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Abstract—Haiyang-2 (HY-2) is the first marine dynamic
environmental satellite of China, which was launched on
August 16, 2011. The scanning microwave radiometer (RM)
onboard HY-2 has low-frequency channels with the capability
of observing sea surface temperature (SST) from space. In this
paper, the Level 2A (L2A) SST products of HY-2 RM are
evaluated. The global HY-2 RM L2A SST products are compared
with the buoy SST measurements, WindSat SST, and National
Oceanic and Atmospheric Administration Optimum Interpola-
tion (Ol) weekly SST products for the period from January 2012
to December 2014. The collocations of HY-2 RM, WindSat, and
buoy SST data are generated with the spatial window of 0.25°
and the temporal window of 0.5 h. The biases are —0.45 °C
(RM minus buoy) and —0.41 °C (RM minus WindSat) and the
corresponding standard deviations are 1.73 °C and 1.72 °C. The
comparisons of the weekly averaged HY-2 RM and Ol SST show
that the biases of each week difference are from —1.06 °C to
0.48 °C with the mean value of —0.30 °C. The standard deviations
of the SST difference are from 0.83 °C to 1.47 °C with the mean
value of 1.05 °C. The relationships between SST difference and
the sea surface and atmospheric parameters, such as wind speed,
wind direction, SST, and water vapor are investigated.

Index Terms—Haiyang-2 (HY-2), scanning microwave
radiometer (RM), sea surface temperature (SST).

I. INTRODUCTION

EA surface temperature (SST) is an important ocean envi-

ronmental parameter and an indicator of climate change,
and is widely used in ocean dynamics, air-sea interaction,
fisheries research, climatological forecast, and other fields.
The passive infrared and microwave sensors can observe SST
from space. Infrared sensors can measure SST with high
resolution, but the observations are limited by cloud and
aerosol contamination. In contrast to infrared measurements,
microwave measurements can penetrate clouds and are less
affected by aerosols [1]. Therefore, microwave radiometers
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are capable of providing almost all-weather observations of
SST. When rain is present, the microwave SST retrievals
are not reliable, but the rain is easily detected and removed
[2]. However, the spatial resolution of microwave measure-
ments is relatively low compared with infrared measurements.
Microwave SST retrieval was first attempted using the Scan-
ning Multichannel Microwave Radiometer (SMMR) that was
launched on Seasat and Nimbus-7 satellites in 1978. But the
accuracy of SST measured by SMMR is low because of the
poor calibration [1]. High-quality microwave SST data first
became available in 1997 that was retrieved from measure-
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the Global Precipitation Measurement (GPM) Microwave
Radiometer (GMI) onboard on GPM satellite launched in
February 2014. The WindSat radiometer operates in five
discrete channels, including 6.8, 10.7, 18.7, 23.8, and 37.0
GHz. The 10.7-, 18.7-, and 37.0-GHz channels are fully
polarimetric, whereas the 6.8- and 23.8-GHz channels have
only dual polarizations [8], [9]. The footprint size of 6.8-
, 10.7-, 18.7-, 23.8-, and 37.0-GHz channels is 39 km x
71 km, 25 km > 38 km, 16 km x 27 km, 20 km x
30 km, and 8 km > 13 km, respectively. The WindSat
version 7 SSTs showed a mean bias of —0.05 °C and
0.02 °C and a standard deviation of 0.55 °C and 0.52 °C for
descending and ascending data, respectively, when compared
with global telecommunication system (GTS) drifting buoy
SST measurements during the period from June 2002 to
December 2010 [10]. AMSR2 is an improved microwave
radiometer compared with AMSR-E, with several improve-
ments, including larger main reflector, additional channels
at 7.3 GHz, and improved calibration system [11]. Remote
Sensing Systems AMSR-2 version 7.2 SST data showed a
mean bias of —0.04 K and a standard deviation of 0.55 K
when compared with in situ observations during the period
from July 2012 to October 2014 [12]. The AMSR2 ver-
sion 1 SST standard product provided by JAXA showed mean
difference of 0.218 °C and an rms difference of 0.492 °C
when compared with TRITON data from July 2012 to
June 2013 [7]. GMI is a dual-polarization and conical-scanning
passive microwave radiometer with multichannels ranging
from 10.65 to 183.31 GHz. GMI has exhibited highly accurate
and stable calibration. The 10.7-GHz channel of GMI is
available measure SST. Besides, GMI allows a full sampling
of all local earth times repeated because the GPM satellite is
in a 65° inclination nonsun-synchronous orbit [13]. GMI SST
products by JAXA and remote sensing systems are available.

The Haiyang-2 (HY-2) is the first marine dynamic environ-
mental satellite of China, launched on August 16, 2011. HY-2
satellite is in an altitude of 973-km sun-synchronous orbit with
the local time of descending node at 6:00 A.M. It is used for
all-weather conditions obtaining dynamic ocean environment
parameters, such as sea surface wind field, sea surface height,
significant wave height, and SST on a global scale [14].
It carried four microwave instruments, including a microwave
scatterometer, radar altimeter, scanning microwave radiometer
(RM), and three-frequency microwave radiometer. The RM
onboard HY-2 is a multichannel radiometer capable of obtain-
ing oceanic and atmospheric parameters, such as sea surface
wind speed, SST, water vapor, and cloud liquid water under
all-weather conditions [14]. It has nine channels and five
frequencies, including 6.6, 10.7, 18.7, 23.8, and 37 GHz with
both horizontal and vertical polarizations measured separately,
except on the 23.8-GHz channel, which only operates with
vertical polarization [14]. The footprint size of 6.6-, 10.7-,
18.7-, 23.8-, and 37-GHz channels is 75 km = 100 km,
50 km x 75 km, 25 km x 40 km, 25 km x 30 km, and
15 km = 25 km, respectively. The Earth incidence angle of
HY-2 RM is 47.7° and the scan width is 1600 km [14].
The preliminary HY-2 RM SST products were compared with
National Centers for Environmental Prediction reanalysis data
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on a global scale from October 10 to October 20, 2011. The
results showed that the rms is 2.0872 °C [14]. Zhao et al. [15]
also assessed the initial SST products of HY-2 RM from
January 2012 to June 2012 with the National Data of Buoy
Center mooring and Argo buoy data. The results indicated that
the accuracy of radiometer SST is better than 1.7 °C.

In this paper, the three-year HY-2 RM Level 2A (L2A) SST
products from January 2012 to December 2014 are evaluated
by buoy SST measurements, WindSat SST products, and
National Oceanic and Atmospheric Administration (NOAA)
Optimum Interpolation (Ol) weekly SST products in order
to analyze the accuracy, stability, and consistency of HY-2
RM SST products. The error dependencies of HY-2 RM SST
on surface and atmospheric parameters are investigated.
In Section Il, the data sets used are introduced.
In Sections Il and IV, HY-2 RM SSTs are compared
with buoy SST data, WindSat SSTs, and Ol weekly
averaged SSTs. In Section V, the error sources of HY-2 RM
SST products are discussed. In Sections VI, the main results
are summarized.

Il. DATA SET
A. HY-2 RM Data

The HY-2 RM L2A products are developed and distributed
in HDF format by National Satellite Ocean Application Ser-
vice of State Oceanic Administration. Geophysical parameters
are calculated based on the retrieval algorithm using Level 1B
brightness temperatures, including SST at 6.6- and 10.7-GHz
resolution, a sea surface wind speed at 10.7- and 18.7-GHz
resolution, a water vapor at 18.7-GHz resolution, a cloud
liquid water at 18.7-GHz resolution, an ice concentration at
18.7-GHz resolution, and a rain rate at 18.7-GHz resolu-
tion [14]. In this paper, the SST data at 6.6-GHz resolution
are used.

B. WindSat Data

WindSat products used in this paper are provided by
remote sensing systems. The products used in this paper are
version 7.0.1 gridded binary daily data. Different geophysical
parameters, including SST, sea surface wind speed and wind
direction, rain rate, atmospheric water vapor, and cloud liquid
water, are projected to 0.25° < 0.25° grid divided into two
sets of maps based on ascending and descending passes. Daily
data files contain Universal Time Coordinated observation time
maps for each set of passes (descending and ascending).

C. NOAA Ol Data

A weekly averaged Ol SST analysis has been pro-
duced by NOAA with 1° spatial resolution using both
in situ and satellite data from November 1981 to the
present [16]. The products used for the comparisons in
this paper are version 2.0 products. The in situ SST
data are obtained in real time from GTS, including ship
and buoy observations. The satellite SST data are from
Advanced Very High Resolution Radiometer on the NOAA
satellites [16]. The Ol weekly products have been widely
used for weather and climate monitoring and forecasting
since 1993 [16].
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Fig. 1. HY-2 RM SST on February 14, 2013. (a) Ascending. (b) Descending.

D. NOAA iQuam In Situ Data

The in situ SST data used for evaluation are from the in situ
SST Quality Monitor (iQuam) System, developed by National
Environmental Satellite, Data, and Information Service, Center
for Satellite Applications and Research, NOAA. The data
are used to perform near real-time quality control of in situ
measurements and to monitor the statistics [17]. Ships and
buoys (drifters and moorings) are included but only buoy
data are selected in this paper, considering the reliability and
accuracy of in situ data [17]. The iQuam data files preserve all
information from the original GTS data sets, including SST
and other parameters, such as wind speed, wind direction, dew
point temperature, and so on. iQuam monthly data files are
served online in the HDF format. For this paper, the highest
quality level data are selected.

I1l. COMPARISON OF HY-2/RM SST WITH
Buoy AND WINDSAT SST DATA

The HY-2 RM L2A SST products are projected to daily
ascending and descending equal-angle maps with a grid size
of 0.25°. Fig. 1 shows daily projected HY-2 RM SST on
February 14, 2013. WindSat and iQuam buoy SST data are
used to evaluate the HY-2 RM SST products during the period
from 2012 to 2014. The local time of ascending node of
WindSat and HY-2 RM is both around 18:00. The collocations
of HY-2 RM, WindSat, and buoy SST data are generated with
the spatial window of 0.25° and the temporal window of 0.5 h.
The overpass of WindSat and RM had missed the hottest time
of the day and both sensors measure the same ocean layer at
the same time of the day. The temporal window is 0.5 h for
WindSat, RM, and buoy collocations. The diurnal warming
effect is not significant in the comparisons among HY-2 RM,
WindSat, and buoy. The statistics, including bias, median,
standard deviation, robust standard deviation (RSD), and the
proportion of SST difference, were calculated. The RSD used
in this paper is 1.48 times the median absolute deviation from
the median [18]. The outliers are removed using three times
the RSD from the median [6], [19], [20]. The daily and three-
year statistics are shown in Tables | and Il. The left panel
of Fig. 2 shows daily SST difference of HY-2 RM minus
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TABLE |

DAILY STATISTICS OF SST DIFFERENCE BETWEEN HY-2 RM, WINDSAT,
AND BUOY SST DATA FROM JANUARY 2012 TO DECEMBER 2014

RM — buoy RM-WindSat WindSat - buoy
range mean range mean range mean
Bias(°C) -1.33-1.61 -0.38 -1.31-1.85 -0.33 -0.34-0.27  -0.05
Median(°C) -1.40-1.07 -0.52 -1.47-1.17 -0.48 -0.33-0.20  -0.03
Std.Dev(°C) 0.88-3.62 1.69 0.76-3.49 1.68 0.31-0.81 0.52
RSD(°C) 1.01-4.34 1.93 0.88-4.20 1.92 0.35-0.91 0.59

buoy [Fig. 2(a)], HY-2 RM minus WindSat [Fig. 2(b)], and
WindSat minus buoy [Fig. 2(c)], and the right panel shows the
three-year SST difference of HY-2 RM minus buoy [Fig. 2(d)],
HY-2 RM minus WindSat [Fig. 2(e)], and WindSat minus buoy
[Fig. 2(f)]. For daily statistics, the blue line indicates the bias
and the red vertical bars are the standard deviations. There
are some missing values when the HY-2 RM data are invalid.
Fig. 2(a) and (b) shows large standard deviations and fluctuat-
ing biases between HY-2 RM and buoy as well as HY-2 RM
and WindSat comparisons. For the difference of HY-2 RM
minus buoy SST, the biases range from —1.33 °C to 1.61 °C
with the mean value of —0.38 °C and the standard deviations
range from 0.88 °C to 3.62 °C with the mean value of 1.69 °C.
In addition, the comparisons of HY-2 RM with WindSat show
that the biases range from —1.31 °C to 1.85 °C with the mean
value of —0.33 °C and the standard deviations range from
0.76 °C to 3.49 °C with the mean value of 1.68 °C. The daily
statistics of the difference of WindSat minus buoy show small
and smooth biases and standard deviations with the mean bias
of —0.05 °C and the mean standard deviation of 0.52 °C.
The overall three-year statistics of HY-2 RM with buoy and
WindSat indicate the cold biases of —0.45 °C and —0.41 °C
and relatively the large standard deviations of 1.73 °C and
1.72 °C. Moreover, the daily statistics patterns and three-year
comparison results between HY-2 RM and buoy are similar
to those between HY-2 RM and WindSat. The comparison
of WindSat with buoy shows the bias of —0.03 °C and the
standard deviation of 0.53 °C, which is consistent with the
validation results given by Gentemann [10].

The three-way error analysis of the collocations of
HY-2 RM, WindSat, and buoy SST data was carried out. The
method was developed to estimate the standard deviation of
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Fig. 2. Daily statistics (left panel) and three-year statistics (right panel) of the SST difference between (a) and (d) HY-2 RM and buoy, (b) and (e) HY-2
RM and WindSat, and (c) and (f) WindSat and buoy SST data.

TABLE Il
THREE-YEAR STATISTICS OF SST DIFFERENCE BETWEEN HY-2 RM, WINDSAT, AND BuOoy SST DATA FROM JANUARY 2012 TO DECEMBER 2014

Number Bias"C) Median(°C)  Std.Dev(°’C) RSD(°C) P(0.5°C)(%) P(EI°C)(%)  P(E2°C)(%)

RM-buoy 166323  -0.45 -0.59 1.73 1.97 22.76 43.23 74.02
RM- WindSat 166323  -0.41 -0.56 1.72 1.97 22.92 4331 74.48
WindSat -buoy 166323 -0.03 -0.03 0.53 0.59 68.37 92.62 100

different observation types [21]. O’Carroll et al. [6] evalu- MODIS, AMSR-E, and in situ SSTs using the three-way error
ated SSTs from AATSR, AMSR-E, and in situ observations analysis. The assumption of the analysis is that the errors in
using the three-way error analysis. Gentemann [5] validated three observations are uncorrelated [6]. The variance of error
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Fig. 6. (a) Bias and (b) standard deviation of SST difference between
HY-2 RM and Ol weekly averaged SST.

Fig. 7. WindSat yearly averaged sea surface wind speed from 2012 to 2014.

Fig. 6(a) and (b) shows the global distribution of bias and
standard deviation of SST difference, respectively. Fig. 7 is the
averaged WindSat surface wind speed during the same period.
Fig. 6(a) shows large warm bias in the southern ocean where
strong westerly winds prevail. Moreover, HY-2 RM SSTs
are colder than buoy SSTs within 1 °C in most of the near-
equatorial and low-latitude ocean. Fig. 6(b) indicates that the
standard deviations of SST difference are larger than 1 °C
in the northern Atlantic and the northern Pacific where the
wind speeds are relatively higher. The spatial patterns of the
standard deviation of SST difference and the averaged wind
speed are similar, indicating that SST disparity of HY-2 RM
and Ol is closely related to wind speed.
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TABLE Il

STATISTICS OF HY-2 RM MINUS Buoy SST FROM
JANUARY 2012 TO DECEMBER 2014

Number Bias(°C) Std.Dev(°C)
Ascending 76354 -0.10 1.59
Descending 89969 -0.75 1.78
All 166323 -0.45 1.73

Fig. 8. Variation of SST difference against wind speed.

V. DISCUSSION

The comparisons of HY-2 RM SST with buoy, WindSat,
and Ol SST indicate large standard deviation and fluctuating
biases of HY-2 RM SST. The error sources of HY-2 RM are
discussed in this section.

The calibration procedure for microwave radiometer con-
sists of two steps including: 1) transformation from radiometer
counts of earth field to antenna temperature and 2) the antenna
pattern correction that turns the antenna temperature to top of
the atmosphere brightness temperature correcting for spillover
effect and cross polarization coupling effect [23], [24]. The
collocations between HY-2 RM and buoy data were separated
according to HY-2 ascending and descending passes. The
statistics were calculated. Table 111 shows that the biases are
—0.10 °C and —0.75 °C and the standard deviations are
1.59 °C and 1.78 °C of ascending and descending collocations,
respectively. The overall collocations show that the bias is
—0.45 °C and the standard deviation is 1.73 °C (Table II).
As discussed in [12], large biases between daytime and night-
time measurements imply poor calibration of the satellite. The
large difference of 0.65 °C between ascending and descending
bias indicates that some problems exit in the calibration
of HY-2 RM, such as the Earth radiation intrusion into
cold mirror. Moreover, the daily statistics of SST difference
between HY-2 RM and buoy show fluctuating biases and large
standard deviations, implying that the HY-2 RM is not well
calibrated.

The collocated SST difference and WindSat surface wind
speed were further analyzed. Fig. 8 presents the variation of
SST difference (RM minus buoy) against wind speeds. The
background color indicates the number of collocations in every
0.2-m/s wind speed bin and in 0.1 °C SST difference bin. The
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