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Abstract

A technique is presented for the assimilation of ocean surface currents determined from
Doppler radar systems into numerical ocean models. An approach is taken in which the
Doppler radar current data act as if there were an additional layer of water overlying the ocean
surface. A pseudo-shearing stress resulting from the difference between the model-predicted
velocity and the Doppler radar velocity is added to that of the wind in order to force a model.

Test applications are presented for an ocean model of the Monterey Bay, California, region.
Comparisons are made between optimized and non-optimized assimilation techniques based
on the shearing stress approach. The optimized assimilation scheme provides the minimum
additional shearing stress while achieving a significant nudging of the model surface currents
toward the basic characteristics of the observed field of Doppler radar currents. Analyses
indicate that the model surface currents take on the general pattern of the Doppler radar
currents but not always the magnitude. The radar currents are shown to have significant
divergences and unrealistic spatial variations of divergence. Characteristics of this sort for
oppler data suggest additional processing for such observations. © 1998 Elsevier Science Ltd.
All rights reserved
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1. Introduction

High frequency Doppler radar systems have been used over the last 20 years to
estimate surface currents over ocean regions, usually coastal areas. The Doppler
systems have developed to the stage that their costs and processing times allow for
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a near-real-time determination of a grid of surface currents every 20—30 min for most
regions of interest. Such systems provide a valuable set of information which can be
utilized in numerical ocean models.

A recent study using Doppler radar systems in Monterey Bay, California, area has
provided comparisons between such radar surface current data, acoustic Doppler
current profiler (ADCP) data ( ~ 9 m below the surface) and drifter data (Paduan and
Rosenfeld, 1996). The HF Doppler Radar observations represented an average over
a region about 4 km* and about 1-2 m deep. The comparisons with the more point-
wise ADCP and drifter data showed significant differences. If the ADCP and drifter
data were completely error-free, the comparisons would imply that the HF Doppler
radar current data were accurate 50% of the time to within 7 cm/s. Seeing that the
currents in Monterey Bay are of the order of 10-30 cmy/s, these results would imply
that the accuracy of the Doppler data can be rather poor at times. Intercomparisons
of Doppler systems within Monterey Bay indicate that the differences between the
currents sensed in the same grid area at the same time by two different HF systems can
be fairly large with respect to the magnitude of the current, of the order of 10-15 cm/s
(J. Paduan, personal communication). Thus, the current information provided by HF
Doppler radar systems may be useful in terms of trends, the pattern of currents, and
general magnitudes, but care must be taken in the assimilation of such data into
numerical models.

One strategy of assimilating Doppler current observations into an ocean model is
based on the application of a shearing stress over the surface layer of the model. This
surface shearing stress would include not only the wind stress but also a pseudo-stress
resulting from the difference between the model-predicted velocity and the velocity
observed by a HF Doppler system. This approach is in effect a nudging technique,
with the net acceleration being only partly a result of the observed HF Doppler
current data. However, if the differences between the model and observed currents are
great enough, the pseudo-shearing stress may become considerable. In this work, we
develop an optimized approach to the assimilation of HF Doppler current data. In the
application of the optimized assimilation scheme, it is shown that the additional
shearing stress can be minimized while achieving a significant nudging of the model
results toward the basic characteristics of the observed field of Doppler currents. The
results of our work indicate that Doppler current data could be further processed to
conform to the tenants of near non-divergence and no flow through a shoreline.

In Section 2 we outline our approach in developing an optimized assimilation
scheme for HF Doppler current observations. The ocean model for the Monterey Bay
coastal region is presented in Section 3 along with boundary forcing and formulations.
In Section 4 we present the results of a number of test simulations for assimilating
Doppler current information into the Monterey Bay regional model. Section 5 pres-
ents a discussion of the results of our study.

2. Approach

Our approach is to formulate an assimilation technique based on a shearing stress
acting on the ocean surface. This shearing stress will be a result of the differences
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between the model and Doppler current observations and will be added to any
stress due to wind forcing. The net surface stress is then used by the model in the
typical fashion of surface wind stress forcing. For the time being, we shall neglect wind
stress.

We can formulate a shearing stress that nudges the model solution toward the
Doppler current observations by parameterizing a shearing stress vector 7, on the
ocean surface in a non-linear fashion following standard conventions:

7, = pCp(U —u)U —ul, (1)

where p is the water density, Cy, is a drag coefficient (order of 10 ?), U is the observed
Doppler radar velocity, and u is the model-predicted velocity. In effect, we are
allowing the HF Doppler data to act as if there were an additional layer of water
overlying the ocean surface, and Eq. (1) represents the shearing stress between the
ocean surface and this pseudo-layer of water.

The drag coeflicient Cp can be considered as a nudging parameter. But the high
level of uncertainties in the accuracy of the Doppler radar currents makes the problem
of estimating Cp, rather complicated. Suppose the value of Cy is arbitrarily set to
a given value. Then the integral

Jrs*(U-u)dA
A

where A is the ocean surface, represents the work performed by the shearing stress
relative to the differences between the model-predicted and observed currents. We will
define another shearing stress T based on the following optimization problem:

min |:J(r) = J (t *r)/pCDdA]
T A
constrained by the relationship
j tx(U—u)dA =J< 1% (U — u) dA4,
A A

where 1, is given by Eq. (1). Physically, the above problem means that we will chose
the minimal shearing stress which performs the same work over the ocean surface as
the stress given in Eq. (1). This will lead to a gentle nudging of the observed Doppler
currents in the model dynamics.

The solution to the above problem has the form

1= ipCp(U — u), 2)

where the Lagrange multiplier is given by

A= j (U —u)d4 /J pCp|U —u* dA. (3)
4 [ Ja
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Substituting Eq. (3) into Eq. (2) gives an expression that can be used to calculate
the shearing stress at an i,j model grid cell in terms of the grid cell Doppler
observation U; ; and the grid cell model-predicted velocity u; ;:

7= (U —u;)pCp j

A

(U—u?U -u|dA/J U — ul*dA.
A

3. Model formulation
3.1. The numerical model
To test assimilation schemes, a numerical ocean model was constructed for the

Monterey Bay, California, region (Fig. 1). The hydrodynamic model used in this work
is an adaptation of the model of Blumberg and Mellor (1987). The model is based on
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Fig. 1. Domain and bathymetry of the ocean model. Depth contours are in meters at 100 m intervals. The
asterisk nmear the mouth of the Monterey Bay represents the location where wind velocity data were
collected. Stations W (west), C (center), and E (east) are locations at which rms differences between model
surface currents and Doppler currents are considered.
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the primitive equations for momentum, salt, and heat. Sub-grid scale turbulence is
specified using the schemes of Mellor and Yamada (1982) in the vertical and
Smagorinsky (1963) in the horizontal. For additional information on the model, the
reader is referred to Blumberg and Mellor (1987).

This particular version of the Blumberg—Mellor model uses a semi-implicit solution
scheme for solving for the surface height field (Casulli and Cheng, 1992). The original
Casulli and Cheng implicit solver uses the water velocities at a previous time level for
the Coriolis term. For flows with inertial oscillations, such a formulation will require
a very small time step to overcome numerical stability considerations. The implicit
solution scheme used in this study uses both the past and future velocities to
determine the Coriolis effect, iterating to obtain a solution at each time step.

Another modification of the original Blumberg—Mellor model is the use of a hybrid
z-level coordinate system in the vertical. The original model uses a bottom-following
sigma-coordinate grid in the vertical. However, there are often problems with
a sigma-coordinate system when going over relatively steep bathymetry and using
realistic temperature and salinity (7-S) structure. Since we wish to model the shallow
shelf region out to the shelf break and then over the shelf slope, the hybrid z-level
vertical coordinate system discussed by Lewis et al. (1994) was used to eliminate any
problems that could arise from the application of sigma-coordinates. In this scheme,
water velocities are calculated using the momentum equations in a vertically averaged
mode using actual bathymetry. These velocities are saved, and the model is then
executed for the same time step in a z-level mode to calculate the three-dimensional
field of currents using a step-wise approximation to the bathymetry. The transports
calculated using the step-wise approximation to the bathymetry are then adjusted
{(barotropically) to match the transports calculated in the vertically average mode.
Since the latter mode uses actual bathymetry, this adjustment allows longwaves to
propagate at appropriate speeds across the domain of the model.

The model has a rectangular grid with a 2 km x 2 km horizontal resolution. The
vertical structure of the model is shown in Table 1. The horizontal and vertical
resolutions are appropriate for the HF Doppler current data that are to be assimilated
into the model (Paduan and Rosenfeld, 1996). Existing summer-time observations
were used to initialize the model with a horizontally constant vertical profile of
temperature and salinity (Fig. 2). The importance of using a good approximation of
the water column stratification should be noted. The stratification at the bottom of
the surface mixed layer inhibits the downward flux of those stresses induced by
differences between the model and Doppler radar currents. Without such stratifica-
tion, the assimilation technique could result in a continued downward flux of energy
throughout the water column, and this could impact the ability of the model to
provide reasonable subsurface predictions of currents.

3.2. Surface forcing: Doppler current data and winds
The HF Doppler radar observations used in this work were collected in the

Monterey Bay area, and details of the complete data set are discussed by Paduan and
Rosenfeld (1996). All Doppler data collected during August 1994 were sampled at two
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Table 1
Characteristics (m) for the levels in the model for Monterey Bay

Layer Top of layer Bottom of layer Layer thickness
1 0 2 2
2 2 3 1
3 3 4 1
4 4 6 2
5 6 10 4
6 10 15 5
7 15 20 5
8 20 30 10
9 30 40 10
10 40 60 20
11 60 80 20
12 80 100 20
13 100 150 50
14 150 200 50
15 200 400 200
16 400 1000 600
17 1000 1500 500
18 1500 2000 500

19 2000 2500 500

20 2500 3300 800
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Fig. 2. Temperature—-salinity used for initializing the temperature and salinity for the levels in the model.
The +’s indicated the T-S value used for each level, starting with the surface level {upper left) to the
bottom level (lower right).

hour intervals, and velocities were linearly interpolated to obtain Doppler currents at
the time step of the ocean model. Observations from station E (Fig. 1) are shown in
Fig. 3. These currents represent 30 min averages over about a 4 km? region. Tidal
oscillations are evident in the velocity data, and there is a distinct net southward
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Fig. 3. Currents at station E (Fig. 1) as determined from a HF Doppler radar system (top), predicted by the
model with no assimilation of Doppler current data (middle), and predicted by the model using a non-
optimized assimilation technique (bottom). The model-predicted currents are for approximately the top 2 m

of the water column.
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movement of the water, with an average of ~ 20 cm/s. Paduan and Rosenfeld (1996)
indicate that this southward flow is likely a result of the advection of wind-driven
coastal upwelled water. The data are also seen to have higher frequency variations.
Paduan and Rosenfeld (1996) showed that low-passed filtering the Doppler data
resulted in better agreement with ADCP and drifter observations. This indicates that
some of the higher frequency variations of the Doppler current data may be a result of
measurement uncertainties of the HF radar system.

In some cases, the Doppler data covered a good portion of the model domain. But
there were times during August 1994 in which the Doppler observations only covered
a small portion of the domain (e.g., only the southern portion of the Monterey Bay
itself). During instances in which there were data gaps at a particular grid cell, no
assimilation was performed at that grid cell.

Wind velocity data were collected at a site at the mouth of Monterey Bay (Fig. 1).
These wind data were applied to the entire model domain to provide an estimate
of wind forcing during the simulation period. Variations of the magnitude of
the calculated wind stress are shown in Fig. 4. We see a fairly regular cycle of
enhanced wind stress at close to a diurnal cycle, with maximum stresses of about
1.5x107* Pa.

3.3. Open boundary conditions

The model uses results from the global tidal mode! of Schwiderski (1981, 1983) to
specify the tidal surface height amplitudes and phases along the open boundaries of
the ocean model. The model uses this sea level height information and the linearized
equations of motion to specify the velocities along the open boundaries. Open
boundary conditions of this type have at times been formulated without regard to the
fact that longwave energy can be generated within the model domain (e.g., from wind
forcing) and should be radiated out through the open boundaries. Such “clamped”
boundary conditions can often lead to erroneous solutions (Lewis et al., 1994), and we
wish to apply a condition that is better adapted for allowing longwave energy to leave
the model domain.

For this study, we use an optimized approach for specifying the open boundary
condition. Available information on the open boundary (the sea level heights from the
global tide model) is combined with the physics of the model represented by the
energy flux on the open boundary. The optimized open boundary condition is derived
from the optimization problem

min (J = O.SgJ (gH)' " (n-—4°)* ds),
n S

—gf Hyu, ds = P,
s

where S is the open boundary, P, the energy flux on the open boundary, u, the
vertically averaged outward normal velocity, # the model sea surface elevation on the
open boundary, H the depth, g the acceleration due to gravity, and 5” are the reference
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values of the sea level elevation on the open boundary (i.e., the information from the
global tide model). To solve the above, we use the regularization approach to obtain
the following minimization problem:

2
min [O.S(Pl + gj Hyu, ds) + yO.SgJ (gH) *(n — n°)* ds],
S S

n

where y is a parameter of regularization, chosen according to Shulman (1997) to
provide the maximum of the entropy integral. The solution has the form

n=n"+ Au,(g/H)"?,
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Fig. 5. Observed and model-predicted sea level variations for the six primary tidal constituents at a tide
station located on the south side of Monterey Bay, California. The forcing of the model included the
optimized open boundary condition formulation for tidal forcing as well as wind forcing (Fig. 4).

where

A = —<Pt + gj‘ Hn"unds> /(g”zj H*?ul ds + )’).
S N

i

Thus, in the linearized momentum equations, the pressure gradient term due to
horizontal sea level height variations uses #° + A,u,(g/H)"/? and the next model-
predicted # in the interior of the model domain. In this way, any longwave radiation
other than that generated directly by #° can be radiated out through the open
boundary according to the 4,u,(g/H)"? term.

The results of a test simulation using this optimization technique are shown in
Fig. 5. The observed sea level variations at a site on the south side of Monterey Bay

are reproduced by the model quite well, even with wind forcing.

4. Test simulations

For these simulations, model and Doppler currents were compared at the three
locations indicated in Fig. 1 (west station W, central station C, and east station E). The
model-predicted velocity corresponding to station E is shown in Fig. 3. This is from
a model run without any assimilation of the HF Doppler current data in the model
domain. Tidal variations are evident, and the variations are more smooth than the
Doppler radar observations at the same location. The model predicts a southward
and somewhat westward movement of the water, but the mean southward flow of

~11 cm/s is only about half of that observed in the Doppler current data. The rms
differences between the Doppler and model velocities for this particular location are
16.5 cm/s for the east-west component and 22.7 cmy/s for the north-south component.
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Table 2

Root mean square differences (cm/s) for a 210 h period during August 1994 between model-predicted and
observed Doppler currents for the three stations shown in Fig. 1

Station W Station C Station E

East-West North-South East-West North-South East-West North—South

No assimilation of  20.1 27.2 14.2 17.9 16.5 22.7
Doppler currents

Non-optimized 168 19.9 12.1 153 12.7 17.7
assimil., Cp = 1073

Optimized assimil., 16.9 19.4 12.0 149 120 174
Cp=10"3

Optimized assimil., 12.8 13.1 8.9 9.6 6.9 10.5
Cp=10"2

Table 2 shows the rms differences for the other two stations, all of which are
~ 14 cm/s or greater.

We considered the magnitude of the stresses at the bottom of the model surface
layer at the stations shown in Fig. 1. In general, the stress magnitudes and variations
are quite similar to the wind stress (top graph in Fig. 4), indicating that much of the
wind stress being applied to the surface layer of the model is being transferred through
to the underlying level.

To quantify the degree to which the model currents reproduce the qualitative
features of the Doppler currents, we calculated the linear and non-parametric rank
correlations between the fields of Doppler velocities and the corresponding model-
predicted surface velocities (Press et al., 1996). The time-varying correlations are
shown in Fig. 6a for the linear correlation coefficient and Fig. 6b for the Spearman
rank-order correlation coefficient. We see that at times there is a significant anticor-
relation between model-predicted currents and the Doppler-observed currents. The
mean correlations are approximately zero.

4.1. Non-optimized approach

Another simulation was performed assimilating all available Doppler radar vel-
ocities at the appropriate grid cells using Eq. (1). The value of Cp was set to 107 . The
results at station E are shown in Fig, 3. The assimilation scheme has had an impact on
the model predictions, reducing the rms differences between the Doppler radar and
model velocities at station E to 12.7 cm/s for the east—west component and 17.7 cm/s
for the north-south component. Similar reductions were seen at stations W and
C (Table 2). In addition, there is now more of a southward drift to the flow field, with
a mean of about 15 cmy/s.

The additional stress at station E due to the HF Doppler current data is shown in
Fig. 4. The magnitude of this shearing stress is relatively large, on average twice as
great as the wind stress. It is also highly variable when compared to the variations of
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