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Development of PISCES - A User-friendly Software for PC to

Produce Sea Surface Temperature Maps from High
Resolution Satellite Data around Japan

1,3

Yoshihiro Okapa™?, Makoto Moriwak1? and Kedarnath MAHAPATRA®

To provide user-friendly daily sea surface temperature (SST) maps from high resolution satellite imagery of the Ad-
vanced Very High Resolution Radiometer (AVHRR) onboard the National Oceanic and Atmospheric Administration
(NOAA) series of satellites in seas around Japan, we developed the PISCES—PC-based Imaging Software for Continu-
ous Estimation of SST. The software system is aimed at achieving judicious removal of spurious cloudy pixels; oceano-
graphically and statistically sound interpolation of SST for the cloud covered pixels and continuous regeneration of
daily SST maps through a computerized automatic process. In this paper, we describe the configuration of the PISCES
along with the statistical algorithms used to achieve various components of the software. The PISCES-interpolated SST
output from the software for a sample day was validated against the real SST field for the same day, and both values
were in good agreement (R*=0.999). The PISCES-generated sample images for two selected areas near the Sanriku
Coast and the Boso East Coast are presented in this paper as case studies, to demonstrate utility of the software to deal
with the pattern of mesoscale as well as localized ocean surface thermal features. Despite limitation in tracing transient
features such as undulations and eddies in the coastal oceans, the products were found to be useful in depicting major
mesoscale features, and could meet the requirements of various potential users, mainly in the field of marine fisheries.
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Introduction

In contrast to localized measurement of Sea Surface Tem-
perature (SST) from ship and buoy, high spatial resolution
thermal infrared (IR) images from the Earth-orbiting satel-
lite offer an opportunity to generate SST maps for wide
range of applications. Because of uninterrupted and wide
availability of SST imagery from the Advanced Very High
Resolution Radiometer (AVHRR) aboard the National
Oceanic and Atmospheric Administration (NOAA) series
of polar orbiting satellites during last two decades, such
data are being widely used for various applications besides
routine use in climatologic and oceanographic investiga-
tions. Detection of potential fishing ground for major
pelagic species based on satellite derived SST has been op-
erational in many maritime countries around the World.
Forecast products containing such information are being
generated by government and quasi-government agencies as
well as private sectors. Some other potential area of appli-
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cation of SST products, are shipping and marine pollution
detection such as thermal effluent from large power sta-
tions.

Satellite-derived SST field has been recognized as an
important tool in delineation of pelagic fishing ground
(Montgomery, 1981; Gower, 1982; Yamanaka, 1982; Laurs
and Brucks, 1985; Fiedler et al., 1985; Fitza, 1990). Move-
ment of ocean thermal features such as warm-core rings
and streamers as detected from SST images, were found to
play an important role in formation of pelagic fishing
grounds in waters around Japan (Hirai, 1985; Saitoh et al.,
1986; Sugimoto and Tameishi, 1992). The Japan Fisheries
Information Service Center (JAFIC) provides fishing
ground forecast charts for the seas around Japan to the fish-
ing vessels on operational basis. Such forecasts are pro-
duced using satellite derived SST in conjunction with fish-
eries oceanographic data collected in coordination with the
fishing vessels. Localized SST charts has potential to be of
use to the Japanese fishing community for enabling them to
sustain the fishing operation by saving fuel and time seek-
ing out areas of high productivity. This appears more rele-
vant considering gradual decline in the number of people
engaged in fishing operation in the recent years and in-
crease in greying population in Japan. Satellite derived SST
chart can also be a valuable supplementary input in ship-
ping forecast to aid in decision making about engine cool-
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ing operation of large cargo ships especially during the long
voyage, as the sea water is used for cooling the engine sys-
tems of the ships. In view of the above potential utilities of
SST and importance attached by the Japanese government
to increased use of Internet for community development,
there is immense scope for producing localized and user-
friendly SST products using preferably PC-based software
which can be accessed by the users as color coded maps
from the web pages.

Clouds are considered to be the major limitations in
generating the satellite-derived images regularly, as they
obstruct sea-surface thermal IR radiation from reaching the
satellite sensor. Since cloud-cover over a specific area is
subjected to temporal changes and satellite covers all areas
of the Earth surface, it is possible to produce “cloud-free”
SST images through construction of composites and aver-
aging techniques for the desired duration using repeat satel-
lite images. Usually SST composites and averaged images
are generated using images spanning over a couple of days
to weeks through replacement of the gappy pixels under
cloud cover by respectively the maximum and mean (or me-
dian) of the corresponding pixel values from a series of im-
ages. Such images are found to be useful for retrieval of the
major ocean features even though they are of limited use in
investigation of localized eddies or undulations in the ocean
(Sakaida et al., 2000). Furthermore, composite or averaged
satellite images provide wide spatial coverage on a fairly
short time scale compared with the charts based on ship
SST observations. The cloud-free SST images are also re-
generated by estimation of the SST at the gappy pixels
through various interpolation techniques based on the spa-
tial and temporal proximity of those pixels to the cloud-free
pixels on a daily image. But on a daily image with exten-
sive cloud cover such interpolation technique becomes dif-
ficult to implement. [n such cases the cloudy areas can be
filled up by transferring the cloud free pixels of the corre-
sponding location from the image of the previous day or a
composite for the preceding period, to reduce the cloud
covered areas on an image. Such interpolation technique is
expected to affect the accuracy of the SST charts. Hence it
is necessary to improve accuracy with such technique be-
fore using for routine production of SST charts. It is worth
noting that the SST charts based on interpolated satellite
images are based on reasonably less cartographic and statis-
tical manipulation compared to the SST charts prepared
manually based on ship observations carried out at discrete
stations spreading over a huge area over a period of a few
days. However, manually interpreted SST charts are based
on long experience of the personnel with the local oceano-
graphic pattern in a given area. By incorporating the logic
behind manual plotting of conventional SST charts into the
computer based SST image processing software, it is possi-

Figure 1. Sample input (a) and output (b) NOAA-AVHRR de-
rived SST images covering ocean areas around Japan on Feb-
ruary 22 2001. The output image is regenerated after removal
of non-SST spurious pixels and interpolation of SST values
at the cloudy pixels using the default functions of the
PISCES. The encircled a, b, and ¢ marked on the input image
shows SST field, cloud-masked area, and the area with spuri-
ous pixels respectively.

ble to regenerate SST field over a cloud covered area and
produce SST maps with the spatial resolution available
from satellite data, based on judicious oceanographic inputs
usually go into a manually plotted SST chart.

Against the background as described above, we devel-
oped the PISCES* (PC-based Imaging Software for Con-
tinuous Estimation of SST) under a collaborative project of
the Tokai University and the Earth Weather INC. The ob-
jective of this software is to generate SST maps from
NOAA-AVHRR High Resolution Picture Transmission
(HRPT) images with an image size of 512X512 pixels,
covering the ocean areas surrounding Japan from 29.5°N to
44.7°N and 128°E tol47°E with a grid size of 0.03 degree
or 3.3 km. This ocean area is shown in Fig. 1. To achieve
the localized coverage around Japan, the SST images can
also be processed for specified areas from both coastal and
oceanic waters surrounding Japan with varying grid sizes.
The system is aimed at achieving the judicious removal of
spurious cloudy pixels; oceanographically sound interpola-
tion of SST for the cloud covered pixels and finally continu-
ous regeneration of daily SST maps through computerized
automatic process. A sample daily SST image used as input
in the system and the regenerated image produced as the
final output are presented in Fig. 1. In this paper we de-
scribe the characteristics of the PISCES system along with

* We coined the abbreviated name of the software, PISCES considering
the association of the term with the sign of the ZODIAC represented by
two fish and potential applicability of the software in marine fishery sector.
The abbreviation PISCES is being used elsewhere for ocean models, i.e.
Pelagic Interaction Scheme for Carbon and Ecosystem Studies, protocols,
i.c. Protocols for Integrated Ship Control and Evaluation of Situation and
laboratory, i.e. Paleoenvironmental Integrated Studies of Climate and
Ecosystems efc.
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the statistical algorithms used in various functions of the
software. Effectiveness of the algorithms was further vali-
dated using the real time SST and the PISCES-regenerated
SST from the sample images. Finally the output images of
two sample areas generated from the PISCES are presented
along with the thermal contour maps generated using ship
data to underline the utility of such images in providing sea
surface thermal field in general and some fishery oriented
important ocean features in particular.

System characteristics of the PISCES

Direct broadcast reception and processing systems are
being used to receive, process, display and archive HRPT
data from NOAA-AVHRR. These systems use in-flight cal-
ibration to obtain the absolute brightness temperature and
apply the Multi-channel SST (MCSST) algorithm (McClain
et al., 1985) or nonlinear SST (NLSST) algorithm (Walton,
1988; Walton er al., 1998) on thermal bands of AVHRR to
retrieve the SST from the brightness temperature. The coef-
ficients for the MCSST algorithm and NLSST algorithm
are made available by NOAA (http://noaasis.noaa.gov/
NOAASIS/ml/sst.html), following the launch of the NOAA
series of satellites, i.e. NOAA-12, NOAA-14, NOAA-15,
NOAA-16, NOAA-17. The output SST data are mapped on
desired projection over the ocean area surrounding Japan.
Daily composite data are created for every day from several
passes over Japan. We use the output SST images from the
above image processing systems in binary form as input for
the PISCES.

The PISCES can be installed and operated on a stan-
dard personal computer with moderate processing power
and RAM. The display mode of the monitor should be set
to 1024 X728 pixels, for imaging of the PISCES generated
outputs. The PISCES has basically five functions: 1) gener-
ation of multi-pass/multi-date SST composites and aver-
aged images, 2) detection and removal of localized cloudy
or non-SST spurious pixels, 3) interpolation at the gappy
(cloudy/non-SST) pixels, 4) regeneration of the SST image,
and 5) production of SST maps with appropriate geo-posi-
tion markers and thermal contours. Processing steps for
running these functions are shown in a generalized flow
chart (Fig. 2). The flow chart shows that the TeraScan gen-
erated daily MCSST image is used as the input in the
PISCES and a valid daily SST image without cloud cover is
produced as the output. Finally the output image is stored in
a database, to be eventually used as “reference” or “donor”
image while processing the images for the following day(s).
Thus all functions of the PISCES work in a loop for regular
production of daily SST maps. However, to produce a SST
image for a discrete date, the daily images for SST for the
previous day or a composite image for the previous days (or
week) can be used as “reference” or “donor” image.

NOAA-AVHRR
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Figure 2. Configuration of the PISCES showing the steps in-
volved in producing the daily SST based products as outputs.
The solid arrows represent the operational (default) compo-
nent and shaded arrows as well as arrows with thin line rep-
resent optional user-friendly components available with the
PISCES.

In this paper we present all computations using digital
numbers (DN) and SST values interchangeably. In the
PISCES, DN is converted into an SST value in degree Cel-
sius by the equation: SST (°C)=(DNX0.2)—10.

Description the PISCES functions

Generation of Multi-pass/Multi-date SST Compos-
ite and Averaged Images

If cloud free SST images are not available for the duration
ranging from a few days to a few weeks, it is often pre-
ferred using composite SST image for that duration. The
satellite derived SST composites are considered a supple-
mentary tool for acquiring information about SST distribu-
tion over a specific area. Conventionally ship observed tem-
perature data recorded at discrete stations over a time pe-
riod of a few days are used to plot SST contours. The satel-
lite derived SST composites of the duration of a few days
are comparable to such conventional products.

In the PISCES the composites are produced using the
“maximum” values of the same pixels from a series of im-
ages over the desired duration (Fig. 3a and d). Options are
available for producing averaged images using both arith-
metic mean (Fig. 3b and e) and median (Fig. 3c and f). The
PISCES estimates these statistics for each pixel from a se-
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Figure 3. The composite and averaged images produced by using maximum (a and d), arithmetic mean (b and ¢) and
median (c and f) of the pixel values from a series of daily SST images spreading over 1-week (a—c) and 2-weeks
(d=f) period. The blue at the left end and red at the right end of the color bars correspond to the lower SST and
higher SST. Black and white masks overlays depict the land and cloud areas on the image respectively.
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ries of images over the desired duration for generating the
averaged images. Spurious pixels are first removed from all
input images to ensure inclusion of the pixels with valid
SST wvalues in composite making. The function available in
the PISCES for removal of spurious non-SST pixel is dis-
cussed in the later section of this paper.

Composites and averaged images produced for a short
duration (=one week) are preferred over a longer duration
by oceanographers because processing of the former in-
volves less statistical bias, thus with less temporal artifacts.
However, the composite and averaged images produce vary-
ing level of artifacts for different temporal duration. The
SST composites produced over one-week (Fig. 3a) and two-
weeks (Fig. 3d) duration using the “maximum” value depict
small scale eddies associated with warm streamer off San-
riku, along eastern coast of Japan, more conspicuously in
case of the former than the later. However, both the com-
posites show almost no artifacts. The image based on the
one-week “median” shows more artifacts (Fig. 3¢) com-
pared to that of two-week (Fig. 3f). On the contrary the av-
eraged image based on “arithmetic mean” shows more arti-
facts on the two-week image (Fig. 3b) than that of one-
week (Fig. 3e).

It is worth noting that the PISCES is meant for routine
production of SST maps. In the absence of a regenerated
valid SST image for the preceding date, the composites are
used as “reference” image initially for detection and re-
moval of cloudy and non-SST spurious pixels in the
PISCES as described in the next section of this paper. A
suitable seasonal window is to be decided upon for generat-
ing such composite for effective cloud removal on the “tar-
get” images. During seasonal transitions, SST is expected
to undergo rapid change even over the duration of a few
days. Such transition periods should be avoided while pro-
ducing a composite SST image especially based on the
“maximum” pixel values. So, one should be familiar with
the seasonal patterns of SST variability over the given area
before generating the composite image.

Detection and removal of localized cloudy and
non-SST spurious pixels

The cloud masked SST output images are known to leave
areas with ambiguous pixel values, which should be prop-
erly detected and removed first by assigning them with the
dummy values same as the cloudy pixels, before interpolat-
ing SST for the cloud covered areas on an image.

The PISCES has provision to detect these spurious
pixels using different methods. It can be performed right
away by using histogram of the digital values for a selected
area in the image. It is possible to detect the spurious pixels
in the sample area due to appearance of a false peak in a
flat region of the histogram due to unusually higher digital

values (Fig. 4a). The spurious pixels in the sample area can
be removed by masking the false peak region. This method
can be repeated in other localized sampled area by examin-
ing pattern of the histogram of the pixels. Although this
method is convenient to detect and remove localized patch
of spurious pixels from an image, it needs the users to be
judicious in applying the processing techniques. Hence this
technique is subjected to possible human error, especially
when used by a novice.

There are provisions in the PISCES to detect and re-
move the spurious pixels from the image after visual inter-
pretation. This process is carried out by using a PISCES-re-
generated image of the previous day with estimated SST as
“reference” image, for detecting the spurious cloudy pixels
on the “target” image. In case the “target” image is a com-
posite, a composite image for the preceding period with
one-day time lag devoid of cloudy or spurious pixels is used
as the “reference” image (Fig. 4b). Detection of spurious
pixels is carried out comparing the spurious pixel value in
the “target” image against the minimum pixel value of a se-
lected area on the “reference” image. If the pixel values in
the target image are found to be lower than the minimum
pixel value in the “reference” image, than such values are
detected as non-SST pixel and removed by assigning values
specified for cloudy pixels (Fig. 4b). This method is also
subjected to human error, even though can be used effec-
tively by an experienced user.

Default provision available with the PISCES for judi-
cious removal of the spurious pixels, constitutes an auto-
matic process. Automatic detection of the non-SST spuri-
ous pixels is carried out on the “target” pixel with reference
to corresponding pixel in the PISCES-regenerated “refer-
ence” image of the previous day. Approximately an 80-
kmX80-km window (about 20X20 pixels on an image of
512X 512 pixels covering seas around Japan) is selected on
the “reference” image excluding the “reference pixel” itself.
The pixel values less than the variance (s°) from mean (Y),
<(X—s?), of the selected window, are automatically de-
tected as spurious pixel, and hence removed from the target
image (Fig. 4c). This method averages SST values of the
pixels in close proximity to the “target” pixels of the previ-
ous day, and decrease in SST more than the variance after
an interval of one day is assumed to be out of possibility
under normal ocean condition. The size of the window is
based on the well known fact that the Kuroshio Flow moves
at a velocity of about 80 km per day, hence the SST values
estimated from window size of identical magnitude limits
the possibility of estimated SST to be influenced by dynam-
ics of the Kuroshio Flow. This method effectively removes
the spurious non-SST pixels and retains the pixels with re-
alistic SST values.
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Figure 4. Options available on the PISCES for detection and removal of localized cloudy and non-SST spurious pixels: (a) detection and
removal of spurious pixels from a selected area on the image using pixel histogram; (b) comparison of “target” pixel value at the center
of a selected area against the minimum pixel value in the corresponding area on the “reference” image of the preceding day(s). If tar-
get pixel value is less than minimum pixel value on the “reference” image, than the target pixel is detected as spurious pixel, however,
if target pixel value is more than reference minimum pixel value, than the target pixel value is retained as real value; (c) Automatic
comparison of “target” pixel value at the center of a selected area against the (X—s?) of the corresponding area on the PISCES-regen-
erated “reference” image of the previous day keeping the “reference pixel” empty. If target pixel value is less than (X —s?), of the se-
lected area on the “reference” image, than the target pixel is detected as spurious pixel, thus removed from the image. If target pixel
value is more than (¥ —s?) of the selected area on the reference image, than retained as valid SST value.

Interpolation at the gappy pixels and regeneration
of the SST image

After successful removal of cloudy and non-SST spu-
rious pixels from the input image, pixel-wise interpolation
is carried out at the gappy pixels on the image using a sta-
tistical algorithm adopted from numerical method used for
analysis of meteorological data (Bergthorsson and Doos,
1955). The SST values estimated by this method at the
gappy pixels is obtained as weighed mean of the SST de-
rived from the surrounding pixels by following five steps.

In the first step, a circle is constructed by taking a

fixed number of pixels as diameter and keeping the “target”
pixel at the center of the circle (Fig. 5a). The circle was
used to assess the proximity of all pixels within the circle
with reference to the target pixel. Pixels covered partially
within the circle are ignored before undertaking interpola-
tion. In the second step the arithmetic mean (X) and stan-
dard deviation (SD) of all cloud-free pixels within the circle
is computed to remove the influence of cloudy pixels from
the estimation process and the cloud-free pixels with values
outside (X)=SD are ignored to remove further the influ-
ence of widely deviated values from the estimation (Fig.

76—



PISCES—User-friendly Software for PC to Produce Satellite Derived SST Map

_u 427 43 K3 1[432 42 £§227) £2: '3 | 1432 435 1438 j43T “'_‘_ﬂJ
IH161716 4|16 142 F180| 124(164)154[163 ] 164 114) T18§16 1164/ 163{162 [ 1BBI1E4] 164/ 164163 $E4{ B3| 164} 164|184 1E4[1E3] 183
11711611162 [1BAI 1E5[ 156 | 154) 53 164 | 1E4{ TEAT 153164 ] 1641 SITE161}162 [ 154{105 [1EG{1B4}164) AES| 16 14 [ 1E4] 1E4[ 153|164} 164 152)
RAL R1SS 1 18251831188 $1831831184[1834 9 |u 164 “’J 163]136) B5{1621163[1EB{1E4] 184

11 115f152}153| slieslieliedl 132|1es163[1

12 120 vealvpf el saatiealiinftes m seaf sl eel el sl sl veal s
121 121 ngdieale muo”il:i’ 184)1 ikéfia' J68} 167[ 152
H QTR R TS T m 163 u 183}l 167 167} 157)
1 naffsalsnlidisfisliedidusl | el 67 164152
2 saefss0liEy 1 163 164 m 184}168 . {c 167|167 161[161
12 udfissiisg el m 149 162} 161
2 s2efsealicalisal ey 152141
127 3 162} 15
12 3)152{162
12 167)161}162]
16E[154] 164
$31F167 (167 165166 131} 167 {167 |16 167 |16 B/ 166
132] 168} 1631 157) Rm.‘lI¥ 161 1‘} 162 41163 163163 | 166 [164116 132§ 168} 163 5 166 i‘—’lﬁ_[:
1681167 [167{166 [ 162162 [163 162 | 163[163/162 | 1631 163]16 4] 166 [165 | 167| 131631167 [ 16T} 186 {162 | 162|163 |62 | 163{ 1631621163 163{ 164} 156) 166} 167!
|1‘1|E3I163 16E{ 166 IGOIIGJ !5|||G!|‘$‘ 152[162 )16 4] 153|166 {164} 166 | 35 $34)162 {163} 6 K166 F163] 153 [ 161] 151116151621 162]164]163]166{164]166]16

Siep 1 Siep2
{a)

(b)

L. j428]a27)a24j228]230)a31 Jas2as3)a3dilazsia3ela3vfasafasefaan]aaifase
$48)151[151{§53|152{188)$63}154/18) 183} 48a[1a3{18a|18a[18a|t8a[183]183

$47015111521184]185{185] 1644 31¢83[104]184/18a|183}182]192] 162
$18]18371 6aj183}1 42 51182]1831168|183] 183

114]182}103] 041 182]184183] 163,

3j184[183]1863
183N S8[157|182;
ise|1sr

SHisd 182

saist
3l1s2fis2} b5t
tsflisgis:
141152152
hispfisrhistis

1271 62& A2HBI |
120] Naleasin tasites)

adfisifyonfinaltasirants
130}159}1s iBlf 58i58{158} 152
$31]157H15711 SBNS7 2{9{ i! Sejis7itsrifsel1ss
132|158 sa}157}155; i83] fyi 152] 153[152|453}t55]15¢) {58
433|150§157{357195]152{152]153}152[153]¢53}452|153]153|154¢55]155/157
$33)150}158}19R{155)153§453|t51fi51]151152}¢52|154)153[1s5}523[155]158

©

Figure 5. Steps followed for interpolation of SST at the gappy pixel at the center of the circle with a diameter (please
see the text) of 15 pixels: (a) Step [—Initial pixel values within the circle constructed around the “target” pixel,
Step 2—Pixel values after removing the values outside (X)=SD of the initial pixel values; (b) Weighing coeffi-
cients, /¥, and C; computed for all pixel locations of the Step 2 of (a); (¢) Estimated pixel value, T, at the “target”
pixel.
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5a). In the third step, (X) of the remaining pixels is recalcu-
lated and assigned to the cloudy pixel at the center of circle.
The mean value, T, is assumed to be the average of all
pixels in the circle with SST values under normal ocean
condition and it excludes the ones with extreme values
from the interpolation process. In the fourth step, a weigh-
ing coefficient C, is calculated using the following equa-
tions to estimate the SST for the target pixel at the center of

the circle:

cm Wi
zn W, (N
i=1
1
W,=—
and 4 R (2)
R

max

C, and W, computed for sample image area of Fig. Sa are
presented in Fig. 5b. R, is the location of the every pixel
within the circle with reference to the target pixel and R
is location of farthest pixels with reference to target pixel at
the center of the circle. So R, is radius of the circle ex-
pressed as number of pixels. For routine estimation of SST,
8 pixels are used for R, as default in the PISCES. This
value can be changed depending upon the resolution of the
target image. Finally the estimated value of the “target”
pixel was derived using the weighing coefficient, C; as fol-
lows:

Tc.\'I=Tav+z,.I=lC[ (7-;—7:1\) (3)

where, T

est

is estimated pixel value (Fig. 5¢), 7, and 7; are

av

respectively the mean of all pixels within the circle and the

(a)

values of individual pixels, under the normal ocean condi-
tion.

Regeneration of the SST Images
In case of small patch of gappy pixels, the above method
can be used successfully for interpolation, to produce a
cloud free image. However, in case of an image with exten-
sive cloud cover for a specific day, the PISCES makes it the
“recipient” image, and the cloud free image regenerated for
the previous day becomes the “donor” image. Pixel values
from the “donor” image is used for filling up the cloudy
pixels in the “recipient image” by keeping two pixels as
blank around the edge of the filled up area (Fig. 6a—c). The
blank pixels are later filled up by the interpolation tech-
nique as discussed before, using the weighing coefficients
as derived from (1), (2) and (3). As a result, an output daily
image devoid of cloudy pixels is generated for the “target”
day. However, It is worth noting that the values in the filled
up areas of the resultant image represent the SST values of
the “donor” image (of previous day). Therefore the PISCES
re-estimates the SST values in the filled up area, using the
following three steps: 1) line of two blank pixels were cre-
ated along the inner edge of already interpolated pixels
within the “donated area”, 2) these blank pixels are filled up
by the estimated values using same interpolation technique
as followed previously using the weighing coefficients as
derived from (1), (2) and (3), 3) the estimation process is
repeated in centripetal direction (from the outer edge to-
wards the center of the filled up area) creating line of blank
pixels adjacent to the just interpolated pixels, until the en-
tire “donated area” are estimated back.

For validation of this technique, a selected area of
cloud free pixels on a daily image (May 31 2000) was as-
signed with the dummy values same as cloud. Entire

©

Figure 6. Interpolation of SST on the image with extensive cloud cover: (a) the PISCES generated “donor” SST
image for the previous day of the date of “target” image; (b) the “target” image with extensive coverage of gappy
pixels which are to be filled up through interpolation by the corresponding pixel values from the “donor” image;
(c) the “target” or “recipient” image after filling up the gappy pixels by transferring the pixel values from the
“donor” image leaving 2-pixels blank around the edge of the filled up area.
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Figure 7. Validation of the interpolation method available with the PISCES: (a) selected cloud-free area on the SST
image of May 31 2000 assigned dummy values same as cloud (white); (b) the selected area after regeneration of
SST using default interpolation method of the PISCES. Regenerated SST image of May 30 2000 was used as the

“donor” image as described in the section 3.4.

Table 1. Regression statistics for the comparison between real
time SST from a selected area on a daily image (May 31
2000) and regenerated SST using the interpolation and regen-
eration functions of the PISCES on the daily regenerated
image of May 30 2000, where m is the slope and b is the in-
tercept.

Number of 2 [
Blank Pixels m )

2 11570 0.999 0.9997 0.0034
4 11570 0.995 0.9971 0.0458
6 11570 0.990 0.9976 0.0141
8 11570 0.985 0.9993 —0.0428

process of interpolation and re-estimation as cited above,
was carried out to regenerate the selected area from the
PISCES by taking the PISCES regenerated image of 30th
May, 2000 as the “donor image” (Fig. 7). Re-estimation
was carried out by creating 2, 4, 6 and 8 blank pixels at the
outer edge while filling the blank area and along the subse-
quent inner edges while estimating back the area in the cen-
tripetal direction. The regenerated values were subsequently
regressed against the real image values and results are pre-
sented in the Table 1. Significant relationship was noticed
from this regression underlining the effectiveness of our
statistical method to remove temporal artifacts from the in-
terpolated image (Fig. 8). However, regression coefficient
(R?) was noticed to be highest with 2-pixel blanks and re-
ducing with the increase in number of blank pixels (Table
1). Such result indicates that one-blank pixels would pro-
vide the best re-estimated values, however it would require
enormously long time to carry out such processing on an
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Figure 8. Comparisons of the real time SST from the image of
May 31 2000 and regenerated SST using the PISCES regen-
erated SST image of May 30 2000 using the estimation tech-
nique as described in the section 3.4 and shown in Fig. 7.

image of 512X512 dimension using a common PC. There-
for 2-pixel blank was considered best compromise for using
as default in the PISCES.

Generation of SST contour map

The PISCES has option to generate contours on a SST
image at different temperature intervals. This function was
added to the software by using an in-house computer pro-
gram, based on Discrete Fourier Transform (DFT) model.
This function enables the user to generate smoothened ther-
mal contours at specified ranges and to identify the local-
ized thermal features such as eddies. Some outputs using
this function are presented in the next section of this paper.
Details of the contouring function are not presented since it
is out of the scope of this paper.
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Sample outputs from the PISCES

In this section, we present The PISCES-generated sample
outputs (image and SST contours) for two selected areas
near the Sanriku Coast and the Boso East Coast near Japan
as case studies. The Sanriku Area described in this section
extends from 37.5°N to 42.4°N and from [39.8°E to
146.2°E comprising the Kuroshio Extension, the Tsugaru
Warm Current and the Oyashio. Warm water spreading
from the Kuroshio, cold water spreading from the Oyashio,
existence of several small and meso-scale eddies and for-
mation of the Kuroshio Warm Core Ring (KWCR) make
the area one of the important oceanographic regions in the
northern Pacific Ocean. Moreover, the Sanriku Area is con-
sidered to be one of the major pelagic fishery ground. On
the other hand the area near the Boso East Coast represents
an area from 30.8°N to 36.1°N and from [35.3°E to
141.7°E comprising three major bays (Suruga Bay, Segami
Bay, Tokyo Bay) opening to the sea on the southern coast of
Honshu, Japan. In this area several small islands such as
Oshima, Niijima, Kozushima and Miyakejima are located.
The Kuroshio flows through the area, off the bay mouths
with varying strength, and on temporally variable path. The
current in the bays along the Boso East Coast, are influ-

Oct 08 1999

Oct 14 1999 Oct 151999

Gct. 20 1999

]
Oct 19 1999

Oct 25 1999 Oct 26 1999

enced by variations in the path and strength of the
Kuroshio. Moreover, wind induced upwelling is prevalent
in this area especially in the lee of the islands and along the
Kuroshio front. The bays and the Kuroshio front in this area
are also considered to be fishing ground for various pelagic
species. Considering the importance of these two areas
from both oceanographic process and fishery point of view
we undertook the case studies to assess utility of the
PISCES outputs to infer various oceanographic features rel-
evant to fishery ground.

The Sanriku Coast:

Daily SST images for the month of October 1999 covering
the area near the Sanriku Coast between the warm Kuroshio
Extension and the cold Oyashio Front were produced using
the default functions of the PISCES (Fig. 9) to depict tem-
poral changes of some important thermal features such as
warm streamer, cold streamer and the KWCR in this dy-
namic ocean area. These images show the Kuroshio Exten-
sion at the southeast part of the image area characterized by
distinctly high SST. The warm streamer was noticed lead-
ing to the north from the south. The KWCR was found ro-
tating clockwise southeast of the Hokkaido. These images

Oct 22 1999

Oct 28 1999 Oct. 29 1999

Figure 9. Time series daily SST images of the Sanriku Area, east of Japan during October 1-30 1999 produced as

outputs from the PISCES using the default functions.
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(Fig. 9) depict structural change of the KWCR as well as
temporal changes in the location of the warm streamer and
the Oyashio Intrusion over a period of one month during
the fall. Furthermore, SST images and SST related products
of the same area during 29th September—2nd October 1999,
(Fig. 10-13) are presented to underline the utility of the
PISCES outputs to detect mesoscale thermal features over a
short duration. The PISCES regenerated SST images of the
Sanriku Area (Fig. 11) were produced using daily SST im-
ages as input (Fig. 10) and the PISCES regenerated image
of the previous days as “reference” and “donor” images re-
spectively for spurious pixel removal and SST interpolation
at cloud masked pixels.

A number of dark blue spots can be marked in the
cloud-masked area on the daily SST images of the Tohoku
Area (Fig. 10). These spots can be attributed to the spurious
pixels as described earlier. Such localized ambiguous pixels
were removed and SST interpolation was carried out subse-
quently by using the default options available with the
PISCES. Major mesoscale thermal features associated with
the “perturbed area” (Kawai, 1972) between the warm
Kuroshio Extension and the cold Oyashio Front can be dis-
tinctly marked from the output SST images (Fig. 11) and
the SST contours (Fig. 12). The Kuroshio Extension can be
marked at the southeastern part of the images and the warm
streamer leading to the north from the south. The KWCR
can be noticed rotating clockwise southeast of Hokkaido.
Intrusion of cold Oyashio waters to the center of the
KWCR can be attributed to clockwise rotation of the warm
eddy. These conspicuous thermal features are linked to vor-

Figure 10. Daily SST images of the Sanriku Area during Sep-
tember 29-October 02 1999 used as the input on the
PISCES. (a) September 29 1999 (b) Septembef 30 1999 (¢)
October 01 1999 (d) October 02 1999.

tex motion induced by the meandering flow patterns widely
known as first and second Oyashio Intrusions (Kawai,
1972). These thermal features are distinctly depicted in
satellite SST thermal contours generated using the PISCES
(Fig. 12). However, the SST contour map plotted using ship
based oceanographic observation of the Hakodate Marine
Observatory, in the seas south of Hokkaido and east of
Honshu during September to October 1999 (Fig. 13a) fails
to depict these features due to limited oceanographic obser-
vation points used for plotting the contours. The ship SST
contours provide only broad idea about the extent of the
Kuroshio Extension and the Oyashio Front. The SST con-

Figure 11. Daily SST images produced as outputs from the
PISCES for the same arca and same dates as presented in
Fig. 10.

Figure 12. Daily SST contours produced from the PISCES for
the same area and same dates as presented in Fig. 10.
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tour map as presented in Fig. 13b was reproduced from the
Quick Reports on the fishing and oceanographic conditions
published by the JAFIC. This contour map is based on the
ship observed SST routinely provided by the fishing vessels
to the JAFIC and satellite derived SST data. Thus, all im-
portant sea surface thermal features as discussed earlier can
be noticed from this contour map. This map further shows
the fishing ground for different pelagic fishes such as skip-
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Figure 13. The SST contour maps produced by Japanese
agencies based on the oceanographic observation in the seas
south of Hokkaido and east of Honshu during September to
October 1999, (a) Monthly mean SST in October (°C) from
Oceanographic Observation Report of the Hakodate Marine
Observatory (b) Schematic map of the oceanographic condi-
tions from the Quick Report of the JAFIC for October 06
1999 showing different pelagic fishing grounds as marked by
open and solid circles, and shaded polygons.

jack, flying squid and saury (Fig. [3b). It can be noted that
such fishing grounds were mostly located in the frontal re-
gions. Skipjack fishing grounds (shaded polygons) were no-
ticed moving anticyclonically along the warm streamer
around the KWCR during September—October and the fish-
ing ground was formed in the Kuroshio fronts with SST
range of 22-23°C (Sugimoto and Tameishi, 1992). Like-
wise Saitoh et al., (1986) reported the Pacific saury coming
down from the north along the cold streamer associated
with the Oyashio flow. Fishing grounds for flying squids
were also reported in the waters around the KWCR, with
the close proximity to the coast (Sugimoto and Tameishi,
1992). Delineation of the fishing grounds in the Fig. 13b
was based on such reported information. The SST contours
as derived from the PISCES generated outputs (Fig. 12) are
capable of providing such information for delineation of the
fishing grounds.

The Boso East Coast

The SST products for another area, the Boso East Coast,
along the southern Japanese coast of Honshu during
26-28th April, 1999 are presented in Fig. 14-17. The
PISCES regenerated SST images of the southern Japanese
coast of Honshu (Fig. 15) were produced using daily SST
images as input (Fig. 14) and the regenerated image of the
previous days as the “reference” and the “donor” images.
The SST contours based on the ship measured SST for the
corresponding periods, produced by two Japanese agencies
(JAFIC and the Kanagawa Prefectural Experimental Fish-
ery Station), are presented in Fig. 17 for comparison with
the satellite SST thermal contours (Fig. 16) to highlight
utility of the PISCES in providing user-friendly and appli-
cation oriented ocean information.

The PISCES generated SST images of 27th and 28th
April, 1999 (Fig. 15) provided SST distribution pattern in
the sea along the southern Japanese coast of Honshu , the
Boso East Coast, using the daily SST images as input (Fig.
14). The SST contour map as presented in Fig. 17a was re-

Figure 14.

Daily SST images off the southern Japanese coast of Honshu (the Boso East Coast) during April 27-29

1999 used as the input on the PISCES: (a) April 27 1999; (b) April 28 1999; (c) April 29 1999.
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Figure 16. Daily SST contours produced from the PISCES for
the same area as presented in Fig. 14 and same dates as pre-
Figure 15. Daily SST images produced as outputs from the sented in Fig. 15.
PISCES for the same area as presented in Fig. 14 on April 28
1999 and April 29 1999.
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Figure 17. The SST contour maps produced by Japanese agencies based on the oceanographic observation off the
southern Japanese coast of Honshu (the Boso East Coast) during April 27-28 1999: (a) Schematic map showing
the oceanographic conditions from the Quick Report of the JAFIC during April 27-28 1999 showing the skipjack
fishing grounds (polygons with dotted line); (b)—(c) SST contours (°C) on April 27 and April 28 1999 as published
by the Kanagawa Prefectural Experimental Fishery Stations.
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produced from the Quick Reports on the fishing ground and
oceanographic conditions published by the JAFIC for the
same period. The skipjack fishing grounds (shaded poly-
gons) as shown along the Kuroshio flow (Fig. 17a), were lo-
cated based on the information on frontal areas. Such ther-
mal fronts can be well deciphered from the PISCES gener-
ated outputs, thus such outputs were found useful in gener-
ating fishing ground information. Furthermore, the SST
contours (Fig. 16) were found in good agreement with the
contour maps produced by the Kanagawa Prefectural Ex-
perimental Fishery Stations based on the ship observed SST
data (Fig. 17b—c). Especially the meandering pattern of the
Kuroshio Flow south off the bays can be noticed to follow
identical trend in both the products even though they are
based on data from different sources. Agreement between
the features detected from satellite derived SST field and
thermal contours published by the Kanagawa Prefectural
Experimental Fishery Stations (http://www.agri.pref.kana-
gawa.jp/SUISOKEN/kaikyozu/Ito3ken.asp) underlines rel-
evance of the PISCES generated products to provide useful
information about the oceanographic condition in the ocean
especially related to pelagic fishery ground.

Summary and Conclusions

This paper presents the PC-based PISCES system devel-
oped to produce user-friendly high spatial resolution SST
products in seas around Japan. The TeraScan System of the
SeaSpace (http://www.seaspace.com/main/product_line/
hrpt/hrpt.html) and the Advanced-HIGHERS (A-HIGH-
ERS) developed by Sakaida et al. (2000), respectively
based on the workstation and the super computer, are
presently being used in Japan for receiving the HRPT data
from NOAA-AVHRR and retrieving the SST field by using
the MCSST method (McClain et al., 1985). Different meth-
ods are used in these two systems for detection of cloud.
Based on our experience with the TeraScan System, we no-
ticed that the cloud detection process available with the sys-
tem to be inadequate for detecting and removal of spurious
pixels. Despite the cloud detection process and subsequent
quality control (QC) process available with the A-HIGH-
ERS was reported to be effective in dealing with most of
the cloudy pixels over the image area, possibilities of mis-
judgment in the clear-cloudy classification seems to still
exist with the system (Sakaida et a/., 2000 ). Despite its ad-
vanced cloud detection process, the A-HIGHERS is beyond
the reach of the most of the potential users since it is a
super-computer based in-house system. On the contrary the
TeraScan is commercially distributed system and presently
being used by several institutes and organizations in Japan
for receiving and processing HRPT data of NOAA-
AVHRR. The PISCES was designed to use the output SST
image from any image processing system in the binary

format, as input. The system can be conveniently used as
the QC component for efficient detection and removal of
such spurious pixels from the input SST images. The
PISCES also carries out the SST interpolation at cloudy
pixels and continuous regeneration of daily SST images by
adopting judicious statistical methods previously used in
the field of meteorology. As evident from the case studies
presented in the earlier section, the PISCES can efficiently
deal with SST variations in the “perturbed area” near the
Sanriku Coast where the ocean surface features (Kuroshio
Extension, Warm Core Rings efc.) undergo significant
structural and temporal changes over short time interval.
Such areas of frontal activity and strong thermal gradients
are considered more difficult for regeneration of SST
through interpolation compared to the area with less frontal
activities and weak thermal gradients. Since the software
can be used efficiently in former case it is expected to per-
form well in the later case as well. However, there are
scopes for further improvement with the functions of the
PISCES to produce more accurate SST fields in diverse
ocean areas.

The PISCES is basically aimed at routine production
of user-friendly daily SST maps from high resolution satel-
lite imagery for the potential users especially in the fishery
sector. Our sample studies demonstrate effectiveness of the
system in dealing with problems inherent with the SST im-
ages generated by Japanese organizations using existing
image processing systems, especially in retrieving neces-
sary thermal features for identification of pelagic fishing
grounds. In order to make our system more user friendly,
we will continue our efforts to improvise the output prod-
ucts in future versions through active consultation with
users in the relevant fields.
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