that are deemed of importance for
specific phenomenon and associated interactions
(Figure 1). Such highly targeted field programs aim
to provide observations at a much higher spatial
and temporal scale.

Determining what process studies are of high
importance requires the close interaction
of the modeling and the observational
communities. Following this approach, TPOS 2020
recommended process studies including one to
better understand mixing physics in the regions
of equatorial upwelling. Best practices for process
studies are discussed by Cronin et al. (2009) and
Sprintall et al. (2020).

TPOS needs for evolving requirements

In order for the TPOS to serve the evolving
prediction needs, planning for the evolution in

the observing system and platforms should be
cognizant of (i) evolving prediction requirements,
(i) deficiencies in the prediction skill of some
important features of climate variability, and (iii)
possible changes in characteristics of the key
phenomenon of climate variability.

Coupled data assimilation (CDA) systems are
rapidly developing and are expected to play an
essential role in advancing numerical weather
prediction (NWP), S2S, and decadal forecasting
systems (Penny et al. 2019). CDA refers to the
assimilation of observational data using a coupled
forecast model. Weakly coupled DA (WCDA) (Saha
et al. 2010; 2014) does not allow for observations
to exert information across domains within the
analysis cycle. For example, an ocean observation
will only directly influence ocean state variables
while indirectly influencing the atmosphere
via ocean-atmosphere fluxes at the interface
in posterior cycles in a WCDA system. Strongly
coupled DA (SCDA) (Sandery et al. 2020; O’Kane
et al. 2021a and 2021b) allows observations
from one domain to directly influence the state
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estimation and model initialization in another
via a cross-domain covariance. For example,
high-frequency measurements of the ocean
mixed layer along the equator are allowed to
make corrections to the estimated atmospheric
surface winds via known correlations in forecast
errors in a SCDA system. There is also the multi-
incremental formulation with successive iterations
followed by the European Centre for Medium-
Range Weather Forecasts (ECMWF) which allows
for observational information to propagate across
domains during the analysis cycle without the
need for covariances. Examples of applications
following this approach are coupled reanalyses
like CERA-20C (Laloyaux et al. 2018) and CERA-
SAT (Schepers et al. 2018). As CDA methods are
being developed, there will be an increased need
for concurrent observations across the ocean-
atmosphere interface, including measurements of
air-sea fluxes.

The current generation of S2S and decadal
prediction systems mostly focus on the prediction
of physical variables. As societal needs evolve,
meeting requirements for the prediction of
biogeochemical processes will become more
important. TPOS needs to be forward-looking
and start considering the development of cost-
effective observational technologies and changes
in sensors on existing observational platforms
to meet requirements for the prediction of the
biogeochemical variables (Kessler et al. 2019;
Kessler et al. 2021).

Emerging requirements also include addressing
changes in ENSO characteristics and improving
the prediction of different ENSO flavors. ENSO
events exhibit a large diversity in spatial patterns
and temporal evolution. In particular, whether the
largest sea surface temperature (SST) anomalies in
the tropical Pacific occur in the Eastern (EP; Figure
3a) or Central (CP; Figure 3c) equatorial Pacific
appears to affect ENSO's global impact (Larkin and
Harrison 2005; Capotondi et al. 2019; Patricola
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et al. 2020). Thus, skillful predictions of different
ENSO types are critical for decision-making.
Unfortunately, current state-of-the-art operational
forecast systems have difficulty in differentiating
between EP and CP El Nifio events at lead times
longer than 2-3 months (Hendon et al. 2009;
Kirtman et al. 2014; Ren et al. 2019).

Recent studies have also identified different
precursors for EP and CP events which may
improve models’ prediction skill, if they are
properly represented in the models’ initialization.
The zonal slope of the thermocline, for example,
appears to play a key role in controlling the
type of a developing El Nifio event: an enhanced
zonal thermocline slope favors CP-type events,
while a reduced zonal thermocline slope is
more conducive to EP events 2-3 seasons later
(Capotondi and Sardeshmukh 2015). This is
consistent with the predominance of CP El
Nifios during decadal periods characterized by
La Nifa-like background conditions, as seen in
observations from recent decades (McPhaden
et al. 2011; Figure 3e-f). Thus, initialization of
the upper-ocean density structure and zonal
thermocline slope is a necessary condition for the
models’ ability to differentiate between El Nifio
flavors.

In addition to local precursors in the equatorial
Pacific, off-equatorial SST and wind conditions,
especially those associated with the North
and South Pacific Meridional Modes (Chiang
and Vimont 2004; Zhang et al. 2014), play an
important role in the development of CP events.
The development of EP events, on the other hand,
appears to be primarily controlled by equatorial
processes (Capotondi and Ricciardulli 2021;
Vimont et al. 2022). Thus, the TPOS should capture
both equatorial and off-equatorial wind and SST
precursors for advancing the understanding,
modeling, validation, and prediction of ENSO
diversity.
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Figure 3. Composites of (a) SST (in °C) and (b) Z20 (in m) for December-February (DJF) of El Nifio years during 1980-1999 with zonal
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depth. Adapted from McPhaden et al. (2011).

Unresolved issues

In the context of the sustained TPOS to support
predictions in a cost-effective manner, spatial
and temporal sampling requirements need to
be carefully assessed. This assessment needs to
consider the current capabilities of DA systems
and their future evolution. For example, most of
the ocean data assimilation systems used daily
average data from moorings, thus filtering the
high-frequency signal. Studies are required to
quantify observations on what temporal frequency
may be adequate in the determination of the
ocean state that can be resolved by the current
capabilities of DA systems. Similar considerations
exist for the retention of observations during the
early stages of the forecast. For instance, the

correct initialization of the ocean and atmospheric
boundary layers is challenging, and often the
observational information is not retained correctly
in the forecast. The mixed layer impacts the
coupled processes at the early stages of the
forecast. For instance, Yao et al. (2021) found
that errors in the initialization of the upper
ocean significantly degrade the extended range
predictions of the MJO. Focused experiments
targeting the initialization of the mixed layer would
help to tackle this problem. Any efforts targeting
this topic will be hampered without good-
quality reference verification datasets. Currently,
reference datasets for verification of mixed layer
variability are lacking.

US CLIVAR VARIATIONS ¢ Spring 2022 « Vol. 20, No. 2 8



The status of TPOS evolution towards meeting
Earth System prediction needs

Readers interested in the evolution of the TPOS
towards meeting and sustaining requirements for
Earth System predictions are invited to consult
reports from the TPOS 2020 Project (Cravatte et
al. 2016; Kessler et al. 2019; Kessler et al. 2021).

US CLIVAR VARIATIONS

While TPOS 2020 has come to an end and is
moving into an implementation phase, similar
exercises need to be repeated on a periodic basis
to understand the evolution in the requirement
for the TPOS because of advances in prediction
systems, societal priorities, and changes in
observational technologies.
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Multiscale air-sea interaction processes contributing to
the Warm Pool Eastward Extension (WPEE)

Yakelyn R. Jauregui' and Shuyi S. Chen'

'University of Washington

he Pacific atmosphere is coupled to the ocean

on a broad range of temporal and spatial
scales. The coupling occurs through different
mechanisms, which lead to different climate
regimes. The trade winds blowing westward affect
the equatorial ocean upwelling resulting in a deep
thermocline in the west and a shallow one in the
east. The sloped thermocline results in warmer
sea surface temperature (SST) in the west than in
the east. The resulting basin-scale zonal gradient
in temperature strengthens the zonal winds and
determines the spatial distribution of SST and
precipitation. The tropical Pacific mean climate
condition is maintained by the feedback between
the zonal component of the trade winds and the
basin-wide temperature zonal gradient, known as
the Bjerknes feedback. The western Pacific warm
pool (WP) is characterized by waters above 28°C,
weak winds, intense precipitation, and lower
sea surface salinity (SSS). In contrast, the central
Pacific is characterized by strong trade winds
and upwelling that bring deep, colder and saltier
waters to the surface. Thus, the eastern edge of
the WP marks the boundary where large-scale
winds converge to form deep convection, and the
equatorial cold tongue water to the east, where

trade winds prevail. The confluence of these two
water masses generates a sharp zonal salinity
front (34.6 PSU).

The most dominant tropical phenomena that
affect global high-impact weather (tropical
cyclones, extreme precipitation and drought,
heat waves, and severe storm outbreaks) occur
on various spatial and temporal timescales.
The Madden-julian Oscillation (MJO) and the El
Nifio-Southern Oscillation (ENSO) dominate the
variability of the intraseasonal (30-90 days) and
interannual (2-7 years) timescales, respectively
(e.g., McPhaden et al. 2006; Zhang 2013), and the
WP and its associated large-scale fields migrate
in association with these large-scale oscillations.
However, these large-scale changes result from
physical continuum processes from small-
scale and short-lived to long variations of the
atmosphere and the ocean.

Despite extensive research on the topic of the
MJO-ENSO connection in observations (Lau and
Chan 1988; Kessler et al. 1995; Anderson et al.
1996; Bergman et al. 2001; Zhang and Gottschalck
2002; Maes et al. 2002, 2006; Bosc et al. 2009),
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and modeling studies (McPhaden and Yu 1999;
Kessler and Kleeman 2000; Suzuki and Takeuchi
2000; Lengaigne et al. 2002, 2003) questions
remain especially regarding the timing of the
onset of El Nifio. This study aims to improve the
understanding of the physical mechanisms by
which the MJO influences the warm pool eastward
expansion (WPEE) that might lead to the onset of
El Nifio. Our research highlights the critical role of
the MJO in upscaling the short-lived, small-scale
variability where most air-sea interactions occur
into a much larger atmosphere-ocean coupled
phenomenon at the El Nifio onset.

Model configuration

Observations alone cannot deliver a more
complete picture of physical processes, modeling
capabilities are needed. We wuse a regional
atmosphere-ocean coupled model that includes
full physics and yields insights into the relatively
high-frequency multiscale nature of the MJO and
its impact on the upper ocean. The numerical
model used in this study is the Unified Wave
INterface-Coupled Model (UWIN-CM; Chen et
al. 2013; Chen and Curcic 2016), which allows
for interactive coupling between atmosphere
and ocean circulation models. The atmospheric
component is the Weather Research and
Forecasting (WRF V3.9) model and is constrained
by reanalysis and reinitialized daily. In contrast,
the ocean component (HYbrid Coordinate Ocean
Model - HYCOM V2.3.0) evolves continuously and
is fully coupled with the atmosphere every three
minutes. We examine the period January-August
2018. Consecutive MJO events over the western
Pacific were observed during the La Nifia condition
and were followed by a WPEE that led to El Nifio
2018 onset in September 2018.

The model domain covers the entire tropical
Pacific Ocean (Figure 3 in Kerns and Chen 2021).
The initial and lateral boundary conditions for the
atmosphere and ocean are from ECMWF ERA5
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and HYCOM global analysis. The WRF model is
configured with 12 km of horizontal grid spacing
with 43 vertical levels and HYCOM with a uniform
grid spacing of 0.08° and 41 vertical levels. Details
about the UWIN-CM configuration are described
in Kerns and Chen (2021). The model includes
the rain/fresh water-induced salinity changes
and therefore captures the formation and
maintenance of the upper ocean stratification. The
overall good agreement between the simulation
and satellite and in-situ observations (Figure
1) gives confidence in studying the processes
responsible for the WPEE. This helps us assess
the observational needs that would help model
development.

Mechanisms that connect the MJO(s) occu-
rrence and El Nifo initiation

The MJO's local and remote effects on the
Pacific upper ocean are well known. The MJO is
a planetary-scale, eastward-propagating intra-
seasonal convective envelope that often initiates
in the Indian Ocean and propagates eastward into
the Western Pacific at slow speeds (Zhang 2005).
They can be considered “external forcing” to the
Pacific. The multiscale nature of the MJO affects
the atmosphere and ocean on timescales from
days to several weeks (Kikuchi et al. 2018).

The La Nifia conditions in 2017 transitioned to El
Nifio onset in August 2018 associated with the
WPEE, which occurred only after the intense and
consecutive 3 MJO events observed from January
to May 2018 (Kerns and Chen 2021). Locally, each
MJO-induced westerly wind burst cools the sea
surface through intense evaporation and vigorous
upper-ocean mixing. Westerly winds bursts
(WWBSs) along the equator excite Kelvin and Rossby
oceanic waves. Kelvin waves propagate eastward,
recognizable to the east of the forcing; during its
propagation, they deepen the thermocline and
induce changes in the surface and subsurface
temperature and salinity fields (Figure 2). Warmer
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Figure 1. The warm pool (28.5°C) evolution from January 21 to August 31 color coded by dates. Contour lines indicate the
climatological warm pool during January and August from 1981-2010, respectively. Courtesy of Yakelyn R. Jauregui.

waters reached Nifio 3.4 region, leaving a much
weaker large-scale zonal SST gradient in June-
August after the third MJO event (Figure 2). The
WPEE led up to the large-scale zonal SST gradient
weakening (Figure 2) that favored El Nifio onset in
August in the same year.

It is often assumed that the upper-ocean adjust-
ment to direct wind forcing occurs mostly through
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these waves by redistributing water masses and
affecting surface and subsurface temperatures
along the equator. The large-scale namely the
dynamics of WWB-oceanic Kelvin wave namely
the dynamics of WWB-oceanic and the upper
ocean stratification development, act together to
reduce the east-west temperature gradient, and
subsequent convection and westerly winds can
occur further east. Over time, if these favorable
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Figure 2. The equatorial (1.5°S-1.5°N) upper evolution of
temperature and salinity at specific days during and after the
MJO. The gray shading indicates the barrier layer, the mixed
layer and isothermal depths are computed following Sprintall
and Tomczak (1992), with a reference temperature at 10 m and
a temperature step of -0.25°C. Courtesy of Yakelyn R. Jauregui.
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adjustment is often observed as a propagating
thermocline signal that affects the oceanic zonal
large-scale gradient and suppresses entrainment
in the central and eastern Pacific (Boulanger et al.
2004; Chen et al. 2015; Chiodi et al. 2014; Kessler
et al. 1995; Kessler and Kleeman 2000). The MJO'’s
net effect is observed on the SST warming in the
central and eastern Pacific as observed in Figure
2 and widely studied in observations (McPhaden
et al. 1988; Seiki and Takayabu 2007; Zhang and
Gottschalck 2002).

This warming has been explained mainly through
the intraseasonal ocean dynamical processes
associated with MJO events. However, the ocean'’s
response to MJO forcing is quite complex. The
equatorial Pacific ocean’s subsurface temperature
and salinity response to the MJOs forcing (Figure
2) are observed as the expansion of a warm and
fresh pool eastward caused by a combination
of continuum processes. We highlight one other
process that occurs immediately after the passage
of the MJO; in calm wind and clear sky conditions,
the presence of barrier layers (BL) maintains a
warmer SST. BLs were first analyzed around 30
years ago, using observations from the tropical
west Pacific (Godfrey and Lindstrom 1989; Lukas
and Lindstrom 1991). These initial studies showed
that the ocean mixed layer (defined by near-
constant density) can be vertically separated from
the top of the thermocline by a near isothermal
but salt-stratified layer—the BL. Figure 2 highlights
BLs in gray shading, the region of the most
substantial temperature stratification (top of
the thermocline) is located between 50-100 m.
The region of increased density stratification is
located on the top 50 m over the warm pool but
can reach 100 m over the central Pacific. Since
the atmosphere can respond to SST forcing
much more rapidly, new deep convection and
further WWBs can be triggered by these warmer
waters. If the positive loop continues, the two
air-sea interactive processes associated with
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the MJO, namely the dynamics of WWB-oceanic
Kelvin waves and the upper ocean stratification
development, act together to reduce the east-west
temperature gradient, and subsequent convection
and westerly winds can occur further east. Over
time, if these favorable conditions prevail and if
the loop continues, these relatively high frequency
convective events shift eastward as the warm SST
expands during the onset and growth stage of El
Nifio (McPhaden and Picaut 1990; Delcroix et al.
1994; Fink and Speth 1997; Kessler and Kleeman
2000; Lengaigne et al. 2003).

MJO-induced fresh equatorial jets
The maintenance of warmer waters over the

central Pacific is crucial to the onset of El Nifio.
The presence and strength of BLs are of particular

(a) MJO-westerly phase, 23/Apr

25
50
T5
100
125

150
150°E

170°W

160°E  170°E  180°W
0
25
50 4
15
100
125

i

2 ]
160°E 170°E

150 <

150°E 180°W 170"W

=60-50-40-30-20-10 0 10 20 30 40 50 &0

US CLIVAR VARIATIONS

importance to achieve that. Kerns and Chen (2021)
used the same full physics UWIN-CM simulation
and compared it to another simulation that did
not include the freshwater fluxes effect on the
upper ocean. They found a strong density current
that resembles the fresh equatorial jets observed
and described for the first time by Roemmich et al.
(1994). These fresh equatorial jets transport warm
waters eastward maintaining the BLs and are
observed in the absence of convection after the
passage of the MJO convective phase and when
the trade winds dominate the warm pool area
(Kerns and Chen 2021). Figure 3 illustrates the
vertical structure of equatorial zonal currents and
salinity during and after the MJO convective phase.
The combination of the MJO westerly to the west,
easterly winds to the east of the WP eastern edge,
and the rainfall-induced freshwater fluxes form a

(c) MjO-westerly phase, 23/Apr
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o (d) Post-M]O: Fresh equatorial jet, 15/May
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Figure 3. The equatorial (1.5°S-1.5°N) zonal currents (a, b) and salinity (¢, d) in colors on April 23 and May 15, in cm/s and PSU,
respectively. Black tick lines highlight the 35PSU in all panels. The gray shading indicates the barrier layer similar to Figure 2.

Courtesy of Yakelyn R. Jauregui.
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Figure 4. Temperature (top panel), salinity (middle), and zonal currents (in colors, bottom panel) at the first model level (1 m) on
May 15. Winds vectors are shown in the bottom panel, the dashed black contours indicate the 35PSU and the magenta tick contour
indicate the warm pool (28.5°C) in all panels. Courtesy of Yakelyn R. Jauregui.

shallower mixed layer depth to the west of the
fresh pool. In contrast, deeper mixed layers
are observed on the east side of the fresh pool.
Beneath this mixed layer, a very thick barrier layer
is found, and they persist up to 40 days after the
MJO convective phase has ended.

On May 15, 22 days later, in the absence of
convection and under prevailing trade winds,
a fresh equatorial jet is observed confined to
the uppermost 75 meters with a strong peak
across the salinity front. These fresh and warm
waters maintained by the presence of BLs absorb
large amounts of solar radiation at the surface
while being transported eastward by these jets.
Jauregui and Chen (2024a) used the theory of
fresh equatorial jets described in Roemmich et
al. (1994). They found that these jets are driven

by a strong horizontal pressure gradient force
set up by the strong positive buoyancy flux over
the western side of the warm pool’'s eastern edge.
Figure 4 illustrates that several processes occur
at the same time. The impact of MJO-induced
rainfall on ocean dynamics is observed as fresh
equatorial jets that can last beyond ten days. They
are confined within 3°S-0, 160°E-168°E over the
fresh pool while the MJO-induced oceanic Kelvin
waves affect the eastward currents associated as
they passage of across the warm pool from 175°E-
180°.

Conclusions
Using over 20 years of satellite observations,

Jauregui and Chen (2021) showed that consecutive
MJO events occurred before the onset of each
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El Nifio event from 1999-2019 and have found
evidence that MJO events can indeed contribute
to the onset of El Nifio by warming a large portion
of the Nifio 3.4 region (170°E-160°W, 5°S-5°N)
with anomalies above 0.5°C. These prior-to-the-El
Nifio-onset MJO events were particularly strong
in precipitation and westerly wind bursts (WWBs)
and often occurred as consecutive events. The
two air-sea interactive processes associated with
the MJO, namely the dynamics of WWB-oceanic
Kelvin waves identified by Kessler et al. (1995) and
the upper ocean stratification via rainfall-induced
development of BL which maintains warm SST
as observed by Anderson et al. (1996), are key to
understand this MJO-ENSO interaction. Together
they act to reduce the east-west temperature
gradient, which allows a further shift of the
warm pool eastward during the onset of El Nifio.
The MJO impact on the upper ocean dynamics

US CLIVAR VARIATIONS

and thermodynamics favors the WPEE and
maintenance of warm SSTs over the central Pacific
helped by fresh equatorial jets that could last from
several days to weeks (Jauregui and Chen 2022).

A more comprehensive analysis of these processes
associated with the MJO-induced WPEE is currently
in preparation by Jauregui and Chen (2022 g,
b) and will provide a better understanding and
guantitative assessment of possible sources of the
ENSO prediction that is still a significant challenge
in numerical models.
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Upwelling and mixing in the Equatorial Pacific Cold
Tongue: Biogeochemical implications, dynamics, and
observing needs
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'University of California, San Diego / Scripps Institution of Oceanography
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he equatorial Pacific ocean’s cold tongue is a

dynamically and biogeochemically fascinating
region. Cold thermocline waters upwell along the
equator, resulting in intense ocean heat uptake
(Holmes et al. 2019), with profound implications
for air-sea interactions and global climate. The
high nutrient load of these upwelled waters fuels
a productive community of plankton (Strutton et
al. 2001), attracting marine life across the trophic
ladder (e.g., Ryan et al. 2017) and sustaining a
lucrative tuna fishery (Barrange et al. 2018). The
cold tongue is also a region of intense carbon
outgassing as remineralized carbon-rich waters
are upwelled and warmed at the surface, making
it the largest oceanic source of carbon dioxide
(CO2) to the atmosphere (Takahashi et al. 1997).
Below the mixed layer, the transport of oxygen
(02) by the energetic circulation maintains an

equatorial oxygenated tongue that extends
well into the thermocline (Stramma et al. 2010),
providing valuable habitable space amidst

the hypoxic conditions of the eastern tropical
Pacific. Untangling the pathways and processes
governing the upwelling and mixing of heat and

biogeochemical properties in this region (Figure
1) is of paramount importance to understanding
climate and ecosystem dynamics.

The dynamical regime in the cold tongue is
unique: persistent strong shear between the
eastward equatorial undercurrent (EUC) and south
equatorial current (SEC) acts against the strati-
fying effects of solar heating and upwelling and
maintains a flow state near marginal instability
below the mixed layer (e.g., Smyth and Moum
2013). A diurnal cycle in shear turbulence arises
driven by solar irradiance effects on stratification
and shear, cooling the sea surface and entraining
heat downward into the upper thermocline (e.g.,
Gregg et al. 1985), driving an intense ocean heat
uptake along the equator (see Moum et al. 2022
for a detailed review). Though turbulent mixing
processes act on relatively small (< meters) and
fast (< minutes) scales, they contribute to the
large-scale structure and variability of upper
ocean properties and air-sea interactions from
diurnal to interannual timescales (Moum et al.
2013), including the Bjerknes feedbacks that
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Figure 1. A split view simplified illustration of select processes governing the vertical exchange of heat, carbon, oxygen, and
nutrients along the equatorial Pacific cold tongue. Features not to scale. Courtesy of Yassir Eddebbar.

govern the El Nifio Southern Oscillation (ENSO)
(Warner and Moum 2019). High-resolution sim-
ulations of the equatorial Pacific reveal substantial
spatial and temporal variability in mixing with
far-reaching consequences for the heat budget
and biogeochemical cycles. Here, we describe
emerging insights and knowledge gaps from these
modeling studies and discuss observing the need
to test these model-derived hypotheses in the real
ocean.

Biogeochemical implications

Poor ventilation by the subtropical gyres and
microbial consumption at depth give rise to the
tropical Pacific Oxygen Minimum Zones (OMZs)
(Sverdrup 1938; Wyrtki 1962). These OMZs are
expanding (Stramma et al. 2008). An explana-
tion for this expansion remains limited by poor
understanding of ventilation processes in the
equatorial Pacific (Oschlies et al. 2018; Cabré et
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al. 2015). Recent studies indicate the EUC and
mesoscale eddies may both dictate the extent
and variability of the equatorial oxygenated
tongue, a deep feature of oxygenated waters in
the thermocline that ventilate OMZs (Figure 1).
The EUC in particular has been suggested to play
a central role in shaping the O2 field in the tropical
Pacific thermocline and its interannual varia-
bility associated with ENSO (Busecke et al. 2019).
Recent high resolution simulations also reveal that
Tropical Instability Vortices (TIVs) induce a seasonal
oxygenation of the upper thermocline, depressing
the northern equatorial boundary of the OMZ
from summer through winter as TIVs propagate
westward (Eddebbar et al. 2021). This oxygenation
is driven by a combination of TIV advective effects,
including isopycnal displacement, lateral stirring,
eddy trapping, and subduction by submesoscale
fronts, as well as TIV intensification of turbulent
mixing of O2 below the mixed layer (Eddebbar et
al. 2021; Holmes et al. 2014).




These advective and mixing processes may also
regulate nutrient supply and primary produc-
tivity. In this high-nitrate low-chlorophyll region,
phytoplankton growth is strongly dependent on
the zonal advection of iron (Fe) from the western
Pacific by the EUC and its vertical supply through
upwelling and mixing (Ryan et al. 2006). The
intense upwelling, downwelling, and turbulent
mixing associated with TIVs, and the Tropical
Instability Waves (TIWs) they are embedded in
may play a key role in the vertical supply of Fe to
the euphotic layer. Indeed, chlorophyll enrichment
along TIW cold cusps has been observed in
satellite and hydrographic measurements (Yoder
et al. 1994; Archer et al. 1997; Strutton et al. 2001;
2011). Whether these cusps of chlorophyll reflect
new production or simply outline a redistribution
of biomass by TIW circulation is unclear. An early
model study argued that TIWs weaken primary
production by leaking Fe out of the equatorial
Pacific (Gorgues et al. 2005). Other models suggest
that TIWs intensify primary production through
enhanced upwelling of Fe that is sensitive to the
depth of the nutricline (Vichi et al. 2008). This
intensified production may feed back on physical
processes by suppressing the penetration of
shortwave irradiance, increasing stratification, and
reducing vertical mixing (Tian et al. 2018). These
simulated effects of TIWs on productivity reflect
a subtle balance between large opposing fluxes
of Fe driven by transport processes that are likely
poorly represented by these relatively coarse
(~0.5°) models (e.g., TIW submesoscale dynamics;
See Marchesiello et al. 2011).

These process-oriented modeling studies raise
numerous questions and targets for future
observing campaigns. A thematic motivating goal
here is the need to identify the pathways by which
biogeochemical tracers are exchanged between
the mixed layer and the thermocline. Spec-
ifically, what are the contributions of advective
(e.g., submesoscale fronts) vs turbulent mixing
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processes in the vertical exchange of 02, nutrients,
and carbon? What biogeochemical feedbacks
arise from these simultaneous exchanges? How
do these processes influence the mean structure
and temporal variability of upper-ocean nutrients,
biological productivity and composition, oxygen
ventilation, and carbon export from diurnal to
multidecadal timescales?

Mixing heat and underlying dynamics

Clues to the answers for many of these questions
may be found in studies of another tracer: heat.
Discussions of equatorial upwelling typically give
an impression of colder water moving across the
thermocline towards the surface. This picture is
overly simplified (Bryden and Brady 1985). Much
of upwelling is associated with the eastward
flow of the EUC along upward-sloping isotherms
(Meinen et al. 2001) and is thus adiabatic. Up to
a third of the total upwelling is accounted for by
its diabatic component: water parcels undergo
water mass transformation and cross isopycnals
while moving upwards, for example by changing
their temperature due to solar radiation or
mixing (Bryden and Brady 1985; Meinen et al.
2001; Huguenin et al. 2019; Deppenmeier et al.
2021). The sun heats water parcels at and near
the surface, while mixing cools the near-surface
layer (~ top 25 m) and warms water in the upper
flanks of the EUC (Ray et al. 2018; Huguenin et al.
2020; Deppenmeier et al. 2021). Mixing influences
02 similarly: it reduces oxygen in the near-surface
waters and increases it in the upper thermocline
(Eddebbar et al. 2021). In this way, vertical mixing
exchanges heat and other properties between the
thermocline and the near-surface ocean.

This elegant conceptual idea of upwelling and
mixing only approximately describes the mean
behavior of a system characterized by vigorous
spatio-temporal variability that is not fully
understood. The intensity of vertical mixing and
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diabatic upwelling varies over a wide range of
magnitudes on many timescales. The turbulent
heat flux regularly varies by up to hundreds of W/
m? each day due to the diurnal cycle (e.g., Gregg et
al. 1985) and by up to about 100 W/m? from peak
to trough of the seasonal cycle on the equator
(Moum et al. 2013; Pham et al. 2017; Whitt et al.
2022). Daily mean heat fluxes range over 2-3
orders of magnitude up to perhaps 500 W/m?
(Smyth et al. 2021; Whitt et al. 2022). Subseasonal
variability is forced by variations in the wind stress
(Moum and Caldwell 1985; Whitt et al. 2022) as
well as vertical shear and stratification (e.g., by
TIWs and Kelvin waves; Lien et al. 1995; Moum

a) SST in POP2 0.1°
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et al. 2009; Cherian et al. 2021; Whitt et al. 2022;
Deppenmeier et al. 2022). Interannual variability
is also large, with mixing playing an active role
in ENSO feedbacks (Warner and Moum 2019;
Huguenin et al. 2020; Deppenmeier et al. 2021).

This characterization of turbulent mixing has been
possible only through multiple intensive process-
study campaigns combined with long time series
from mooring-based mixing observations (Moum
and Nash 2009), and analysis of high resolution
simulations. Most long-term observations come

from one mooring centered at 0°N, 140°W.
Thus, most knowledge of off-equatorial mixing
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Figure 2. Temporal and spatial scales of turbulent mixing inferred from models. (a) Snapshot of SST in an eddy-resolving hindcast
simulation of POP2 at 0.1°, TIWs are outlined by cold cusps along the equator (Eddebbar et al. 2021). (b) Hovmoller plot of the
cross-isothermal velocity (Wci)—the diabatic component of upwelling—averaged over the 20-22°C isotherms along 0°N and TIW
EKE (dots) at 0°, 125°W in POP2 (Deppenmeier et al. 2022). (c) same as (b) but for Wci along 3°N and TIW EKE (dots) at 3°, 125°W. (d)
Downward heat flux in the low Richardson number (Ri) layer below the mixed layer and above the EUC in a simulation of MITgcm at
1/20° (Cherian et al. 2021). (e) Time series of the maximum (over depth) of the daily-mean downward turbulent buoyancy flux at 0°,
140°W and 3°N, 140°W in a large eddy simulation, with dotted lines indicating periods of enhanced shear by TIWs (Whitt et al. 2022).
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geography and variability is derived from model
simulations except for a few cross-equatorial
sections (Hebert et al. 1991; Moum et al. 2022).
Models show that mixing causes water mass
transformation and carries heat from the mixed
layer to the upper-thermocline at an average
rate of 10-100 W/m? throughout the cold tongue
(Deppenmeier et al. 2021; Whitt et al. 2022).
However, these time-mean turbulent heat fluxes
integrate over logarithmic temporal intermittency,
which is particularly prominent off the equator
due to the mesoscale ocean variability, e.g.,
associated with TIVs/TIWs (Figure 2; Cherian et al.
2021; Whitt et al. 2022; Deppenmeier et al. 2022).
With pronounced vertical gradients in the upper
thermocline similar to that of temperature, we
hypothesize that the spatio-temporal variability
in turbulence is also expressed in the variability
of carbon, oxygen, and nutrients in the upper
equatorial Pacific.
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Outlook: Observing needs and opportunities

Extensive observations of turbulence and
its covariation with momentum, heat, and
biogeochemical tracers across a variety of
timescales on and off the equator are necessary
to test these model-based hypotheses and
interrogate the representation of mixing and
its consequences in forecast and Earth system
models. Model based process-studies imply
that TIWs and TIVs, through their 3-dimensional
circulation and modulation of turbulent mixing,
strongly control the exchange of tracers between
the thermocline and the ocean surface. Due to
their sensitivity to large scale forcing (e.g., winds
and equatorial current shear) and modulation of
small scale processes (shear-driven turbulence
and submesoscale fronts), we hypothesize that
TIVs occupy a central role in coupled interactions
across scales (Figure 3).
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Figure 3. 8-day composites of (a) SST and (b) surface chlorophyll from the NOAA 0.25 OISST Analysis product and MODIS Aqua
(9 km resolution) Level 3 product, respectively, centered on December 14, 2016. (c) Temporal and spatial scales of physical and
biogeochemical variability in the cold tongue. Strong interactions across scales and processes characterize this region. SST and
Chlorophyll data were accessed and are freely available on the NOAA repository and NASA Ocean Color Data repository.
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https://psl.noaa.gov/thredds/dodsC/Datasets/noaa.oisst.v2.highres/sst.day.mean.2016.v2.nc
https://oceandata.sci.gsfc.nasa.gov:443/opendap/MODISA/L3SMI

Future process field studies should prioritize
characterizing the full 3-dimensional circulation
of TIVs/TIWs, biological and chemical structures,
and variability. Measurements are needed to
specify the meridional and vertical extent of
deep cycle turbulence off the equator and its
imprints on gradients and fluxes of heat, 02,
carbon, and nutrients (e.g., nitrate, iron, and
silicate). Observations are also needed to explore
submesoscale motions, including their role in the
downwelling and upwelling of these properties
along the leading and trailing edges of TIVs,
respectively. Satellite (Figure 3) and ship-based
observations (e.g., Archer et al. 1997, Kennan
and Flament 2000; Menkes et al. 2002) and
model studies (Holmes et al. 2014; Cherian et al.
2021; Eddebbar et al. 2021) reveal remarkable
3-D physical and biogeochemical complexity
that would benefit greatly from the use of
fleets of autonomous surface and underwater
vehicles (e.g., Saildrones and gliders) that can
simultaneously transect large scale TIV structures
and sample their fine scale motions (Meinig et
al. 2019; Mahadevan 2020). These synergistic
observations would be highly beneficial to both
physical and biogeochemical communities, as
biological changes can feed back on physical
processes (Tian et al. 2018) while biogeochemical
gradients can provide independent constraints on
rates and pathways of upwelling and mixing.

Long-term measurements are needed to
characterize the spatio-temporal variability
of mixing and its interaction with larger scale
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processes (Figure 3). In particular, observations
are needed to assess the meridional variations
of temporally intermittent mixing predicted by
models and its biogeochemical consequences.
To capture both meridional and temporal
variability, enhancing the mooring array along
and off the equator with chipods for turbulence
estimates and biogeochemical sensors (surface
pCO2 and subsurface 02) should be considered
in future adjustments of the tropical Pacific
Observing Network (TPON; Kessler et al. 2021).
Observing these interactions and underlying
dynamics is critical to predicting and preparing
for anthropogenic warming impacts on the cold
tongue and their global consequences.
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The decade of convection

In 2028, three radar equipped SmallSats orbiting
in quick succession will use a novel time-
differencing technique to begin providing the first
ever tropics-wide measurements of convective
mass flux (CMF) as part of Investigation of
Convective Updrafts (INCUS), a recently funded
NASA Earth Venture 3 initiative. The following
year, a constellation of three satellites comprising
NASA’'s Atmosphere Observing System (AOS) will
begin using a wide array of active and passive
instruments to collect measurements optimized
for identifying the links between aerosols, clouds,
convection, and precipitation. INCUS and AOS
will offer an unprecedented opportunity to
characterize tropical convection and convectively-
coupled processes within the atmosphere and
ocean, ushering in what some anticipate will
come to be known as the “Decade of Convection.”
Yet the tropical air-sea “transition zone,” a
region encompassing the marine atmospheric
boundary layer (MABL), air-sea interface, and
upper-ocean, remains sparsely observed, posing
significant challenges to process-level studies of
convection and air-sea coupling. With the Decade
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of Convection rapidly approaching, we must ask:
“What observations will be needed to character-
ize tropical convection and convectively-coupled
processes within the atmosphere and ocean”?

In alignment with companion articles in this
edition of Variations, we believe that routine,
simultaneous, and coincident measurements
of the air-sea transition zone collected across
representative convective regimes of the tropical
Pacific rank amongst primary observing needs.
This article will suggest that emerging ocean-
surface  autonomous  observing  platform
technologies provide wunique prospects for
addressing this need. This article adopts a
necessarily limited scope, focusing primarily
on the “needs and prospects” for expanding
thermodynamic  observations of a single
component of the tropical air-sea transition
zone, namely the MABL. Companion articles in
this edition of Variations focused on spaced-
based observations of the air-sea transition zone,
observational “Supersites,” and Earth system
prediction compliment this contribution.
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Process studies highlight critical need for
MABL observations

What is the state of the system? How is the state
of the system changing? Why is the state of the
system changing? These questions represent a
hierarchy of understanding, each one becoming
considerably more difficult to answer than the
previous. ldeally, we want to know the answers
to these questions across a range of scales, over
large and varied geographical regions, over
extended periods of time and, in the case of
convection and convectively-coupled processes,
at different stages of convective development.
Each observational platform and approach, having
distinctive strengths and weaknesses, contributes
to this hierarchy of understanding in unique ways
and, just as advances in our understanding are
often borne from advances in these platforms and
approaches, critical gaps in our understanding
often reflect critical gaps in these platforms and
approaches.

Recent process studies of convection and air-sea
coupling highlight that observing and under-
standing MABL thermodynamic variability remains
a longstanding critical gap (Zadra et al. 2018;
Yasunaga et al. 2019; Ren et al. 2021; Wolding et
al. 2022). To better understand the observational
origins of this critical gap, and the limitations it
imposes on model development, we will consider
how observations of tropospheric humidity
are routinely collected, used in concert with
models and assimilation systems to produce (re)-
analyses, and then used by process studies
requiring uniform sampling across broad spatio-
temporal scales and/or diverse geographical
regions.

Routinely collected humidity observations over
remote tropical oceans, where in-situ measur-
ements are relatively sparse, are predomin-
antly provided by spaced-based platforms falling
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into two general categories: passive multi- or
hyperspectral soundings and Global Navigation
Satellite System (GNSS) Radio Occulations (RO)
(Pincus et al. 2017; Hersbach et al. 2020). Passive
infrared and microwave sounders exploit the
absorption and emission characteristics of water
vapor to make coarsely resolved estimates of its
vertical distribution and, when used in concert,
provide relatively strong constraints on column
integrated moisture. Passive infrared and micro-
wave sounders are highly complimentary: the
former having higher horizontal resolution, the
latter being less impacted by the presence of
clouds. GNSS ROs use time delays associated
with the “bending” of active atmospheric limb
soundings to retrieve high vertical resolution,
coarse horizontal resolution thermodynamic
profiles. As ROs are time-based measurements
and are not attenuated by clouds, they offer
relatively low uncertainty and unbiased estimates
with unique long-term stability, providing “anchor”
measurements in assimilation systems. Retrieval
of moisture profiles requires a-priori estimates of
temperature profiles (a.k.a. temperature-moisture
ambiguity), and the rapid changes in RO bending
angle that occur at the MABL top, while useful
for identifying MABL depth, frequently prevent
retrieval and/or assimilation of measurements
from within the MABL itself (Kursinski et al. 1997;
Basha and Ratnam 2009; Xie et al. 2012; Ho et al.
2020).

In an effort to produce gridded, complete (in space
and time), and self-consistent “maps without
gaps,” reanalyses attempt to optimally combine
historical observations from hundreds of space-
based and in-situ instruments using forecast
models in concert with data assimilation systems
(Hersbach et al. 2020). Model forecasts provide
an “initial-guess” state of the atmosphere, which
is then updated by concurrent and proximate
(in space and time) observations using a data
assimilation system seeking to minimize diff-
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erences amongst the forecast and all available
observations, while taking their respective un-
certainties into consideration. As reanalyses
incorporate numerous data sources (e.g., ERAS
assimilated ~95 billion observations from 1979-
2019), and estimates at a given time can
be informed by coincident and proximate
observations, they can be more accurate than
observations from any single observing platform
(Pincus et al. 2017; Hersbach et al. 2020). Yet
reanalyses are susceptible to systematic errors,
particularly when strong observational constraints
are lacking or sampling is biased (e.g., clear versus
cloudy sky conditions). This is especially true of
the MABL, where the dearth of thermodynamic
observations creates a large dependence on the
assimilating model and its parameterized treat-
ments of short-timescale processes impacting
moisture and temperature variability (e.g.,
ventilation of MABL by parameterized convection)
(Pincus et al. 2017).
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Recent process studies illustrate how insufficient
observational constraints become manifest as
systematic errors in reanalyses, limit our under-
standing of convection, and subsequently hamper
model development. Figure 1 shows a process-
oriented diagnostic (POD) of moisture-convection
coupling over tropical oceans (Wolding et al.
2020). Vectors indicate how TRMM precipitation
estimates and reanalysis column saturation
fraction (CSF, a column integrated measure of
moisture) tend to co-evolve in time, and color
shading indicates a proclivity to moisten (warm
colors) or dry (cool colors). In observations/
reanalyses, vectors trace a clockwise pattern in
CSF-P space, indicating that cyclical increases and
decreases in column moisture are coupled to the
cyclical amplification and decay of convection.
The Community Earth System Model version
2.0.1 (CESM2), a current generation climate
model, shows a proclivity to dry (cool colors)
during conditions when observations/reanalyses
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suggest that moistening (warm colors) should
occur (Danabasoglu et al. 2020; Wolding et al.
2020). In order to guide model development, we
must understand why CESM?2 fails to reproduce
aspects of observed moisture-convection coupling
by, for example, using a moisture budget to
identify specific moisture sources/sinks (e.g.,
surface fluxes/precipitation) that are behaving
unrealistically. Yet, despite the comparatively
strong observational constraints placed on large-
scale column moisture variability by infrared and
microwave sounders, considerable disagreement
exists amongst the three reanalyses as to how
CSF evolves in relation to TRMM precipitation,
making it difficult to establish the clear process-
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level targets needed to guide model development
(Schroder et al. 2016).

Such disagreements become more stark when
the vertical structure of thermodynamic vari-
ations associated with these convective cycles is
examined. Figure 2 compares NOAA Integrated
Global Radiosonde Archive (IGRA) thermodynamic
profiles from six small western Pacific islands to
co-located ERAS5 thermodynamic profiles over
a composite convective cycle (Durre et al. 2018;
Wolding et al. 2022). Moving from left to right
along the X-axis is analogous to tracing a clockwise
circle around Figure 1, starting/ending in the lower
left corner. Systematic differences between IGRA

Thermodynamic Structure of Convective Cycle

~ Specific Humidity Temperature
Figure 2. Vertical structure of specific humidity and w §m 5
temperature variations associated with composite Soudings g £
convective cycle. Thermodynamic profiles are obtained -

from NOAA IGRA soundings from 6 small islands in
the tropical western Pacific (Figure 3 red markers) and
co-located ERAS reanalysis at hourly 0.25° horizontal
resolution. In the right column, specific humidity
perturbations are contoured every 0.2 g Kg™ in the
top and middle row, and every 0.1 g Kg™' in the bottom
row, with positive values in solid contours, and negative
values in dashed contours. Moving left to right along
the X-axis follows a composite convective cycle, and is
analogous to tracing a clockwise circle around Figure 1,
starting/ending in the lower left corner. The composite
convective cycle is associated with a transition from
predominantly shallow, to convective, to stratiform
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and ERAS specific humidity variations are evident
in the MABL, and accompanied by compensating
differences of the opposite sign in the lower free
troposphere (LFT). Pincus et al. (2017) showed
that the lack of observational constraints on
MABL humidity, combined with the coarse vertical
resolution of infrared and microwave sounders,
allows analysis systems to make compensating
errors in the vertical structure of humidity that
approximately preserve column integrated water
vapor, which is more strongly constrained by
observations. Similar compensating errors are
evident in climatological profiles of humidity over
the warm pool in various reanalyses (see Ren et
al. 2021, Figure 2h). Such systematic differences
have very tangible impacts on our understanding
of interactions between convection and the
surrounding atmosphere and ocean. For example,
Wolding et al. (2022) showed that when using
reanalysis thermodynamic fields, these systematic
differences cause variations in LFT humidity to
appear less influential in determining the strength
of convection than is suggested by observations.

Why then, despite such well-known shortcomings,
are reanalyses still being used by process
studies of convection and air-sea coupling? The
logistical challenges of designing, establishing,
and maintaining observational platforms in
remote tropical oceans means that, despite
being critical for the calibration/validation (cal/
val) of space-based observations and identi-
fication of systematic errors in (re)analyses, in-
situ observations are not routinely collected in
many regions of the Pacific. While the Global
Tropical Moored Buoy Array profiles upper
ocean conditions, atmospheric temperature and
humidity measurements are limited to the
near surface (Figure 3, bottom panel). In-situ
observational records from the six small islands
examined in this section (Figure 3, red dots) have
been utilized by numerous seminal studies of
convection (e.g., Holloway and Neelin 2009; Kiladis
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et al. 2009), but are outliers in both their longevity
and quality. Analogous records simply are not
available in many regions of the tropics, leaving
entire convective regimes severely under-sampled.
Again, using convective cycles to illustrate this
pertinent observing need, consider that while the
cyclical amplification and decay of convection is
ubiquitous across tropical convergence zones,
the specific combination of processes supporting
these cycles varies geographically. In the Indian
and western Pacific oceans, regions where large-
scale ascent is deep and “top-heavy” (Figure 3, cool
shading), radiative and surface flux feedbacks are
more important for amplifying convection than
in the central Pacific, eastern Pacific, and Atlantic
oceans, where shallow “bottom-heavy” large-scale
ascent (Figure 3, warm shading) plays a crucial role
(Inoue et al. 2021). The joint challenges posed by
geographically limited in-situ records, deficiencies
in space-based measurements of the MABL, and
systematic errors in reanalyses conspire to limit
our understanding of these different convective
regimes and impede efforts to improve their
model representation.

Prospects for expanding MABL observations

This section will provide a brief, non-compre-
hensive survey of emerging space-based and
surface-based observation technologies. Inter-
ested readers are referred to Nehrir et al.
(2017) and companion articles in this edition
of Variations for more details. Readers are
encouraged to consider prospects for expanding
MABL observations in the context of broader
observational needs for understanding convection
and air-sea coupling processes.

Emerging space-based observation technologies

Differential absorption lidar (DIAL) utilizes atmo-
spheric molecular and aerosol backscattered
return signals from a pulsed laser, and has the
potential to provide high accuracy high vertical
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resolution water vapor profiles extending to the
near surface. Being relatively insensitive to surface
emissivity, DIAL has the capability to profile
over land and ocean, during both day and night.
A weakness of DIAL is that cloudy skies, even
optically thin cirrus, impact the retrieval, though its
relatively small footprint (~100 m) allows retrievals
to be obtained from the gaps between clouds.
Comparisons with CALIPSO suggest that ~40-50%
of retrievals in tropical convergence zones would
be usable. See Figure 2 of Nehrir et al. (2017) for
airborne DIAL retrievals from the 2015 Plains
Elevated Convection At Night (PECAN) mission.

Differential absorption radar (DAR) is the radar
analogue of DIAL, using cloud and precipitation
scattering targets in place of clear-sky molecular
and aerosol scattering (Nehrir et al. 2017). By
combining the range-resolving capabilities of
radar with the strong frequency dependence of
atmospheric attenuation by water vapor, DAR has
the potential to profile water vapor within clouds,
makes it highly complementary to DIAL (Roy et al.
2018; 2020). Early versions of DAR are expected
to be limited to a particular altitude range (e.g.,
sounding either high altitude cirrus or low altitude
boundary layer clouds) by channel selection
restrictions (Roy et al. 2021).

LEO-LEO Microwave Occultation (LMO) is similar
to current GNSS RO technologies, but exploits
both refraction and absorption signals to over-
come the temperature-humidity ambiguity of
RO, enabling retrievals of pressure, temperature,
and humidity without a-priori information (Nehrir
et al. 2017). While degraded accuracy and poor
spatial resolution limit LMO capabilities in the
MABL, free tropospheric LMO profiles could allow
remote platforms such as DAR to be optimized for
sensitivity in the lower troposphere.

These three highly complementary space-based
technologies may help to characterize lower tropo-
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spheric thermodynamic variability in the coming
decades, especially if implemented in concert.
Yet, as detailed in a companion article led by
Kyla Drushka, observing MABL thermodynamic
variability from space under a range of convective
conditions will continue to present considerable
challenges for the foreseeable future. This
suggests that expanded in-situ observations will
play a critical role in addressing current MABL
observing needs.

Emerging surface-based observation technologies

NASA is supporting the development of a
miniaturized, upward-pointing passive microwave
sounder for profiling MABL air temperature and
water vapor. Development goals are targeting a
light weight, low power consumption, low cost
unit that could be deployed in large numbers
across a range of ocean-surface autonomous
platforms, including buoys and uncrewed sur-
face vehicles. Ocean-surface upward-pointing
sounders would support the cal/val of space-
based MABL measurements, and could be used
in combination with existing technologies to form
in-situ observing systems capable of profiling the
entire air-sea transition zone. While still in the
initial stages of development, prototypes suitable
for field deployment are expected in the next few
years.

A DOE Wind Energies Technologies Office funded
project has developed a wind lidar equipped buoy
capable of measuring high-resolution 3-D winds
from the near surface up to 250 m above sea
level. The wind lidar buoy also measures upper
ocean salinity, temperature, and currents, as well
as near surface atmospheric temperature and
relative humidity, helping relate MABL variability
to sub-surface ocean processes. Buoys have been
deployed at four locations along both the east and
west coasts of the United States where extensive
wind energy development is anticipated, and are
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being used for model validation in the context of
wind energy applications. The wind lidar buoys will
be an integral part of the 2024 Wind Forecasting
Improvement 3 field campaign.

These initiatives illustrate how emerging ocean-
surface autonomous platform technologies will
not only help characterize how the MABL varies,
but will also further understanding of why
the MABL varies by simultaneously measuring
processes across the air-sea transition zone.

Why “more” observations will be necessary,
but insufficient

Results of a data denial experiment by Pincus
et al. (2017), where dropsonde and sounding
observations collected during the NOAA EI-Nifio
Rapid Response (ENRR) field campaign were
incorporated/withheld from an NCEP ensemble
assimilation/forecast  system, warrant brief
mention. When in-situ observations were withheld,
aforementioned systematic compensating biases
between a too dry boundary layer and a too
moist LFT were evident in the analyses. While the
inclusion of in-situ observations helped ameliorate
the compensating biases in the analyses, these
improvements were lost within a 6-hour forecast
window, in part due to systematic model errors.
These results highlight that targeted model
improvements will be needed if the benefits of
additional observations are to be realized by
forecasts. Supersites, discussed in a companion
article led by Carol Anne Clayson, are an example
of innovative approaches for obtaining the
concentrated in-situ observations needed to
support these targeted process-level model
improvements.

Summary

Next-generation observations of tropical convec-
tion will offer a unique opportunity to characterize
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convective variability and convectively-coupled
processes within the atmosphere and ocean.
Realizing this opportunity will require similar
advancements in our ability to collect routine,
simultaneous, and coincident measurements
of the air-sea transition zone across repre-
sentative convective regimes. Emerging space-
based technologies will help constrain free
tropospheric thermodynamic variability, especially
if implemented in concert. Yet, as discussed in a
companion article led by Kyla Drushka, many
current impediments to observing near-surface
thermodynamic variability from space will remain,
suggesting that a concerted effort to expand
ocean-based in-situ observations will be critical
to characterizing marine atmospheric boundary
layer variability. Emerging ocean-surface auto-
nomous platform technologies provide unique
opportunities to bolster this critical gap in current
observational capabilities. Systematic errors
arising from parameterized processes with short
timescales rapidly erode the potential benefits
that expanded observations offer to analyses and
forecasts, highlighting that “richer observational
capabilities will need to be paired with systematic
model improvements” (Pincus et al. 2017).
Supersites, discussed in a companion article led by
Carol Anne Clayson, are an example of innovative
approaches for obtaining the concentrated in-situ
observations needed to support these process-
level model improvements.

The necessarily limited scope of this article, which
focused primarily on thermodynamic observations
of the MABL, has left many of the observational
“needs and prospects” of the MABL unaddressed.
Observations of MABL height, eddy diffusivity
and viscosity, turbulent fluxes at the air-sea
interface, and near-surface vertical current shear,

among many others, are needed to quantify air-
sea momentum fluxes, support development of
eddy-diffusivity mass flux schemes in numerical
models, and address other outstanding issues.
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While existing observational platforms such as
marine X-band radar, FLIP, and instrumentation
aboard uncrewed surface vehicles are capable
of obtaining these measurements, the paucity
of these observations highlights a clear ongoing
Need which warrants further attention (Fisher and
Spiess 1963; Lund et al. 2012, 2015; Grare et al.
2021; Ortiz-Suslow et al. 2021).
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he tropical Pacific is home to energetic

coupled air-sea processes on scales ranging
from O(1) km to O(10,000) km. Major gaps in our
understanding, observations, and prediction of
these processes remain, including multi-scale
interactions within the coupled ocean and atmo-
spheric boundary layers, vertical mixing in both
the ocean and the atmosphere, and turbulent
fluxes across the air-sea interface. To address
these gaps, the recent workshop on “Tropical
Pacific Observing Needs to Advance Process
Understanding and Representation in Models”
identified (among other needs) a need for
sustained, high-frequency, vertically resolved, and
colocated observations of the upper ocean and
lower atmosphere (DeMott et al. 2022).

Satellite measurements are a critical component
of the tropical Pacific observing system, as they
provide long-term monitoring of numerous para-
meters, broad spatial coverage, and reliable inputs
to forecast models. This article summarizes the
role of satellites in observing the oceanic and
atmospheric marine boundary layers (MBLs) in
the tropical Pacific, including their strengths and
limitations as well as an overview of current and
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future capabilities. While satellites generally do
a good job of characterizing daily to weekly mean
properties across O(10-100) km footprints at
the ocean surface (e.g., temperature, salinity,
wind, radiative solar and infrared surface fluxes,
and rain rate), the challenge lies in resolving
these processes on finer scales, and capturing
properties immediately above and below the
air-sea interface (boundary layer depths, air
temperature and humidity, vertical structure of
properties through each boundary layer). These
issues present challenges in estimating air-sea
fluxes of heat, moisture, and momentum, as well
as understanding the coevolution of coupled air-
sea boundary layers (Figure 1).

The oceanic boundary layer
Sea surface temperature

Sea surface temperature (SST) is a fundamental
boundary condition for studies of air-sea inter-
actions and the oceanic and atmospheric bound-
ary layers. Fortunately, satellite-based retrievals
of SST are among the highest quality remotely
sensed products. Infrared (IR)-based retrievals
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Figure 1. lllustrates the major processes and phenomena in the coupled tropical MBL (labeled in green), the variables that are
observed or derived from satellite measurements (blue), and those that are not well observed using satellites (pink). Courtesy of

Kyla Drushka.

provide high resolution observations (~1 km or
better) under cloud-free conditions, while passive
microwave data provide coarser resolution (~50
km) observations through non-precipitating
clouds. The data have well-characterized un-
certainties and long time records. Climate quality
satellite-derived SSTs from 1981 to present are
now available through the ESA Climate Change
Initiative (e.g., Merchant et al. 2019). Multi-sensor
analyses (see Martin et al. 2012; Dash et al.
2012; O'Carroll et al. 2019; and Vazquez-Cuervo
et al. 2022) for description and comparison
of many of the missions and products) take
advantage of the complementary strengths
of the different observation types to provide
high quality daily fields of the foundation SST
at spatial resolutions down to 1 km. Current
generations of geostationary satellites further
enable accurate sampling of diurnal SST variations
(Wick and Castro 2020) and some analyses like
the Operational Sea Surface Temperature and
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Sea Ice Analysis now provide hourly SST estimates
(Good et al. 2020). Care must be taken when
selecting or applying the wide range of satellite-
derived SST products to account for differences
in their representative depth and methods to
account for factors including the cool skin, diurnal
warm layer, and hourly variability.

Clouds are a particular challenge for retrieving
satellite SST measurements over the tropical
oceans. They block visible and infrared signals
that provide the highest resolution SST (and ocean
color) measurements, while also shading the sur-
face from solar radiation and emitting infrared
radiation in all directions and thereby modulating
SST. Newer generations of passive microwave
sensors (e.g., the ESA-proposed Copernicus
Imaging Microwave Radiometer) aim to provide
higher resolution (~15 km) measurements in the
presence of clouds.




Mixed-layer depth

The depth of the ocean boundary layer, or mixed-
layer depth (MLD), is of critical importance to
coupled air-sea processes as it controls the
amount of upper ocean heat that is available to
the atmosphere. MLD can range from 1 to almost
100 m in the tropical Pacific and can vary by up
to tens of meters within a day in response to sur-
face forcing (winds, waves, surface cooling/
heating, precipitation) and ocean dynamics. MLD
is typically defined as the depth to which near-
surface density is constant (e.g., well mixed); in
the tropical Pacific, this is usually dominated by
salinity, with temperature a major contributor.
Observing MLD variations is thus a major
challenge, as it requires high-resolution vertical
profiles of both temperature and salinity. Although
MLD cannot be directly measured with satellites,
indirect methods have been developed to estimate
MLD in a few specific situations. Fresh surface
layers generated by rainfall produce stable layers
0(0.1 to 1) meters thick that act as thin bound-
ary layers, preventing mixing between the surface
and below the layer. Similarly, ocean diurnal
warm layers create stable layers O(1) meters
thick. Recent efforts have shown that fresh layers
can be predicted from satellite rain measure-
ments and a simple model for the evolution of
salinity profiles (Santos-Garcia et al. 2014). Sea
surface salinity (SSS) estimates from the SMOS,
Aquarius, and SMAP satellites have been used
to detect the presence and strength of large
rain-generated fresh layers and upper-ocean
salinity stratification in river plumes; relating
these to upper ocean structure is a subject of
ongoing research. Efforts to simulate amounts
of diurnal warming present in individual satellite
SST retrievals using a combination of satellite-
derived and numerical weather prediction model
data (e.g., Merchant et al. 2019) can also yield
estimates of the diurnal warm layer thickness.
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Recent efforts to estimate MLD by combining
satellite measurements of SSS, SST, and sea sur-
face height with in situ profiles have shown
promising results in the tropical Pacific Ocean
(Foster et al. 2021).

Surface currents and waves

Ocean surface velocity and waves are critical
parameters  for quantifying the  oceanic
component of the air-sea momentum flux.
Present-day satellite missions do not measure
ocean currents directly, but several products
estimate geostrophic currents based on altimetric
sea surface height and Ekman currents from
surface winds (e.g., OSCAR, Globcurrent). Geo-
strophy breaks down at the equator, so these
products have large uncertainties there—
particularly the meridional velocity component
(Johnson et al. 2007). Sequences of high-resolution
satellite-derived SST have also been used to
estimate surface currents using maximum cross
correlation techniques (e.g., Bowen et al. 2002)
and to improve altimetric-derived estimates
(Ciani et al. 2020). Vertical current shear, which
plays a major role in equatorial mixing, cannot
be measured using satellite remote sensing
techniques. Surface waves regulate the transfer of
momentum between atmosphere and ocean yet
have often been overlooked in studies of air-sea
interaction in the tropics. Estimates of significant
wave height are made using satellite altimeter
data (e.g., the merged multi-satellite GlobWave
project; Farquhar et al. 2013), but other important
parameters such as directional wave spectra are
not available.

The atmospheric boundary layer
Vertical structure

There is a striking lack of information over the
tropical Pacific on the vertical structure of

US CLIVAR VARIATIONS ¢ Spring 2022 « Vol. 20, No. 2




atmospheric motion, thermodynamics, atmo-
spheric composition, clouds, and precipitation
which, together, drive air-sea interaction and the
global atmospheric circulation. Passive imaging,
spectrometer, microwave, and IR satellite
measurements of clouds, precipitation, water
vapor and liquid water content, and aerosols
are often column-integrated quantities rather
than the vertically-resolved, concentration, size
distribution, and composition information needed
to comprehensively study convection or estimate

radiative-cloud microphysics-aerosol feedbacks
that drive weather and climate.
Marine atmospheric boundary layer (MABL)

height can be estimated at sub-kilometer spatial
resolution and ~100 m vertical resolution from
spaceborne lidar or laser altimeters, but with very
slow update cycles (e.g., 16 days for the CALIPSO
mission). GPS-RO (radio occultation) methods
are lower resolution (2°, > monthly) with similar
vertical resolution (e.g., the COSMIC mission).
More high-spatial resolution MABL height
retrievals, with much quicker update cycles, are
needed in cloudy and precipitating conditions that
befall lidar techniques.

The vast majority of temperature and humidity
observations from satellites are currently
derived from passively collecting multi-spectral
and hyperspectral infrared and microwave
observations and from GPS-RO (see section 2 of
Wolding et al. this issue). Multi-spectral microwave
observations and hyperspectral IR observations
are currently available on the Suomi National
Polar-orbiting Partnership (NPP) and will be
available onboard the Joint Polar Orbiting System
(JPSS) satellite series over the next two decades.
NPP observations have increased spatial resolution
and improved vertical resolutions (~1 km) and
accuracy (Smith et al. 2009; Iturbide-Sanchez
et al. 2018) of atmospheric profiles compared
to previous Advanced TIROS Operational
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Vertical Sounder satellites, but limitations still
remain for profiling the MABL. Hyperspectral IR
observations are ineffective below clouds, thus
reducing the vertical resolution of the remaining
microwave observation. Recent development of
a hyperspectral microwave instrument (Aires et
al. 2015) is a promising development that should
improve vertical resolution if incorporated into
future satellite missions. The recent completion of
the six-satellite COSMIC-2 constellation (Schriener
et al. 2019; Johnston et al. 2021) uses RO with
higher vertical resolution profiles (~200 m) than
the infrared and microwave sounders.

Surface wind stress

Surface winds are a critical driver of air-sea
momentum and turbulent heat fluxes and
ocean mixing. Passive microwave satellite radio-
meters sense surface roughness, which is
converted to a scalar wind speed estimate
via a radiative transfer model, giving spatial
resolutions of 20-35 km. The scalar wind speed
record has been continuous, with good spatial
and temporal coverage, since 1996 (Bourassa et
al. 2019). However, vector winds are needed to
accurately estimate fluxes and characterize air-
sea interaction; these are typically measured
with scatterometers-active micro-wave radio-
meters. The existing scatterometer constellation
currently achieves better than 25 km resolution
every 6 hours; the International Ocean Vector
Winds Science Team recommends at least one
scatterometer fly in an equatorial orbit to improve
tropical coverage (Bourassa et al. 2019). Both
scalar and vector wind retrievals have large
uncertainties in raining conditions.

Precipitation
Surface rain rate is critical for estimating the

freshwater input to the ocean and the sensible
heat flux due to rain (Gosnell et al. 1995). Rain rate
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can be estimated from satellite radar products
at 5 km resolution with an approximate 1.5 day
update cycle (GPM Dual-frequency Precipitation
Radar radar) or from multi-satellite merged
global products available at nominal 30 min and
~10 km resolution (CMORPH or IMERG). Though
considered higher accuracy, satellite radar
products cannot measure into the atmospheric
boundary layer because the lowest clutter-free
bin (1.5-2.5 km) is almost always above the top
of the atmospheric mixed layer, and often above
or at the subsidence inversion height. The result
is that satellite precipitation radar data often do
not include raining boundary layer cumulus clouds
ubiquitous to the tropics and subtropics. Merged
multi-satellite products are global and continu-
ous in time, but show the best accuracy compared
to in situ measurements of instantaneous rain
rate when averaged over several hours to days,
and have effective spatial resolutions closer to
~30 km due to their reliance on passive micro-
wave radiometer input data (Wilheit et al. 1991;
Chiu et al. 1993; Kummerow 1998). Thus, raining
cells or their fine-scale details are missed when
they are smaller than 30 km in dimension and
evolve faster than 30-60 min.

Air-sea fluxes
Turbulent and net fluxes

Satellite-derived turbulent heat, moisture, and
momentum surface fluxes are a challenge to
compute from satellite observations based on
bulk methods (e.g., Fairall et al. 1996a,b, 2003;
Edson et al. 2013), which require accurate, high-
resolution, collocated, and coincident in time
retrievals of four input parameters: near-surface
wind speed; temperature and humidity; and rain
rate. Fluxes are calculated using match-ups of
available satellite data, with gaps often filled with
reanalysis products. Many satellite-based flux
products have been produced; the longest record
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(since 1958) and most up to date (through 2020 at
time of writing) global product of air-sea turbulent
and net fluxes is OAFlux, with daily, 1° resolution
(Yu 2007; Yu and Weller 2007, Obijectively-
Analyzed air-sea Fluxes). OAFlux also provides
the meteorological and oceanic inputs used to
calculate fluxes, including radiation (discussed in
the next subsection). Errors and disagreements
between different global satellite and reanalysis
flux products were recently reviewed by Yu
(2019). Random errors in input surface variables
which result in air-sea flux uncertainties > 15
Wm2; differences in sampling time between
parameters add additional uncertainties that
can exceed 100 Wm2? (Gentemann et al. 2020),
particularly in regions of strong atmospheric and
oceanic gradients. The indirect approaches used
to retrieve the input parameters also lead to
significant errors in turbulent fluxes (as discussed
above). Finally, no satellite platform combines
high-resolution and accurate measurements for
all input parameters simultaneously, which is key
in reducing flux errors to < 10 Wm=2 for spatial
scales of < 25 km. Gentemann et al. (2020) pro-
posed combining a microwave imager and hyper-
spectral sounder onboard a low-earth orbiting
small satellite, which would bring turbulent heat
and moisture surface flux estimates much closer
to the 5 Wm= goal set forth by the 2017 Earth
Science and Applications from the Space Decadal
Survey (National Academies of Sciences 2018).

Radiative fluxes

Estimating the net surface heat flux and
ocean buoyancy flux requires estimates of all
components mentioned in the prior paragraph,
plus the downwelling surface infrared (longwave)
and solar (shortwave) fluxes. Many legacy
historical surface radiation satellite products such
as ISCCP and CERES do not provide data past
2017 and had long processing times (International
Satellite Cloud Climatology Project, Clouds and

US CLIVAR VARIATIONS ¢ Spring 2022 « Vol. 20, No. 2



the Earth’s Radiant Energy System). Newer surface
radiation products have higher spatial (%-1°)
and temporal resolution (hourly, sub-daily) and
near-real time latency (e.g., NOAA GSIP - GOES
Surface and Insolation Product; NASA FLASHflux).
All satellite-based surface radiation products are
subject to errors in the radiative transfer model
and its input data: aerosol optical depth, cloud
optical depth, precipitation, atmospheric gas
concentrations, surface albedo, atmospheric
temperature and moisture, sea surface emissivity,
and SST. Cloud coverage is often a leading source
of error in surface solar flux products, followed by
aerosols, whereas vertical profiles of temperature
and moisture cause most errors in surface infrared
products (Zhang et al. 1995, 2006). Upwelling
solar heat flux can be estimated reliably from
albedo and downwelling solar flux (Payne 1972).
Upwelling infrared heat flux can be estimated as
a function of skin SST and downwelling infrared
heat flux (Fairall et al. 1996b).

Challenges and future missions

In addition to the challenges for specific variables
described above, there are a number of general
challenges for satellite measurements of the
coupled MBL. We now realize the importance of
small and fast processes (e.g., diurnal variability,
localized atmospheric convective processes, sub-
mesoscale ocean variations) in multi-scale
interactions within the coupled tropical system,
but struggle to observe these with satellites,
whose spatial and temporal resolution is limited
by physics and mission requirements. However,
constellations of satellites (e.g., the Global
Precipitation Mission or COSMIC-2) have the
advantage of optimizing spatial and temporal
coverage. Satellites generally measure individual
variables and so capturing coupled processes
necessarily requires combining a suite of satellite
measurements. On timescales shorter than a
few days, correctly matching the time and space
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signatures of multiple measurements can be
problematic. Satellites cannot directly measure
vertical ocean structure, advances in combining
satellite measurements of the sea surface with
vertical profiles from in situ platforms such as
Argo floats show promise for capturing ocean
vertical structure, particularly as data assimilating
models and machine learning techniques improve.

The future of satellite observing is bright. The
Investigation of Convective Updrafts (INCUS) and
Atmosphere Observing System (AOS) missions,
scheduled to launch in 2028-9, will measure the
vertical motion of air and water vapor which,
together, quantify the convective mass flux.
These atmospheric parameters are needed to
understand links between convective motion,
clouds, precipitation, and their surrounding
environment (also described by Wolding et al.
this issue). Smaller and optimized satellite precip-
itation sensors aboard CubeSats or SmallSats
are set to be launched soon and might provide
precipitation information at higher resolution and
closer to the sea surface than currently available
(Blackwell et al. 2018). The Surface Water and
Ocean Topography (SWOT) mission, launching in
late 2022, will enable us to measure sea surface
height (and hence to estimate geostrophic
currents) on much smaller scales than is currently
possible (Morrow et al. 2019). New and expanded
satellite  sounders, polarimetry, Differential
Absorption Lidars, and Differential Absorption
Radars, as well as other sensors in low earth orbit,
show the promise of providing better vertical
profiles of vector wind, air temperature, air
humidity, liquid water, water vapor, more detailed
aerosol information, as well as more estimates
of MABL height. These are discussed further in
Wolding et al. (2022 this issue) and Teixeira et al.
(2021).

A number of proposed missions are also gaining
community support. For instance, the Winds and
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Currents Mission would make simultaneous
measurements of surface winds and currents
(Wineteer et al. 2020) and the Butterfly mission
would measure smaller-scale air-sea turbulent
heat and moisture fluxes with improved accuracy
than currently available (Gentemann et al. 2021). If
funded, these or similar missions would transform
our ability to measure oceanic and atmospheric
boundary layers, as well as the fluxes of heat,
moisture, and momentum that are central to
tropical Pacific dynamics.

US CLIVAR VARIATIONS

Acknowledgements

Drushka was supported by NASA grant 80NSSC-
18K1330. Thompson, Wick, and Jackson acknow-
ledge a NOAA grant through the “Innovative
Ocean Dataset/Product Analysis and Development
for support of the NOAA Observing and Climate
Modeling Communities” competition administered
jointly through the NOAA Climate Observations
and Monitoring program, NOAA Climate Variability
and Predictability program, and NOAA Global
Ocean Monitoring and Observing program office.

References

Aires, F., C. Prigent, E. Orlandi, M. Milz, P. Eriksson, S. Crewell,
C.-C. Lin, and V. Kangas, 2015: Microwave hyperspectral
measurements for temperature and humidity
atmospheric profiling from satellite: The clear-sky case.
J. Geophys. Res. Atmos., 120, 11334-11351, https://doi.
org/10.1002/2015JD023331.

Balaguru, K., G. R. Foltz, L. R. Leung, J. Kaplan, W. Xu, N. Reul,
and B. Chapron, 2020: Pronounced impact of salinity
on rapidly intensifying tropical cyclones. Bull. Amer.
Meteor. Soc., 101, E1497-E1511, https://doi.org/10.1175/
BAMS-D-19-0303.1.

Blackwell, W. J., and Coauthors, 2018: An overview of the
TROPICS NASA earth venture mission. Quart. J. R. Meteor.
Soc., 144, 16-26, https://doi.org/10.1002/gj.3290.

Bourassa, M. A., and Coauthors, 2019: Remotely sensed winds
and wind stresses for marine forecasting and ocean
modeling. Front. Mar. Sci., 6, 1-28, https://doi.org/10.3389/
fmars.2019.00443.

Bowen, M. M., W. J. Emery, J. L. Wilkin, P. C. Tildesley, I. ]. Barton,
and R. Knewtson, 2002: Extracting multiyear surface
currents from sequential thermal imagery using the
maximum cross-correlation technique. J. Atmos. Oceanic
Technol., 19, 1665-1676, https://doi.org/10.1175/1520-
0426(2002)019<1665:EMSCFS>2.0.CO;2.

Ciani, D., M. -H. Rio, B. B. Nardelli, H. Etienne, and R. Santoleri,
2020: Improving the alitimeter-derived surface currents
using sea surface temperature (SST) data: A sensitivity
study to SST products. Remote Sens., 12, 1601, https://doi.
org/10.3390/rs12101601.

Chiu, L. S., A. T. C. Chang, and J. Janowiak, 1993: Comparison
of monthly rain rates derived from GPI and SSMI/I
using probability distribution functions. J. Appl.

Meteorol., 32, 323-334, https://doi.org/10.1175/1520-
0450(1993)032<0323:COMRRD>2.0.CO;2.

Cronin, M. F., and Coauthors, 2020: Surface Radiation
Community Consultation Working Group Report.
Evolving and Sustaining Ocean Best Practices Workshop 1V,
Proceedings, I0C Workshop Report, Paris, France, UNESCO,
2,98-111, https://doi.org/10.25607/0BP-1036.

US CLIVAR VARIATIONS ¢ Spring 2022 « Vol. 20, No. 2

Da, N. D., G. R. Foltz, and K. Balaguru, 2020: A satellite-derived
upper-ocean stratification data set for the tropical North
Atlantic with potential applications for hurricane intensity
prediction. J. Geophys. Res.: Oceans, 125, https://doi.
org/10.1029/2019]C015980.

Dash, P., and Coauthors, 2012: Group for high resolution sea
surface temperature (GHRSST) analysis fields
intercomparisons. Part 2: near-real time web-based level
4 SST quality monitor (L4-SQUAM). Deep Sea Res. I, 77-80,
31-43, https://doi.org/10.1016/j.dsr2.2012.04.002.

DeMott, C. A., A. Subramanian, S. Chen, K. Drushka, Y. Fujii, A.
Sutton, J. Sprintall, and D. Zhang, 2022: Focused
observations for expanded comprehensions: advancing
tropical Pacific coupled modeling and process
understanding. Bull. Amer. Meteor. Soc., 103, E1644-E1649,
https://doi.org/10.1175/BAMS-D-22-0041.1.

Durre, 1., X. Yin, R. S. Vose, S. Applequist, and J. Arnfield,

2018: Enhancing the Data Coverage in the Integrated
Global Radiosonde Archive. J. Atmos. Oceanic Technol., 35,
1753-1770, https://doi.org/10.1175/JTECH-D-17-0223.1.

Edson, J. B., and Coauthors, 2013: On the exchange of
momentum over the open ocean. J. Phys. Oceangr., 43,
1589-1610, https://doi.org/10.1175/|JPO-D-12-0173.1.

Fairall, C. W., E. F. Bradley, J. S. Godfrey, G. A. Wick, J. B. Edson,
and G. S. Young, 1996a: Cool-skin and warm-layer effects
on sea surface temperature. J. Geophys. Res., 101, 1295-
1308, https://doi.org/10.1029/95]C03190.

Fairall, C. W., E. F. Bradley, D. P. Rogers, J. B. Edson, and G.

S. Young, 1996: Bulk parameterization of air-sea fluxes
for Tropical Ocean- Global Atmosphere Coupled-Ocean
Atmosphere Response Experiment. J. Geophys. Res., 101,
3747-3764, https://doi.org/10.1029/95]C03205.

Fairall, C. W., A. B. White, J. B. Edson, and J. E. Hare, 1997:
Integrated shipboard measurements of the marine
boundary layer. J. Atmos. Oceanic Technol., 14, 338-359,
https://doi.org/10.1175/1520-0426(1997)014<0338:I1SMOT
M>2.0.CO;2.



https://doi.org/10.1002/2015JD023331 
https://doi.org/10.1175/BAMS-D-19-0303.1 
https://doi.org/10.1175/BAMS-D-19-0303.1 
https://ntrs.nasa.gov/api/citations/20190025176/downloads/20190025176.pdf
http://10.3389/fmars.2019.00443
http://10.3389/fmars.2019.00443
https://doi.org/10.1175/1520-0426(2002)019%3C1665:EMSCFS%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(2002)019%3C1665:EMSCFS%3E2.0.CO;2
https://doi.org/10.3390/rs12101601
https://doi.org/10.1175/1520-0450(1993)032%3c0323:COMRRD%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1993)032%3c0323:COMRRD%3e2.0.CO;2
https://doi.org/10.25607/OBP-1036
https://doi.org/10.1029/2019JC015980
https://doi.org/10.1016/j.dsr2.2012.04.002
https://doi.org/10.1175/BAMS-D-22-0041.1
https://doi.org/10.1175/JTECH-D-17-0223.1
https://doi.org/10.1175/JPO-D-12-0173.1
https://doi.org/10.1029/95JC03190
https://doi.org/10.1175/1520-0426(1997)014
https://doi.org/10.1175/1520-0426(1997)014
https://doi.org/10.1175/1520-0426(1997)014

Fairall, C. W., E. F. Bradley, J. E. Hare, A. A. Grachev, and J. B.
Edson, 2003: Bulk parameterization of air-sea fluxes:
Updates and verification for the COARE algorithm. J.
Climate, 16, 571-591, https://doi.org/10.1175/1520-
0442(2003)016<0571:BPOASF>2.0.CO;2.

Farquhar, C. R. and Coauthors, 2013: GlobWave: A Global wave
data portal. EUMETSAT. https://www.eumetsat.int/
media/8654.

Foster, D., D. J. Gagne, and D. B. Whitt, 2021: Probabilistic
machine learning estimation of ocean mixed layer depth
from dense satellite and sparse in situ observations.
Journal of Advances in Modeling Earth Systems, 13, 1-33,
https://doi.org/10.1029/2021MS002474.

Gentemann, C. L. and Coauthors, 2020: FluxSat: Measuring the
Ocean-Atmosphere Turbulent Exchange of Heat and
Moisture from Space, Remote Sens., 12, 1796, https://doi.
org/10.3390/rs12111796.

Gentemann, C. L., and Coauthors, 2021: Butterfly: a satellite
mission to reveal the oceans’ impact on our weather and
climate. Zenodo, https://doi.org/10.5281/zenodo.5120586.

Good, S., and Coauthors, 2020: The current configuration of
the OSTIA system for operational production of
foundation sea surface temperature and ice concentration
analyses. Remote Sens., 12, 720, https://doi.org/10.3390/
rs12040720.

Gosnell, R., C. W. Fairall, and P. J. Webster, 1995: The sensible
heat of rainfall in the tropical ocean. J. Geophys. Res., 100,
18437- 18442, https://doi.org/10.1029/95JC01833.

Iturbide-Sanchez, F., S. R. Santos da Silva, Q. Liu, K. L. Pryor, M.
E. Pettey, and N. R. Nalli, 2018: Toward the Operational
Weather Forecasting Application of Atmospheric Stability
Products Derived From NUCAPS CrIS/ATMS Soundings,
IEEE Trans. Geosci. Remote Sens., 56, 4522-4545, https://doi.
org/10.1109/TGRS.2018.2824829.

O'Carroll, A. G., and Coauthors, 2019: Observational Needs of
Sea Surface Temperature. Front. Mar. Sci., 6, 1-27, https://
doi.org/10.3389/fmars.2019.00420.

Johnson, E. S., F. Bonjean, G. S. Lagerloef, J. T. Gunn, and G.

T. Mitchum, 2007: Validation and error analysis of OSCAR
sea surface currents. J. Atmos. Oceanic Technol., 24, 688-
701, https://doi.org/10.1175/JTECH1971.1.

Kummerow, C., 1998: Beamfilling errors in passive
microwave rainfall retrievals. J. Appl. Meteorol., 37, 356-
370, https://doi.org/10.1175/1520-0450(1998)037<0356:BE
IPMR>2.0.CO;2.

Martin, M. and Coauthors, 2012: Group for high resolution sea
surface temperature (GHRSST) analysis fields inter-
comparisons. Part 1: a GHRSST multi-product ensemble
(GMPE). Deep-Sea Res. Il, 77-80, 21-30, https://doi.
org/10.1016/}.dsr2.2012.04.013.

Merchant, C. J., and Coauthors, 2019: Satellite-based time-series
of sea-surface temperature since 1981 for climate
applications. Scientific Data, 6, 1-18, https://doi.
org/10.1038/541597-019-0236-x.

Morrow, R., and Coauthors, 2019: Global observations of fine-
scale ocean surface topography with the Surface Water
and Ocean Topography (SWOT) mission. Front. Mar. Sci., 6,
232, https://doi.org/10.3389/fmars.2019.00232.

National Academies of Sciences, Engineering, and Medicine.
2018. Thriving on Our Changing Planet: A Decadal Strategy
for Earth Observation from Space. Washington, DC: The

National Academies Press. https://doi.org/10.17226/24938.

US CLIVAR VARIATIONS ¢ Spring 2022 « Vol. 20, No. 2

US CLIVAR VARIATIONS

Payne, R. E., 1972: Albedo of the Sea Surface. J. Atmos. Sci., 29,
959-970, https://doi.org/10.1175/1520-
0469(1972)029<0959:A0TSS>2.0.CO;2.

Santos-Garcia, A., M. M. Jacob, W. L. Jones, W. E. Asher, Y.
Hejazin, H. Ebrahimi, and M. Rabolli, 2014: Investigation
of rain effects on Aquarius Sea Surface Salinity
measurements. J. Geophys. Res. Oceans, 119, 7605- 7624,
https://doi.org/10.1002/2014)JC010137.

Schreiner, W. S., and Coauthors, 2020: COSMIC-2 radio
occultation constellation: First results. Geophys. Res. Lett.,
47, 1-7, https://doi.org/10.1029/2019GL086841.

Smith, W. L., and Coauthors, 2009: Technical Note: Evolution,
current capabilities, and future advance in satellite
nadir viewing ultra-spectral IR sounding of the lower
atmosphere. Atmos. Chem. Phys., 9, 5563-5574, https://doi.
org/10.5194/acp-9-5563-2009.

Teixeira, J., and Coauthors, 2021: The NASA PBL Incubation
Study Team Report: Toward A Global Planetary Boundary
Layer Observing System. NASA PBL Incubation Study
Workshop Report, 134, https://science.nasa.gov/science-
pink/s3fs-public/atoms/files/NASA_PBL_Incubation_Final_
Report_2.pdf.

Vazquez-Cuervo, J., S. Castro, M. Steele, C. Gentemann, J. Gomez-
Valdes, W. Tang, 2022: Comparison of GHRSST SST analysis
in the Arctic Ocean and Alaskan coastal waters using
Saildrones. Remote Sens., 14, 692, https://doi.org/10.3390/
rs14030692.

Wick, G. A., and S. Castro, 2020: Assessment of extreme diurnal
warming in operational geosynchronous satellite sea
surface temperature products. Remote Sens., 12, 3771,
https://doi.org/10.3390/rs12223771.

Wilheit, T. T., A. T. Chang, and L. S. Chiu, 1991: Retrieval
of monthly rainfall indices from microwave radiometric
measurements using probability distribution functions.

J. Atmos. Oceanic Tech., 8, 118-136, https://doi.
org/10.1175/1520-0426(1991)008<0118:ROMRIF>2.0.CO;2.

Wineteer, A., and Coauthors, 2020: Measuring winds and
currents with Ka-band doppler scatterometry: An airborne
implementation and progress towards a spaceborne
mission. Remote Sens., 12, 1021, https://doi.org/10.3390/
rs12061021.

Yu, L., and R. A. Weller, 2007: Objectively Analyzed Air-Sea Heat
Fluxes for the Global Ice-Free Oceans (1981-2005). Bull.
Amer. Meteor. Soc., 88, 527-540, https://doi.org/10.1175/
BAMS-88-4-527.

Yu, L., 2007: Global Variations in Oceanic Evaporation (1958-
2005): The Role of the Changing Wind Speed. J. Climate, 20,
5376-5390, https://doi.org/10.1175/2007)CLI1714.1.

Yu, L., 2019: Global Air-Sea Fluxes of Heat, Fresh Water, and
Momentum: Energy Budget Closure and Unanswered
Questions. Annu. Rev. Mar. Sci., 11, 227-248, https://doi.
org/10.1146/annurev-marine-010816-060704.

Zhang, Y. C., W. B. Rossow, and A. A. Lacis, 1995: Calculation of
surface and top of atmosphere radiative fluxes from
physical quantities based on ISCCP data sets: 1. Method
and sensitivity to input data uncertainties. J. Geophys. Res.,
100, 1149-1165, https://doi.org/10.1029/94)D02747.

Zhang, Y. C., W. B. Rossow, and P. W. Stackhouse, 2006:
Comparison of different global information sources used
in surface radiative flux calculation: Radiative properties
of the near-surface atmosphere. J. Geophys. Res., 111,
D13106, https://doi.org/10.1029/2005JD006873.



https://doi.org/10.1175/1520-0442(2003)016
https://doi.org/10.1175/1520-0442(2003)016
https://www.eumetsat.int/media/8654
https://www.eumetsat.int/media/8654
https://doi.org/10.1029/2021MS002474
https://doi.org/10.3390/rs12111796
https://doi.org/10.5281/zenodo.5120586
https://doi.org/10.3390/rs12040720
https://doi.org/10.3390/rs12040720
https://doi.org/10.1029/95JC01833
https://doi.org/10.1109/TGRS.2018.2824829
https://doi.org/10.3389/fmars.2019.00420
https://doi.org/10.1175/JTECH1971.1
https://doi.org/10.1175/1520-0450(1998)037%3c0356:BEIPMR%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1998)037%3c0356:BEIPMR%3e2.0.CO;2
https://doi.org/10.1016/j.dsr2.2012.04.013
https://doi.org/10.1038/s41597-019-0236-x
https://doi.org/10.3389/fmars.2019.00232
https://doi.org/10.17226/24938
https://doi.org/10.1175/1520-0469(1972)029%3C0959:AOTSS%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1972)029%3C0959:AOTSS%3E2.0.CO;2
https://doi.org/10.1002/2014JC010137
https://doi.org/10.1029/2019GL086841
https://doi.org/10.5194/acp-9-5563-2009
https://science.nasa.gov/science-pink/s3fs-public/atoms/files/NASA_PBL_Incubation_Final_Report_2.pdf
https://science.nasa.gov/science-pink/s3fs-public/atoms/files/NASA_PBL_Incubation_Final_Report_2.pdf
https://science.nasa.gov/science-pink/s3fs-public/atoms/files/NASA_PBL_Incubation_Final_Report_2.pdf
https://doi.org/10.3390/rs14030692
https://doi.org/10.3390/rs14030692
https://doi.org/10.3390/rs12223771
https://doi.org/10.1175/1520-0426(1991)008%3c0118:ROMRIF%3e2.0.CO;2
https://doi.org/10.3390/rs12061021
https://doi.org/10.3390/rs12061021
https://doi.org/10.1175/BAMS-88-4-527
https://doi.org/10.1175/BAMS-88-4-527
https://doi.org/10.1175/2007JCLI1714.1
https://doi.org/10.1146/annurev-marine-010816-060704
https://doi.org/10.1029/94JD02747
https://doi.org/10.1029/2005JD006873

US CLIVAR VARIATIONS

Use of adjoint sensitivity to advance process
understanding and identify observing needs in the
tropical Pacific

Yosuke Fujii', Ariane Verdy?, Shuhei Masuda3, Helen Pillar*, Matthew Mazloff?, Bruce Cornuelle?,
Patrick Heimbach*, Aneesh Subramanian®, Takuma Yoshida'

'Japan Meteorological Agency / Meteorological Research Institute
2University of California, San Diego / Scripps Institution of Oceanography
3Japan Agency for Marine-Earth Science and Technology
4University of Texas at Austin
*University of Colorado

djoint models are an essential tool for

performing  four-dimensional  variational
(4DVAR) data assimilation (e.g., Rabier et al. 1993;
Stammer et al. 2002; Sugiura et al. 2008; Hoteit et
al. 2010). They are also used for inferring space
and time-resolved sensitivities in a numerical
model of oceanic metrics to perturbations (e.g.,
Fukumori et al. 2004; Masuda et al. 2010), and
evaluation of singular vectors to identify instable
modes of the system (e.g., Fujii et al. 2008; Zana
et al. 2011). Sensitivity experiments using adjoint
models can be used to evaluate and design
oceanic observation systems (e.g., Kohl and
Stammer 2004; Cummings et al. 2014; Loose et
al. 2021). This article introduces three studies
which evaluate the sensitivity of ocean general
circulation models using adjoint models and offers
insights into understanding and evaluation of
observing needs in the tropical Pacific.

Adjoint sensitivity study based on the Tropical
Pacific Ocean State Estimate

A regional configuration of the MIT general
circulation model (MITgcm) is constrained to
fit observational data from the Tropical Pacific

Observing System (TPOS). Data assimilation is
accomplished iteratively through the adjoint
method (4DVAR), resulting in a physically-
realistic estimate of the ocean state. The Tropical
Pacific Ocean State Estimate (TPOSE.3) provides
overlapping 4-month state estimates from 2010
to 2020 with a 1/3° horizontal resolution (see
Verdy et al. 2017 for details).

In Verdy et al. (2017), the TAO mooring data
were not assimilated but instead used as an
independent dataset to assess the skill of
TPOSE.3 and to identify the timescales resolved
by the current observing and modeling system.
On timescales between 20 and 100 days,
TPOSE.3 provides a better fit to TAO temp-
erature observations than an objectively mapped
Argo product (Roemmich and Gilson 2009),
demonstrating the advantage of allowing the
MITgcm to serve as a dynamical interpolator in the
model-data synthesis. However, neither the state
estimate nor the Argo product showed much skill
on timescales less than 20 days, suggesting that
the TAO mooring array has the potential to bring
important higher-frequency information to the
state estimate.
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Accepting this result implies that observations
from the TPOS array are key to representing sub-
20-day variability with deterministic skill. However,
the dynamical model of TPOSE must also be
able to simulate these signals. We have recently
enhanced the model resolution to 1/6° (TPOSE.6),
which has sharpened the simulation of features
such as tropical instability waves (TIWs) and
Tsuchiya jets. As an example, Figure 1(a) shows
that TPOSE.6 represents TIWs; with a 4-month
assimilation window, these must come from the
model dynamics. Figure 1(b) also indicates that
the amplitudes of the zonal jets are increased
and the Tsuchiya jets around 5°S and 5°N are
better reproduced in the higher-resolution state
estimate.
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Withholding experiments require the specification
of a design strategy (acquired variables/times/
locations) and so best serve as network evaluation
tools. Although these evaluations are useful
for identifying important network elements
(e.g., Carrier et al. 2016; Fujii et al. 2019), a clear
dynamical explanation of observation impacts
is often missing. Adjoint-based methods offer
the opportunity for rigorous and dynamics-
based observing network design. Recent work
by Loose et al. (2020) and Loose and Heimbach
(2021) provides a focused assessment of network
value as efficacy in detecting and correcting the
simulation of key quantities of interest (Qols).
Their approach maps the linear sensitivity of
targeted Qols to changes in the 3D velocity,
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Figure 1. Results of the Tropical Pacific Ocean State Estimation and associated adjoint sensitivity study. (a) SST snapshot on
October 31, 2014, in TPOSE.6 showing TIWSs. (b) Zonal speed at 200 m vs latitude at 140°W and 125°W in TPOSE.6 (orange), TPOSE.3
(purple), and from ADCP observations (black; Johnson et al. 2002). (c) Snapshots of adjoint sensitivity of SST in the Nifio 3.4 region
(black box) on December 31, 2015, to zonal wind stress perturbations 60 days earlier in TPOSE.6. (d) Time-longitude Hovmoller
diagram of the sensitivity along the equator during a 4-month adjoint run. Red colors indicate time/location of increased eastward

wind stress resulting in SST warming. Units are oC / day / (N/m?).
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temperature, salinity, and surface forcing (e.g., the
model state and inputs). These linear sensitivity
maps are akin to “heat maps” generated by Layer-
wise Relevance Propagation for interpretable
machine learning (McGovern et al. 2019; Samek et
al. 2021) and quantify variables and regions that
impact the Qols.

Adjoint experiments have been conducted in
TPOSE.6 to map the sensitivity of Nifio 3.4 SST
to atmospheric forcing perturbations (Figures
1c and 1d). As explained by Zhang et al. (2011),
downwelling Kelvin waves excited by westerly
wind anomalies in the western equatorial Pacific
can reach the Nifio 3.4 region on timescales of 2-
3 months, explaining the largely positive sensitivity
extending westward along the equatorial Pacific.
In contrast to Zhang et al. (2011) which used
higher viscosities in the adjoint model to filter
nonlinearities from TIWs, our sensitivities show
small-scale structures eastward of 180°E and
within +5° of the Equator, indicative of TIWs (e.g.,
see Figure 2 in Chelton et al. 2000). Inspecting
the time-space evolution of these sensitivities
reveals westward propagation at phase speeds
of ~0.5 ms™ consistent with observations (cf.
Chelton et al. 2000, Figure 5). These sensitivity
maps reveal mechanisms that may underpin Nifio
3.4 SST variability. The magnitude of the varia-
bility depends on the extent that zonal wind
anomalies project onto these patterns. Whether
these wind-driven responses can be captured
by the current observing system is determined
by quantifying the extent that the observations
project onto these Qol sensitivity patterns.

Possible methods to design the Argo array
based on adjoint sensitivity

Masuda and Hosoda (2014) demonstrated some
case studies for an optimal design of the Argo
float network. They employed adjoint sensitivity
analysis along with a four-dimensional fluctuating
oceanic current system to identify the key regions
that drifting profiling floats should intensively
monitor. They chose “heat content” as a scientific
benchmark to validate the “optimal” system.

US CLIVAR VARIATIONS

An adjoint code was used to define the ambient
sensitivity of the oceanic heat content to a subtle
change in the water temperature within the Pacific
Basin. The model has a horizontal resolution of
1° and is capable of multi-decadal sensitivity
analyses. Figure 2 shows the distribution of
the calculated products averaged over the
upper 2000 m of the water column. The geo-
graphical patterns show the high “sensitivity”
areas of the change in the heat content during
10-year period to small perturbations in modeled
water temperature. Relatively high positive
values appear near the equatorial region, in the
central part of the southern subtropical region
centered at 40°S, 120°W, and in the western sub-
tropical region along 13°N. Additionally, the
values in the Kuroshio Extension region west of
170°W around 40°N are relatively high. Such large
values highlight regions that are most important
for monitoring.

A regularly arranged deployment of in-situ
instrumentation is not necessarily the most
effective method for monitoring basin-scale
oceanic heat content variations over a decadal
timescale. A configuration and monitoring
frequency based on the alternative shown in
Figure 2 may be more efficient. It should be noted
that the configuration can be specifically ad-
justed according to the targeted climate variation,
that is the change in the upper ocean heat content.
A non-biased configuration will be desirable for
fundamental ocean monitoring.

Masuda and Hosoda (2014) showed the effective-
ness of the proposed “optimal” observation
designed to monitor the decadal evolution of heat
content in the entire Pacific region. Two sets of
1652 grid points, which represented a rectangular
region of the Pacific Ocean from 60°S to 60°N and
from 120°E to 70°W, were used. This value (1652)
corresponds to the number of oceanic observation
sites spaced in intervals of 3° of latitude by 3°
of longitude across the region as an Argo net-
work analogy. The first set followed a conventional
deployment pattern on a regularly assigned grid
(e.g., every 3° in both latitude and longitude).
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Figure 2. Modified sensitivity calculated as the product of sensitivity values and the square root of the temperature error variance.
Plot shows the 1652 highest sensitivity values to a decadal heat content change, where the values are averaged over the upper
2000 m of the water column within an adjoint time window of 10 years. Units are °C. From Masuda and Hosoda 2014, CC.

The other represented a systematic deployment
consisting of the 1652 grid points shown in Figure
2.

The total value of the observational sensitivity
derived from the “optimal” observing system is
1.21 times that of the conventional one. Thus,
intensive deployments in key regions may
enhance the estimation accuracy of the heat
content change in the entire Pacific Basin by
20% without increasing the necessary resources.
However, their model spatio-temporal resolution
is too low to imitate an Argo float behavior. Taken
together with the fact that the proposed values
and distributions are from a case study using an
ideal experiment, the quantitative reality of the
system would be low. Consequently, the potential
of this approach to design a new global ocean
observation network remains unclear but holds
promise for specific scientific targets.

Monitoring the array modes in the global ocean
data assimilation system in JMA

JMA updated the coupled atmosphere-ocean
prediction system for operational subseasonal-
to-seasonal predictions in February 2022. The
system initializes the oceanic part of the
coupled model using a 4DVAR global ocean data
assimilation system constructed from the ocean
model used in Urakawa et al. (2020). It has a
1°x 0.5 (zonal x meridional) resolution with
meridional refinement to 0.3° near the equator.
The 4DVAR is based on Usui et al. (2015). It uses
10-day assimilation windows and optimizes
analysis increments gradually added to the
temperature and salinity fields in the first five
days to fit the model trajectory to the data (in-situ
temperature and salinity, satellite altimetry, and
objective SST mapping) observed in the following
five days.
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In the 4DVAR system, JMA regularly calculates
approximated eigen vectors of the preconditioned
Hessian matrix of the cost function, 1+B1/2MTHTR-
1THMB1/2 scaled by B1/2, where B and R are
the background and observation error co-
variance matrices, M is the tangent linear model,
H is the linearized observation operator, and | is
the identity matrix. The vectors are estimated from
the search directions and the difference vectors
of the gradient based on the adjoint model which
are calculated in minimization of the cost function
by a quasi-Newton method (Fujii and Kamachi
2003; Fujii 2005), and are equivalent to reduced-
rank array modes (Moore et al. 2017, 2021). Eigen

US CLIVAR VARIATIONS

vectors of the Hessian matrix are also equivalent
to the right singular vectors of the observ-
ability matrix (Zou et al. 1992), R-1/2HMB1/2, and
therefore reflect characteristics of the singular
vectors of the tangent linear model M, as well as
being affected by the observation operator H. The
relationship between the singular vectors and
analysis increments is discussed in Johnson et al.
(2005).

Figure 3 shows an example of the leading array
modes in the JMA system. Generally, the first
several modes have few coherent signals in
some specific areas while the number of signals

(a) Array modes for 21-30 Jan. 2013
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(b) Array modes for 20-29 Jul. 2013
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Figure 3. Analysis increments of temperature at 100 m depth corresponding to the leading eight array modes (Units in 10-3°C)
for (a) January 21-30, 2013, and (b) July 20-29, 2013, estimated in the JMA's global ocean 4DVAR system. The eigen value
corresponding to each mode is denoted on the top of the panel. Courtesy of Yosuke Fujii.
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increases with the order of the modes. The
patterns of the array modes are, then, different
for different assimilation cycles. As all the modes
depicted here have singular values sufficiently
larger than two, they significantly affect the
analysis increments (Hénaff et al. 2009).

Coherent signals are found around the eastern
equatorial Pacific and Indian Oceans, Philippine
Sea, and regions of western boundary currents
and their extensions. These signals indicate the
areas where observation data have high impacts
in the assimilation system. Considering the
highly uniform distribution of Argo, altimetry,
and SST data in the global ocean, the signals
seem to reflect unstable modes of the tangent
linear model, or perturbations which develop
rapidly in the assimilation cycle. The signals
around the eastern equatorial Pacific tend to
have their peaks away from the equatorial bands,
which indicates the importance of off-equatorial
observations. In addition, the third, fourth, and
fifth modes for 21-30 January imply a physically
close connection between temperature variations
of eastern equatorial Indian Ocean and Philippine
Sea. Monitoring of array modes thus offers some
insights on the impacts of observation data and
areas where disturbance tends to develop.

Summary

The studies highlighted above demonstrate the
potential of adjoint sensitivity applications to
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explore physical mechanisms underlying ocean
variability and to identify observing needs in the
tropical Pacific. It is a virtue of adjoint sensitivity
calculations that they directly reflect model
physics and, therefore, physical interpretation is
feasible. In particular, adjoint sensitivity provides
physical insight even if systematic model errors
hinder meaningful quantitative results. It is, in fact,
not straightforward to evaluate the sensitivity in a
region where air-sea interactions play a significant
role, such as in the tropical Pacific, without
an adjoint model of a coupled atmosphere-
ocean model. We expect, nevertheless, that recent
progress in methodology, including studies on
array modes and Qols, will make a significant
contribution to improving the tropical Pacific
observing network.

Meanwhile, the OceanPredict Observing System
Evaluation Task Team has submitted a UN Decade

project “Synergistic Observing Network for Ocean
Prediction” (SynObs). SynObs expects that adjoint
sensitivity applications will be a key effort to
achieve the goal of improving the global and the
tropical ocean observing network to get more
information from observation data.
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Introduction

This article summarizes the tropical Pacific
Ocean operational observing system in terms
of routine, operational, and/or long-time series
records (Figure 1, Table 1). We discuss physical
oceanographic, meteorological, and air-sea inter-
face data types. These are summarized in Figure
1, Table 1, and discussed in the next section,
“Operational Datasets.”

Field campaign data taken in the tropical Pacific
Ocean from ships, aircraft, and autonomous
platforms collect valuable data during intensive
operations periods. However, data archive
location and availability vary from experiment to
experiment. Field campaign data are not discussed
here.

Operational datasets
Argo profiling floats

The international global Argo profiling float array
is the largest source of global ocean data in terms
of vertical profiles (Figure 2). The University of
California, San Diego runs the Argo Program
Office, and Argo data are served by Global Data

Assembly Centers (GDACS) in France and the
US. Argo floats transmit data when they surface,
make a downward vertical profile of temperature,
salinity (conductivity), and depth (and additional
biogeochemical properties, for some floats)
between the surface and about 1000 m, drift freely
with 1000 m ocean currents for approximately
9 days, descend to 2000 m, make an upward
vertical profile of the ocean of the same variables,
then start the cycle over at the surface. The goal
is for an Argo float to visit every 1000 x 1000 km
box every 3 months. Some areas are covered
more densely than others due to natural con-
vergence or sheltering by coastlines and currents.
For instance, the equatorial region requires a
constant resupplying of drifters to maintain
consistent Argo data coverage. There is also
a notable lack of Argo vertical profiles within
the seas of the Maritime Continent, where vir-
tually no Argo data have been collected. Although
most of the Argo float network samples only
to 2000 m, floats from the Deep Argo mission
collect profiles down to 6,000 m depth. The
current and future capabilities of the Argo array
are discussed by Roemmich et al. (2019).
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Figure 1. Tropical Pacific in-situ Observing System from TPOS 2020 first report (Cravatte et al. 2016).

Ocean Vertical Profiles

Surface Data: Ocean,
Atmosphere, Interface

Atmosphere Vertical
Profiles

Argo profiling floats

Meteorology and near-surface
oceanographic measurements
from research vessels and
voluntary observing ships.
SAMOS repository for all ship
data

NOAA Integrated Global
Radiosonde Archive

XBTs launched from ships along
repeat transects

AOML global surface drifter
program

Dropsondes

AXBTs launched from aircraft

CDIP surface buoys

TRITON/TAO moorings

Ocean Reference Station
(OceanSITES) moorings

Ocean Reference Station (Ocean
SITES) moorings

Tide gauge networks

GO-SHIP

Moorings or buoys with surface
data also served through NDBC

Repeat Glider transects

Saildrones

Table 1. Summary of operational in-situ measurements in the tropical Pacific Ocean.
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Figure 2. Global array of Argo profiling ocean drifters. Courtesy of Argo Program Office.

XBT and AXBT expendables

Two additional sets of ocean vertical temperature
profile data come from expendable sensors.
EXpendable BathyThermographs (XBTs) are
launched from repeat ship transects, research
ships, and ships of opportunity. The XBT network is
maintained by NOAA Atlantic Oceanographic and
Meteorological Lab (AOML). Airborne EXpendable
BathyThermographs (AXBTs) are launched from
aircraft as part of NOAA hurricane surveillance
flights in the eastern Pacific Ocean, as well as some
opportunistic US field program research flights in
the Pacific. These data are archived at the NOAA

National Center of Environmental Information
(NCEI).
TAO / TRITON moorings

The Tropical Atmosphere Ocean (TAQ) / Triangle
Trans-Ocean Buoy Network (TRITON) instru-
mented mooring array is currently operated
through the NOAA National Buoy Data Center

(NDBCQ) in partnership with the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC).
Figure 3 shows all moorings that have been
deployed since the mid-1990s, though not all
are reporting and not all variables are recorded
at all stations. Planning is ongoing to upgrade
the TAO array through the Tropical Pacific
Observing  System (TPOS) effort. Presently,
these buoys provide ocean vertical profiles of
temperature, salinity, and currents. Buoys at
0°W, 140°W and 110°W (discontinued) have
Oregon State University x-pods for measuring the
turbulent dissipation rate. Surface meteorology
is also measured: rain rate is available at some
buoys while most buoys measure surface air
temperature and humidity; sea level pressure;
and vector wind. Solar and infrared downwelling
radiative fluxes are measured at some buoys.
A recent Ocean Best Practices Workshop report
detailed the challenges and opportunities of
obtaining more surface in-situ radiative fluxes
across tropical oceans (Cronin et al. 2020). When
all these meteorological parameters are measured
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Figure 3. TAO mooring locations and potential data fields available at some buoys for certain time periods. Courtesy of the

NOAA National Buoy Data Center.

at the same buoy along with at least near-surface
ocean temperature (current and salinity improve
estimates but are not technically required), these
inputs can be used to estimate the surface net,
sensible, latent, and momentum fluxes from bulk
algorithms such as COARE (Fairall et al. 1996a,b,
2003; Edson et al. 2013).

Ocean Reference Station (OceanSITES) moorings

The NOAA Global Ocean Monitoring and Observing
(GOMO) program maintains data from several
Ocean Reference Stations (OceanSITES). These
moorings offer deep ocean salinity, temperature,
and current profiles as well as surface buoys for
near-surface ocean, meteorological, and air-sea
flux data. Unlike the operational TAO array, the

US CLIVAR VARIATIONS

OceanSITES instrument packages are expanded
with several redundant sensors and the buoys
are serviced for repairs, full equipment re-
placements, and calibrations. In the tropical
Pacific, the Woods Hole Oceanographic Institution
Hawaii Ocean Timeseries (HOT) Site (WHOTS)
buoy is located near Hawaii and the Kuroshio
Extension Observatory (KEO) is deployed in the
Kuroshio Extension Region just east of Japan.
The KEO is maintained by the NOAA Pacific
Marine Environmental Lab (PMEL). The WHOTS
buoy is part of the HOT network of ocean-
ographic moorings and ship records collected
around Hawaii since 1987. The OceanSITEs data
are publicly available but purposefully withheld

from the Global Telecommunications System
responsible for collecting and assimilating
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observations into global numerical prediction
models because they are designed to serve as
independent benchmarks for model evaluation.

GO-SHIP
The Global Ocean Ship-Based Hydrographic
Investigations Program (GO-SHIP) refers to

additional ship-based repeat datasets collected
on vertical profiles of temperature, salinity,
conductivity, pressure, and currents, as well as
ocean carbon data.

Repeat Glider Transects (Solomon Sea)

Ocean gliders have repeated horizontal transects
of vertical profiles across the Solomon Sea from
2007 to present, between eastern Papua New
Guinea and the Solomon Islands. This forms one
of the only public, in-situ, long-term datasets of
physical oceanography in the Maritime Continent
(Figure 2). As the glider transits horizontally, it
pitches up and down to collect vertical profiles
of temperature, salinity, and velocity, from which
horizontal transport is inferred (Kessler et al.
2019a,b, 2021).

SAMOS reporting of surface ocean, atmosphere, and
radiation data from ships

All ships in the University-National Oceanographic
Laboratory System (UNOLS) and NOAA fleets
automatically report their near-surface ocean-

ographic, near-surface meteorological, and
radiative flux data through the Shipboard

Automated Meteorological and Oceanographic
System (SAMOS) operated through Florida State
University. These data can be used to calculate
surface air-sea bulk fluxes using the COARE bulk
flux algorithm (Fairall et al. 1996a,b, 2003; Edson
et al. 2013). The SAMOS ocean, meteorology, and
air-sea flux database grows as research cruises
are performed, repeat maintenance cruises are
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performed to service mooring arrays, and during
transects between field experiments.

Global Surface Drifter Array

The NOAA Atlantic Oceanic and Meteorological
Lab (AOML) manages the Global Drifter Array or
Global Drifter Program (GDP), with contributions
from many countries. The array consists of
~1,300 satellite-tracked drifters (Figure 4). Buoys
sense SST, sea level pressure, and ocean surface
wave height/direction in real time. The buoys
are drogued at 15 m depth, and their positions
are used to estimate ocean mixed-layer currents
(Elipot et al. 2016).

CDIP surface buoys

The University of California San Diego’s Coastal
Data Information Program (CDIP) buoys report
significant wave height, peak wave period, peak
wave direction, and sea surface temperature
(Figure 5). Two CDIP buoys exist in the tropical
western Pacific on the southern tip of the Mariana
Islands, seven CDIP buoys are deployed near
Hawaii, and one buoy is deployed near American
Samoa (Figure 5). Commercial wave buoys and
drifters such as SOFAR, Nortek, and Datawell may
also have data coverage over the Pacific. Though
their data may be shared with global numerical
weather prediction centers for input and data
assimilation, these data are not publicly available.

Tide Gauges

NOAA collects and provides sea level height data
at several Pacific stations (Figure 6) through the
Center for Operational Oceanographic Products
and Services, which has collected these data for
over 150 years. Very few of these stations also
collect other oceanographic or meteorological
measurements.
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Figure 5. Locations of CDIP buoys with shading indicating significant wave height, Hs. Courtesy of the Coastal Data Information
Program.
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Figure 6. Tide gauges reporting to NOAA.

NDBC surface stations and moorings

Some additional islands in the western Pacific
collect surface and ocean meteorological
data that report to the NOAA NDBC (Figure
7, which also shows buoys from Figures 2-6).
More island data may be available wupon
request or through specific country websites.

Saildrones

Saildrones missions in the Pacific Ocean have
been carried out since 2017 (Meinig et al. 2019).
Saildrones collect data of surface meteorology
including radiative fluxes, near-surface ocean
ocean properties, and sometimes vertical profiles

US CLIVAR VARIATIONS ¢ Spring 2022 « Vol. 20, No. 2

of currents. These data can currently be used to
calculate bulk air-sea fluxes. Efforts are ongoing
to measure direct eddy covariance fluxes of
momentum from Saildrones (Cronin et al.
2019). Not all saildrone vehicles have the same
instrument package or capabilities. The Pacific
Ocean Saildrone data are maintained at NOAA
PMEL.

Atmospheric vertical profiles

NOAA maintains and distributes the Integrated
Global Radiosonde Archive (IGRA), a collection
of historical and near-real-time radiosonde and
pilot balloon observations that provide high
vertical resolution, quality-controlled records
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additional buoys.

of temperature, relative humidity, dewpoint
depression, wind direction, and wind speed (Durre
et al. 2006; Durre et al 2018). Additionally, IGRA
provides sounding-derived moisture and stability
parameters for each sounding with suitable
resolution and input fields. While this archive is
expansive (Figure 8), records from small islands

within the tropical belt (Figure 8, red markers) are
extremely limited, particularly in the central and
eastern Pacific Ocean. The presence of land can
impact the marine character of these records,
even over small tropical islands. For example, the
remote equatorial western Pacific island of Nauru,
which measures only 6 km long by 4 km wide, has

.-

NOAA I

30°§¢

ntegrated Global Radiosonde Archive (IGRA) Stations

Figure 8. NOAA IGRA stations, where red markers indicate “small island” stations within the tropical belt £15°), are defined as
stations whose nearest corresponding 0.25° ERAS reanalysis grid point has a land fraction less than 10%.
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been shown to impact atmospheric boundary
layer structure and generate cloud streets that
can extend hundreds of kilometers downwind
(Long and McFarlane 2012). The lack of in-situ
soundings representative of marine environments

in the tropical Pacific results in a void of records
suitable for the calibration/validation of space-
based observations and the validation of models
and reanalysis.
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