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The Global Ocean Data Assimilation Experiment (GODAE) requiresthe availability
of aglobal analyzed SST field with high-resolution in space (at least 10 km) and time
(at least 24 hours). The new generation SST productswould be based on the merging
of SSTsfrom various satellites data and in situ measurements. The merging of satel-
liteinfrared and microwave SST dataisinvestigated in thispaper. After pre-process-
ing of the individual satellite data, objective analysis was applied to merge the SST
data from NOAA AVHRR (National Oceanic and Atmospheric Administration, Ad-
vanced Very High Resolution Radiometer), GMS S-VISSR (Geostationary M eteor o-
logical Satellite, Stretched-Visible Infrared Spin Scan Radiometer), TRMM MI
(Tropical Rainfall Measuring Mission, Microwave Imager: TMI) and VIRS (Visible
and Infrared Scanner). The 0.05° daily cloud-free SST products were generated in
threeregions, viz., the Kuroshioregion, the Asia-Pacific Region and the Pacific, dur-
ing one-year period of October 1999 to September 2000. Comparisons of the mer ged
SSTswith Japan M eteorological Agency (JMA) buoy SSTs show that, with consider-
able error sources from individual satellite data and merging procedure, an accu-
racy of 0.95 K isachieved. Theresults demonstrate the practicality and advantages
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of merging SST measurements from various satellite sensors.

1. Introduction

The Global Ocean Data Assimilation Experiment
(GODAE) is an international endeavor to develop opera-
tional ocean analysis and prediction systems for the glo-
bal ocean. It requires an operational high resolution sea
surface temperature (SST) product. This product would
have a resolution near or better than 10 km, a temporal
resolution of 24 hours or less, and include proper account
of skin temperature effects. It would be based on data
from several different remote sensing instruments, appro-
priately calibrated against direct measurements (prospec-
tus for a GODAE SST Project, 2000; http://
www.bom.gov.au/bmrc/ocean/GODAE/HiResSST/
index.html).

Satellite SST has been available for about thirty
years. The Advanced Very High Resolution Radiometers
(AVHRR) on board National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting operational envi-
ronmental satellites have provided operational SST ob-
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servations for two decades (Kidwell, 1998; Goodrum et
al., 2000). Two satellites constantly measure the surface
four times per day with a spatial resolution of 1.1 km.
The rms error of AVHRR-derived SST for the global cov-
erage is about 0.6-0.7 K (Strong and McClain, 1984;
McClain, 1989). The accuracy of regional SST around
Japan is 0.6 K (Sakaida and Kawamura, 1992). SST esti-
mation from the Stretched-Visible Infrared Spin Scan
Radiometer onboard Geostationary Meteorological Sat-
ellite (S-VISSR, GMS), has been improved with a new
algorithm to an rms error of about 0.8 K (Tanahashi et
al., 2000). The unique advantage of geostationary satel-
lite measurements is their high temporal resolution (30
minutes—1 hour), which enables us to resolve diurnal SST
variations (Legeckis and Zhu, 1997; Wu et al., 1999).
Although there are many advantages of the operational
infrared SST measurements, the applications of the data
are severely limited by the presence of clouds. Accurate
satellite SST measurements under clouds have been avail-
able since the launch of Tropical Rainfall Measuring Mis-
sion (TRMM), which carried the Microwave Imager
(hereafter, referred to TMI). The microwaves can pen-
etrate clouds and the TMI 10 GHz bands are sensitive to
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Table 1. Specifications of the satellite data.

Satellite sensor ~ Spatial resolution Temporal resolution Coverage Accuracy (K)
NOAA AVHRR 0.01° Twice per day per satellite 20°N~ 60°N 0.6
120°E~160°E
GMS S-VISSR 0.05° Hourly 20°N~ 60°N 0.8
120°E~160°E
TRMM MI 0.25° Three days for full coverage 38°S~38°N 0.7
0°~360°E
TRMM VIRS 0.05° Three days for full coverage 38°S~38°N 0.7
0°~360°E

SST variations. The TMI-derived SST has an rms error
of about 0.6—0.7 K (Shibata et al., 1999; Wentz et al.,
2000; Kachi et al., 2001). However, the spatial resolu-
tion of TMI SST is much lower, about 50 km.

Quantitative investigation of the SST availabilities
of infrared and microwave measurements shows that the
annual-mean availabilities of AVHRR, S-VISSR and TMI
are 48%, 56% and 78%, respectively in the ocean south
of Japan (Guan and Kawamura, 2003). The microwave
measurements provide SST information at a constant high
rate of 70—80% in the mid-latitude oceans, while the in-
frared measurements are disturbed by cloud coverage. By
combining the advantages of high-availability TMI SST,
high-spatial resolution AVHRR SST, and high-temporal
resolution S-VISSR SST, it is feasible to generate cloud-
free high-resolution SST.

The satellite SSTs used in the present study are all
tuned against the in situ SSTs. It is well known that the
bulk SSTs sometime differ from the skin SSTs, which is
one of the problems in terms of the satellite SST meas-
urements (e.g., Schliiessel et al., 1990; Donlon et al.,
2002). However, in the present study we only discuss the
merging methodology of the satellite SSTs tuned against
common in situ SSTs observed by the drifting buoys.
Therefore, the bulk-skin differences are not our concern
here.

However, even the buoy SSTs (the satellite SSTs
tuned against the buoy SSTs) have diurnal variations (e.g.,
Tanahashi et al., 2003; Kawai and Kawamura, 2003),
which is recognized as one of the important aspects of
SST merging (Kawamura, 2002). Dealing with the SST
diurnal variation properly is essentially important to pro-
duce high-quality daily SST products through merging
various satellite SSTs observed at different times in a day.
Kawamura (2002) proposed a correction method of diur-
nal SST variations for the satellite SST merging, which
is to tune each satellite SST in a day to the daily mini-
mum or the daily mean SST using information of satel-
lite insolation, wind speeds, etc. If we can use many sat-
ellite SSTs with different acquisition times in a day, the
daily mean SST can be obtained easily.
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The purpose of this study is to investigate the meth-
odology and demonstrate the practicality of the merged
SST from infrared and microwave measurements. Since
we could use many satellite SSTs (a rough estimate of
the maximum overpass for a point is about 30) in this
study, the derived merged products can be considered to
represent the daily mean SSTs, which will be compared
with in situ daily mean SSTs and discussed further. In
Section 2, the satellite SST and in situ data used are briefly
described. The method is introduced in Section 3. Sec-
tion 4 explains the processing flow and shows the results.
Section 5 gives discussions and conclusions.

2. Data

The specifications of the satellite data used in this
study are shown in Table 1. The AVHRR SSTs were pro-
duced by the A-HIGHERS system at Tohoku University
(Sakaida et al., 2000). The coverage of the A-HIGHERS
system is from 120°E to 160°E and 20°N to 60°N (see
Fig. 1) and the spatial resolution of the products is 0.01°.
The accuracy is about 0.6 K (Sakaida and Kawamura,
1992). GMS S-VISSR hourly SST products were gener-
ated at the Sendai Research Center (Tanahashi et al.,
2000), which covers the area from 60°S to 60°N and 80°E
to 160°W (Fig. 1) and the spatial resolution is 0.05°. The
accuracy is 0.8 K. TMI SST products were provided by
Earth Observation Research Center (EORC) of National
Space Development Agency (NASDA). The spatial reso-
lution of the mapped SST is 0.25° and the accuracy is 0.7
K (Kachi et al.,2001). TRMM Visible and Infrared Scan-
ner (VIRS) level 1B data were provided by EORC and
reprocessed at Tohoku University. The 0.05°-mapped
SSTs were produced for this study. The accuracy is 0.7 K
(Guan et al., 2003). TRMM covers the equatorial and mid-
latitude zone between 38°S to 38°N (Fig. 1). It takes about
three days to fill the swath gaps and obtain a complete
coverage for the TMI zone.

The in situ data from three buoys in the sea off
Shikoku, the sea of Japan and the East China Sea, de-
ployed by Japan Meteorological Agency (JMA), were
used to evaluate the merged SST products. The location
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Fig. 2. Location of the JMA buoys.

of the buoys is shown in Fig. 2. SST and other param-
eters are measured usually every three hours.

The error statistics for each satellite product at three
buoy locations are shown in Table 2. The daily-mean sat-
ellite SSTs are compared with the daily-mean buoy SSTs
for October 1999 to April 2000. Assuming some cloud
detection errors, we rejected the match-ups with a differ-
ence greater than 3K. For the AVHRR-SST, the satellite
SSTs 5 x 5 pixels centered at the buoy location are aver-
aged. The biases and standard deviations (STDs) of
AVHRR and TMI SSTs are consistent with or a little worse
than the global statistics shown in Table 1; the STDs of
AVHRR SSTs are 0.6-0.7 K, and those of TMI SSTs 0.54
K for the buoy 21004 and 0.99 K for 22001. The TMI
STD for the buoy 21002 is 1.78 K. This may be attrib-
uted to the fact that the buoy location is around the north-
ern edge of TMI coverage and SSTs colder than 10°C
appear in wintertime. It is difficult for the TMI channels
to detect SSTs lower than 10°C (e.g. Shibata et al., 1999).
The STDs of GMS SSTs (0.99-1.07 K) are larger than
the global STD of 0.7 K (Table 1). This degradation for
the local seas may be caused by the GMS SST algorithm,

Table 2. Error statistics for each satellite product at three buoy

locations.

Buoy ID  Sensor Bias (K)  Std. dev. (K)

21002  AVHRR -0.16 0.73
GMS -0.20 0.95
™I 0.43 1.78

21004 AVHRR -0.32 0.66
GMS -0.44 1.07
TMI -0.16 0.54

22001  AVHRR -0.18 0.65
GMS -0.61 1.10
TMI -0.05 0.99

which is tuned against the in situ SSTs in the entire GMS
dish coverage (Tanahashi et al., 2000).

3. Method

Objective analysis was applied to merge the SST data
from infrared and microwave satellites. Based on the
Gauss-Markoff theorem, objective analysis was first in-
troduced into oceanographic applications by Bretherton
etal. (1976). Carter and Robinson (1987) gave a detailed
explanation and applications of objective analysis for the
estimation of different oceanic fields. The technique has
also been applied to satellite remote sensing data. Kelly
and Caruso (1990) developed an objective method to gen-
erate high resolution wind maps from irregularly spaced
scatterometer data and tested it on synthetic data for the
northeast Pacific Ocean. An improved objective analysis
method was applied to TOPEX/Poseidon and ERS-1 data
to generate sea level anomaly maps (Le Traon et al.,
1998).

Assuming that various data from satellites are avail-
able with irregular spatial and temporal gaps, the linear
minimum mean square estimation of SST at the location
(X, y) at time t is given by (Carter and Robinson, 1987),

6(x.y,t)=CA™'p (1)

é(x, Yy, 1) is the estimated SST, @ is the matrix of SST
data, A”! is the inverse of the autocorrelation matrix be-
tween the data, and C is the cross correlation matrix be-
tween the estimations and satellite data of SST.

A simple analytical correlation function C(r) was
used (Carter and Robinson, 1987).

C(r) = (1-r2)exp(-r? /2) )
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Fig. 3. (a) Flow chart of the process. (b) Flow chart of the data selection.

Ax is zonal distance between the estimation and observa-
tion, Ay is meridional distance between the estimation and
observation, At is temporal difference between the esti-
mation and observation, L and T are spatial and temporal
decorrelation scales. In the merging process, we do not
use the observation data whose distances from the esti-
mation point are larger than L or whose temporal differ-
ence from the estimation time is larger than T.

4. Results

4.1 Merging procedure

Figure 3(a) shows the processing flow diagram for
merging the infrared and microwave SST data. Satellite
SST data were pre-processed to generate a standard data-
base. The products of different data types were converted
to the same 1-byte binary format in order to save space
and facilitate the applications in the process. AVHRR and
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TMI SSTs were resampled to a grid size of 0.05° For
AVHRR, all the SST data available in a 5 X 5 box were
averaged. For TMI, a weight function was applied to the
three pixels along zonal and meridional direction centered
at the resampled pixel in order to approximately correct
for the sub-pixel effect.

The grid size of merged SST was set to 0.05°. L and
T were set as constant, i.e., 1° and 5 days. In our process-
ing we use three-day data centered at the current day. If
At is equal two days, we just select the five-day data within
the spatial window with the condition that the cross cor-
relation values are positive. For each grid, firstly, quality
control was conducted for the input data the locations of
which are within 0.5° of the estimated grid. The criterion
was set as

SST, - SST| < 2K. (4)
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Fig. 6. Merged SST in the Pacific.
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Fig. 7. Comparison of the SST availabilities of Merged SST,
TMI, GMS S-VISSR and NOAA AVHRR.

The input SST data which deviate from the mean of these
data by greater than 2 K were rejected.

Secondly, for the satellite data, the priority was set
as AVHRR (VIRS), TMI, GMS, taking account of SST
accuracy and spatial resolution. The SST with the high-
est priority was selected if several data were available at
the same location.

The selected data were sorted by their cross correla-
tion using Eqs. (2) and (3). The procedure of “selection
of data” in Fig. 3(a) is explained in detail in Fig. 3(b).
Firstly, the data with the highest cross correlation were
selected (called A-selected). Then the cross correlation
of next data (called B-data) with A-selected was calcu-
lated. This cross correlation value was compared with the
cross correlation of B-data with the interpolated gird
multiplied by an empirical ratio. If the former value is
less than the latter value, B-data were selected (B-se-
lected), and rejected otherwise. The next data were com-
pared with all the selected data (A-selected and B-se-
lected). This process was repeated until the number of
the selected data reached 25. Hence, in the area of high
SST availability, only the data close to the interpolated
grid are used.

After the screening of the data, a weighted mean cal-
culated from the selected data was removed from the data.
The linear minimum mean square estimator was then ap-
plied. The mean was added back after the estimation. If
the inverse of the autocorrelation matrix was invalid, the
mean value was given for the output.

Satellite infrared and microwave SST data during a
one-year period from October 1999 to September 2000
were processed. Merged products were generated in three
regions: the Kuroshio region using AVHRR, S-VISSR and
TMI SSTs, the Asia-Pacific region using S-VISSR, TMI
and VIRS SSTs, and in the Pacific using TMI and VIRS
SSTs.
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Fig. 8. Comparison of merged and buoy daily-mean SST.

4.2 Evaluation

Comparison of the merged SST with GMS S-VISSR
and TMI SST shows the advantages of the merged SST
(see Fig. 4). The surface thermal features were interrupted
by clouds in the infrared images. Microwave has limited
resolution, which obscures fine structure. Combining the
infrared and microwave SSTs, the merged SST provides
a cloud-free, high-resolution view of the surface thermal
structures on April 29, 2000. The fine structure of the
Kuroshio was revealed from the merged SST. Figure 5
shows the merged SST in the eastern Indian Ocean and
western Pacific and Fig. 6 is a view of SST in the Pacific.
The Kuroshio, the Gulf Stream, the Subtropical Fronts,
the tropical instability waves, and the upwellings are
shown clearly in the daily SST images.

The monthly mean and standard deviation of the SST
availabilities from the merged products and individual
satellite SST in the Kuroshio region were compared (see
Fig. 7). The SST availability of TMI is relatively con-
stant through a year, with the lowest monthly-mean value
of 73% in December and highest of 80% in August. The
variations of the monthly mean SST availabilities of
AVHRR and S-VISSR are very large; the former ranges
from 28% in February to 66% in September and the latter
from 38% in February to 77% in September (Guan and
Kawamura, 2003). However, by merging of the three-sen-
sor SSTs, the availability is above 99%. The unavailabil-
ity is due to bad observations in the coastal area and per-
sistent rainfall. The annual mean availabilities of the
merged, TMI, GMS and NOAA SSTs are 99.8%, 77.6%,
55.8% and 47.6% respectively.

The in situ SST data from three JMA buoys (see Fig.



2) were used to evaluate the accuracy of the merged SST
products. The study period is from Oct. 1999 to Apr. 2000.
Daily mean SSTs were calculated for each buoy. The
merged SST corresponding to the location of the buoys
was selected. The match-up data were then generated,
totaling about 600 cases. Figures 8 shows the compari-
son of merged and buoy daily mean SSTs. The bias is
—0.01 K and standard deviation is 0.95 K.

5. Discussions and Conclusions

The merging of satellite infrared and microwave
SSTs has been investigated. The quality of the merged
products was evaluated. The preliminary results derived
from the objective analysis demonstrate the practicality
and advantages of combining of the satellite data.

Taking accounting of the error sources, firstly, a sim-
ple analytical correlation function and constant
decorrelation scales were used in the objective analysis,
which may cause error when satellite data far away from
the interpolation grid were used. A more realistic corre-
lation function and variable decorrelation scales will be
investigated. However, the time/space dependent
decorrelation scales are beyond the scope of the present
study. Secondly, the individual satellite SST has error,
e.g., the rms error of NOAA AVHRR SST is 0.6 K, those
of TMI SST and GMS S-VISSR SST are 0.7 K and 0.8 K
respectively. Thirdly, there were spatial and temporal dif-
ferences between merged and buoy SSTs. The merged SST
is the 0.05-degree gridded daily product, while the JMA
buoy SSTs are point measurements. The former can be
considered a daily mean SST through the present objec-
tive analysis, but the buoy-derived daily mean SST is an
average of 3-hourly measurements. These differences in
observations and processing can be sources of error. De-
spite these considerable error sources, the standard de-
viations of the difference between the merged and buoy
SST is 0.95 K for daily mean merged SST. Our results
demonstrate that it is very promising to generate high-
resolution SST combing various satellite data. To improve
the products, merging techniques and the consistence of
different satellite SSTs will be investigated further.
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