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Evaluation of Sea Surface Temperature
From FY-3C VIRR Data in the Arctic

Hongyan Wang, Lei Guan, Member, IEEE, and Ge Chen

Abstract—Daily 5-km sea surface temperature (SST) data from
the Visible and Infrared Scanning Radiometer (VIRR) onboard
the Fengyun-3C (FY-3C) satellite are evaluated for latitudes
greater than 60◦ N against in situ and daily 4-km SST data from
the Moderate Resolution Imaging Spectroradiometer (MODIS)
onboard the Terra satellite. Approximately five months of data
are used for the evaluation, during August to December 2014. The
in situ and 4-km MODIS SST data are averaged and resampled
at a spatial resolution of 5 km, which is similar to that of the
VIRR SST data. The bias and standard deviation of the SST
difference between VIRR and buoy data are −0.12 ◦C and 0.93 ◦C,
respectively. A three-way error analysis is conducted between
VIRR, MODIS, and buoy SSTs to obtain standard deviations
of error for each kind of observation. The separated standard
deviations of the error are found to be 0.91 ◦C for the VIRR
SST, 0.20 ◦C for the in situ SST, and 0.51 ◦C for the MODIS
SST. The error sources are discussed. The results indicate that the
FY-3C/VIRR SST product needs to be improved.

Index Terms—Arctic, Fengyun-3C (FY-3C), Moderate Resolu-
tion Imaging Spectroradiometer (MODIS), Sea Surface Tempera-
ture (SST), Visible and Infrared Scanning Radiometer (VIRR).

I. INTRODUCTION

S EA surface temperatures (SSTs) derived from satellite
observations are important oceanographic and air-sea flux

indicators. SST is a key parameter in ocean and atmospheric
models because it represents the lower boundary of the atmo-
sphere and oceans [1]–[5], and a long-term series of SST data
can be used to monitor and predict climate change [6]–[8].
Accuracies of 0.5 K, 0.2 K, and 0.1 K are desired for coastal or
local applications, ocean forecasting, and climate monitoring at
spatial resolutions of ≤ 0.5, 1–10, and 10–50 km, respectively
[9]. Satellite SST observations have the advantage of spatial
coverage, and infrared instruments onboard polar-orbiting or
geostationary satellites are able to measure SST at a spatial
resolution of 1–4 km. However, Arctic cloud coverage values of
up to 90% during the summer and 50%–60% during the winter
have been reported based on surface and satellite observations
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[10]. Thus, persistent Arctic cloud coverage occurs throughout
the year [11], [12]. Extreme atmospheric conditions, sparse
in situ measurements, and persistent cloud cover pose chal-
lenges to retrieving and evaluating Arctic SST from satel-
lite data [13]–[15]. The daily Moderate Resolution Imaging
Spectroradiometer onboard Terra (Terra/MODIS) Level-3 SST
products with the highest quality flag have been found to have a
bias of −0.46 K and standard deviation (Std) of 0.66 K during
the nighttime based on comparisons with buoy data [14].

The objective of this study is to evaluate the SST products
from the Fengyun-3C Visible and Infrared Scanning Radiome-
ter (FY-3C/VIRR) in the Arctic versus in situ measurements
and Terra/MODIS SST products.

Satellite and in situ data are described in Section II of this
letter. The corresponding matchup procedures and evaluation
results are given in Section III, followed by the conclusion in
Section IV.

II. DATA

A. FY-3C/VIRR SST

FY-3 series satellites are the second-generation polar-
orbiting meteorological satellites from China. Three satellites
have been launched. FY-3A and FY-3B were launched as ex-
perimental satellites on May 27, 2008, and November 5, 2010,
respectively. FY-3C was launched as an operational satellite on
September 23, 2013. FY-3C has an equator crossing time of
10:00 A.M. in the descending node and a designed life span of
five years. The VIRR instrument onboard FY-3C has 10 spectral
bands, ranging from 0.43 to 12.5 μm, with a resolution of
1.1 km at nadir and swath of 2800 km [16]. The VIRR has in-
frared split-window channels (10.3–11.3 and 11.5–12.5μm) for
SST observations. Spectral features provide a noise equivalent
temperature at infrared channels of 0.2 K [16].

The 5-km daily-composited daytime and nighttime FY-3C
VIRR SST products are distributed by the National Satellite
Meteorological Center (NSMC) and China Meteorological Ad-
ministration (CMA). They have been available from May 4,
2014, to the present (http://fy3.satellite.cma.gov.cn/PortalSite/
Data/Satellite.aspx). The operational FY-3C/VIRR SST algo-
rithm is a multichannel SST algorithm [16], [17]. Due to sparse
data availability from May to July, only the data from August
to December 2014 are used in this study.

The VIRR SST products are distributed as bulk SST data
because in situ observations are used to tune the algorithm
coefficients [16]. Wang et al. [16] reported biases of −0.26 K
and 0.06 K and standard deviations of 0.54 K and 0.56 K for
daytime and nighttime data as compared to monthly global
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Fig. 1. Example of Arctic SSTs (night, September 5, 2014). (a) VIRR SST. (b) MODIS SST.

VIRR SST and in situ data, respectively. An example of VIRR
SST in the Arctic is shown in Fig. 1(a). White color indicates
cloudy pixels or invalid data.

B. Terra/MODIS SST

The MODIS instrument is onboard the Terra satellite, which
was launched on December 18, 1999. Terra has an equator
crossing time of 10:30 A.M. in the descending node and a
designed life span of six years. The MODIS instrument has
36 spectral bands, ranging from 0.4 to 14.4 μm, with a swath of
2330 km (cross track) and a resolution of 1 km at nadir.

The daily-composited 4-km MODIS Level-3 Standard
Mapped Image SST products used in this study are obtained
from the NASA OceanColor website (http://oceancolor.gsfc.
nasa.gov/), which provides daytime and nighttime products.

The MODIS long-wave (11–12 μm) SST algorithm is a
nonlinear SST algorithm [18]. MODIS SST data have been
adjusted to skin SST [19]–[21]. The SST products possess
quality flags of 0–2, where 0 represents the highest quality and
2 is the lowest quality. Only the highest quality SST data are
used in this study. An example of MODIS SSTs in the Arctic
is shown in Fig. 1(b). The cloud detection and sea ice flag
algorithms as well as other quality flag procedures are possible
reasons for the different coverage, as shown in Fig. 1(a) and (b).

C. In Situ Data

The in situ SST quality monitor (iQuam) system was de-
veloped by the Center for Satellite Applications and Research
(STAR), National Oceanic and Atmospheric Administration
(NOAA) Satellite and Information Service (NESDIS), to per-

form near-real-time quality control of in situ measurements,
monitor statistics, and assign quality flags to reformatted Global
Telecommunication System (GTS) SST data [22]. Data from
ships and buoys (drifters and moorings) are included in the
system. Monthly data are available from NCEP GTS every 12 h,
and in situ data are available via FTP (http://www.star.nesdis.
noaa.gov/sod/sst/iquam/index.html). Only drifting and mooring
buoy SST data are used in this study to evaluate the VIRR SST
because they possess a higher quality than other types of in situ
data [14], [23]–[26].

III. EVALUATION OF VIRR SST DATA

USING MODIS AND BUOY SSTS

A. Matchup Data Sets

The study area focuses on latitudes greater than 60◦ N using
data from August to December 2014. First, matchup data sets
within collocated spatial and temporal windows are generated
using VIRR, MODIS, and buoy data. The spatial window is
5 km, which represents one VIRR SST grid size. Studies have
shown that a significant diurnal warming event, with a diurnal
warming amplitude of 1.5 K for moored buoy at a depth of
0.5 m, is found at high latitudes during the summer months
[27]. Thus, only nighttime SST products and buoy data are
used to minimize the diurnal warming effect in this study.
Nighttime buoy SSTs with solar zenith angles larger than 85◦,
which is the same threshold as the MODIS day and night flag
[28], are selected using solar zenith angles calculated based on
observation date, time, and location information. The nighttime
buoy and MODIS SSTs are then averaged to obtain daily SSTs
at a resolution of 5 km. The initial matchup data set, which
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Fig. 2. Locations of matchups between satellite sensors, VIRR, MODIS, and
buoy data.

includes a total number of 2472, is generated between the
VIRR, MODIS, and buoy SSTs for the Arctic.

The disparity between the satellite and buoy SST spatial
resolutions may cause large errors in areas with strong SST
gradients. The buoy SST variation within a 5-km grid is inves-
tigated. A maximum of 17 buoy data observations are obtained
for each 5-km grid during the study period, and approximately
50% of the matchups contain at least three buoy observations
in each grid. Furthermore, various block size tests (3 × 3, 5 ×
5, 7 × 7, and 9 × 9) are conducted based on the initial matchups
to identify cloudy pixels and minimize the influence of thin
clouds. A pixel is identified clear only if all of the pixels in
the block size are clearly observations. Thus, new matchup
data sets are generated after the block tests. The total number
in the matchup data set decreases as the block size increases.
The number of matchups is 1032 after the 9 × 9 block test,
minimizing the thin-cloud effect. The location of the matchups
after removing the outliers is shown in Fig. 2, in which red
triangles indicate locations where VIRR, MODIS, and buoy
SSTs are compared. The matchups are mainly located in the
Nordic Seas, Denmark Strait, Davis Strait, Baffin Bay, Bering
Sea, and Beaufort Sea (Fig. 2).

B. Evaluation of VIRR and MODIS Data With Buoy SSTs

Evaluations are conducted between VIRR and buoy SSTs,
and MODIS and buoy SSTs using the matchup data set gen-
erated in section three. The 9 × 9 block test yields the best
performance. The data are described based on the bias, stan-
dard deviation, median, and robust standard deviation (RSD)
[29]–[31]. The outliers are removed using three times the RSD
from the median in this study [30]–[34]. The bias and standard
deviation (VIRR minus buoy) are −0.47 ◦C and 1.48 ◦C for the

TABLE I
STATISTICS BETWEEN VIRR, BUOY, AND MODIS SSTS FROM 2014

Fig. 3. Histograms of the SST differences between the satellite and buoy data.
(a) VIRR minus buoy. (b) MODIS minus buoy.

initial VIRR and buoy matchups, respectively.The results shown
in Table I display a bias of −0.12 ◦C and a standard deviation
of 0.93 ◦C for 1032 VIRR and buoy matchups (VIRR minus
buoy). The bias and standard deviation are about 0.4 ◦C and
0.5 ◦C smaller after the block test. The results before and after
the block tests clearly indicate that cloud contamination and the
SST algorithm influence the VIRR SST. The VIRR and buoy
SST data distribution histograms are shown in Fig. 3(a). The
VIRR and buoy statistics indicate a median of −0.06 ◦C and an
RSD of 0.76 ◦C, with a P (±0.5 ◦C) of 49%, where P (±0.5 ◦C)
is the proportion of the SST difference within ±0.5 ◦C.

A 0.17 K offset is added to the Terra/MODIS nighttime SSTs
to adjust the MODIS skin to the bulk temperature, allowing
for a comparison with buoy SSTs [13], [14], [35]. The results
indicate a bias (MODIS minus buoy) of −0.68 ◦C and a
standard deviation of 0.59 ◦C before the block tests and a bias of
−0.61 ◦C and a standard deviation of 0.55 ◦C after the block
tests (Table I). The MODIS SST cloud detection algorithm con-
sists of a series threshold, spatial homogeneity tests, and a delta
climatology test [20]. The results reveal that the MODIS SST
algorithm is robust, and the complicated MODIS SST cloud
detection algorithm performs well. The MODIS and buoy data
distribution histograms are shown in Fig. 3(b). The MODIS and
buoy statistics indicate a median of −0.56 ◦C and an RSD of
0.48 ◦C, with a P (±0.5 ◦C) of 45%.

The time series of matchups for SST difference between the
satellite and buoy SSTs are shown in Fig. 4. The SST difference
between the VIRR and buoy SSTs encompasses a warm bias
after October, whereas a cool bias exists for the SST difference
between the MODIS and buoy SSTs. The cool bias trend
between the MODIS and buoy data after October is similar to
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Fig. 4. Time series of matchups between the satellite and buoy SSTs. Red triangle: VIRR minus buoy. Black star: MODIS minus buoy.

that identified by Høyer et al. [13]. The SST algorithm may
contribute to this bias when the column water vapor decreases
during the Arctic winter. In addition, marginal ice zone effects
are not ignorable. Høyer et al. reported a significantly high error
standard deviation for Terra MODIS within 150 km off the
ice [13]. The SST difference between the VIRR and MODIS
(VIRR minus MODIS) data exhibits a bias of approximately
0.5 ◦C, a standard deviation of 1.04 ◦C, as shown in Table I,
and a minimum P (±0.5 ◦C) of 36%. The difference between
the bias, median, standard deviation, and RSD indicates a low
effect of outliers for SST difference.

C. Three-Way Error Analysis

A three-way error analysis is performed to estimate the
standard deviation of the error for different observation types.
O’Carroll et al. [36] evaluated SST data using AATSR,
AMSR-E, and in situ data. In addition, numerous other studies
have utilized three-way error analyses, including Stofflen [37]
for wind speed evaluation, Xu and Ignatov [38], Merchant
et al. [34], O’Carroll et al. [39], Lean and Saunders [40],
and Gentemann [24] for SST evaluations. The error variance
expressions for three different observation types are given by
O’Carroll et al. [36]

σ2
1 =

1

2
(V12 + V31 − V23)

σ2
2 =

1

2
(V23 + V12 − V31)

σ2
3 =

1

2
(V31 + V23 − V12) (1)

where 1, 2, and 3 indicate the three different observation
types, Vij is the variance of the difference between observation
types i and j, and σ2

i is the estimated error variance for
observation type i. In this letter, subscript 1 refers to VIRR
data, 2 corresponds to in situ data, and 3 indicates MODIS data.

Using the standard deviations of the matchups presented in
Table I, the standard deviation of the error can be calculated for
each observation type. The results indicate standard deviations
of the error of 0.91 ◦C for VIRR, 0.20 ◦C for buoy, and 0.51 ◦C

TABLE II
DERIVED STANDARD DEVIATIONS FOR DIFFERENT OBSERVATIONS

for MODIS SST, respectively (Table II). The buoy observations
exhibit the smallest error, whereas the MODIS accuracy is
consistent with the findings of Høyer et al. [13].

IV. CONCLUSION

The five-month FY-3C VIRR daily nighttime SST products
are compared with MODIS and buoy SST data in the Arctic.
The results demonstrate that VIRR SSTs exhibit a larger error
than buoy SSTs, with a negative bias of−0.12 ◦C and a standard
deviation of 0.93 ◦C. The bias and standard deviation between
the MODIS and buoy SST data are −0.61 ◦C and 0.55 ◦C,
displaying a similar accuracy from Høyer et al. [13], [14]. The
difference between the bias, median, standard deviation, and
RSD for VIRR and buoy indicates a high outlier effect. A three-
way error analysis indicates standard deviations of the error of
0.91 ◦C for VIRR, 0.20 ◦C for buoy, and 0.51 ◦C for MODIS data,
respectively. VIRR SSTs are slightly higher than MODIS SSTs.
The various SST algorithms and cloud detection failures could
contribute to this error. Studies should focus on robust VIRR
SST algorithms and cloud detection algorithms in the future.
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