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ABSTRACT

A three-dimensional data assimilation scheme is described and tested, using the Geosat altimeter data and a
high-resolution, primitive equation, numerical ocean model of the Gulf Stream region. The assimilation scheme
is based on an optimal interpolation approach in which data along satellite tracks are continuously interpolated
horizontally and vertically into the model grid and assimilated with the model prognostic fields. Preprocessed
correlations between surface elevation anomalies and subsurface temperature and salinity anomalies are used
1o project surface information into the deep ocean; model and data error estimates are used to optimize the
assimilation. Analysis fields derived from the Navy’s Optimum Thermal Interpolation System are used to
initialize the model and to provide some estimate of errors.

To evaluate the effectiveness of the assimilation scheme, the errors of model oceanic fields (surface ¢levation,
Gulf Stream axis, temperature ) with data assimilation are compared with errors without data assimilation (i.e.,
a pure forecast). Although some mesoscale meanders and rings are not well produced by the assimilation model,
consistent reduction of errors by the assimilation is demonstrated. The vertical distribution of errors reveals
that the scheme is most effective in nowcasting temperatures at middepth (around 500 m) and less effective
near the surface and in the deep ocean. The scheme is also more effective in nowcasting the Gulf Stream axis
location than in nowcasting temperature variations. A comparison of the assimilation scheme during two periods
shows that the nowcast skiil of the assimilated model is reduced in May-September 1988, compared to May-
July 1987, due to poor coverage of the altimeter data during 1988.

VOLUME 24

Continuous Assimilation of Geosat Altimeter Data into a Three-Dimensional

This paper is one step toward a dynamic mode} and data assimilation system, which when fully developed,

should provide useful nowcast and forecast information.

1. Introduction

Satellite-derived altimeter data, such as those ob-
tained from Geosat, provide a global coverage of the
World Ocean, and, together with a numerical model
and a data assimilation scheme, can contribute to
nowcasts of complete oceanic fields. However, unlike
numerical weather prediction models, which opera-

tionally assimilate atmospheric observations (e.g., -

Parrish and Derber 1992), data assimilation in ocean
models 1s in an early developmental stage although
progress has been achieved during the last few years
(e.g., Robinson et al. 1989; Holland and Malanotte-
Rizzoli 1989; White et al. 1990; Mellor and Ezer 1991;
Dombrowsky and De-May 1992; Verron 1992).

One of the main obstacles in oceanic data assimi-
lation is the overly sparse coverage of oceanic obser~
vations for either assimilation or evaluation. Oceanic
fields that are measured globally, such as satellite-de-
rived altimetry or sea surface temperature (SST) data,
provide only surface information and even at the sur-
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face they are incomplete; that is, altimetry is measured
only along satellite tracks and SST data are missing in
areas with cloud coverage. Therefore, a realistic nowcast
system will require a sophisticated data assimilation
scheme to fill in missing information in space and time.

Some of the altimetric data assimilation techniques
that have been developed include, for example, pre-
determined ‘“feature models” (Robinson et al. 1989),
Kalman filter (Miller 1989), updating potential vor-
ticity (Haines 1991), the adjoint method (Moore
1991), “nudging” (Verron 1992), and optimal inter-
polation (White et al. 1990; Dombrowsky and De May
1992). At the present time, there is no consensus as
to the best way of assimilating altimeter data into an
ocean model; different techniques are still being studied
and tested [see also Ghil and Malanotte-Rizzoli (1991)
for a review of different schemes]. Because of the com-
plexity of the problem and because of computational
resource limitations, all of the above techniques were
tested with relatively simple models (e.g., quasigeo-
strophic dynamics and simple domain and bottom to-
pography). Only a few altimetric data assimilation
schemes have been developed for primitive equation
models with realistic topography. An exception is the
study of Mellor and Ezer (1991 ), who used an optimal
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interpolation (OI) technique, together with prepro-
cessed correlations between surface elevation and sub-
surface temperature and salinity fields to assimilate
Geosat-type data into their primitive equation Gulf
Stream model. While the latter study used simulated
data in the “identical twin sense, here we test the
scheme with real data for the first time. Some significant
modifications of the OI scheme are introduced to ac-
commodate data errors and model error growth.

When data assimilation techniques are tested using
observed altimeter data, evaluation of the method is
difficult because other independent observations of the
three-dimensional oceanic fields, which are provided
perfectly by the “true” ocean in identical twin exper-
iments, are not readily available. Here, we use analysis
fields derived from the U.S. Navy’s Optimum Thermal
Interpolation System (Clancy et al. 1990, 1992; Cum-
mings and Ignaszewski 1991) to initialize the model
and then to compare with model fields for separate
runs with assimilation of altimeter data and without
assimilation. A more detailed description of the OTIS
system is given later.

Experiments by Ezer et al. (1992), using the OTIS
data to initialize the same model presented here,
showed some forecast skill, better than persistence (a
forecast based on no change), for at least two weeks.
The evaluation of the assimilation technique is es-
pecially difficult because of the differences in the vari-
ability of the OTIS fields and the Geosat altimeter data,
as indicated by Ezer et al. (1993). However, it provides
a first comparison of nowcast fields from a realistic
assimilated model with three-dimensional temperature
and salinity synoptic “observations.”

The main goal here is to test the feasibility of op-
erational dynamic assimilation of altimeter data into
a realistic numerical ocean model. We will evaluate
whether the assimilation of altimeter data can improve
the model forecast and how the amount of data avail-
able for assimilation affects the forecast skill. Ulti-
mately, it is expected that the surface SST signature,
upon which OTIS fields are heavily reliant, will be
combined with altimetry for direct insertion into our
dynamic model. Other data sources will be added in
the course of system development.

The data and the numerical model are described in
section 2. The data assimilation scheme is described
in section 3 and then tested in section 4, using Geosat
altimeter data. Finally, section 5 provides discussion
and conclusions of the study.

2. Description of the data and the numerical model
a. The OTIS temperature and salinity data

Synoptic analysis fields of temperature and salinity
are obtained from the Optimum Thermal Interpolation
System (OTIS). The global-scale system is described
in detail by Clancy et al. (1990, 1992). Here, we use
the regional-scale high-resolution version of OTIS de-
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scribed by Cummings and Ignaszewski (1991), imple-
mented for the Navy project, Data Assimilation and
Model Evaluation Experiments (Leese et al. 1992).
Satellite infrared images are used to identify the Gulf
Stream north wall and rings (by S. Glenn, personal
communication ). Then, feature models, describing the
shape of the stream and rings, project the surface in-
formation into the deep layers, producing three-di-
mensional synthetic temperature and salinity fields.
The synthetic fields plus the Multi-Channel Sea Surface
Temperature (MCSST) data used directly at the sur-
face, climatology from the Navy’s General Digital En-
vironmental Model (GDEM ), and expendable bathy-
thermograph (XBT) data are used to produce the three-
dimensional thermal field via an optimal interpolation
method. As will be shown later, the resultant OTIS
fields are dominated by the feature model. The data
are projected on a 0.2° X 0.2° horizontal grid and 34
vertical levels.

b. The Geosat altimeter data

The altimeter data used here are from the Exact Re-
peat Mission (ERM) of the Geodetic Earth Orbiting
Satellite (Geosat ) covering a two-year period from No-
vember 1986 to November 1988. The data are available
approximately every 7 km along each track, which re-
peats approximately every 17 days. In the modeled area
there are typically two tracks per day. Quality control
and editing were applied to this dataset, and long
wavelength periodic orbit errors were removed from
the data (Sirkes and Wunsch 1990). For the Gulf
Stream region, all tracks within 20°-50°N, 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. Here we refer to these
data as Geosat anomaly data or, simply, Geosat data.
Usually, to construct synoptic surface elevation fields
from the altimeter anomaly observations, a so-called
“synthetic geoid” (the elevation mean field relative to
the geoid) is needed; different techniques used to es-
timate this mean elevation field can be found, for ex-
ample, in Glenn et al. (1991), Kelly (1991), and Ezer
et al. (1993). However, in the dynamic assimilation
described here, it is assumed that the model mean ele-
vation field and the (unknown) ocean mean field are
the same. This can be a source of error, among others
discussed at the end of this paper.

¢. The numerical ocean model

The model used here is the Princeton primitive
equation ocean model described by Blumberg and
Mellor (1987) and Mellor (1992); it includes the tur-
bulence submodel of Mellor and Yamada (1982) to
provide vertical mixing parameters. The model has
been used for many applications such as estuaries and
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bays (Oey et al. 1985a,b; Galperin and Mellor
1990a,b), semienclosed seas (the Gulf of Mexico and
the Mediterranean Sea ), and for coastal regions around
the world. In the Gulf Stream region, the model has
been used before (in a version with a smaller domain
and coarser resolution) for data assimilation studies
(Mellor and Ezer 1991; Ezer et al. 1991), for Gulf
Stream separation and surface forcing sensitivity studies
(Ezer and Mellor 1992), and for studying the inter-
action of the Gulf Stream with the coastal ocean (Oey
et al. 1992). The version of the Gulf Stream model
used here, has an extended domain and higher reso-
lution than the previous model; it has been used in
studies of mesoscale variabilities in altimetry and SST
data (Ezer et al. 1993), in forecast experiments (Ezer
et al. 1992), and in studies of the interaction between
the Gulf Stream and the New England Seamounts
Chain (Ezer 1994).

The prognostic variables of the model are temper-
ature, T salinity, S; the free surface elevation, »; ve-
locities, u, v, w; and the turbulent kinetic energy. The
model has a bottom-following sigma coordinate vertical
system, with 15 levels in this application, and a cur-
vilinear orthogonal, coastal-following horizontal grid
with a typical resolution of 10-18 km in the Gulf
Stream region; see Fig. 1 for the grid and the bottom
topography. The data assimilation experiments were
performed in the smaller subdomain, indicated in Fig.
la to reduce computer memory, because of the poor
quality of the OTIS data far from the Guif Stream and
upstream of Cape Hatteras and because this subdomain
represents the most active region of the Guif Stream.

The larger model was initialized with temperature
and salinity data obtained from OTIS; then it was run
for 10 days in a diagnostic mode (holding the temper-
ature and the salinity fixed) to obtain the dynamically
adjusted velocities and surfacé elevations. Previous
studies (Ezer and Mellor 1992; Ezer et al. 1992, 1993)
indicate a very rapid diagnostic adjustment of velocity
and elevation to the initial density field. The total
streamfunction on the boundaries is set according to
basin-scale diagnostic calculations (Mellor et al. 1982)
and observations. An inflow of 30 Sv (1 Sv = 108
m? s™') is prescribed at the Florida Straits (the south-
western corner of the domain), a slope water inflow
of 30 Sv enters at the north part of the eastern bound-
ary, an inflow of 40 Sv from the subtropical gyre enters
at the southeast and the south boundaries, and 100-Sv
Gulf Stream outflow is allowed to exit the domain on
the eastern boundary between 38° and 39°N. Together
with temperature and salinity, the velocities from this
diagnostic calculation are used to initialize the smaller
subdomain model and to set the vertically averaged
inflow/outflow velocities on its boundaries. Internal
velocities on the open boundaries are governed by the
Sommerfeld radiation conditions [see Mellor and Ezer
(1991) and Ezer and Mellor (1992) for more details
on the boundary conditions of the Gulf stream model].
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The surface forcing includes heat flux and wind stress
fields obtained from the monthly climatologies of
the Comprehensive Ocean-Atmosphere Data Set
(COADS) analyzed by Oberhuber (1988); the for-
mulation of the surface forcing in the model is de-
scribed in detail by Ezer and Mellor (1992), who show
the importance of the surface forcing in obtaining a
realistic separation of the Gulf Stream at Cape Hatteras.

3. The data assimilation scheme
a. The assimilation approach

The goal here is to continuously assimilate altimetry
anomaly data (the mean ocean signal is removed),
subsampled along satellite tracks (an average of two
tracks per day), into three-dimensional model fields
of temperature, T, or salinity, S. The three-dimensional
problem is divided into two steps. First, we solve a two-
dimensional problem by assimilating surface elevation,
7, from the data along satellite tracks and interpolating
the data into the model grid. Then, we solve a one-
dimensional problem, in the vertical, by using the
analysis elevation fields (already interpolated into the
model grid) and correlation factors that relate surface
elevation anomalies and subsurface 7"and .S anomalies.
The data and the model first guess error estimates are
taken into account in the first step of the OI, while
errors in the surface to subsurface correlations are taken
into account in the second step. A simplified schematic
diagram of the data assimilation approach is shown in
Fig. 2. In the following, we describe the assimilation
scheme for temperature fields; a similar approach is
applied to salinity fields.

The basis of our scheme for the projection of surface
information into subsurface fields is the relation

8T(x, v, z,t) = FT(x, y, 2)éu(x, y, 1), (1)

where F7 is a predetermined function independent of
time. The anomalies, 67(x, y, z, t) and én(x, y, t),
are the instantaneous temperatures and elevations mi-
nus their time-averaged values. In this paper, the hor-
izontal coordinates (x, y) are equivalent to (longitude,
latitude). In the following, each model grid point, i,
represents either the location (X;, y;, z;) for three-di-
mensional fields (e.g., T') or (x;, y;) for two-dimen-
sional fields (e.g., n). The correlation factors, F7 , and
the correlation coefficients, C7, between surface ele-
vation anomalies é7;(z) and subsurface temperature
anomalies 67;(¢) are calculated at each model grid
point and defined by

(6T0m;)
on?

T . (0T;0m:)

FIT= i ——:.—_—,
[6T7on?]'"2

(2a,b)

where an overbar represents a time average. The spatial
distribution of the correlation coefficients derived from
one year of model simulations is shown in Mellor and
Ezer (1991); in the vicinity of the Gulf Stream (about
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FI1G. 1. (a) The curvilinear orthogonal model grid. The inner boundaries represent the subdomain
in which data assimilation is done; diagnostic calculations in the large domain provides boundary
conditions for the subdomain model. (b) The bottom topography of the model; the contour interval
is 200 m. The actual coastal boundary of the model domain is at the 10-m depth isobath.
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FI1G. 2. A schematic diagram of the data assimilation scheme; the
superscripts “o,” “f,” and “a” represent observations (i.e., from
altimeter data), first guess (i.e., from model calculations), and analysis
(i.e., from assimilation scheme) fields.

2° north and south of the mean location of the stream),
CT values exceed 0.8 in the upper 1000 m. Figure 3
shows the area-averaged profiles of T, F7, and C7 cal-
culated from the model output fields and from the
OTIS analysis fields; each has O(30) samples. Although
there are spatial differences (not shown) between the
model and the OTIS climatologies, the area-averaged
profiles are in relatively good agreement. We hope to
use larger samples in the future in order to improve
the statistics. Note that the best surface-subsurface
correlation is found at about 500 m depth (Fig. 3c);
we will see later how the vertical distribution of the
nowcast error is affected by this distribution of the cor-
relation coefficients. Figure 3 shows relatively small
differences between the model and the data-derived
correlations; we chose here to use the latter; assimila-
tion experiments ( not shown ) where model instead of
data statistics are used are slightly worse than those
that are presented here.

Relations similar to (1) and (2a,b) are obtained for
salinity and the corresponding correlation factors and
coefficients, FS and CS. However, since in this region
the temperature has a larger influence on density than
does the salinity, C7 is generally larger than C°, and
the correlation coefficient for density is thus quite sim-
ilar to C7.

Suppose that, at a time ¢, altimeter data of all satellite
tracks that passed the domain during a period, A¢, are

F1G. 3. Area-averaged profiles of (a) mean temperature (in °C),
(b) the correlation factor, F” (in °C m™'), and (¢) the correlation
coefficients, C7, between surface elevation anomaly and subsurface
temperature anomaly. They are calculated from the model statistics
(dashed lines) and from the OTIS analysis data (solid lines).






