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The Cyclone Global Navigation Satellite System (CYGNSS) mission can measure
sea surface wind over tropical oceans with unprecedented temporal resolution
and spatial coverage, so as to estimate surface latent and sensible heat fluxes
(LHF and SHF). In this paper, the satellite-derived LHF/SHF estimates from
CYGNSS are quantitatively evaluated and analyzed by those from the Global
Tropical Moored Buoy. Comparisons of the LHF and SHF estimates
demonstrate the good performance and reliability of CYGNSS heat flux
products during the period of 2017-2022, including CYGNSS Level 2 Ocean
Surface Heat Flux Climate Data Record (CDR) Version 1.0 and Version 1.1.
Different latent heat characteristics in the tropical oceans are evaluated
separately based on each buoy array, suggesting better agreement in the
Atlantic for LHF/SHF products. Based on the Coupled Ocean-Atmosphere
Response Experiment 3.5 algorithm, the impact of wind speed on the LHF/
SHF estimates is analyzed by using the the Science Data Record V3.1 and NOAA
V1.2 science wind products. The results show that the performance of satellite-
derived wind speed directly affects the accuracy of LHF products, with an
improvement of 17% in root-mean-square error over that of LHF CDR V1.0.
Especially, in the Indian Ocean, accuracy can be improved by 26.8%. This paper
demonstrates that the heat flux estimates along the orbit of the CYGNSS are an
important supplement to in situ observational data and will benefit the study of
global climate change.
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global navigation satellite system reflectometry (GNSS-R), cyclone GNSS (CYGNSS),
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1 Introduction

Surface latent and sensible heat fluxes (hereafter referred to as
LHF and SHF) are associated with the exchange of mass and energy
between the ocean, land, and atmosphere and thereby have a
significant effect on ocean surface energy balance, global weather,
and climate change (Businger, 1982; Large and Pond, 1982; Zeng
et al,, 2009; Zhou et al,, 2015; Bentamy et al., 2017; Crespo et al.,
2019; Tauro et al., 2022). Sea surface winds, sea surface temperature,
and the specific humidity at the ocean surface are closely related to
heat flux and are often used to estimate LHF and SHF via a bulk
algorithm (Hartmann, 1994; Bentamy et al, 2003). Fortunately,
remote sensing satellites can measure and provide these parameters,
which have become a valuable tool for the large-scale and rapid
estimation of these flux measurements (Grodsky et al., 2009; Shie
and Hilburn, 2011). In tropical oceans, high sea surface
temperatures and saturated humidity will accelerate the
interactions between the ocean and the atmosphere (Back and
Bretherton, 2005), which directly affect the global climate, (e.g., El
Nino-Southern Oscillation). Therefore, it is especially important to
use remote sensing satellites to quickly monitor the changes of heat
fluxes in tropical oceans.

Accurate LHF and SHF information is essential to
understand the changes in the global energy cycle, and great
efforts have been made to estimate these based on remote
sensing satellite observations (Pinker et al., 2014; Cronin et al,
2019). Among the parameters required by a bulk algorithm, sea
surface temperature can be monitored by passive satellite
microwave radiometers, such as the SSM/I (Special Sensor
Microwave/Imager) and the TMI (Tropical Rainfall Measuring
Mission Microwave Imager). Sea surface winds can be observed
by active scatterometers [e.g., ASCAT (Advanced
Scatterometer), HY-2 (Haiyang-2), and CFOSAT (China-
France Oceanography SATellite)] and passive microwave
radiometers [e.g., SMAP (Soil Moisture Active and Passive),
WindSat, and AMSR-E (Advanced Microwave Scanning
Radiometer for the Earth Observing System)]. Water vapor
(specific humidity) measurements can be obtained from can
be obtained from radiometers, including SSM/I, AMSR-E,
WindSat, and AMSR2. These remote sensing satellites have
provided us with useful information about ocean surface
behavior, as well as input parameters for estimating heat
fluxes. Currently, several satellite-derived heat flux products
have been developed and released to the public, such as the
Objectively Analyzed Air-Sea Heat Fluxes (OAFlux, Yu et al.
2004), the Goddard Satellite-based Surface Turbulent Fluxes
(GSSTF, Chou et al., 2002), and the Japanese Ocean Flux Data
Sets with use of Remote Sensing Observations (J-OFURO,
Masahisa et al, 2002), which are widely used for various
climate studies (KonDa et al., 1996; Masahisa et al., 2002; Gao
et al., 2013; Wang et al., 2013; Bharti et al, 2019; Tomita
et al,, 2021).
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In addition to the above mentioned remote sensing means,
as of the 1990s, the Earth-reflected Global Navigation Satellite
System (GNSS) signal has also been used as a new type of remote
sensing signal source, resulting in the GNSS Reflectometry
(GNSS-R) technique (Li et al., 2022). Different space-borne
missions have been successfully launched, such as the UK
Disaster Monitoring Constellation satellite (UK-DMC, Gleason
et al,, 2005), the UK TechDemoSat-1 (TDS-1, Unwin et al,,
2017), the NASA CYclone GNSS (CYGNSS) mission (Ruf et al.,
2016), the Chinese BuFeng-1 A/B satellites (Jing et al., 2019), and
the FengYun-3E mission (Yang et al., 2022). It has been proved
that this technology can provide a valid option for remote
sensing Earth observations.

CYGNSS is a constellation of 8 micro-satellites that can
receive 32 specular points (the reflected GNSS signals) per
second in parallel, so that it has the capability of exceptional
spatio-temporal sampling and rapid revisit time. In addition,
CYGNSS can provide sea surface wind speed under all
precipitation conditions because the GNSS signal (L-band) is
hardly affected. The design purpose of the CYGNSS mission is to
detect the sea surface wind in and near the inner-core of tropical
cyclones of all tropical oceans (+ 35°) with unprecedented
temporal resolution and spatial coverage, so as to monitor the
wind field evolution process in the life cycle of tropical cyclones
(Ruf et al.,, 2016). Several sea surface wind products have been
developed and released to the public, including Science Data
Record (SDR) Versions, Climate Data Record (CDR) Versions,
and NOAA Science Versions, as shown in Table 1. This provides
a good prerequisite to quickly estimate and monitor sea surface
heat flux in tropical oceans. A recent study estimated the surface
net heat flux from the CYGNSS winds CDR Version 1.0 and 1.1
products, as shown in Table 1 (Crespo et al.,, 2019).

Crespo et al,, 2019 and Crespo and Posselt, 2019 developed
and evaluated the early results of the surface heat flux products
from the CYGNSS mission. Comparisons indicated that the
satellite-derived estimates were in good agreement with those
from the Kuroshio Extension Observatory (KEO) buoy and
National Data Buoy Center (NDBC) at lower flux values
(Crespo et al., 2019). Considering the importance of heat flux,
it is necessary to observe sea surface winds, sea surface
temperature, and specific humidity and estimate heat fluxes by
satellite over a long time. However, how reliable are satellite-
derived estimations of surface net heat flux in tropical oceans
(e.g., the Pacific, Atlantic, and Indian oceans) remains an open
question that is not self-evident. But with the continuous
updating of the inversion model based on CYGNSS
observables, the accuracy is gradually improved. In particular,
NOAA V1.2 and SDR V3.1 wind speed products have
considered the impact of waves, leading to significant
improvements to wind speed accuracy. However, there are few
studies related to surface heat flux based on CYGNSS SDR and
NOAA wind versions. In order to make better use of the
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TABLE 1 Statistics of CYGNSS Level 2 sea surface wind speed and heat flux products.

CYGNSS Wind products

Level 2 wind SDR' V2.1 -
Level 2 wind SDR V3.0 -
Level 2 wind SDR V3.1 -
Level 2 wind CDR* V1.0
Level 2 wind CDR V1.1

NOAA wind V1.0 -
NOAA wind V1.1 _
NOAA wind V1.2 -

!Science Data Record is abbreviated as SDR.
“Climate Data Record is abbreviated as CDR.

advantages of GNSS-R technology to estimate and analyze the
heat flux characteristics of tropical oceans, the accuracy of the
satellite-derived estimates from the CYGNSS SDR and NOAA
wind versions should be evaluated.

The sections of this paper are arranged as follows: The
satellite-derived surface net heat flux products, CYGNSS wind
speed products, the bulk algorithm of the surface heat fluxes, and
in situ measurements are briefly described in Section 2. Section 3
evaluates the accuracy of the surface net heat flux between
CYGNSS heat flux CDR V1.0 and V1.1, and the impact of the
SDR and NOAA sea surface wind products from the CYGNSS
mission on the accuracy of LHF and SHF is analyzed,
respectively. Conclusions are drawn in Section 4.

2 Materials and methods

2.1 Satellite-derived surface heat flux
datasets from CYGNSS

Two versions of the satellite-derived surface heat flux
products are adopted and evaluated in this paper: the
CYGNSS Level 2 Ocean Surface Heat Flux CDR V1.0 (https://
doi.org/10.5067/CYGNS-C2H10) and CDR V1.1 (https://doi.
org/10.5067/CYGNS-L2C11) products. CYGNSS Level 2
QOcean Surface Heat Flux CDR V1.0 is the first release version,
which is derived from CYGNSS Level 2 Ocean Surface
Windspeed CDR V1.0 with the thermodynamic variables of
temperature and humidity provided by the NASA Modern-Era
Retrospective Analysis for Research and Applications Version 2
(MERRA-2) (CYGNSS, 2020). The CYGNSS L2 Ocean Surface
Heat Flux CDR datasets are available here: https://podaac.jpl.
nasa.gov/dataset/.

Table 2 provides information on the CYGNSS heat flux
products used for analysis, including product version and time
span. These versions of heat flux products can cover a latitude
range of 40~ 40° and a longitude range of 0~ 360° , and the
spatial resolution is 25 km (along) x 25 km (across) for each data
product. The time span of each CYGNSS heat flux product is
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CYGNSS Heat flux products

Level 2 Heat Flux CDR V1.0
Level 2 Heat Flux CDR V1.1

03

Temporal extent

2017.03.18 ongoing
2018.08.01 ongoing
2018.08.01 ongoing
2017.03.18-2021.01.31
2018.08.01 ongoing
2017.05.01-2019.12.31
2017.05.01 ongoing
2017.05.01 ongoing

different, and the CDR V1.0 product has stopped updating.
CYGNSS Level 2 Ocean Surface Heat Flux CDR Version 1.1
supersedes the previous version, and it is also based on
Windspeed CDR V1.1 to estimate the heat flux of global
tropical oceans. In this study, the time span of CYGNSS
Surface Heat Flux CDR V1.0 is 18 March 2017 to 31 January
2021, and that of CYGNSS CDR V1.1 is 1 August 2018 to 28
February 2022.

2.2 CYGNSS level 2 ocean surface
windspeed datasets

CYGNSS Level 2 Ocean Surface Windspeed is estimated by
the Level 1 Bistatic Radar Cross Section of Earth Surface product
based on the Minimum Variance (MV) estimator (Clarizia et al.,
2014). The normalized bistatic radar cross section (NBRCS) and
the leading edge slope of the Doppler-integrated delay waveform
(LES) from the CYGNSS Level 1 product are commonly used to
retrieve sea surface wind speed in the CYGNSS Level 2 product
(Ruf and Balasubramaniam, 2018). Table 1 gives the basic
information of the currently published wind speed datasets.
Each SDR ocean surface wind speed product is implemented
from the corresponding version of Level 1 data. Therefore, the
time span of each product is different. More information on how
the ocean surface wind speed data are produced and validated
can be found in Michigan Engineering CYGNSS (https://cygnss.
engin.umich.edu/data-products/).

Considering the influence of waves on CYGNSS observables,
NOAA/NESDIS (National Environmental Satellite, Data and
Information Service) attempted to improve the accuracy of

TABLE 2 Summary of CYGNSS Level 2 CDR heat flux products
information used for analysis.

Heat flux products Time span

CYGNSS Level 2 Heat Flux CDR V1.0
CYGNSS Level 2 Heat Flux CDR V1.1

2017.03.18-2021.01.31
2018.08.01-2022.02.28
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CYGNSS wind speed by using wave height information.
NOAA’s Along Track Retrieval Algorithm (ATRA) is
expressed as 0p=F(U,(,SWH,0) , where o, is a CYGNSS
observable, Ui, is wind speed, SWH is significant wave height,
and O is the angle of incidence at the specular point. This track-
wise algorithm is used to reduce the systematic errors due to the
uncertainties of the transmitted power and receiver instrumental
effects (Said et al., 2019). NOAA CYGNSS Level 2 Science Wind
Speed Product Version 1.1 (https://doi.org/10.5067/CYGNN-
22511) is the first science-quality release using a wind-wave
GMF (Geophysical Model Function); the latest version is NOAA
CYGNSS Level 2 Science Wind Speed Product Version 1.2
(https://doi.org/10.5067/CYGNN-22512). The following is a
summary of the processing changes reflected in this version: 1)
CYGNSS observables associated with a spacecraft roll angle
exceeding + 5 degrees are also used to retrieve wind speed. 2)
The performance of high wind speeds is improved. 3) A full
revision of quality flags is implemented. 4) A wind speed
retrieval error variable is added.

In addition, CYGNSS provides the latest version of wind
speed product (CYGNSS Level 2 SDR Version 3.1, https://doi.
org/10.5067/CYGNS-L2X31. The following is a summary of
processing changes reflected in the Level 2 SDR V3.1 product:
1) GMFs (the same as for SDR V3.0) are used to retrieve ocean
surface wind speed based on Level 1 SDR V3.1 observables. 2)
Both the Fully Developed Seas (FDS) and Young Seas Limited
Fetch (YSLF) winds in the SDR V3.1 product are corrected by a
function of the SWH from the ERA5 reanalysis product. In this
study, SDR V3.1 and NOAA V1.2 sea surface wind products
from the CYGNSS mission are used to evaluate the impact on
the accuracy of LHF and SHF, respectively.

2.3 The bulk flux algorithm description

In general, sea surface heat fluxes are primarily driven by
ocean wind fields and air-sea differences in temperature and
humidity (Liu et al., 1979; Hartmann, 1994). Therefore, a bulk
flux algorithm requires input parameters, including sea and air
thermodynamic variables. Currently, the Coupled Ocean-
Atmosphere Response Experiment (COARE) algorithm is
widely applied for estimating LHF/SHF according to the
Monin-Obukhov similarity theory (MOST), which was initially
developed for understanding the processes that occur in the
western Pacific warm pool with the support of the Tropical
Ocean—Global Atmosphere (TOGA) program (Webster and
Lukas, 1992; Fairall et al., 1996; Edson et al., 2013). The COARE
algorithm has good performance under the condition of low to
medium wind speed, but the latest version (COARE 3.5) has
been verified by in situ flux measurements with wind speeds as
high as 25 m/s. The CYGNSS Level 2 Ocean Surface Heat Flux
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datasets are produced using the COARE 3.5 algorithm (as shown
in Equation 1). In this paper, to investigate the effect of wind
speed on the accuracy of heat flux, COARE 3.5 is used to
estimate LHF and SHF according to two versions of CYGNSS
Level 2 Ocean Surface Wind speed:

LHF = p,L,CpU(q; - q,)

(1)
SHF = panCDHU(Ts - Ta)

where p, is the density of air at sea level, L, is the latent heat
of vaporization, and C, is the specific heat capacity. Cpg and Cpy
are the turbulent transfer coefficients of latent heat and sensible
heat, respectively, U is the sea surface wind speed, g, and T; are
the sea surface specific humidity and temperature, respectively,
and g, and T, are the specific humidity and temperature at 10-m
above the surface, respectively.

2.4 In situ measurements from Global
Tropical Moored Buoy Array

It has always been considered that in situ measurements
create the most reliable datasets, and they are widely used to
verify and evaluate the performance of satellite-driven products.
Measurements from moored surface buoys are used to estimate
the sea surface heat flux. This requires the buoys to
simultaneously observe the input variables required in a bulk
flux algorithm to estimate the surface heat flux. Due to the need
for radiation sensors, few buoys can estimate heat flux.

In this study, 52 buoys from the Global Tropical Moored
Buoy Array in the global oceans that captured all input variables
required by the COARE 3.5 algorithm, as shown in Figure 1.
These buoys are mainly distributed in the tropical oceans,
including 21 buoys from the Research Moored Array for
African-Asian-Australian Monsoon Analysis and Prediction
(RAMA) in the Indian Ocean, 18 buoys from the Prediction
and Research Moored Array in the Tropical Atlantic (PIRAA) in
the Atlantic Ocean, and 13 buoys from the Tropical Atmosphere
Ocean (TAO)/Triangle Trans-Ocean Buoy Network (TRITON)
array in the Pacific Ocean. Heat flux estimates from the 52 buoys
provide valuable measured data for estimating the accuracy of
satellite-derived heat flux from the CYGNSS Mission in each
tropical ocean basin.

2.5 Statistical metrics
Two statistical metrics, bias and the root-mean-square error
(RMSE), are used to evaluate the performance of the CYGNSS

Ocean Surface Heat Flux products, which are calculated for both
LHF and SHF.
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where X is the CYGNSS latent or sensible heat flux, Y'is the buoy
latent or sensible heat flux, n is the number of total matchups, X
is the mean of the CYGNSS latent or sensible heat flux, and Y is
the mean of the buoy latent or sensible heat flux.

2.6 Methodology

To evaluate the performance of the CYGNSS CDR V1.0
and V1.1 heat flux products in the global tropical oceans,
collocations between CYGNSS and in sifu measurements are
processed at each CYGNSS specular point, as shown in the top
sub-figures in Figure 2. A spatio-temporal collocating criterion
is used to ensure that the acquisition time of the CYGNSS
measurement is close to that of in situ measurements from the
buoys. To ensure the consistency of heat flux from different
sources, the CYGNSS specular points have been produced by in
in a temporal window within +30 min relative to the time of the
in situ measurements. Then, the nearest buoy within 25 km is
selected according to the distance between the CYGNSS
specular point and each buoy location. Finally, the
collocations can be obtained from in situ measurements, and
the statistical metrics are used to evaluate the performance of
the CYGNSS CDR V1.0 and V1.1 heat flux products relative to
those estimated by Global Tropical Moored Buoy Array in
situ measurements.

In addition, as seen in the bottom of Figure 2, matchups
between CYGNSS (SDR and NOAA) wind speed products are
collocated by the same criteria of spatio-temporal matching,
including the density of air at sea level and the specific humidity

Frontiers in Marine Science

05

and temperature at the surface and 10-m above the surface from
MERRA-2, respectively. Surface latent and sensible heat fluxes
can be calculated by the COARE 3.5 bulk flux algorithm. Thus,
the impact of different sea surface wind products from the
CYGNSS mission on the accuracy of LHF and SHF is
evaluated and analyzed.

3 Results

3.1 Comparison with in situ
measurements

In this paper, we use heat flux estimates from the Global
Tropical Moored Buoy Array to evaluate the accuracy of the
CYGNSS heat flux products in the global tropical oceans. The
collocated data from 52 buoys (as shown in Figure 1) are
matched with CYGNSS specular points within the above-
mentioned spatial and temporal windows. Considering the
time range of buoys is different, and the number of buoys used
for validating the CYGNSS CDR V1.0 and V1.1 products is also
different, Figure 3 shows the spatial distribution of the buoys
used for verification: 52 buoys for CYGNSS CDR V1.0 and 45
buoys for CYGNSS CDR V1.1

Figure 4 compares LHF/SHF estimates from in situ
measurements and from CYGNSS CDR V1.0 and V1.1. The
statistical metrics are calculated using Equation 2, which are
also shown in Figure 4. From 18 March 2017 to 31 January
2021, LHF/SHF estimates from CYGNSS CDR V1.0 are
validated using the in situ heat flux estimates, where the
sample size is 147,165, and the RMSEs of CYGNSS LHF/SHF
CDR V1.0 are 35.77 W/m” and 6.75 W/m” , respectively. For
CYGNSS CDR V1.1, the time span is from 1 August 2018 to 28
February 2022, and the RMSEs of CYGNSS LHF/SHF CDR
V1.1 are 33.60 W/m?” and 6.67 W/m? . Note that the sample size
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CYGNSS Heat Flux Product Global Tropical Moored Buoy Array

| Collocation |

Coupled Ocean-Atmosphere Response
Experiment (COARE) algorithm V3.5

Collocation |

MERAA-2 Reanalysis data

FIGURE 2
Technical structure and data processing flow of this study of this study.

is 67,882 after applying CYGNSS flux quality flags (flag!=1), situ measurements, whereas overall the CYGNSS CDR V1.1

which is less than that of CYGNSS CDR V1.0. This is because fluxes agree with the LHF estimates from in situ measurements,
some buoys do not provide data for the year of 2022, and the as shown in Figure 4B. Figures 4C, D show that there is a
number of buoys for CYGNSS CDR V1.1 is less than that for discrepancy at high values. In general, both CDR V1.0 and V1.1
CYGNSS CDR V1.0. fluxes seem to be in agreement with SHF estimates from the in

The highest scatterplot density of LHF occurs between 100 situ measurements, with RMSEs of 6.75 and 6.67 W/m> ,
and 200 W/m?> , and that of SHF is between 0 and 15 W/m>. respectively. Overall, it can be seen that the performance of

Figure 4A demonstrates that some LHF estimates are heat flux heat flux estimates from CYGNSS CDR V1.1 is slightly
overestimated in CYGNSS CDR V1.0 compared with the in better than that of CYGNSS CDR V1.0.
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Maps of buoys from the Global Tropical Moored Buoy Array used for comparing the CYGNSS CDR V1.0 and V1.1 heat flux products.
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Comparisons between LHF (A, B)/SHF (C, D) estimates from in situ measurements and from CYGNSS CDR V1.0 during 2017-2021 and V1.1
during 2018-2022, respectively. The bias, RMSE, number of matchups, and time span are given in each subfigure. The colorbar is the number

density of points, and the purple line shows the 1:1 diagonal.

3.1.2 Accuracy in each tropical ocean basin
CYGNSS can observe the sea surface over the global tropical
ocean, providing the chance to estimate the sea surface heat
fluxes in each basin. According to Equation 2, we calculate the
statistical metrics of latent and sensible heat fluxes for the
Pacific, Atlantic, and Indian oceans, respectively. The accuracy
assessment in each tropical ocean basin depends on the location
of the TAO/TRITON array in the Pacific, PIRATA in the
Atlantic, and RAMA in the Indian Ocean, Then, matchups
from buoys in each tropical ocean basin are used to estimate
the sea surface heat fluxes from CYGNSS CDR V1.0 and V1.1.
Compared to the LHF estimates from the buoys, the
CYGNSS mission still shows different latent heat
characteristics in the tropical oceans of the Pacific, Atlantic,
and Indian oceans as shown in Figure 5. There are some things
worth noting. First, LHF is overestimated by CYGNSS CDR
V1.0 with a large bias of 10.4 W/m?, and a positive deviation
(bias) is shown for each buoy in the Pacific ocean, especially for
the buoy with a latitude of 0°N and a longitude of 180° W, where
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the bias exceeds 30 W/m?. Second, in the Atlantic and Indian
oceans, negative deviations appear for some buoys, especially the
buoy with a latitude of 10°S and a longitudeof 10°W in the
Atlantic ocean, whose bias exceeds —20 W/m?. In addition, we
also noticed that the bias of the buoy with a latitude of 19°S and a
longitude of 34°W exceeds 40 W/m®. The amount of matchups
from this buoy exceeds 2,700, which basically rules out that the
bias is not because of insufficient data. There are 21 buoys in the
tropical ocean of the Indian ocean, which exhibit a bias of 3.59
W/m? and an RMSE of 38.14 with respect to the sea surface heat
flux. Compared to the accuracy of CYGNSS latent heat in the
tropical oceans of the Pacific and the Atlantic oceans, the RMSE
of the Indian Ocean is high and the amount of matchups is large,
suggesting that the accuracy of CYGNSS heat flux products is
low in the tropical regions of the Indian Ocean.

For CYGNSS LHF CDR V1.1, Table 3 shows the statistical
metrics of matchups in the tropical oceans of the Pacific,
Atlantic, and Indian oceans. More details are shown in Figure
Al in Appendix. In the Pacific Ocean, the accuracy of CDR V1.1
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Left column: Biases (yellow bars) and RMSEs (green bars) between CYGNSSLHF CDR V1.0 product and in situ measurements from the tropical
oceans of the Pacific, Atlantic, and Indian oceans. Right column: Spatial distribution of buoys from the Global Tropical Moored Buoy Array in
each tropical ocean basin. The color density represents the number of matchups for each buoy. The average accuracy (bias and RMSE) and the
number of matchups in each tropical ocean are marked in red font.

is slightly better than that of CDR V1.0, with a bias of 7.58 W/m?
and an RMSE of 32.60 W/m?” . In addition, we also noticed that
the number of matchups is 13,028, which is less than that of
CYGNSS LHF CDR V1.0. From Figure Al in Appendix, the
RMSE of the buoy (marked in rectangle with red border) with a

latitude of 8°N and a longitude of 165°E exceeds 40 W/m?. This
difference between CYGNSS and the the buoy is inconsistent due
to insufficient data (less than 300). It can be seen from Table 3
that the biases are negative in the Atlantic and Indian oceans,
which are similar to those of CYGNSS CDR V1.0; especially, the

TABLE 3 Statistical metrics (bias and RMSE) calculated from the matchups between CYGNSS and in situ measurements in the Pacific, Atlantic,
and Indian oceans.

Version Tropical ocean Latent heat flux Sensible heat flux
Bias (m/s) RMSE (m/s) Bias (m/s) RMSE (m/s)
CYGNSS V1.0 Pacific Ocean 10.4 34.84 1.73 6.88
Atlantic Ocean -2.19 33.74 1.75 5.71
Indian Ocean 3.59 38.14 2.09 7.47
CYGNSS V1.1 Pacific Ocean 7.58 32.60 1.27 6.82
Atlantic Ocean -10.27 31.76 1.34 5.61
Indian Ocean -2.95 35.73 1.87 7.44
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deviation at a latitude of 10°S and a longitude of 10°W in the
Atlantic Ocean exceeds ~20 W/m? (Figure Al in Appendix).
However, the accuracy (RMSE) of CDR V1.1 is slightly better
than that of CDR V1.0 in the Atlantic and Indian Oceans.

In terms of sensible heat, Table 3 and Figure A2 (in
Appendix) give the statistical metrics and and a histogram of
CYGNSS SHF CDR V1.0 and V1.1 for bias (yellow bars) and
RMSE (green bars), which demonstrate a good agreement
between CYGNSS and in situ measurements from buoys. For
the deviation in the tropical oceans of the Pacific, Atlantic, and
Indian oceans, it can be seen that CYGNSS SHF CDR V1.0 and
V1.1 overestimate the sensible heat relative to buoys, especially
in the Indian Ocean (a large bias of 2.09 W/m?). In the Pacific,
we also noticed that the deviation of CYGNSS SHF CDR V1.1
exceeds in -3 W/m? and RMSE exceeds 20 W/m? at a latitude of
8°N and a longitude of 165°E (Figure A2 in Appendix).
However, the deviation of CYGNSS SHF CDR V1.0 is close to
0 W/m? at this buoy (Figure A2 in Appendix). Except for this
unusual buoy, the two versions of CYGNSS can give similar
accuracies for SHF on the whole, which is consistent with in situ
measurements from the buoy.

3.2 Annual variation characteristics of
LHF/SHF in CYGNSS CDR products

To analyze the heat flux characteristics of LHF/SHF
estimated by CYGNSS during this mission, the annual
variation trends are investigated and analyzed according to
several typical buoys. Figure 6 shows the ability of the
CYGNSS mission to estimate heat flux at a specific location,
which is consistent with those estimated from buoys. It can be
seen that the buoys had missing data in the Pacific and Atlantic
at various times: 2018.03~2018.08 for buoy (8°N, 137°E) in the
Pacific (Figure 6A), and 2018.11~2019.01, 2020.08~2022.01 and
2021.07~2021.11 for buoy (20°N,38°W) in the Atlantic
(Figure 6D). For buoy (8°S, 95°E) in the Indian Ocean, the
heat flux data are normal and continuous. The blue dotted-line
represents the CYGNSS LHF CDR V1.0 product, and the orange
dotted-line represents the heat flux estimated by buoy data, as
shown in Figure 6E. From the three heat flux products, it can see
that there is a peak in August of each year, especially in 2017,
2018, and 2019. There is an obvious growth trend between July
and August, as well as an obvious downward trend between
September and November. However, these phenomena do not
occur in the other two buoys in the Pacific and the Atlantic
oceans. Thus, the CYGNSS mission produce heat flux estimates
over the tropical ocean, providing an important reference for
analyzing global tropical ocean heat flux changes.
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3.3 Impact of wind speed on the
accuracy of LHF/SHF

3.3.1. LHF/SHF estimated by CYGNSS SDR and
NOAA wind speed

In this study, the latest versions of wind speed products are
used to analyze the impact of wind speed on the accuracy of
LHF/SHF, including the NOAA CYGNSS Level 2 V1.2 and SDR
V3.1 wind speed products. Table 4 gives a summary of CYGNSS
Level 2 wind speed product information, including product
version and time span.

According to Equation 1, both wind speed products from the
CYGNSS satellite constellation are used to derive the surface
heat fluxes (LHF/SHF) using the sea and air thermodynamic
variables of temperature and humidity. To ensure the
consistency of the sea and air thermodynamic variables of the
CYGNSS CDR heat flux products, according to the time and
position at each specular point, the Level 2 wind speed is first
spatio-temporally collocated with LHF/SHF estimated by the
buoys, and then collocated with the Level 2 heat flux product to
obtain the thermodynamic parameters provided by NASA
MERRA-2 for calculating the heat flux.

3.3.2. Comparisons of CYGNSS heat fluxes

For LHF, CYGNSS NOAA V1.2 can provide stable wind
speeds to estimate heat flux with a bias of 5.83 W/m® and an
RMSE of 29.68 W/m? . An improvement (RMSE) of 17% for the
CYGNSS LHF product is obtained using the CYGNSS NOAA
V1.2 wind speed product. However, the number of data pairs
matched with the buoy decreased significantly from 147,165 to
54,219. During NOAA V1.2 wind speed inversion, a large
number of outliers were identified and eliminated through
quality control. From Figure 7A, it can be seen that the LHF
estimated from CYGNSS NOAA V1.2 winds is consistent with
that estimated from buoy data compared to the CYGNSS CDR
V1.0 heat flux product (Figure 4A). In terms of deviation
(CYGNSS - Buoy), LHF is overestimated by CYGNSS NOAA
V1.2. It can be seen from Figure 7C that the bias and RMSE of
the LHF estimated from CYGNSS SDR V3.1 are -1.39 W/m®
and 33.03 W/m?, respectively, which are slight better than those
of the CYGNSS LHF CDR V1.1 product during the same period
of 2018.08.01-2022.02.28.

Figures 7B, D also illustrate the performance of the CYGNSS
NOAA V1.2 and CYGNSS SDR V3.1 wind products in
estimating SHF. It is noted that CYGNSS SDR V3.1 gives a
large RMSE of 6.97 W/m? , whereas the RMSE of the other SHF
product is ~ 6.7 W/m” . By using different wind speed products
to estimate SHF, it is found that the impact on the accuracy of
SHEF is minor, and there is no obvious improvement in accuracy.
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FIGURE 6
Comparisons of CYGNSS LHF CDR products and in situ in situ buoys heat flux in the tropical oceans of the Pacific (A, B:8°N, 137°E), Atlantic C,
D:20°N, 38°W), and Indian (E, F:8 °S, 95°E) oceans, respectively.

TABLE 4 CYGNSS Level 2 wind speed products and time spans for
estimating heat flux.

Wind speed products Time span

NOAA CYGNSS Level 2 V1.2
CYGNSS Level 2 SDR V3.1

Frontiers in Marine Science

2017.05.01-2022.02.28
2018.08.01-2022.02.28

3.3.3. Performance in the Pacific, Atlantic, and
Indian Oceans

According to the RAMA, PIRATA, and TRITON, the
performance of CYGNSS LHF/SHF NOAA V1.2 is analyzed,
as shown in Figure 8. The characteristics of the NOAA V1.2
LHF/SHF product are the same as that of CYGNSS CDR V1.0,
which has a positive deviation for every buoy in the Pacific
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Ocean, and RMSE decreases from 34.84 W/m? to 29.59 W/m?
(15% improvement). In addition, improvements of the Indian
Ocean and the Atlantic, it has improved to varying degrees,
11.6% and 26.8%, respectively. It is noted that the buoy with a
latitude of 19°S and a longitude of 34°W also gives a large
deviation (> 50 W/m* ) and RMSE (> 60 W/m?). For the LHF
product, there is no improvement in accuracy in any tropical
ocean basin.

4 Conclusions

A preliminary evaluation of the heat flux (LHF/SHF)
estimates from the remotely sensed wind speed measurements
of the CYGNSS mission during the period of 2017-2022 is
performed. We systematically compare temporally and spatially
coincident CYGNSS heat fluxes and those estimated from
various tropical moored buoy systems (ie.,, TAO, TRITON,
PIRATA, and RAMA). The comparisons show that the
CYGNSS CDR V1.1 heat flux is in good agreement with

10.3389/fmars.2022.1001491

estimates from the buoys, with overall average RMSEs of 33.60
W/m? and 6.77 W/m? for LHF/SHF, respectively. The overall
average bias is -3.51 W/m® , demonstrating that CYGNSS LHF
CDR V1.1 underestimates compared to the in situ
measurements for global tropical oceans, whereas SHF CDR
V1.1 slightly overestimates, with a bias of 1.53 W/m* .
Furthermore, the differences in each tropical ocean basin are
investigated according to the heat flux estimates from the TAO/
TRITON, PIRATA, and RAMA buoys. It is found the CYGNSS
heat flux in the Atlantic Ocean has better performance than that
in the Pacific and Indian oceans. For CYGNSS CDR V1.0 and
V1.1, it is shown that the SHF product is slightly overestimated,
with a a positive bias in the Pacific, Atlantic, and Indian oceans.
Additionally, it should be noted that the amount of matchups
between CYGNSS and the the buoys is limited, which may have
resulted in some uncertainty in the evaluation accuracy of
CYGNSS heat flux products in each tropical ocean basin. In
addition, the impact on the accuracy of LHF/SHF estimates is
investigated by the CYGNSS NOAA V1.2 and CYGNSS SDR
V3.1 wind products. The results illustrate that CYGNSS NOAA
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Left column: Performance of the CYGNSS LHF NOAA V1.2 product compared to the TAO/TRITON array in the Pacific, PIRATA in the Atlantic,
and RAMA in the Indian Ocean. Right column: The same for the CYGNSS SHF NOAA V1.2 product.

V1.2 winds can significantly improve the accuracy of LHF
estimates by 17%, and both wind products have almost no
impact on SHF estimates. Overall, the heat flux products
acquired from the CYGNSS mission in 2017-2022 are valuable
for practical use.
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FIGURE A1

Left column: Biases (yellow bars) and RMSEs (green bars) between the CYGNSS LHF CDR V1.1 product and in situ measurements from the
tropical oceans of the Pacific, Atlantic, and Indian oceans. Right column: Spatial distribution of buoys from the Global Tropical Moored Buoy
Array in each tropical ocean basin. Color density represents the number of matchups for each buoy. The average accuracy (bias and RMSE) and

the number of matchups in each tropical ocean are marked in red font.
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FIGURE A2

Left column: Biases (yellow bars) and RMSEs (green bars) between the CYGNSS SHF CDR V1.0 product and in situ measurements from the
tropical oceans of the Pacific, Atlantic, and Indian oceans. Right column: The same for the CYGNSS SHF CDR V1.1 product. The same for the

CYGNSS SHF CDR V1.1 product.
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