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ABSTRACT

A simultaneous assimilation model of drifting buoy and altimetric data is proposed to determine the mean sea
surface height (SSH) as well as the temporal evolution of the surface circulation on synoptic scales. To dem-
onstrate the efficiency of our assimilation model, several identical twin experiments for the double-gyre circu-
lation system are performed using a 11/»-layer primitive equation model. An optimal interpolation for the mul-
tivariate is used for the assimilation scheme that assumes the geostrophic relationship between the error fields
of the velocity and the interface depth. To identify the nature of the assimilation of the buoy-derived velocities
into the dynamical ocean model, the authors first conduct the assimilation experiment using the drifting buoy
data alone. The result shows that realistic buoy deployment (32 in a 40° square) can effectively constrain the
model variables; that is, both the absolute (mean plus time varying) velocity and SSH (interface depth) fields
are significantly improved by this buoy data assimilation. Moreover, in the case of denser buoy deployment in
the energetic western boundary current regions, where the mean SSH is comparable to the time-varying part and
the geoid error is relatively large, the assimilation provides a better determination of the absolute velocity and
SSH. This is because significant changes in the mean SSH lead to an improvement along the extensive buoy
trajectories associated with the strong current. It is worth noting that the assimilation of drifting buoy data is
more effective than that of moored velocity data, thanks to the Lagrangian information content of the drifting
buoys. Successive correction of the mean SSH is made with simultaneous assimilation of drifting buoy and
altimetric data. Consequently, a better correction of the mean SSH is obtained: The initial error of the mean
SSH is reduced by approximately 40% after the 1-year experiment. In contrast, the assimilation experiment of
altimetric data alone corrects only the time-varying part, but yields little error reduction for the mean SSH in
our model. These results clearly show that the simultaneous assimilation of drifting buoy and altimetric data
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Successive Correction of the Mean Sea Surface Height by the Simultaneous Assimilation

into the dynamical model is a very useful tool for improving the model’s realism.

1. Introduction

The sea surface height (SSH) data from satellite al-
timeters are very attractive for physical oceanographers
because of their global coverage and temporal repeti-
tion. Their potential use in monitoring mesoscale to
large-scale ocean circulation and in improving its pre-
dictability through numerical modeling is a subject of
increasing interest. Although several previous studies
have shown this ability successfully using 4D data as-
similation models (Holland and Malanotte-Rizzoli
1989; White et al. 1990; Mellor and Ezer 1991), prob-
lems remain that require improvements in assimilating
the altimeter data into our models. One major problem
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is that the geoid, which has geographical height vari-
ations much greater than those of the oceans, is not
known on a length scale of a few hundred kilometers.
Lack of accurate geoid information has limited most
studies based on altimetric data to focus on either the
time-varying components of the SSH or the basin-scale
circulation patterns (e.g., Stammer and Wunsch 1994;
Rapp et al. 1994; Le Traon et al. 1994; Nerem et al.
1994). For many oceanographic applications, an ac-
curate mean SSH with a length scale of several hundred
kilometers is required. This is particularly true for the
western boundary current and its extension regions
where spatial changes of the mean SSH are comparable
to those of the time-varying ones.

Several methods have been proposed to deduce the
mean SSH field. Mellor and Ezer (1991) and Ezer et
al. (1993) showed several ways of reconstructing the
mean SSH from model averages. Their approach is
good as a first guess for the mean SSH field because it
is defined for every grid point, but the accuracy of the
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estimated mean SSH field is doubtful for precise use.
Kelly and Gille (1990) presented an approach for es-
timating the mean SSH in the eastward-flowing Gulf
Stream on the basis of a kinematic jet model, which
was extended by Qiu et al. (1991) to include recircu-
lation gyres. There are, however, some restrictions in
the application of these methods to the real ocean: For
example, use of the kinematic jet model is limited to
jetlike current regions such as the Gulf Stream and the
Kuroshio Current.

A different attempt was made to estimate the mean
SSH field based on historical hydrographic data (Wil-
lebrand et al. 1990; Capotondi et al. 1995). Since the
mean SSH derived from the climatological hydro-
graphic data covers the global ocean, this method is
more applicable than those mentioned above. However,
the estimated mean SSH field involves errors due to the
uncertainty of specifying the reference velocities, and
this may lead to significant errors in the velocity field
(or the spatial change of the SSH). Differences in the
averaging period are another major error source be-
cause the mean SSH field for a particular altimetric
mission is averaged over a period of a few years,
whereas climatological data is averaged over a period
of decades. Interannual variability in the ocean circu-
lation imposes a serious aliasing problem in estimating
the mean SSH field (Qiu 1994). Several studies have
tried to improve the mean SSH field estimated from the
climatological dataset. For example, Willebrand et al.
(1990) used information from drifter data to reduce the
uncertainty in the altimetric SSH. The drifting buoy is
one of the most effective means for observing the sur-
face current because it measures the in situ absolute
velocity. In their study, the altimetric data, when com-
bined with the drifting buoy data, provide a better SSH
field estimation although limited to areas where drifter
data are available. It should be noted that in relating
the SSH field to the buoy trajectories, geostrophic bal-
ance is usually assumed, although contributions from
the ageostrophic components in regions of the western
boundary currents can be substantial.

Marshall (1985) proposed an assimilation model of
altimetric data to improve the geoid model as well as
to obtain the ocean circulation field. His model has an
advantage that the geoid model is corrected succes-
sively as new observations become available. Although
a substantial decrease of error in both geoid and SSH
field is achieved in a test of the model, some geoid
errors still remain, especially with scales similar to
those dominant in the SSH field [namely, ~O(100)
km]. This is troublesome because our concern about
the geoid is on scales of the ocean circulation.

In this study, the model of Willebrand et al. (1990)
and Marshall (1985) will be combined and extended.
The mean SSH field from the climatological hydro-
graphic data or the model average is corrected by as-
similating velocities derived from the drifting buoy
data in addition to the altimetric data to overcome de-
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ficiencies in these previous studies. When the velocity
and SSH data are assimilated, the ageostrophic com-
ponent of the velocity is considered. By using this as-
similation model, an absolute SSH can be obtained not
only in regions where the drifting buoy data are avail-
able, but in the nearby regions. The error of mean SSH
field is expected to be corrected by the velocity data
over all wavelengths of our concern.

To estimate the absolute SSH from drifting buoy and
altimetric data, we adopt the identical twin approach,
which uses the model-simulated results as the ‘‘obser-
vations’’ instead of real measurements (hereafter the
“‘model-simulated data” are called ‘‘observation
data’”). Although the identical twin experiment has a
tendency to give an optimistic result because of ne-
glecting the model’s deficiencies and data errors, it has
the advantage that the true state of the idealized ocean
is fully known. To carry out several case studies, the
model is set as simply as possible; a 11/2-layer, prim-
itive equation model is used, in which the time-varying
interface depths are regarded as the altimetric data
(SSH). The assimilation scheme of optimal interpola-
tion for multivariate (Daley 1991) is adopted, which is
formulated with an assumption that the error field of
the velocity data and that of the SSH data are geo-
strophically related. It should be noted that geostrophic
relationship is assumed for only the error field, and
hence the velocity field derived from the assimilation
includes the ageostrophic components. The method of
successive correction of the mean SSH field follows
Marshall (1985), which is similar to the optimal inter-
polation.

This paper is organized as follows. In section 2,
the configuration of the assimilation model is sum-
marized including a description of the numerical
model and the assimilation scheme. Section 2 also
gives the description of the control run and simu-
lation run associated with the configuration of the
identical twin experiment. In section 3, results of
the identical twin experiments are shown, including
the drifting buoy assimilation, the simultaneous as-
similation of drifting buoy and altimetric data, and
the successive correction of the mean SSH field. In
section 4, we discuss the effectiveness of the suc-
cessive correction model as well as the assimilation
of the drifting buoy data and summarize the result
of our experiment. The outlook for the future de-
velopment of this model is also discussed.

2. Assimilation model
a. Numerical model

The model basin is a rectangular ocean of 40° width
in both latitude and longitude that idealizes the western
part of the North Pacific. The governing equations are
familiar ones of a 11/2-layer reduced gravity model as
follows:
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where L is the advective operator and F,, F, are the
friction terms for the zonal and meridional velocity
components, respectively:
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The boundary conditions are as follows. A no-slip
condition is imposed along the model’s lateral bound-
aries. At the sea surface, steady wind stresses, 7, and
T4, are applied,

(Tay Tg) = (—TO cos<27r M) , 0) (7)
Ly

so as to force a doubie-gyre circulation. In order to conduct
a twin experiment, random wind stresses with magnitude
of 20% of its amplitude are added to 7, in the control run.
In the simulation and assimilation runs, no random stresses
are added to Eq. (7). Since our aim of the experiment is
to examine the efficiency of the new approach to estimate
the mean SSH field, the different wind stresses are used in
the control run and the assimilation run to make the dif-
ferent mean SSH field. The values of parameters used here
are summarized in Table 1.
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TABLE 1. Parameters in the numerical model.

(Lx, Ly) Model region (40°, 40°)
bo Latitude of southern 15°
boundary
(dy, dy) Grid size (1/12°, 1/12°)
f Coriolis parameter (at 35°N) 2 sin¢g (8.4 X 107> s7!)
g’ Reduced gravity 1.96 ¢cm 572
R Radius of the earth 6370 km
H Upper-layer thickness 600 m
Ay Horizontal viscosity 5.0 X 10° cm? 57!
To Amplitude of the wind stress 1.0 dyn cm™2
a Rossby radius of 40.8 km at 35°N
deformation

A 12-year spinup integration is performed using a
grid spacing of ;°, followed by a 10-year integration
with a finer (1;° X 15°) grid. After the 22-year integra-
tion, the model state is nearly in dynamic equilibrium.
Figure 1 shows the schematic diagram of the model
spinup and the identical twin experiment. For the con-
trol run, an additional 6-year integration is performed
with the wind stresses including random components,
and its final output is used as the initial state (Fig. 2a).
The 1-year experiment of the control run, calculated
from this initial state, is regarded as the true ocean that
gives the ‘‘observations.”” The mean interface depth
(1-year average) of the control run is shown in Fig. 2b,
which is subtracted from the absolute interface depth
to make the time-varying part used as the altimetric
observation (see next section). The result of the control
run is also used to assess the success of the assimilation
result quantitatively. We define the rms error as

1 N 1/2
2
I‘Inse:xperimem = (N z (Wexperimem - Wcomrol) ) y (8)
n=1

where w represents each variable and N is the number
of the variables of rms calculated; for example, all grid
numbers for the global rms error.

For the assimilation run and the simulation run, a 1-
year integration is added to the 22-year spinup to make
the initial state (Fig. 3a). Thus, the initial condition of
these assimilation and simulation runs is different from
that of the control run. The 1-year experiment of the
simulation run is calculated under the same conditions
as the assimilation run (initial condition and wind
stress) except that the observation data are not assim-
ilated. The simulation run is used as the reference to
evaluate the success of the assimilation. It also gives
the first guess of the mean interface depth field (Fig.
3b), idealizing the estimated mean SSH field from the
climatological data. In Fig. 3c, the difference of the
mean interface depth between the control run and the
simulation run (the mean interface depth error of the
simulation run) is shown. Large errors can be seen in
the western boundary current and its extension regions.
The mean eastward jet in the simulation run is weaker
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Identical twin experiment
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F1G. 1. Schematic diagram of identical twin experiment.
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FIG. 2. (a) The initial state of the interface depth field for and (b) mean interface depth of the control run. Contour interval
in the interface depth field is 50 m and the shaded parts represent the region shallower than 600 m.
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FIG. 3. (a) The initial state of the interface depth field for assimilation and simulation runs and (b) mean interface depth of the simulation
run. Contour interval is as in Fig. 2. (c) Mean interface depth error of the sirnulation run. Contour interval is 20 m. The light (dark) shaded
parts represent the region where the error is greater than 100 m (180 m).

than that of the control run (Figs. 2b and 3b), and this
is due to the large error in the extension region.

b. Model-simulated data

The data assimilated into the model are derived from
the result of the control run in this study. The velocity
data are based on particle trajectories (regarded as ob-
served buoy trajectories) tracked in the control run us-
ing the Euler—Lagrangian technique (Awaji et al.
1991). Using these particle trajectories, the velocities
at particle positions are estimated daily by
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FiG. 4. The assumed Geosat subtracks.

ui(x;(n), yi(n)) =

v (x;(n), yi(n)) =

xi(n+1)y—x(n-1)

2At

yi{n+ 1) —yi(n—1)

2At
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where At is a time interval (1 day) and x; (r) and y; (n)
are the positions on day n for the ith particle. These
velocities derived from the buoy data differ from the
velocities of the control run because they are the two-
day Lagrangian average. The differences, however, are

less than 1 cm s~

1

regions and can be ignored in this study.

We also derive the velocity data from moored cur-
rent meters. These are taken directly from the daily
velocity field of the control run. The altimetric data are
sampled every 17 days from the interface depth anom-
aly field along the assumed Geosat subtracks (shown
in Fig. 4) in the control run. Here the anomaly field is
the deviation from the 1l-year mean interface depth
shown in Fig. 2b.

TABLE 2. Parameters used in the assimilation.

in the western boundary current

Nudging method

T, Timescale (strength of the nudging term) 0.1 day

T, Dumping timescale of the nudging term 1 day

Roaee  Dumping lengthscale 40 km
Optimal interpolation

€ Ratio of the model error to the observation error 1

Ror Correlation scale of the model error 160 km

N Number of the assimilated data 30







