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Abstract: Recent results using wind and sea surface temperature data from satellites and
high-resolution coupled models suggest that mesoscale ocean–atmosphere interactions affect the
locations and evolution of storms and seasonal precipitation over continental regions such as the
western US and Europe. The processes responsible for this coupling are difficult to verify due to
the paucity of accurate air–sea turbulent heat and moisture flux data. These fluxes are currently
derived by combining satellite measurements that are not coincident and have differing and relatively
low spatial resolutions, introducing sampling errors that are largest in regions with high spatial
and temporal variability. Observational errors related to sensor design also contribute to increased
uncertainty. Leveraging recent advances in sensor technology, we here describe a satellite mission
concept, FluxSat, that aims to simultaneously measure all variables necessary for accurate estimation
of ocean–atmosphere turbulent heat and moisture fluxes and capture the effect of oceanic mesoscale
forcing. Sensor design is expected to reduce observational errors of the latent and sensible heat
fluxes by almost 50%. FluxSat will improve the accuracy of the fluxes at spatial scales critical to
understanding the coupled ocean–atmosphere boundary layer system, providing measurements
needed to improve weather forecasts and climate model simulations.

Keywords: air–sea interactions; mesoscale; fluxes

1. Introduction

The atmosphere and ocean exchange momentum, heat, moisture, and gases. These exchanges
play critical roles in the integrated Earth system by affecting the energy, water, and biogeochemical
(including carbon) cycles. The momentum exchange (i.e., ocean surface wind stress) is predominantly
from the atmosphere to the ocean, resulting in wind-generated ocean currents, upper-ocean mixing,
and wind-driven surface waves, but, while this momentum loss acts as a “brake” to the atmosphere,
ocean-driven small-scale changes in the wind greatly enhance small-scale coupling between the ocean
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and atmosphere. In the tropics, the ocean and atmosphere are tightly coupled, with the atmosphere
forcing the ocean primarily through wind stress and the ocean providing feedback to the atmosphere
through heat and moisture fluxes, which then impact the marine boundary layer. In the eastern tropical
Pacific Ocean, a prominent example is the heat and moisture fluxes associated with El Niño–Southern
Oscillation that feed back to the Walker Circulation, influencing weather and precipitation patterns
around the world. At mid-latitudes, much of the large-scale ocean variability on decadal and shorter
time scales has been considered as a passive response to stochastic atmospheric forcing (e.g., [1–3]).
However, satellite observations have revealed significant ocean-forced variability of surface fluxes
associated with mesoscale sea surface temperature (SST) variability [4–7]. In atmospheric model
simulations, there is a distinct change in the character of air–sea heat and moisture fluxes and in
atmospheric frontal variability in these regions when the resolutions of the models or SST forcing
increase to about 25 km or better [8–10]. Recent modeling studies suggest that mesoscale SSTs affect
the atmospheric boundary layer locally as well as inducing remote responses that influence the path of
and activities along mid-latitude storm tracks (e.g., [10–13]), with significant implications for weather
and precipitation over continental regions such as the western US and Europe.

Air–sea interaction processes vary both regionally and as a function of spatial scale. The SST–wind
relationship provides an indication of such dependencies [4,5]. The correlations between observed SST
and wind speed show negative values over much of the global ocean (Figure 1a), which signifies that
the atmosphere is forcing the ocean [14–16]. At the largest scales, an increase in wind speed reduces
SST by enhancing ocean-to-atmosphere heat fluxes and intensifying the mixing of the warm surface
ocean waters with the cooler waters below, and vice versa [17]. However, when both datasets are
spatially high-pass-filtered to remove this large-scale SST–wind relationship, the correlations between
SST and wind speeds switch sign to reveal positive values over much of the global ocean, especially
in regions of significant ocean eddy and frontal activities, such as the eastern equatorial Pacific and
Atlantic Oceans, western boundary currents in the mid-latitudes, western Arabian Sea, and much
of the Southern Ocean (Figure 1b; [5,18]). These positive correlations reflect the ocean forcing the
atmosphere. As winds blow across a mesoscale SST front, an increase in SST increases the vertical
mixing of momentum in the atmospheric boundary layer, thereby drawing stronger winds from the
higher levels down to the ocean surface and increasing ocean surface wind speed [4,5]. A decrease in
SST produces the opposite effect.

Remote Sens. 2020, 12, x FOR PEER REVIEW 2 of 17 

and wind-driven surface waves, but, while this momentum loss acts as a “brake” to the atmosphere, 
ocean-driven small-scale changes in the wind greatly enhance small-scale coupling between the 
ocean and atmosphere. In the tropics, the ocean and atmosphere are tightly coupled, with the 
atmosphere forcing the ocean primarily through wind stress and the ocean providing feedback to the 
atmosphere through heat and moisture fluxes, which then impact the marine boundary layer. In the 
eastern tropical Pacific Ocean, a prominent example is the heat and moisture fluxes associated with 
El Niño–Southern Oscillation that feed back to the Walker Circulation, influencing weather and 
precipitation patterns around the world. At mid-latitudes, much of the large-scale ocean variability 
on decadal and shorter time scales has been considered as a passive response to stochastic 
atmospheric forcing (e.g., [1–3]). However, satellite observations have revealed significant ocean-
forced variability of surface fluxes associated with mesoscale sea surface temperature (SST) 
variability [4–7]. In atmospheric model simulations, there is a distinct change in the character of air–
sea heat and moisture fluxes and in atmospheric frontal variability in these regions when the 
resolutions of the models or SST forcing increase to about 25 km or better [8–10]. Recent modeling 
studies suggest that mesoscale SSTs affect the atmospheric boundary layer locally as well as inducing 
remote responses that influence the path of and activities along mid-latitude storm tracks (e.g., [10–
13]), with significant implications for weather and precipitation over continental regions such as the 
western US and Europe.  

Air–sea interaction processes vary both regionally and as a function of spatial scale. The SST–
wind relationship provides an indication of such dependencies [4,5]. The correlations between 
observed SST and wind speed show negative values over much of the global ocean (Figure 1a), which 
signifies that the atmosphere is forcing the ocean [14–16]. At the largest scales, an increase in wind 
speed reduces SST by enhancing ocean-to-atmosphere heat fluxes and intensifying the mixing of the 
warm surface ocean waters with the cooler waters below, and vice versa [17]. However, when both 
datasets are spatially high-pass-filtered to remove this large-scale SST–wind relationship, the 
correlations between SST and wind speeds switch sign to reveal positive values over much of the 
global ocean, especially in regions of significant ocean eddy and frontal activities, such as the eastern 
equatorial Pacific and Atlantic Oceans, western boundary currents in the mid-latitudes, western 
Arabian Sea, and much of the Southern Ocean (Figure 1b; [5,18]). These positive correlations reflect 
the ocean forcing the atmosphere. As winds blow across a mesoscale SST front, an increase in SST 
increases the vertical mixing of momentum in the atmospheric boundary layer, thereby drawing 
stronger winds from the higher levels down to the ocean surface and increasing ocean surface wind 
speed [4,5]. A decrease in SST produces the opposite effect.   
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(1000 km cutoff) data. A negative correlation coefficient is expected when the atmosphere forces the
ocean (e.g., strong winds drive ocean mixing and cool SST), while a positive correlation coefficient
is expected when the ocean forces the atmosphere (e.g., warm SST drives atmospheric mixing and
entrainment of faster winds from aloft). (a) shows that, for most of the globe, the atmosphere is forcing
the ocean. (b) focuses on mesoscale variability and shows a completely different view, with the ocean
forcing the atmosphere almost globally, except in some well-known extreme conditions, e.g., Gulf of
Tehuantepec wind jets. In (b), both the Tropical Pacific and western boundary current regions have the
strongest link between the ocean and atmosphere.

The vertical transport of heat, momentum, and gases is efficiently accomplished by turbulence in
both the atmosphere and ocean. Convective and wind-driven turbulence drives turbulent air–sea heat
fluxes that act to reduce the vertical temperature and humidity gradients at and just above the ocean
surface; the fluxes drive differing marine boundary layer responses across SST gradients, reinforcing
the atmospheric gradients of winds across the surface gradients. The largest air–sea heat fluxes,
and the largest uncertainties in these fluxes, occur in regions with strong gradients in SST, such as
the western boundary currents, and under extreme wind conditions or large air–sea temperature
and humidity gradients in the vicinity of storms or cold-air outbreaks along coasts (e.g., Figure 2).
For example, estimates of air–sea heat fluxes from in situ measurements in the Gulf Stream reveal
heat fluxes from the ocean to the atmosphere of more than 1400 W m−2 during wintertime cold-air
outbreaks [21,22]. Changes in heat fluxes in frontal regions can substantially impact poleward heat
and moisture transports and affect rainfall patterns [13].

Satellite observations in the past two decades have revolutionized the understanding of air–sea
interactions on a variety of scales, highlighting the importance of these interactions for numerical
weather prediction and seasonal-to-subseasonal forecasting [4,23,24]. Despite such progress, a major
knowledge gap remains in the understanding of small-scale air–sea heat and moisture fluxes associated
with mesoscale SST and their impacts on weather and climate. There is mounting evidence that there
are intense interactions between the atmosphere and ocean on the scales of ocean eddies, and the
need for improved resolution of observational systems is growing as these scales appear to impact
weather and climate simulations (e.g., [25,26]). Recent research relates our inability to accurately
represent ~25 km oceanic forcing of atmospheric features from synoptic to seasonal timescales to our
lack of skill in predicting extreme events like drought, flooding, and heat waves [27–32]. There is no
comprehensive observational inventory of accurate, instantaneous, 25 km heat flux measurements,
and, thus, the net contributions on these scales to air–sea exchanges are essentially unquantified by
direct observation. Measuring high-resolution air–sea fluxes will open up an entirely new area of
research into air–sea exchanges and parameterizations.
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Figure 2. The standard deviation between the climatological mean surface latent heat fluxes between
four satellite flux products (HOAPS4 [33,34], SeaFlux Climate Data Record (CDR) [35], IFREMER
4 [36,37], J-OFURO3 [38]), for the 1999–2008 mean. Some of the largest differences between different
flux products occur in regions with the largest fluxes.
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1.1. Current Status of Flux Estimates

Current satellite-derived flux products are inadequate to evaluate the fidelity of the small-scale
flux variability simulated by today’s higher-resolution models. Existing satellite-derived flux data
products of turbulent air–sea fluxes show large disagreements in high-gradient regions (e.g., [39];
Figure 3). The global satellite-derived air–sea flux datasets are focused on complete global ocean
coverage with long-term stable error characteristics, and they use microwave-based retrievals for the
atmospheric parameters (with the resolutions as in Table 1). Thus, the SST fields used in the global
flux products (as in Figure 3) are typically from lower-resolution microwave fields smoothed and
gridded to achieve full global coverage. Moreover, comparisons with buoys near the Gulf Stream
and Kuroshio regions show root-mean-square (RMS) differences of >40 W m−2 in daily averages [39].
Disagreements between the products can occur for multiple reasons. The first reason may be related to
differences in techniques for estimating the bulk parameters at the resolution of the individual satellite
channel or channels being used for the retrieval. Sea surface temperature is a direct retrieval from
satellite radiometer measurements, with different retrieval algorithms and input satellite measurements
contributing to differences in the estimated sea surface temperatures [40]. Wind speeds in the global
flux products can be derived from either passive or active microwave measurements, or both, but are
inferred from wind effects on the surface roughness, with differing retrieval algorithms and satellites
contributing to differences between the derived flux fields. Some of the algorithms for deriving
global fluxes infer near-surface specific humidity from passive microwave measurements (Hamburg
Ocean Atmosphere Parameters and Fluxes from Satellite (HOAPS4; [33,34]) and SeaFlux CDR [35]),
while others use reanalysis products or a blend of reanalysis and passive microwave measurements
(Institut Français pour la Recherche et l’Exploitation de la Mer, IFREMER 4, [36,37]), and Japanese
ocean flux data set using remote-sensing observations (J-OFURO3, [38]). Near-surface air temperature
is most commonly estimated using reanalysis products (IFREMER4, J-OFURO3), by using an air–sea
temperature difference derived from SST (HOAPS4) or a neural net retrieval from passive microwave
(SeaFlux CDR). Errors have typically been ascribed mainly to errors in near-surface air temperature
and humidity (e.g., [39]), but errors in wind speed and SST inputs are also important [41].

How the variables are combined can also lead to errors and differences among the products.
The input variables for these products have varying spatial resolutions, from at best the roughly-25 km
microwave satellite retrievals, through the reanalyses products (at 0.75◦ or coarser resolution), to the
smoothing scale used in some of the input SST products, such as the NOAA’s Optimum Interpolated
SST (OISST) [20,43]. Furthermore, these inputs come from different satellites with different overpass
times, adding a temporal mismatch. Satellite flux products approach this issue in a variety of ways,
including binning together all observations within a three-hour window (e.g., IFREMER4), taking the
data which are closest in time to a 6-hour time step (e.g., HOAPS4), or binning over an entire day
(J-OFURO3). Finally, fluxes are calculated using these inputs to the bulk aerodynamic flux algorithm
(see Section 2.4), and the resulting fluxes are thus derived from a complicated mixture of variables
with different characteristic time and space scales. The result is the “smearing” of input data and,
consequently, of the derived fluxes. An example of this effect is shown in Figure 3, which compares
the latent and sensible heat fluxes calculated along a ship track across the Gulf Stream with the
coincident satellite measurements (from SeaFlux V3, an hourly, 25 km product). The satellite-derived
flux estimates, when averaged along this track, are roughly correct, but the details of the sharp increase
in fluxes associated with the change in SST (roughly 50 W m−2 per ◦C) are missing. Given our current
inability to resolve these features in global flux products, understanding feedback between the ocean
and atmosphere at these spatial scales is challenging.

To illustrate the effect of spatial resolution and temporal offset of input variables in flux estimates,
a Weather Research and Forecasting (WRF) model simulation [44] was made over the Gulf Stream
extension region, forced by JPL’s Multi-scale Ultra-high-Resolution (MUR) SST [45] for the period from
26 November to 10 December 2017. The model domain, shown in Figure 4, has a 3-km resolution
with lateral boundary conditions taken from the ERA-Interim atmospheric reanalysis [43]. We first
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calculated the latent and sensible heat fluxes from the simultaneous outputs of SST, wind speed,
surface air temperature and relative humidity averaged onto a 0.125-degree resolution at 30-min
intervals. The time–mean gradients of latent and sensible heat fluxes are shown in Figure 4a,b. We then
re-calculated these fluxes using winds that were sampled with a 3-h offset from the other variables.
The root-mean-square differences (RMSD) in latent and sensible heat fluxes between the calculations
with and without offset timing of the wind speed are shown in Figure 4c,d. Substantial differences
are seen both for latent and sensible heat flux gradients due to the time difference of wind speed.
The differences in gradients can exceed 150 W m−2/100 km for latent heat flux and 50 W m−2/100 km
for sensible heat flux. The RMSD in flux gradients reflects the impact of the time offset of wind speed
on the variability of the flux gradients because the impact of such time offset on the time–mean flux
gradients is very small.
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air temperature difference, (c) sea–air specific humidity difference, (d) latent heat flux, and (e) sensible 

Figure 3. Comparisons between ship-measured (circles) and satellite-derived SeaFlux V3 dataset [42]
(triangle) across the Gulf Stream during the CLIMODE experiment [17] for (a) wind speed, (b) sea–air
temperature difference, (c) sea–air specific humidity difference, (d) latent heat flux, and (e) sensible
heat flux. The satellite-derived variables lack variability compared to the ship-measured variables,
which results in reduced gradients in the calculated heat fluxes. The colors of the symbols correspond
to the sea surface temperature of the input data stream (either ship or satellite).

Several recent studies have indicated that spatial gradients in heat fluxes are of primary importance
in determining the influence of western boundary currents such as the Gulf Stream, not just on the local
atmospheric frontal variability, but also on the basin-wide circulation and time–mean atmosphere [10,46].
The effect of spatial resolution on these heat flux gradients can be seen in Figure 4e,f, which shows
the time–mean spatial gradients for latent and sensible heat fluxes estimated from the WRF output
decimated to 0.5◦ resolution (current measurement capability corresponds to about 0.5◦ resolution).
Near the Gulf Stream extension, the magnitude of the heat flux gradients estimated from input variables
with 0.125◦ resolution (i.e., Figure 4a,b) are more than a factor of two larger than those estimated from
input variables with 0.5◦ resolution.
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Figure 4. Effect of temporal offsets and spatial resolution on gradients of turbulent heat fluxes.
Magnitude of the time–mean (a) latent and (b) sensible heat flux gradients calculated from simultaneous
output of wind speed, SST, air temperature and relative humidity at 0.125◦ resolution. The RMSD in
(c) latent and (d) sensible heat flux gradients, with and without offsetting the timing of wind speed
from other variables by 3 hours at 0.125◦ resolution. Magnitude of the time–mean (e) latent and (f)
sensible heat flux gradients calculated from simultaneous output of wind speed, SST, air temperature
and relative humidity at 0.5◦ resolution. Note the different ranges in the color bars for latent and
sensible heat flux gradients.

The results illustrated by Figure 4 suggest that both time offsets and resolution differences of the
input variables can affect the estimated flux gradients, with magnitudes comparable to or larger than
50 W m−2/100 km over widespread areas. For reference, increases in the sensible heat flux gradients on
this order in the Gulf Stream region have been found to cause ~30% increases in regional atmospheric
frontal frequency and time–mean precipitation in both model and observational studies [9,10].

1.2. Developments Necessary for Significant Progress

Recent community papers call for improving heat and moisture flux estimates [47–49]. Every panel
except one in the 2017 Earth Science and Applications from the Space Decadal Survey (hereafter,
ESAS Decadal Survey) called for improved measurements of evaporation, boundary layer structure,
and/or surface fluxes and the heat and water cycles as components of at least one of their science/societal
questions [50]. The ESAS Decadal Survey described 11 “Most Important” or “Very Important” objectives
needing improved planetary boundary layer profiles and/or air–sea fluxes (see ESAS Decadal Survey
2017 Table B.1 Consolidated Science and Applications Traceability Matrix, Table 7.2 Priority Targeted
Observables Mapped to the Science and Applications Objectives That Were Ranked as Most Important
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(MI) or Very Important (VI), and Table 9.1 Summary of Science and Applications Questions and
Their Priorities). Different decadal survey objectives required different accuracies and resolutions;
priority C-4a calls for the improvement of global air–sea fluxes and sets an aspirational goal of a global
accuracy of 5 W m−2 for latent and sensible heat fluxes in the mean over a “regional” area, which we
interpret as being of the order of an ocean basin. The related measurement objectives for the input
variables of near-surface, specific humidity, temperature, and wind were given as 0.3 g kg−1, 0.2 ◦C,
and 0.1 m s−1 accuracies, respectively, for 20 km monthly averages. Achieving this level of resolution
and accuracy will require increases in both the resolution and accuracy of satellite observations, as well
as improvements in models at these scales.

To meet the ESAS Decadal Survey requirements and overcome present limitations, a purpose-built
instrument optimized for measuring parameters that control the surface flux should address the major
sources of both observational and sampling errors (Figure 5). Such an instrument would provide data
for enhancing the understanding of processes associated with ocean–atmosphere coupling, improving
the fidelity of models and as well as weather and climate forecasts, and reducing the uncertainties of
flux products. An instrument solution is to combine a traditional low-frequency passive microwave
imaging radiometer with a high-spectral resolution imaging microwave sounder for deriving the
near-surface ocean and atmosphere properties needed to accurately monitor the turbulent exchange of
heat and moisture. Using satellite measurements to simultaneously retrieve the parameters necessary
to calculate the sensible and latent heat fluxes (to a precision of ±13 W m−2 and 9 W m−2, respectively),
at <25-km spatial resolution, will provide an entirely new view of how the ocean and atmosphere
drive each other, offering unique new measurements of some observables and markedly improved
spatial resolution for others (Table 1).
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Table 1. Passive microwave radiometer and sounder footprint sizes for flux variables, sea surface
temperature, wind speed, near-surface air temperature and near-surface humidity. No single instrument
provides all the necessary variables. While all remote sensing measurements have to be translated into
geophysical variables, SSMI’s estimates of near-surface air temperature and humidity, as stated in the
text above, depend on variables that are also used in calculating fluxes (i.e., wind speed and SST).

Flux Variable
Size (km × km)

Aqua AMSRE 1 WindSAT SSMI 2 NOAA ATMS 3

Tsea 74 × 43 71 × 39 — —
u 27 × 16 27 × 16 69 × 43 —

Tair — — 50 × 40 32 (nadir)
qair — — 50 × 40 16 (nadir)

1 Advanced Microwave Scanning Radiometer–Earth Observing System. 2 Special Sensor Microwave Imager.
3 Advanced Technology Microwave Sounder.
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2. Measuring Turbulent Heat and Moisture Surface Fluxes from Space

2.1. FluxSat

To improve heat and moisture flux observation from space, observational and sampling errors
(in time and space) must be reduced. This goal has driven the development of the FluxSat concept.
Simultaneous measurements of SST, wind speed, near-surface air temperature and specific humidity
could be achieved by a single small satellite (100–500 kg class) with a specially designed passive
microwave imager and spectrum-resolving microwave sounder. A conical imaging sensor design using
a rotating offset parabolic antenna is preferred to maintain constant spatial resolution over the scan.
Calibration requirements for the sensor are expected to be in the same family as those of legacy sensors,
enabling use of existing instrument design approaches. Several recent innovations in microwave
radiometer/spectrometer technology, combined with advances and small spacecraft systems and launch
opportunities, make this concept technologically feasible and affordable as a small focused science
investigation. Examples include the Compact Ocean Wind Vector Radiometer (COWVR), which has
demonstrated a design for a low-cost conical microwave imager [52]; the Temporal Experiment for
Storms and Tropical Systems Demonstration (TEMPEST-D) [53]; and the Time-Resolved Observations of
Precipitation structure and storm Intensity with a Constellation of Smallsats (TROPICS) [54], which have
demonstrated compact microwave sounders in CubeSats; and CubeSat Radiometer Radio Frequency
Interference Technology (CubeRRT), which has demonstrated digital spectrometer technology for
observing in the presence of Radio Frequency Interference (RFI), a key issue from 6–37 GHz. One of the
things that makes the FluxSat mission concept attractive is that the instrument could be accommodated
on a smaller and relatively inexpensive satellite.

2.2. SST and Wind Speed from Passive Microwave Radiometers

Fully-polarimetric 6–37 GHz satellite observations enable the retrieval of ocean vector winds, SST,
precipitable water vapor, cloud liquid water, precipitation rate, soil moisture, and sea-ice concentration.
The retrieval of these parameters to known accuracies (0.5 K for SST and 0.4 to 0.8 m s−1 for wind speed)
has a long heritage and is well established [55–59]. Advances in instrument capabilities (reduced noise
and enhanced RFI detection) and new algorithm formulations using machine learning and adaptive
algorithm approaches will likely lead to further improvements [58–64]. A significant advance over
the capabilities of previous and planned passive microwave radiometers, including the Advanced
Microwave Scanning Radiometer-2 (AMSR2), is that the proposed FluxSat 6-GHz and 10-GHz channels
include a digital back-end (which digitizes the analog signal), which has the benefit of robustness to
Radio Frequency Interference (RFI) as well as having more usable bandwidth to lower noise levels and
increased retrieval performance [51].

2.3. Near-Surface Air Temperature and Humidity from a “Hyperspectral” Sounder

Near-surface air temperature and specific humidity are currently estimated using satellite sensors
that are not optimized for these parameters. The accuracy of near-surface specific humidity has been
estimated at between 0.7 and 1.8 g·kg−1 [33]. Near-surface air temperature accuracy is estimated by
comparison to in-situ observations to be 1.3 to 1.55 K [65,66]. FluxSat’s design includes high-spectral
resolution microwave sounding spectrometers (often termed “hyperspectral sounders”) at 50 or 118
and 183 GHz that are able to resolve and accurately measure the near-surface air temperature and
specific humidity. Many studies have performed information content analysis to demonstrate the
value from improved spectral resolution along the wings of oxygen and water vapor absorption lines.
A sensor with 162 channels near the 60-GHz line and 114 channels near the 183-GHz band resulted in
a 30% variance reduction in boundary layer temperature profile error and a 45% variance reduction in
water vapor profile error compared to traditional channelized sensors planned for ESA MetOp [67].
These additional channels were shown to have more than double the information content compared to
the 24-channel ESA Microwave Weather Sounder (MWS) [67]. Changing from a 10-channel system
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to an 88-channel system results in a 50% reduction in boundary layer temperature and water vapor
retrieval error, approaching errors of 0.6 K and 0.58 g kg−1, respectively [68]. A high-spectral resolution
sounder can reduce numerical weather prediction, a-priori temperature, and humidity errors by
10–30% [69]. Based on the planned configuration and internal simulations, we expect to achieve
accuracies of 0.7 K for near-surface air temperature and 0.58 g kg−1 for near-surface specific humidity.

2.4. Calculating Fluxes

Latent and sensible heat flux would be calculated using a Coupled Ocean–Atmosphere Response
Experiment (COARE) 3.5 bulk flux algorithm and the retrieved SST (Tsea), equivalent neutral wind
speed (u), near-surface air temperature (Tair) and near-surface specific humidity (qair), and surface
pressure from weather forecast models [70,71] (Figure 6). The impacts of observational errors (Table 2)
on fluxes were determined using the formula above a full propagation of errors [33]. The impact of
modeled pressure errors is small relative to those of sampling and observational errors (e.g., [72]).
Estimates of current random observational errors are taken from the cited literature. The instantaneous
latent flux uncertainty for typical ocean conditions is reduced from 24.91 to 13.24 W m−2, and the
sensible flux uncertainty is reduced from 15.55 to 8.63 W m−2. The improved accuracy of the FluxSat
measured variables reduces the observational uncertainty of the fluxes by ~46%. Note that these
expected uncertainties are for instantaneous measurements. Spatiotemporal averaging will further
reduce the uncertainties. As such, FluxSat represents an important step toward meeting the aspiration
goal of the ESAS Decadal Survey 2017 (under C-4a), 5 W m−2 global accuracy in the mean on local or
regional scales for latent and sensible heat fluxes.
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Table 2. Instantaneous observational random uncertainty for each variable and the turbulent fluxes
for current missions and the proposed FluxSat mission. The observational random errors for current
variables were based on literature cited in the footnotes. Flux uncertainties were calculated using a linear
error propagation model provided in the Supplemental Materials, using global average conditions for
winds and humidity/temperature differences. It should be noted that the flux uncertainty assumes the
only input errors in the current fluxes are due to observational random error, with no estimate of issues
associated with temporal/spatial mismatch.

Variable

Observational
Random Error

Latent Flux Uncertainty
(W m−2)

Sensible Flux Uncertainty
(W m−2)

Current FluxSat Current FluxSat Current FluxSat

qsea (g kg−1) 0.47 1 0.4 6.8 6.1 - -
qair (g kg−1) 1.3 2 0.6 23.2 10.8 - -

Tsea (K) 0.5 3 0.6 - - 5.1 4.6
Tair (K) 1.6 4 0.7 - - 14.6 7.2

u (m s−1) 0.8 5 0.6 5.9 4.4 1.5 1.1
pressure (mb) 5.0 5.0 0.5 0.5 0.1 0.1

total 6 - - 24.9 13.2 15.5 8.6
1 Calculated using COARE 3 using uncertainties from pressure and Tsea.

2 Average error from range given in [33].
3 [57,58]. 4 Average error from range given in [64,65]. 5 Average error from range given in [55,56]. 6 Calculated as
the square root of the sum of each error source squared.
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3. Implications for New Science

In this section, we discuss three areas of research that could be advanced with high-resolution,
accurate heat and moisture surface fluxes from space.

3.1. How Do Unresolved Spatial Gradients in Latent and Sensible Heat Fluxes Affect Weather?

In the high-SST-gradient WBC regions, where much of the small-scale ocean-to-atmosphere
forcing can be seen (Figure 1b) turbulent heat and moisture fluxes are climatologically at their largest
and most variable [73]. These highly variable fluxes are driven primarily by atmospheric systems on
the synoptic time scale [74]. More specifically, extremely large turbulent heat fluxes tend to occur in
the lee of atmospheric cold fronts, with strong temperature gradients that rapidly bring cold dry air
over warm surface waters [75]. The interaction between the WBCs and these atmospheric fronts is
highly coupled, however, with the strong SST gradients associated with the WBCs also exhibiting
significant control over the atmospheric fronts through strong gradients in these turbulent heat fluxes
(e.g., [10–12]). This is important for many reasons. For example, atmospheric fronts cause up to 90% of
the precipitation in mid-latitudes [76]. They also set the time–mean wind convergence and vertical
motion throughout the troposphere [46,77], critical for hemispheric circulation [78]. In other words,
through atmospheric fronts, WBCs can potentially modulate the atmosphere on all timescales.

Both modelling and reanalysis studies have shown that this frontal air–sea interaction cannot be
properly captured at oceanic and atmospheric resolutions that are coarser than ~25 km [8,9]. At scales
coarser than this, the associated heat flux gradients cannot be resolved and the atmospheric and oceanic
fronts simply cannot “see” each other. Indeed, this makes sense, given that both the cross-frontal scale
and ocean mesoscale are ~50–100 km. An obvious example of the importance of resolving frontal-scale
gradients can be understood by noting that the suite of models used to inform the IPCC AR5 mostly
had oceanic resolution coarser than 100 km. In recent years, there has been an increase in resolution in
both models (e.g., HighresMIP [79]) and reanalyses (e.g., ERA-5 [80]). Despite this, however, there is
still no way to comprehensively validate improvements in accuracy, as accurate observations of fluxes
and their spatial gradients do not exist at the necessary resolution. Until we are able to do so, fluxes
and their derivatives in both models and reanalyses remain as uncertain as before, along with the
representation of the aforementioned frontal air–sea interaction and its influence on mid-latitude
weather and climate.

3.2. How Well Do Existing Operational Numerical Weather Prediction Models Estimate Gradients in Turbulent
Heat and Moisture Fluxes?

Existing products show large disagreements with each other in high-gradient regions (e.g., [39]).
Comparisons with buoys near the Gulf Stream and Kuroshio regions reported RMS differences of
>40 W m−2 in the daily average. This is also a result of inadequate and incommensurate resolution of
the variables that are required to estimate the surface fluxes (e.g., Figures 2 and 3), as well as modeling
errors related to two-way air–sea coupling [81]. Furthermore, errors resulting from mismatching,
or from ignoring, sub-daily variations in synoptic events or diurnal ocean and atmospheric variability
can lead to errors in the mean fluxes [82], affect modeling of variability from diurnal clouds to storms
to the Madden–Julian Oscillation (MJO) to El Niño Southern Oscillation (ENSO) [83–85] and extreme
events such as drought, flooding, and heat waves [27–31]. Many operational forecast centers are
moving to fully coupled models, and determining the accuracy of existing operational numerical
weather prediction models should improve our understanding of whether increasing the spatial
resolution of fully coupled models will improve the accuracy of weather forecasts from days to seasonal
events. Model results indicate that increasing the spatial resolution will improve forecasting of seasonal
to subseasonal events, but there currently are no observations to test these results [79].
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3.3. How Well Do Existing Flux Products Estimate Turbulent Heat and Moisture Fluxes in
High-Gradient Regions?

Satellites have provided data that can be used for estimating global ocean heat and moisture fluxes
for more than three decades, and the resulting flux datasets have been used for studies ranging from
storm evolution and variability, via upper ocean heat content changes, to estimates used in calculating
the state of the global water and energy cycle [86–88]. The flux fields are crucial for understanding
the variability of the earth system, from weather and climate variability. However, despite decades of
work, large differences still remain between the various fluxes. This is particularly true in regions with
high temporal and spatial variability, such as the western boundary current regions (Figure 2). Spatial
variability at these important small scales are not captured by existing buoy data, and only a handful
of research cruises of short duration have probed variability across high-gradient regions such as
the Gulf Stream; even with recent advances in drifting and unmanned vehicles, large numbers of
observations that quantify gradient-induced variability in these regions are unlikely in the next decade.
A new satellite microwave instrument would provide novel and key measurements allowing a careful
quantification of the errors, including the ability to analyze the extent to which temporal/spatial
mismatch is a contributor to the differences in the fluxes, in addition to retrieval errors.

At a minimum, FluxSat will allow for better uncertainty quantification of the existing global
datasets, which is useful for data assimilation purposes, analyzing the quality of coupled weather and
climate models, and improving understanding of climate trends. These data can also be used as a basis
for improved retrieval algorithms by providing many more surface measurements than are typically
available for analysis using machine learning techniques, which in turn can provide improvements to
the global flux products [49]. Lastly, an increased quality of error analysis can provide the basis for
improvements to long-term global flux products, providing a significant benefit outside of the few
years of this mission.

4. Applications

Growing appreciation of the ocean’s impact on our weather and climate has highlighted the
importance of understanding air–sea interactions. The data from FluxSat would open up research
into air–sea interactions at spatial scales never before measured simultaneously, with high accuracy.
While we have discussed some key new areas of science in Sections 2 and 3, these observations could be
used in myriad studies related to the turbulent heat exchange, including ocean-wind-driven circulation,
thermohaline circulation, high-latitude oceanography, and air–sea-ice exchanges.

There are other research and applied-science applications of the measurements. For example,
columnar water vapor, sea ice concentration, precipitation, and soil moisture could be retrieved from
FluxSat measurements. These retrievals would enhance the spatiotemporal resolutions of precipitation
and soil moisture products and their utility for operational applications, such as flood forecasting,
agriculture and irrigation planning, monitoring and forecasting the provision of potable water, solute
transport estimation, and Earth system science studies, including coupled land energy and water
balance climate studies and hydrology. Such measurements would also enhance the opportunities for
interdisciplinary applications, in synergy with other NASA and ESA missions. The combination of
flux measurements with those from the Plankton, Aerosol, Cloud and ocean Ecosystem (PACE, [89])
mission would enable research into how phytoplankton communities and carbon uptake are affected
by air–sea processes. The flux retrievals and Surface Water and Ocean Topography (SWOT; [90])
observations could be used to investigate how surface air–sea processes on oceanic mesoscales are
transmitted into the deeper ocean.

The operational applications of new measurements would include evaluating air–sea sensible
and latent heat fluxes and their spatial gradient (especially those associated with oceanic mesoscales)
simulated by Numerical Weather Prediction (NWP) models and assessing the impacts of assimilating
these measurements on weather forecasting using NWP models and on ocean forecasts using coupled
ocean–atmosphere models. Comparing heat fluxes and gradients derived from these new measurements
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with the counterparts from the nowcasts and forecasts of NWP models allows for an assessment of
the differences between observed and modeled flux spatial gradient magnitudes. The impact these
different gradients may have on NWP could be tested using Observing System Sensitivity Experiments
(OSSE) that assimilate synthetic measurements and test the impact of such synthetic measurements on
weather and ocean forecasting. The synthetic measurements can be obtained from a high-resolution
coupled NWP model by sampling it using expected instrument sampling characteristics. Performing
Observing System Experiments (OSE) with actual measurements could also test the impacts on weather
and ocean forecasts.

5. Conclusions

Currently, most operational NWP model forecasts have limited skill beyond approximately
10 days, partially because today’s models do not include the full interaction between ocean and
atmosphere. All the major operational weather and climate modeling centers are moving toward
fully coupled models with increased spatial and temporal resolution and updating the Earth system
models through coupled data assimilation schemes. There is increasing evidence that ocean-forced
variability in surface fluxes at approximately 25 km provides important feedback to larger-scale weather
systems and could improve forecast skill beyond 10 days. In particular, such feedback could influence
precipitation far downstream in the atmospheric circulation.

Right now, we have no way of knowing if these hypothesized interactions are being correctly
modelled because observations simply do not exist at the resolution and accuracy needed. FluxSat
would provide new, coincident and contemporaneous measurements of all the variables needed
to calculate the turbulent sensible and latent heat fluxes at the air–sea interface: wind velocity,
SST, near-surface air temperature, and near-surface humidity. This mission is designed to reduce
both the observational and sampling errors in the current estimates of latent and sensible heat fluxes.
Observational errors will be reduced by providing increased accuracy of the observations and reduction
of errors due to RFI. It is important to note that the possible encroachment on protected meteorological
bands by the 5-G cellular network would be mitigated by the digital backend to the radiometer.
Table 2 shows an ~46% reduction in both latent and sensible observational errors. Sampling errors
will be reduced by measuring all the necessary variables from a single platform to provide coincident
and contemporaneous measurements. The accurate and highly-resolved air–sea fluxes derived from
FluxSat measurements could advance the understanding of the fine-scale nature of the air–sea fluxes,
and provide important data for coupled data assimilation to improve forecast skill (e.g., [91,92]).

Important directions for future research were set by the Earth science community in the ESAS
Decadal Survey. Surface fluxes were highlighted in all of the decadal survey panels except one and
were identified as a topic needing further development. The ESAS Decadal Survey places a heavy
emphasis on addressing longer-term changes (e.g., decadal time scales). FluxSat is a first step toward
the ESAS Decadal Surveys’ aspirational goals: resolving small-scale fluxes and testing the impacts on
weather forecast based on a Venture-class mission with a 2-year duration. The science accomplished
with this mission would advance our understanding of air–sea interactions and set the stage for other
advances that could further address the decadal survey goals. Accurate latent and sensible heat flux
observations at <25-km resolution would open up an entirely new area of research into small-scale
interactions between the ocean and the atmosphere and provide the critical data needed to understand
better the physics of air–sea exchanges.
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