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ABSTRACT

Two types of satellite data, Geosat altimeter data and sea surface temperature data (SST), are compared and
evaluated for their usefulness in assimilation into a numerical model of the Gulf Stream region. Synoptic sea
surface height (SSH) fields are derived from the SST data in the following way: first, three-dimensional temperature
and salinity analysis fields are obtained through the Optimum Thermat Interpolation System (OTIS), and then
SSH fields are calculated using a primitive equation, free-surface, numerical mode!l running in a diagnostic
mode. The aforementioned SSH fields are compared with SSH fields obtained from the Geosat altimeter data.
Use of Geosat data requires an estimate of the mean SSH field relative to the earth geoid. Three different
methods to obtain the mean SSH field are demonstrated. The first method uses altimetry and SST data; the
second uses a diagnostic calculation with climatological data; and the third uses prognostic numerical calculations.
The three estimates compared favorably with each other and with estimates obtained elsewhere.

The comparison of the synoptic SSH fields derived from both data types reveals similarity in the Gulf Stream
meanders and some mesoscale features, but shows differences in strength of eddies and in variability far from
the Guif Stream. Due to the smoothed nature of the OTIS analysis fields, the SSH derived from altimetry data
has larger variability amplitudes compared to that derived from SST data.

The statistical interpolation method, which is used to interpolate altimetry data from satellite tracks onto the
model grid, is also evaluated for its filtering effect and its sensitivity to different parameters. The SSH variability
of the Gulf Stream was calculated from two years of the exact repeat mission of the Geosat satellite, where
altimeter data were interpolated daily onto the model grid. It is suggested here that some of the underestimation
of mesoscale variations by statistical interpolation methods, as indicated by previous studies, may be explained
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by the filtering effect of the scheme.

1. Introduction

It is evident that assimilation of data into numerical
ocean models of the Gulf Stream will make important
use of two distinctly different types of surface satellite
data: multichannel sea surface temperature (MCSST)
data and altimetry elevation data, or, in the present
case, Geosat data. Each data type has errors that need
1o be evaluated before a continuous data assimilation
can be used to produce a nowcast or forecast. For ex-
ample, Geosat data is available only along satellite
tracks that are separated by distances comparable to
the dominant scales of the Gulf Stream system. On the
other hand, SST data may be incomplete because of
cloud cover. Since satellite data provide only surface
information, this information must be projected into
the deep ocean to obtain the three-dimensional oceanic
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fields. This can be done, for example, by using “feature
models” for SST data (e.g., Robinson et al. 1989) or
by using surface-subsurface correlations (e.g., Mellor
and Ezer 1991) for altimetry data. One of the main
goals of this paper is to estimate errors associated with
data and with analysis schemes and to provide percep-
tions for future data-assimilation studies.
Multichannel sea surface temperatures from satellite
IR images provide global coverage of the World Ocean.
The images can be used to obtain the Gulf Stream
north wall location, subjectively or objectively. Previ-
ously, the former has been advantageous over the latter
(Cornillon and Watts 1987), but recent improvement
in the objective frontal-detection algorithms make the
objective method almost as accurate as the subjective
method (Cayula and Cornillon 1992). Surface mean-
ders and ring paths obtained from the IR images can
then be converted to subsurface information through
the use of predetermined analytical formulas or “fea-
ture models” (e.g., Robinson et al. 1989), and be used
for data assimilation into a dynamic ocean model. In
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this paper, the U.S. Navy’s Optimum Thermal Inter-
polation System (OTIS), described by Clancy et al.
(1990, 1992), is used to obtain three-dimensional
analyses of temperature and salinity fields from sub-
jective determination of the Gulf Stream edge and rings
using MCSST information, together with expendable
bathythermograph (XBT) data and climatology data
for far fields. OTIS, which forms the basis of the Navy’s
daily analysis fields, is dominated, however, by Gulf
Stream path and rings determined from the MCSST
data and the feature model. The OTIS data is a major
component in the Data Assimilation and Model Eval-
vation Experiments (DAMEE), a project organized
by the Institute for Naval Oceanography. These data
have been used to initialize and evaluate Gulf Stream
models; the study of Ezer et al. (1992), for example,
demonstrates that numerical models initialized with
fields obtained from OTIS may have a forecast skill
for at least a two-week period.

Satellite-derived altimetry data, such as those ob-
tained from Geosat, provide a global coverage of the
World Ocean, and are useful for studying sea surface
variability (e.g., Le Traon et al. 1990). They can also
be used, together with a numerical model and a data-
assimilation scheme, to provide a nowcast of complete
oceanic fields. Recent contributions to the science of
altimetry data assimilation have been made, for ex-
ample, by Holland and Malanotte-Rizzoli (1989),
White et al. (1990), and Mellor and Ezer (1991). A
problem associated with the use of altimetry data is
that the relationship of the measured sea surface height
to the geoid is unknown. Subtraction of the time-av-
eraged altimetry data from the data of each satellite
track removes the geoid, but the mean (over the record
length) ocean circulation signal is removed as well.
Glenn et al. (1991) used a numerical, quasigeostrophic
ocean model updated with data to reconstruct the mean
dynamic height relative to the geoid, while Kelly (1991)
fitted along-track data to analytical formulas across the
stream. Another way to estimate mean sea surface
height is by dynamic height calculation (e.g., Levitus
1982) or by a diagnostic calculation (e.g., Mellor et al.
1982). In this paper we describe a somewhat different
approach, using a limited number of altimetry and
thermal analysis fields, to obtain the mean sea surface
height field. The result is not greatly different from that
obtained by Glenn et al. (1991) or Kelly (1991). Then,
we combine the mean height field with the Geosat
anomaly height fields to obtain Geosat (approximately)
synoptic fields. These are compared with the corre-
sponding height fields obtained from a diagnostic cal-
culation that uses the three-dimensional OTIS tem-
perature and salinity fields.

Since altimetry data is provided only along satellite
tracks, data-assimilation schemes may use an optimal
interpolation method (e.g., Mellor and Ezer 1991) to
map the satellite data onto the model grid, using esti-
mates of model and data errors, as well as other pa-
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rameters. Two types of this mapping (sometimes also
calledan objectiveanalysis ) thathavebeenusedinocean
studies are statistical interpolation and dynamical in-
terpolation (or assimilation): in the former, data are
interpolated onto a standard (e.g., model) grid using
only data statistics without any model calculation,
while the latter uses model fields—and therefore model
dynamics—as first-guess estimates for the assimilation
process. The sea surface height (SSH) variability ob-
tained from the two methods may be significantly dif-
ferent from each other; statistical assimilation usually
underestimates mesoscale and small-scale variabilities
(White et al. 1990; Mellor and Ezer 1991). It was be-
lieved to be due to the large separation distance between
satellite tracks; that is, the model dynamics in the dy-
namical assimilation reconstructs the small-scale vari-
ability missed by the altimeter. Another factor, how-
ever, that may be responsible for reducing SSH vari-
ability inferred from statistical interpolation is the
filtering effect of the interpolation scheme, which is
studied here.

The data and the numerical model used for the di-
agnostic calculation are described in section 2. In sec-
tion 3, we demonstrate a method to estimate mean
height fields and then obtain synoptic height fields from
the Geosat anomaly data. These are compared with
synoptic elevation fields obtained from OTIS fields and
the diagnostic calculation. In section 4, the filtering
effect of the statistical interpolation method is dis-
cussed. Section 5 concludes this study.

2. Description of the data and the numerical model

a. Temperature and salinity fields inferred from sea
surface temperature data

Synoptic fields of temperature and salinity are ob-
tained from OTIS. The global-scale system is described
in detail by Clancy et al. (1990, 1992), and the regional-
scale system (in particular, for the Gulf Stream region)
is described by Cummings and Ignaszewski (1991).
Minor modifications of the operational OTIS were
adopted for the present study. We use the OTIS version
3, implemented for DAMEE, a project organized by
the Institute for Naval Oceanography. The first-guess
fields are the monthly or seasonal climatologies ob-
tained from the U.S. Navy’s General Digital Environ-
mental Model (GDEM) described in the following.
Then satellite IR images are used to subjectively (by
Dr. Scott Glen) produce “bogus maps” of the Gulf
Stream north wall and ring locations and size; a feature
model projects the surface information into the deep
layers, producing three-dimensional synthetic temper-
ature and salinity fields. The synthetic fields, the
MCSST used directly at the surface, the GDEM cli-
matology, and XBT data are used to produce three-
dimensional thermal fields via an optimal interpolation
method. Some Geosat tracks are used to help determine
the edge of the stream in cases of cloud cover, for ex-
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ample; thus, the OTIS fields are not totally independent
from the Geosat data. As will be shown later, the re-
sultant OTIS fields, however, are dominated by the
feature model. The data is projected ontoa 0.2° X 0.2°
horizontal grid and 34 vertical levels.

The annual climatology used here was obtained from
the GDEM, developed and maintained by the Naval
Oceanographic Office. It uses observed temperature
and salinity data from the Master Oceanic Observation
Data Set (MOODS), developed and maintained by
the U.S. Navy’s Fleet Numerical Oceanography Center
{FNOC); monthly climatologies are used for the upper
400 m, and seasonal climatologies are used for the
deeper levels. The data are projected onto a 0.5° X 0.5°
horizontal grid and on 30 vertical levels.

b. The Geosat altimetry data

The altimetry data used here is from the exact repeat
mission of the geodetic satellite, Geosat, covering a two-
year period from November 1986 to November 1988.
The data are available approximately every 7 km along
each track, which repeat every 17.05 days. In the mod-
¢led area there are typically two tracks per day. A new
set of estimated Geosat orbits for the exact repeat mis-
sion was obtained by Haines et al. (1990). Quality
control and editing were applied to this dataset, and
long-wavelength periodic orbit errors, found from
spectral analysis (Sirkes and Wunsch 1990), were re-
moved from the data. For the Gulf Stream region, all
tracks within 20°-50°N and 40°-80°W and where
water depth is greater than 1000 m were used. In this
area, the mean elevation along each track is obtained
from all available repeat cycles and removed from the
individual repeat cycles. Therefore, the geoid is com-
pletely removed, as well as the mean ocean circulation
signal: here these data are called the Geosat anomaly
SSH data or, simply, the Geosat data.

¢. The numerical ocean model

* Since the emphasis in this paper is on data sources
and interpolation schemes, the numerical model is de-
scribed only briefly; the model will primarily be used
diagnostically (temperature and salinity held constant
to obtain sea surface heights from the temperature and
salinity fields). The model is the three-dimensional,
free-surface, Princeton primitive equation ocean model
described by Blumberg and Mellor (1987). It has bot-
tom-following vertical sigma coordinates (with 20 lev-
els in this application) and a curvilinear orthogonal,
coastal-following, horizontal grid with a typical reso-
lution of 10-18 km in the Gulf Stream region (see Fig.
1 for the grid and the bathymetry). The model has
been used for many applications such as estuaries, bays,
and coastal oceans. In the Gulf Stream region, the
rnodel has been used before for data assimilation studies
(Mellor and Ezer 1991; Ezer et al. 1991), for Gulf
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Stream separation and surface-forcing sensitivity stud-
ies (Ezer and Mellor 1992), for studying the interaction
of the Gulf Stream with the coastal ocean (Oey et al.
1992), and for evaluation of the forecast skill of the
model (Ezer et al. 1992).

In the present application, all of the OTIS and
GDEM data are presented on the model grid (Fig. 1),
where¢ bilinear and cubic-spline schemes were used in
the horizontal and in the vertical direction, respectively,
to interpolate the data onto the irregular model grid.
The Geosat data are interpolated from satellite tracks
onto the model grid using the interpolation method
described in the following.

3. Derivation of mean and synoptic sea surface
height fields

a. Estimating the mean sea surface height

Here we calculate the mean dynamic height so that
synoptic realizations of sea surface height can subse-
quently be calculated. For each time ¢,, we form an
independent estimate of the mean Geosat elevation
field ¢(x, v, t,,) using the OTIS field n°(x, y, t,,) and
the Geosat anomaly field é7°(x, v, f,,) according to

ﬂo(X, .V, ZWI) = UG(X’ y’ tm)

+5776(x; y: tm)+c(x’ y! tm), (1)

where ¢ represents errors in the data and in the pro-
cessing procedures and, obviously, the fact that OTIS
mean heights may differ from the Geosat mean heights.
In the hypothetical case that the errors are null, only
one OTIS and one Geosat realization would be re-
quired; thus, the mean SSH will be simply ¢ — 65°.
In fact, we will determine nine independent estimates
of the mean elevation field and then average them to
reduce the error.

Synoptic temperature and salinity fields were ob-
tained from OTIS 3 for several periods. In areas where
cloud cover prevents an accurate determination of the
Gulf Stream axis, images from previous or future dates
are used. After the OTIS data were interpolated into
the model grid, the numerical model diagnostically
calculated the corresponding OTIS surface elevation
7%(x, v, t,,). Nine such fields were obtained this way
for t,, = 6, 13, 20 May 1987; 7, 14, 21 July 1987; 4,
11, 18 May 1988. (These dates were chosen because
of the relatively good coverage of IR images over the
region at these periods.) For each of these dates, the
Geosat SSH anomaly at a model grid point i is obtained
from

N
ony = 2 Pia5ﬂg, (2)

a=1

where the subscript « represents data-point location in
space and time centered about ¢ = ¢,,. The weights P;
are determined from the interpolation scheme de-
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FIG. 1. (a) The curvilinear orthogonal model grid. (b) The bottom
topography of the model; the contour interval is 200 m.

scribed in the following. The N data points used in the
interpolation for each model grid point are the ones
having the highest correlation in space and time with
the model point, using a normalized autocorrelation
function of the form

Gop = exp[—(keAX)? — (K, Ap)? — (K A1)?],  (3)

where the time and length scales, k;' = k;' = 170 km
and k; ! = 22 days, are estimated from model statistics
(Mellor and Ezer 1991) and the A’s represent the dif-
ference in time and space between the model grid and
the data points. The data points were chosen from a
window of 17 days (i.e., one repeat Geosat cycle) cen-
tered around each OTIS date. In the experiments de-
scribed here we take N = 12. (The sensitivity of the
scheme to the value of NV is evaluated later in section
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4.) The weights P,, are calculated by solving the matrix
equation

N

ZPiaGaB:Giﬁ 6=1,"',N. (4)

a=1
Note that in the case of continuous data assimilation,
where model and data errors are to be taken into ac-
count, an additional term, representing the data error,

is added to the left side of (4). Finally, we estimate the
mean SSH in (1) by

______ 1 M
n(x,y) = IY; 2 [n°(x, y, tw) — 07°(X, ¥, ta)], (5)
m=1

where M = 9 in our case. Of course, if M is large
enough, this mean will be the same as the mean over
the OTIS SSH fields since the mean of the Geosat
anomaly is zero by definition: the foregoing procedure
simply reduces the net error due to the small sample
size. Mean SSH 7(x, y) is plotted in Fig. 2a and is in
good agreement with fields obtained by Kelly (1991)
and Glenn et al. (1991). Two alternative methods of
estimating the mean SSH field are also presented in
the following.

The mean SSH field also can be estimated through
a diagnostic calculation using the numerical model
and annual climatological temperature and salinity
fields from GDEM. The model, after running in a
diagnostic mode for 10 days, produced surface ele-
vation plotted in Fig. 2b. The smoother and wider
Gulf Stream reflects the correspondingly smooth
GDEM climatology. It is interesting to compare be-
tween the mean SSH obtained from the diagnostic
calculation and the one obtained from a simpler
method, a dynamic height calculation, using the same
GDEM data. The results (not shown) show that the
diagnostic and dynamic-height calculations are vir-
tually identical if the level of no motion in the latter
is chosen to be 3000 m; if the level of no motion is at
1000 m, the resultant SSH gradient across the Gulf
Stream is reduced by approximately 10%. In the pres-
ent application we prefer to use the diagnostic model
since it yields an estimate of elevation in shallow wa-
ters, whereas the dynamic-height calculation does not.

Although it will play no further role in this paper,
it is nevertheless of singular interest to compare the
foregoing estimates of the mean SSH field with the
estimate obtained from a prognostic calculation of the
numerical model (temperature and salinity are ad-
vected and diffused vertically and horizontally). Figure
2¢ shows the mean SSH field calculated from a one-
year model simulation. The model was initialized with
synoptic OTIS field and forced by monthly climatolo-
gies of wind-stress and heat-flux data [see Ezer and
Mellor (1992) for more detailed description of the sur-
face forcing] but without any data assimilation. The
model mean SSH field (Fig. 2¢) compared well with
the field obtained from data (Fig. 2a); however, the
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modeled mean Gulf Stream axis is somewhat more
southward than the observed one.

b. Estimating synoptic sea surface height fields

Now, the synoptic SSH fields can be constructed by
‘adding the Geosat-derived SSH anomaly from (2) of
each of the nine cases to the mean SSH obtained from
(5). The SSH fields obtained from Geosat and those
obtained from diagnostic calculation using OTIS data,
are shown in Figs. 3a, 3b, and 3c for the May 1987,
July 1987, and May 1988 cases, respectively. Also
shown are the absolute differences between each set of
fields (area where the differences greater than 0.2 m
are shaded) and the 17-day satellite tracks used in the
altimetry interpolation. [ Note, for example, that during

the last period of the Geosat mission (Fig. 3¢) more
data is missing than in the first period (Fig. 3a).] We
observe that there are significant similarities and some
differences between the OTIS and the Geosat fields.
Since we do not know the SSH fields of the real
ocean, we can only speculate on possible errors in each
data type. Errors in the OTIS-derived fields are due to
errors in determining the Gulf Stream and ring loca-
tions from IR images and from the feature model
scheme. Cornillon and Watts (1987 ) estimated the er-
ror of subjective determination of the Gulf Stream edge
to be approximately 15 km. Their study, however, was
conducted west of 70°W where the variability is much
smaller than in the eastern portion of the Gulf Stream,
where it passes near the New England seamounts; thus,
larger errors are expected in our case. The use of the



