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ABSTRACT

A global monthly sea surface temperature analysis is described which uses real-time in situ (ship and buoy)
and satellite data. The method combines the advantages of both types of data: the ground truth of in situ data
and the improved coverage of satellite data. The technique also effectively eliminates most of the bias differences
between the in situ and satellite data. Examples of the method are shown to illustrate these points.

Sea surface temperature (SST) data from quality-controlled drifting buoys are used to develop error statistics
for a 24-month period from January 1985 through December 1986. The average rms monthly error is 0.78°C;
the modulus of the monthly biases (i.e., the average of the absolute value of the monthly biases) is 0.09°C.

1. Introduction

In February 1985 the World Meteorological Orga-
nization and the U.S. National Weather Service estab-
lished a global sea surface temperature (SST) data cen-
ter at the U.S. National Meteorological Center (NMC)
in support of the World Climate Research Program’s
Tropical Oceans and Global Atmosphere (TOGA) ef-
fort. The SST center collects in situ (ship and buoy)
and satellite SST measurements in real time and uses
these data to produce analyses of monthly mean global
SST on a 2-deg latitude-longitude grid for the 10-year
TOGA period (1985-94). The activities of NMC in
this task are divided between two groups: the Climate
Analysis Center, responsible for technical guidance,
and the Ocean Products Center, responsible for oper-
ations.

The purpose of this paper is to describe the present
analysis techniques and to give a preliminary evalua-
tion of their accuracy by use of quality-controlled SST
data from drifting buoys.

2. SST analyses

Three analyses are produced by NMC: an in situ, a
satellite, and a “blended” analysis. All analyses are
computed relative to the monthly SST climatology of
Reynolds and Roberts (1987) which is discussed at the
end of this section.

a. The in situ analysis

The SST data used in the in situ analysis are obtained
from the NMC archive of surface marine observations.
These data consist of all ship and buoy observations
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available to NMC on the Global Telecommunication
System (GTS) within 10 h of observation time. This
archive is accessed daily to extract and save all new
SST observations.

The monthly distribution of in situ observations (see
Fig. 1) is adequate to describe the SST patterns between
30°S and 60°N except in the central and eastern trop- -
ical and South Pacific. However, the individual obser-
vations are subject to large errors in both temperature
and position and thus further analysis is needed. The
processing includes eliminating questionable values,
averaging the monthly values on a 2-deg grid, con-
verting the means to anomalies (by subtracting the
monthly climatological mean), interpolating missing
values, applying a spatial median filter, replacing me-
dian values by original gridded values in regions with
a high density of observations and, finally, smoothing
linearly in space. (Complete details are given in ap-
pendix A.)

The most important step of the in situ analysis pro-
cedure is the application of the nonlinear filter based
on medians which was developed by Tukey (see Ra-
biner et al., 1975) and which is applied spatially. The
use of medians rather than weighted means resuits in
the objective elimination of extreme values instead of
smoothing the effect of the extremes over a larger re-
gion. The application of the filter (see appendix B for
the algorithm) is made in several steps with different
length scales of up to 8 deg and degrades the original
2-deg resolution to roughly 6 deg. The gridded values
are filtered without regard to the number of observa-
tions that were used to compute the average. Since
values obtained from a larger number of observations
should be more accurate than those from a smaller
number, the median filtered value was replaced in more
dense reporting areas with the original gridded value.
This technique enhances the gradients in some of the
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FIG. 1. Distribution of surface marine in situ (ship and buoy) observations received over the GTS for October 1986.
(Drifting buoys may be distinguished as nearly continuous wiggly lines.)

better sampled coastal upwelling areas. An example of
the in situ anomaly field after this processing is shown
in Fig. 2.

b. The satellite analysis

The use of satellite data can significantly improve
the in situ analysis, especially in regions of sparse in
situ data. At this time (see Njoku et al., 1985) the mul-
tichannel sea surface temperature (MCSST) technique
of McClain et al. (1985), using the advanced very high
resolution radiometer (AVHRR) on the NOAA polar
orbiting satellites, is one of the more accurate SST re-
trieval methods. When comparing these measurements
with conventional observations, it is important to note
that the initial satellite measurement is a “skin’’ tem-
perature (i.e., the temperature of a surface layer of less
than a millimeter), while the in situ observations are
“bulk” temperatures (i.e., the temperature of a surface
layer on the order of meters). To correct for this dif-
ference, the satellite algorithms are “tuned” by regres-
sion against quality-controlled drifting buoy SST mea-
surements. These regressions differ between day and
night because different AVHRR channels are used.
However, the regressions are not a function of global
location or season.

The total number of MCSST satellite retrievals over
the globe from 1982 through 1986 has varied from a
low of two hundred thousand to over three million per
month. This large variation is due to satellite hardware
failures and to interpretation difficulties related to cloud
cover and atmospheric aerosols. However, recent re-

trievals (see Fig. 3) have given excellent global monthly
coverage.

The present NMC archive of MCSST retrievals is
accessed daily. (Beginning in February 1985 the data
were also separated into daytime and nighttime cate-
gories.) The analyzed field is computed using tech-
niques similar to those used for the in situ analysis; the
details are described in appendix C. However, because
of the large number of observations, the median filtered
value is replaced by the original gridded value in most
regions. Thus, the most important step in the satellite
procedure is a linear smoothing using a two-dimen-
sional (1-2-1) binomial filter. The linear smoothing is
needed for the later blending of the two analyses be-
cause (as discussed in subsection 2c) the first and sec-
ond derivatives of the satellite field must be computed
An example of the resulting satellite anomaly ﬁeld is
shown in Fig. 4.

Because the global satellite coverage is superior to
the in situ coverage, the satellite field has potentially
better accuracy. This is demonstrated by the tendency
of the Southern Hemisphere satellite anomalies to be
more coherent in space and time than the in situ
anomalies. However, direct comparisons of Figs. 2 and
4 show general similarities but with important differ-
ences of over 1°C (see Fig. 5) which occur even in
northern midlatitude regions where the in situ coverage
is also good. Figure 6 shows a monthly time series of
the in situ and satellite analyses (1982-86) in two east-
ern Pacific regions: one in the tropics and one in north-
ern midlatitudes. Generally, the satellite analysis is ap-
proximately 0.5°C colder than the in situ analysis.
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FIG. 2. Analyzed in situ SST anomaly field for October 1986. The contour interval is 1°C.
Values less than —1°C are shaded; values greater than 1°C are stippled.

However, important reversals in these tendencies per-
sist for several months. Both analyses clearly show the
warming ENSO (El Nifio/Southern Oscillation) signal
of 1982-83 in the tropical Pacific.

These comparisons show that although SST infor-

mation is found in both types of data, there are differ-
ences between them. Biases in ship intake temperatures
have been well documented (e.g., see Barnett, 1984).
(The biases are thought to be positive by several tenths
of a degree Celsius although there is disagreement about

120° 150° 180° 150° 120° 90° 60° 30°wW  0° 30°E  60° 90°
|
= —= =
1 OW
. ;\06 N - 60°

60°

30°

100" 100
P

00

30°

60°

30°

60°

120°

150°

150° 180° 120°

90°

60° 30°W  0° 30°E

F1G. 3. Number of satellite (day plus night) observations available on a 2-deg grid for October 1986.
The contours are 10 (heavy line), 100 and 1000. Values greater than 1000 are stippled.
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FIG. 4. As in Fig. 2 except for analyzed satellite SST anomaly field for October 1986.

the exact value.) However, satellite SST retrievals also
have biases as discussed above. To illustrate the spatial
scales of the satellite bias, monthly satellite fields were
analyzed using only daytime or only nighttime obser-
vations. A typical difference (see Fig. 7) shows large
coherent zonal regions where nighttime satellite tem-
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peratures were more than 0.5°C greater than daytime
temperatures. Because this would be unlikely to occur
in the open ocean for an entire month (especially in
the tropics), biases in the satellite field may be inferred.

The causes of the satellite biases are only partially
understood. Perhaps the best known example is the
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FIG. 5. As in Fig. 2 except for difference between in situ and satellite SST analyses
(in situ — satellite) for October 1986.
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FIG. 6. Time series of in situ (dashed line) and satellite (solid line) SST anomalies for January 1982 to September 1986. The blended
values (see text) are dotted. The Pacific regions are Nifio 3 (5°S-5°N, 90°W-150°W) and Namias (30°N-50°S, 150°W-165°W).

SST biases which followed the March-April 1982
eruptions of El Chichén. The -aerosols from the erup-
tions resulted in negative biases in the SST retrievals
of over 2°C relative to the in situ reports (Strong, 1983).
Within days after the eruptions, the aerosols (with the
associated negative SST biases) were spread by the at-
mosphere along the latitude of the volcano, approxi-
mately 10°N. In the following months, they were grad-
ually spread to other latitudes. (This can explain much
of the satellite to in situ bias in 1982-83 in the tropical
time series of Fig. 6 as well as the delayed bias in the
midlatitude series.) Another source of negative bias oc-
curs when cloud detection algorithms fail and the tem-
peratures of cloud tops are mixed with SSTs. The causes
of the biases are further complicated by the global
“tuning” method which assumes that the relationship
between “skin’’ and “bulk” temperatures are time and
space independent. However, it is not the purpose of

this work to explain satellite biases but only to identify
that they exist. The analysis method which follows is
designed to minimize their effects.

¢. The blended analysis

The method described in this section “blends™ the
two types of observations by using the in situ analysis
to define “benchmark” temperature values in regions
of frequent in situ observations and the satellite analysis
to define the shape of the field in regions with little or
no in situ data. This is done by requiring that the SST
field satisfy Poisson’s equation (see Oort and Rasmus-
son, 1971) in spherical coordinates. The blended field,
¢, is set equal to the in situ field at grid points where
there are a sufficient number of in situ observations to
define the analysis adequately. (“Sufficient” has been
empirically defined—see below for more details—as
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FiG. 7. Difference between satellite analyses using daytime or nighttime observations (day — night) for October 1986. Otherwise as in Fig.
2, except that the 0°C contour is indicated by a heavy line and additional contours are added at —0.5°C (dashed line) and 0.5°C (solid line).

/

five or more observations per grid box per month.) At
the other grid points ¢ is determined by solving the
equation

V2 = p, (1)

subject to the internal boundary conditions imposed
by the in situ benchmark values. The forcing term, p,
is defined to be the Laplacian of the satellite analysis
(V2S)in regions of sufficient satellite observations (em-
pirically defined—see below—to be ten or more ob-
servations per month) and O elsewhere. At grid points
with less than ten satellite observations, therefore, the
satellite field cannot locally affect the final result. At
other grid points, the satellite field can only affect the
solution via the Laplacian. Thus large-scale biases in
the satellite field (i.e., biases with a Laplacian of zero)
cannot affect the final solution.in this aspect of the
analysis.

To obtain a well-posed solution to (1), conditions
must also be specified at an external boundary which
completely encloses the interior region. This is done
by initially defining the poleward limits of all SST
measurements. At these limits ¢ is set equal to the in
situ analysis, in regions of sufficient (five or more) in
situ observations, or otherwise, set to the satellite anal-
ysis. Biases in the satellite data can thus enter the
blended analysis when the external boundary condi-
tions are derived from satellite observations. In this
case the effects of the satellite biases spread toward
lower latitudes where they are finally eliminated by in
situ internal boundary points.

The technique involves two important choices which
can only be defended empirically. The first choice re-
quires that five or more in situ observations be available
locally before a gridded value from the in situ analysis
could be used as an internal or external boundary value.
This criterion was selected experimentally and is a
compromise between a blended field dominated by the
satellite analysis (if more in situ data were required) or
the in situ analysis (if less in situ data were required).
The second choice was to set p equal to the local La-
placian of the satellite analysis only if at least ten sat-
ellite observations had been available there; otherwise
p was set to 0. This criterion was selected after noting
that the difference between in situ and satellite fields
tended to be large when the number of monthly satellite
retrievals per grid point became very low. The restric-
tion is equivalent to linearly interpolating the satellite
field across regions where the field is unreliable. It was
tested during late 1982 when the effect of the El Chi-
chon aerosols on the satellite retrievals produced an
erroneous negative trough in the satellite anomaly field
along 10°N. Because the trough was associated with a
very low number of satellite retrievals, the ten-obser-
vation restriction allowed the trough to be automati-
cally eliminated from the blend. However, during the
more recent TOGA period, the restriction has minimal
effect because of the limited number of interior ocean
regions with less than ten satellite observations (e.g.,
see Fig. 3).

For computational convenience, the blended anal-
ysis is also computed for grid points on land. Since
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there are no land observations, the solution automat-
ically reduces to V2¢ = 0. However, along most of the
coastal regions, the grid values become in situ internal
boundary points because of the high density of ship
traffic. This effectively isolates solutions on land from
those on the sea.

The Poisson method was chosen primarily because
it objectively eliminates both the bias and the large-
scale gradient of the satellite field between the internal
boundary points. This procedure allows the shape of
the satellite field to be matched to the boundary points
more effectively than by correction of the satellite bias
alone. The Poisson equation also has the important
benefit of behaving well numerically. Thus, when the
equations are expanded by finite differences into a set
of linear algebraic equations, they can be solved iter-
atively to obtain a unique solution. This behavior is
especially convenient since the set of equations vary
as the boundary points respond to changes in the
monthly distribution of observations. The solution was
done by sequential overrelaxation with a relaxation
coeflicient of 1.6 (e.g., see Thompson, 1961). For each
complete iteration of all interior points, the solution
was defined to have converged when the maximum
absolute value of the individual grid point residuals
was less than 0.001°C. The convergence took less than
300 iterations and was only weakly affected by the re-
laxation coefficient or by the convergence criterion. A
final smoothing was done by a linear binomial (1-2-
1) filter in both the north/south and east/west direc-
tions. An example of the blended field is shown in
Fig. 8.

RICHARD W. REYNOLDS 81

The effect of the blended procedure can be seen by
examining the in situ, satellite and blended anomalies
(Figs. 2, 4 and 8) as well as the difference between the
in situ and the blended fields (Fig. 9) and the satellite
and the blended fields (Fig. 10). These figures show
that the satellite analysis has almost no effect on the
blend from approximately 60°N to the equator in the
Atlantic and Indian oceans and from approximately
55° to 20°N in the Pacific Ocean. In these regions the
in situ data are sufficiently dense so that almost all of
the grid values become internal boundary values. In
the remaining areas the blended field is a mix of the
two input analyses so that the blend retains the average
anomaly value from the in situ field with the greater
coherence of the satellite field. (The change in the co-
herence is evident by the smoothness contrast between
Figs. 9 and 10.) To illustrate the behavior of the blend
with time, the blended anomalies have been included
in the time series of Fig. 6. In the midlatitude series
the in situ and blend are almost identical due to the
large number of internal in situ boundary points.
However in the tropical time series, where the in situ
data are more sparse, the blend uses the in situ field as
a reference in spite of changing satellite biases.

d. SST climatology

The monthly SST climatology of Reynolds and
Roberts (1987) has been used in the SST analyses. Al-
though complete details of the processing can be found
there, a summary is included here.

An initial climatological monthly analysis was com-
pleted using the in situ data from the Comprehensive
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FIG. 8. As in Fig. 2 except for analyzed blended SST anomaly for October 1986.
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FIG. 9. As in Fig. 2 except for difference between in situ and blended SST analyses
(in situ — blend) for October 1986.

Ocean—-Atmosphere Data Set (COADS) of Slutz et al.
(1985) for the period 1950-79. This was done by first
combining all data for the same month, without regard
for year, on a 2-deg grid. Then following a median
filter procedure similar to that of the in situ analysis
above, monthly climatological fields were obtained.
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However, because of the lack of data in the Southern
Hemisphere, the climatological fields were extended
using ice and satellite data. The ice data (obtained from
a 10-yr dataset from the Glaciological Data Center,
Boulder, Colorado) were used to produce monthly
fields which indicate the percentage of time that each
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FiG. 10. As in Fig. 2 except for difference between satellite and blended SST analyses
(satellite — blend) for October 1986.
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grid point was covered by ice during the 10 years. If
sea ice was present at least 50% of the time, the monthly
climatological SST at that point was set equal to
—1.8°C, the freezing point of seawater at a salinity of
35 ppt. (A similar procedure was used by Alexander
and Mobley, 1976.) At the non-ice grid points, the
monthly SST climatology was set equal to the prelim-
inary COADS in situ analysis if at least ten observations
had been available there. In the remaining interior re-
gions, the grid points were found by solving (1) where
the forcing term was determined by a monthly satellite
climatology. The satellite climatology was computed
by averaging 4 yr (1982-85) of the monthly satellite
analyses described above. The effect of satellite SST
biases was minimal in the climatology since the satellite
analysis was only used to determine the shape of the
solution in internal regions of the field and was not
used to define external boundary conditions as in the
operational procedure described above.

3. Verification

In this section, quality-controlled drifting buoy data
are used to provide objective error statistics for all three
analyses during the first 2 years of the TOGA period.
The quality-control procedure (see appendix A for
complete details) only accepts buoy data which pass
certain tests on the SST measurements themselves and
on the buoy speed and position. The error statistics are
calculated by first computing a monthly averaged tem-
perature (and position) for each quality-controlled buoy
and comparing it to a value at the same location which
was obtained by interpolation from all three of the
monthly analyzed SST fields. (Although some buoys
move distances of 1000 km or more in a month, the
SST changes are relatively small because the buoys tend
to drift with water of the same physical characteristics.)
To ensure that the verifying analyses are as independent
of the buoys as possible, special versions of the in situ
and the blended analyses were computed by withhold-
ing the drifting buoy data. The satellite analysis, and
therefore the verifying version of the blend, are not
completely independent of the buoy observations since
the satellite algorithms are “tuned” at 6- to 12-month
intervals by regression against the drifting buoy data.
(This “tuning” is done aperiodically when new satellites
are made operational or when errors between the sat-
ellite retrievals and the buoy temperatures suggest that
the satellite calibrations may have changed.)

Monthly biases and rms errors between the quality-
controlled buoy data and the satellite and the special
in situ and blended analyses have been computed for
all 24 months from January 1985 to December 1986.
The results (abbreviated in Table 1) show that the
modulus of the monthly buoy-to-analysis biases (i.e.,
the average of the absolute value of the monthly biases)
varies from 0.09° to 0.15°C. The table indicates that
the modulus of the buoy to blend bias is slightly better
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than the others. The average rms buoy to analysis error
varies from 0.78° to 1.09°C. In contrast to the mod-
ulus, the rms buoy to analysis error is the smallest for
the satellite analysis although the blended analysis is
very similar. In both cases the buoy to in situ analysis
has the worst modulus of the bias and the worst rms
error, primarily because of the lack of high latitude
Southern Hemisphere ship data which, in turn, results
in an ill-defined SST field there. The buoy distribution
(see Fig. 1) is not uniform over the globe since it was
designed to complement other in situ data. (During
this 2-yr period more than two-thirds of the buoys were
located in the Southern Hemisphere.)

The tropical Pacific, especially its western portion,
is a region where the accuracies of the SSTs are of par-
ticular concern for diagnosing and predicting ENSO
phenomena. Therefore, statistics comparing the anal-
yses to drifting buoys were examined for the Pacific
between 20°N and 20°S. In this case the average rms
error for all analyses reduced to less than 0.5°C. This
error is less than the globally averaged error because
of the contribution to the latter from large differences
between the buoys and the analyses in higher latitudes
near strong oceanographic fronts. However, since the
number of buoys in the tropical Pacific was as low as
six per month, the rms statistics there should be used
with caution.

4. Concluding remarks

Details have been presented of an SST analysis which
blends both in situ and satellite data. The method uses
preliminary in situ and satellite analyses as input fields.
The in situ analysis is used as ground truth to provide
“benchmark” temperatures in regions of frequent in
situ observations; the satellite analysis is used to define
the shape of the final field between the benchmarks.
Examples have been presented which suggest that the
blended technique is an effective way to utilize the im-
proved satellite coverage while eliminating much of
the bias between in situ and satellite data.

Comparisons using drifting buoy data showed that
the modulus of the buoy to blend monthly biases was
less than 0.1°C while the average rms buoy to blend
error was less than 0.8°C. Although these results in-
dicated that the blend was an improvement over the
in situ analysis, they did not clearly indicate that the
blend was superior to the satellite analysis. This result
may seem surprising when contrasted with the satellite
to in situ biases (e.g. see Fig. 6) which have been dis-
cussed earlier. Further comparisons using additional
SST analyses and additional SSTs from bathyther-
mographs are now being completed in a cooperative
effort with the United Kingdom Meteorological Office
and will soon be ready for publication. The statistical
results show that the satellite biases are nonzero at the
5% significance level. The reason that the drifting buoy
data cannot strongly distinguish whether the satellite
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TABLE 1. Global bias and rms statistics between monthly SST analyses and monthly averaged SST from quality-controlled drifting
buoys for January 1985 through December 1986. The bias is defined as (buoy — analysis); only every third month is shown.

Number of Type of Bias rms

Month Year drifting buoys comparison °C) °C)
January 1985 59 in situ .04 0.97

satellite .01 0.74

blend ’ .01 0.87

April 1985 84 in situ —-.17 1.0t

satellite -.15 0.58

blend -.02 0.72

July 1985 : 77 in situ -.23 1.07

satellite -.13 0.63

blend .00 0.81

October 1985 79 in situ -.30 1.34

satellite —.26 0.97

blend -.14 1.00

January 1986 101 in situ —-.15 0.85

satellite -29 0.63

blend —-.16 0.61

April 1986 135 in situ -.02 0.83

satellite -.05 0.72

blend .02 0.71

July 1986 123 in situ —.17 1.13
satellite 04 0.81

blend .0t 0.81

October 1986 110 in situ .03 1.05

satellite * -.18 0.99

blend —-.04 1.0t

Average (24 months) : 99 in situ -.13 1.09

. satellite -.09 0.74

blend -.01 0.78
"Modulus (24 months) 99 in situ 15 —_
: satellite 12 —
blend .09 —

or the blended analysis is superior is almost certainly
due to their use in the aperiodic “tuning” of the satellite
algorithms.
The blended analysis is a continuing effort to obtain
. the best real-time SST fields for the TOGA period
(1985-94). Each blended field is carefully monitored
" each month using the drifting buoy data and the in
situ and satellite analyses as diagnostic tools. The anal-
ysis may be modified in the future when the accuracy
of the technique can be improved or when required by
changes in the available observations.
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APPENDIX A
In Situ Analysis Procedure

The in situ analyzed field is computed as follows:

1) All drifting buoy observations are separated from
the other in situ data and sorted by buoy identification.

(This is done because the drifting buoy data have a
high frequency of real time observations in regions
which may have little other in situ observations.)
Monthly time series of buoy position, speed, and SST
are produced and smoothed with a five-point temporal
median filter to eliminate some spikes in the data. If
one of the time series for a buoy fails any of the fol-
lowing gross error tests, a/l data for the buoy are rejected
for the month.-

(a) Tests on each monthly time series of buoy po-
sition are:

(i) Any absolute change'in position between adja-
cent points is greater than 3° lat or 3° long.

(ii) The buoy position does not change during the
month.

(iii) The monthly standard deviation of position is
greater than 10° lat or 10° long,

(iv) The buoy is located over land.

(b) Tests on each monthly time series of buoy speed
are:

(i) Any individual buoy speed is greater than 5 m/s.
(ii) The monthly standard deviation of speed is
greater than 3 m/s.
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(c) Tests on each monthly time series of buoy SST
are:

(i) Any absolute change in SST between adjacent
points is greater than 5°C.
(i1) The buoy SST does not change.
(iii) The monthly standard deviation of SST is
greater than 4°C, ‘
~ (iv) The monthly mean SST is not within four stan-
dard deviations of the monthly climatological SST.

2) The individual observations from fixed buoys or
ships are discarded if they are located over land or if
they differ from the local climatological mean by more
than four standard deviations.

3) All the remaining in situ observations for the
month (approximately 100 000) are used to compute
an initial gridded field by arithmetically averaging the
observations within a 2-deg lat and long (centered on
even values). The gridded values are then converted to
anomalies by subtracting the climatological monthly
mean.

4) Monthly grid point SST values are then discarded
if they fail any of the following screening tests:

(a) The absolute value of the anomaly is greater than
8°C.

(b) The absolute value of the anomaly is greater than
6°C, the number of observations is 2, and the location
is either north of 60°N or south of 30°S.

{c) The absolute value of the anomaly is greater than
3°C, the number of observations is 1, and the location
is either north of 60°N or south of 30°S.

(d) The number of observations is 1 aund there are

no observations in any of the four neighboring boxes -

to the north, south, east, or west.

(e) The magnitude of the difference between the
gridded 2-deg anomaly value and the nearest grid point
in a separate analysis of the anomaly field on a coarser
grid was more than 4°C. (This test was designed to
eliminate gridded values which disagreed strongly with
their neighbors. The separate analysis was completed
on a 4-deg lat and long grid using all the steps in this
procedure except this one. The new analysis, although
smoothed, should be accurate enough to allow any
original 2-deg gridded value to be eliminated if it dif-
fered greatly from the smoothed field. Since anomalies
were used throughout, the effect on strong gradient re-
gions, e.g., western boundary currents, was minimal.)

5) All grid points without an assigned value (i.c.,
either no observations were available or the grid value
was discarded) are filled by interpolation or extrapo-
lation using an objective analysis based on the iterative
difference-successive correction method of Cressman
(1959).

6) The spatial median filter (described in the main
text and appendix B) is applied.

7) The median filtered value is replaced by the orig-
inal arithmetically averaged value for all grid points
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having at least 30 observations. For grid points with
15 to 30 observations, a linear combination of the fil-
tered and original values is used so that there is no
effect on the median filtered value for 15 observations,
but there is total replacement by the original value for
30 observations.

8) A final linear smoothing using a binomial (1-2~
1) filter in both the north/south and east/west direction
is applied.

As described in section 2, the median filter (step 6)
is the most important step in the in situ analysis. The
data screening (step 4) is designed to eliminate ques-
tionable observations in regions of sparse data. If these
observations are not eliminated, their effects are spread
over larger regions by the filling of missing data (step
5). If such regions exceed the maximum spatial width
of the median filter (eight degrees), they are unaffected
by the filtering and remain in the final product. The
replacement procedure (step 7) permits grid values with
a large number of observations to have a greater influ-
ence on the analyzed field. This enhances the gradients
in some of the well-sampled coastal upwelling regions.
The linear filter (step 8) smoothes the field to produce
the final in situ field.

APPENDIX B
Median Filter Algorithm

The median filter was obtained from unpublished
notes by John Tukey (see Rabiner et al., 1975, for a
general discussion). Given a time series of # data points
z; where i = 1, 2, + .+ +, n, the filter function f(z;) is
defined as follows:

Viesp = median(z;, zie1, Ziv2, Zirs)
' i=1,2,+++,n—3,

Xiv3p2 = median(¥i12, Vies2, Vitsz)

for

for i=2,3,+-+,n—4,
V41 = median(X;+1/2, Xi+32)

for i=3,4,---,n—4,
and
Sf(zi41) = median(v;, vi+1, Viv2)

for i=4,5---,n-5.

To filter the data, the function is applied twice. The
first use defines a change in z;, Az;, as

Azi=zi—f(z)) for i=5,6,--+,n—4,
and
Az;=0 for i=1,2,3,4 and
i=n—-3,n—2,n—1,n.
The second gives the final filtered series u; as
= f(z;) + f(Az;)) for i=5,6,---,n—4,
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In this paper the filter was applied spatially, first in
the east/west and then in the north/south direction.
Since the filter was undefined at the end of each spatial
series, the length of each series was increased by adding
ten points to both ends. In the east/west direction the
spatial series then overlapped along latitudinal circles.
The extra values needed in this direction were obtained
by repeating values in a cyclic manner. The extra values
in the north/south direction were obtained by repeating
the original first and last values at the begmmng and
end of the series, respectively.

APPENDIX C
Satellite Analysis Procedure
The satellite SST analysis is computed as follows.

1) All satellite SST observations for the month (both
day and night) are arithmetically averaged on a 2-deg
lat and long grid and converted to anomalies by sub-
tracting the climatological monthly mean.

2) Grid point SST values are then discarded if they
fail any of the following screening tests:

(a) The absolute value of the anomaly is greater than
8°C.

(b) The absolute value of the anomaly is greater than
5°C and the number of observations is less than 30.

(c) The absolute value of the anomaly is greater than
2°C and the number of observations is less than 10.

(d) The number of observations is 3 or less.

(e) The magnitude of the difference between the
gridded 2-deg anomaly. value and the nearest grid point
in a separate analysis of the anomaly field on a coarser
4-deg grid was more than 4°C. (Asin the in situ analysis,
this test was designed to eliminate gridded values which
disagreed strongly with their neighbors.)

3) All grid points without an assigned value (i.e.,
either no observations were available or the grid value
was discarded) are filled by interpolation or extrapo-
lation using an objective analysis scheme based on the
iterative difference-successive correction method of
Cressman (1959).

4) The spatial median filter is applied.

5) The median filtered value is replaced by the orig-
inal arithmetically averaged for all grid points having
at least 100 observations. For grid points boxes with
30 to 100 observations, a linear combination of the
filtered and original values is used so that there is no
effect on the median filtered value for 30 observations
but there is total replacement by the value for 100 ob-
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servations. (The number of observations for replace-
ment are higher for the satellite analysis than for the
in situ analysis because the satellite observations were
made from one instrument while the in situ observa-
tions were made from different instruments with as-
sumed independence of observational errors.)

6) A final linear smoothing using a binomial (1-2-
1) filter in both the north/south and east/west directions
is applied.

In spite of the similarity with the in situ analysis,
the effect of the median filter is small in the satellite
analysis because the number of satellite observations
results in the replacement (step 5) of approximately
70% of the median values by the original arithmetically
averaged values. Because of the replacement, the final
linear smoothing (step.6) has the most influence on
the final satellite field.
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