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ABSTRACT

Satellite-derived temperature and geostrophic velocities were assimilated into a mixed layer model to obtain
estimates of the net surface heat flux as the residual of the upper ocean heat budget. The heat budget included
cddy diffusion, advection, and vertical entrainment. Assimilation was done using a Kalman filter on both the
temperature tendency and the temperature of the mixed layer. The error in temperature tendency was used to
derive a new surface heat flux estimate. Experiments performed on the actual data suggested that better surface
flux estimates could he obtained by allowing the model to predict the mixed layer depth than by adjusting the
depth to a climatological value. A systematic error in the temperature tendency appeared to be due to errors in
the eslimate of the mean sea surface height from the altimeter; a partial correction for these errors was computed.
The agreement between the time series of spatially averaged surface flux and that obtained from the ECMWF
atmospheric model was surprisingly good. The temporally averaged surface flux estimates from the mixed layer
mudel were in good agreement with the Bunker climatological values, except in February and March, when the
model mixed Iayer shoaled more rapidly than expected from climatology.

1. Introduction

Although the largest values of the net surface heat
flux in the North Atlantic occur in the western North
Atlantic (Isemer and Hassc 1987), this region is the
most difficult one in which to attempt a heat budget
because of the strong currents and large temperature
gradients. In previous efforts to balance the upper
ocean heat budget (for example, Stevenson and Niiler
1983; Paduan et al. 1988) regions of strong currents
were avoided because a heat budget near a western
boundary current, with speeds as large as 2 m s ™', re-
quires an accurate estimate of the contribution of ad-
vection. In the tropical Pacific surface heat fluxes cs-
timated from satellite data using bulk parameterizations
have been shown to account for a significant fraction
of the observed variance in SST (Lin and Gautier
1990); however, the strong currents and eddies in a
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boundary current region may significantly alter the bal-
ance that determines the SST because both advection
and eddy surface fluxes are important. Now, however,
the availability of surface velocity fields from the radar
altimeter, along with the high spatial resolution tem-
perature fields from infrared sensors, suggests that es-
timates of the heat budget in western boundary currents
are feasible.

An analysis of the heat budget for the North Pacific
was performed by Qiu and Kelly (1993, hereafter QK)
using a numerical model of the upper ocean mixed
layer, combined with heat flux estimates from the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) and velocities from the Geosat altimeter.
The simple mixed layer model included vertical en-
trainment of the cold water beneath the mixed layer
and heating by the surface flux, as well as diffusion and
advection. The importance of advection in the North
Pacific for the seasonal heat budget was shown in this
analysis: cooling by advection offset nearly 30% of the
surface warming due to the atmosphere (QK).

The method for obtaining the heat budget estimate
in the North Atlantic differs from that for the North
Pacific in that the mixed layer model is essentially run
in an inverse mode to obtain estimates of the net sur-
face heat flux. In the North Pacific, we specified sur-
face flux and obtained a prediction for mixed layer
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temperature; here, we require that the model match
the temporal change in temperature, or temperature
tendency, specified from AVHRR data, and estimate
the surface flux required to match the temperature ten-
dency. The matching between observed and modeled
temperature tendency is done using a Kalman filter.
The relationship between surface flux and temperature
tendency depends critically upon mixed layer depth,
which is predicted by the model. The net surface heat
flux is usually estimated using bulk parameterizations,
which are functions of air temperature, humidity,
cloud cover, wind stress, and sea surface temperature
(SST). These parameterizations are particularly dif-
ficult to make in western boundary current regions,
where horizontal scales of the variables are a few tens
of kilometers, an order of magnitude smaller than
those in the open ocean. The method described here
is nearly the reverse formulation of a method devel-
oped by Yan et al. (1990), in which the mixed layer
depth is inferred from changes in SST, using simple
parameterizations for heat fluxes in terms of SST and
wind speed.

Besides producing estimates of net surface heat
flux, we wished to examine the effect of seasonal-to-
interannual fluctuations in the Gulf Stream (GS) in-
tensity on the mixed layer heat budget. During the
Exact Repeat Mission of the Geosat altimeter (No-
vember 1986—April 1989), the GS jet position and
surface transport ( the height difference across the jet)
fluctuated with a dominant period of about 9 months
and with a trend toward smaller surface transports
(Kelly and Watts 1994). Similar fluctuations in jet
intensity and position were observed in the Kuroshio
Extension (Qiu et al. 1991), with a trend toward
larger surface transports.

Part I contains the description of the method used to
estimate the surface flux, beginning with a description
of the numerical model in section 2, which is the same
as that used by QK. Section 3 gives the essential for-
mulation of the Kalman filter and the specific modifi-
cations for this application. Section 4 briefly describes
the processing of the several fields of variables used in
this study. The testing of the model on synthetic data
and the implications for studies on the real data is dis-
cussed in section 5. The application of the Kalman filter
to the real data and a discussion of the results are con-
tained in sections 6 and 7, respectively, which are fol-
lowed by a summary and conclusions. An analysis of
the heat budget is contained in Part II.

2. Formulation of the numerical model

The numerical model for the upper ocean mixed
layer is described in detail in QK and a brief description
is included here for the reader’s convenience, with an
emphasis on the changes needed to assimilate the sat-
ellite data. The upper ocean heat budget is given in
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terms of changes in the mixed layer temperature 7,, and
depth A, as follows:
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are the borizontal transports in the mixed layer, (7%,
77) the wind stress, ¢, the specific heat of water, p, the
reference density, Ar (A,) is subgrid-scale horizontal
eddy diffusivity for temperature (mixed layer depth),
and Q,. the net heat flux through the ocean surface.
The downward radiative heat flux at the bottom of the
mixed layer, g(—h,,), is included to account for pos-
sible penetration through the shallow mixed layer in
summer. The temperature difference between the
mixed layer and the water below, AT, was taken as
fixed. The velocity term is the sum of the geostrophic
and the Ekman components for transport, which in-
cludes a shear term based on the mixed layer temper-
ature gradients. To close these equations requires a pa-
rameterization of the entrainment velocity w,. Based
on model tests using realistic surface fluxes and cli-
matological SST we chose a relatively precise formu-
lation of the turbulent kinetic energy balance, as in QK.
The numerical model covers the area from 33° to 43°N
and from 75° to 55°W (Fig. 1), with grid spacing of
0.5° in latitude and 1° in longitude. These scales were
determined primarily by the resolution of the altimeter
observations.

Advection and diffusion were computed only for in-
terior grid points for both mixed layer temperature 7,
and depth h,,. For temperature, boundary values were
computed using (2) without the advection and diffu-
sion terms, except along the eastern boundary, where
0T,./0x = 0. Along all boundaries the gradient of 4,
normal to the boundary was set to zero; that is, 0h,,/On
=0.

We performed test runs in which the mixed layer
temperature and depth using the ECMWF wind and
surface flux data were prognostically predicted for a
two-year period (Fig. 2). These tests allowed us to
tune the model parameter AT in (2); a fixed value of
0.5°C allowed the numerical model to adequately sim-
ulate the seasonal cycle of both A,, and T,,. The values
shown in Fig. 2 are similar to those computed from

U= f_l("ghm
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FiG. 1. Domain of the numerical mixed layer model. The model resolution was 0.5° latitude
and 1° longitude with the northern boundary along the 2000-m isobath. Also shown are the 200-

m, 2000-m and 4000-m isobaths.

the Levitus climatology (1982), as shown in Part II
(Figs. 11a,12).

For the data assimilations, the model was run for
one week at a time using a time step of two hours
and prescribed winds. At the end of each week, a new
surface flux estimate was made and the mixed layer
temperature 7,, and the mixed layer depth h, were
adjusted using the temperature data. The initial
mixed layer temperature for the first week was de-
rived from the AVHRR data, and the initial surface
flux estimate for the first week only was taken from
the ECMWEF data.

3. Data assimilation using a simple Kalman filter

An approximate version of a Kalman filter was used
to assimilate the data and to make the surface flux es-
timates. The advantage of using a Kalman filter is the
ability to incorporate error estimates into the adjust-
ment of the variables; however, the disadvantage is the
prohibitive computational requirements. To reduce the
computational burden, one can either simplify the
physics of the problem and use the exact Kalman filter
formulation, or one can use the full physics and an
approximate form of the Kalman filter (see, for ex-
ample, Fukumori et al. 1993). We chose the latter op-
tion because we wanted to accurately represent the ef-
fects of advection and diffusion, which require the

highest possible spatial resolution consistent with the
available data. '

a. Basic Kalman filter

The Kalman (1960) filter formulation requires that
the problem be posed as a set of linear operations on
the ‘‘state vector’’ q, which contains those variables
which will be predicted and for which observations are
available. For example, using the notation of Gaspar
and Wunsch (1989), the new state vector q(k|k — 1)
at time k is predicted from the state vector at time
k — 1 using the state transition matrix A as

a(klk - 1) N
=A(k—1)qk—1lk=1)+wk—1), (5)

where w(k — 1) is that part of the physics that does
not involve the state variables. The notation (k|k — 1)
indicates that only information available at the previous
time step was used to make this estimate, as opposed
to the notation (k|k), which suggests that additional
information (i.e., data from time k) was used in the
prediction. For example, if the state variables were the
mixed layer temperatures at each model grid point, then
(2) could be rewritten to predict the temperature at time
k, given the temperature at time k — 1, as
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FiG. 2. Annual cycle of (a) mixed layer depth and (b) temperature
from the numerical mixed layer model. The model was run with
specified surface heat flux and wind forcing to determine its accuracy
in producing the annual cycle. Solid lines are the monthly mean depth
and temperature and dashed lines are an estimate of the standard
deviation for each month.
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where 6t is the time step and T,,(k — 1]k — 1) is im-
plied. Expanding the spatial derivatives of T, (k — 1)
in finite differences gives a set of linear equations to
predict T,,(k|k — 1); all coefficients of T,, would be
contained in A and the remaining terms would consti-
tute w.

The error associated with this estimate of ¢ can be
written as

Pklk—1)=A(k - 1)P(k—1|k—1)
X A"(k—-1)+ (k- 1),

y + 8tA V2T, (k — 1)

] - otw [AT/h,], (6)

(7

where P(k|k — 1) is the covariance matrix of the error
propagated from time k£ — 1 by the state transition ma-
trix. For example, temperature errors resulting from er-
rors in the specified surface flux Q,., are advected to
nearby grid points. In addition to the propagated error,
the model makes a new error at each time step due to
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imperfect physics, which is denoted by the covariance

L matrix I".

Both q(k|k — 1) and P(k|k — 1) constitute pre-
dictions that can be refined when observations and

 error estimates for those observations are available.

Using observations available at time &, a revised es-
timate of q can be computed as an error-weighted
average of the model prediction q(k|k — 1) and the
data d, as

q(klk) = q(klk — 1) + G(k)[d(k) — q(k|k — 1)].
(8)

A similar equation can be written for the revised error
estimate as

P(klk) = [t - G(k)IP(k|k - 1), (9

where | is the identity matrix and G is the Kalman
‘‘gain matrix,”’ which determines the relative impor-
tance of the model prediction and the observations. The
gain matrix is given by

G(k) = P(klk — D[P(k|k — 1) + R(K)17', (10)

where R is the error covariance matrix for the data d.
Relatively large model errors and small data errors will
result in a large gain; that is, the prediction will be
adjusted to match the data more closely and, con-
versely, only a small adjustment will be made if data
errors are relatively large.

b. Application of the Kalman filter

The sequence of steps in the application of the Kal-
man filter is shown in Fig. 3. The mixed layer model
was run for a week and then the quantity Q/h,, was
estimated and adjusted toward the temperature ten-

Two-step procedure for Kalman filter

¥
@1 the model with Q(t) = Q(t-l)—l

-
‘:stimate “observed” Q/hn, from error in 875, /6t ]

I
La.djust Q/hm using Kalman ﬁlter!
1

' rerun model using new Q(t)]

!adjust T,» with Kalman ﬁlterJ
I

t=1t+4+1

V]
- 9

FiG. 3. Flowchart of the two-step Kalman filter. The first applica-
tion of the Kalman filter adjusted the surface heat flux estimate. The
model was then rerun for the same week with the revised estimate,
and then the temperature was adjusted.
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dency from the data, where we have defined Q = Q../
(¢, po) for simplicity. The mixed layer model was then
rerun for the same week using the new estimate of Q,
and then the mixed layer temperature was adjusted to-
ward the temperature data. Thus, the state vector q for
the first step contained Q/h,,, and the state vector for
the second step contained mixed layer temperature 7,,,.
The accuracy of the advection and diffusion terms in
(2) depends on retaining the sharp gradients of velocity
and temperature; therefore, the initial prediction (5) for
* the state vectors was done using the numerical mixed
layer model on a regular grid as in QK. The model was
run for a week at a time using a time step of two hours
and the final temperature 7,, and weekly averaged
mixed layer depth h,, were saved. Updates of the state
vector (8) and the error covariance (9) using the SST
data were performed weekly.

The net surface heat flux was the quantity we wished
to estimate, but it is not readily observable. Therefore,
the Kalman filter was used to estimate Q/h,, instead.
The state transition matrix A for the first step was the
identity matrix; that is, we used the estimate from the
previous week as the best guess for the current week:

Y Qo

—=(klk—1)=—

h (k| ) h
The Kalman filter then requires.an ‘‘observation’’ of
Q/h,,, which we obtained from a linearization of the
relationship between temperature tendency and surface
flux forcing (2), about the initial estimate; that is,

6T, 6T,
ot &t ] (12)

(k—1lk—1). (11)

1Y P
2 1o = | 2l

Here 6T,/ 6t is the finite difference between the weekly
optimal maps of SST data at times k and k — 1, and
6T, /6t is the finite difference between the weekly
model estimates of temperature. By this linearization
we have assumed that errors in temperature tendency
are due primarily to errors in the estimate of Q/h,,.
Although mixed layer depth is a function of Q, a non-
linear correction was found to be small (less than 1%)
and was neglected here.

The quantity Q/h,, was expanded in modes, and the
coefficients of the modes then became the state vari-
ables q. In addition to reducing the computational re-
quirements, the modal decomposition also extracted a
relatively smooth surface flux estimate from the im-
perfectly modeled temperature tendency and the inad-
equately resolved mesoscale variations in advection.
The modes used for temperature tendency were derived
from an empirical orthogonal function (EOF) decom-
position of the finite differences of weekly SST maps.
The modes were computed by factoring the data dT'(z)/
dt = USV", as in Kelly (1988), where U contains the
orthogonal spatial modes and V contains the time-vary-
ing modal amplitudes. The scaling factors in the diag-
onal matrix S were retained as part of the modes, so
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that the modes were given by F = US. Thus, the co-
efficients of the modes in the state vectors would be
expected to have comparable amplitudes, and addi-
tional row scaling of the state transition matrices was
not necessary.

After the mixed layer model was rerun using the re-
vised estimate of O, the temperature was adjusted (Fig.
3). The Kalman adjustment of temperature was also
done using a modal’decomposition of the temperature
anomaly, for computational convenience, rather than to
smooth the estimates. In some experiments mixed layer
depth was also adjusted in the second step toward cli-
matological values. For these experiments, we used the
simple form

h, (k) = h,, + c(h;, — h,), (13)

where k¢, is the climatological mixed layer depth. A
formal estimate of the errors as in (7) was not done in
these cases because information about the errors was
not adequate. '

c. The Kalman smoother

After the Kalman filter was run on the entire 2.5
years of data, a Kalman smoother of the type used by
Gaspar and Wunsch (1989) was used on the amplitudes
a of Q/h,,. The smoother essentially runs the Kalman
filter in reverse, using the error estimates to generate a
smoothed set of amplitudes. This type of smoother does
not depend on the original data. The smoothed state
vector (,, (k) and error covariance matrix P,, (k) are
given in terms of the original state vector q(k) and
error covariance matrix P(k) as

Qo (k) = q(k|k) + G, (k) [Qon(k + 1)

—q(k+ 1] (14)
and
P,.(k) = P(k|k) + G,.(k)[P(k + 1)
—P(k+1|k)], (15)

respectively. The smoother gain matrix is given by
G,.(k) = P(k|k)ATP~'(k + 1]k). (16)

Note that the amount of smoothing depends on the error
estimates and the original Kalman gain.

4. Maps of variables

The analysis of the upper ocean heat budget required
maps of the surface height field 7, the surface wind field
(7*, 77), the mixed layer temperature field T,,, and the
solar radiation field g(0).

The sea surface height (SSH) data were derived
from the Geosat altimeter, which had a repeat cycle of
17 days, using the new orbits and water vapor correc-
tions (Cheney et al. 1991). To eliminate the geoid,
which dominates the altimetric height profiles, we com-






