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Abstract Sea surface temperature (SST) from a near real-
time data set produced from satellites data has been
assimilated into a coupled ice–ocean forecasting model
(Canadian East Coast Ocean Model) using an efficient data
assimilation method. The method is based on an optimal
interpolation scheme by which SST is melded into the
model through the adjustment of surface heat flux. The
magnitude and space–time variation of the adjustment
depend on the depth of heat diffusion into the water
column in response to changes in surface flux, the
correlation time scale of the data, and model and data
errors. The diffusion depth is scaled by the eddy diffusivity
for temperature. The ratio of the model and data errors is
treated as an adjustable parameter. To evaluate the quality
of the assimilation, the results from the model with and
without assimilation are compared to independent ship data
from the Atlantic Zone Monitoring Program and the World
Ocean Circulation Experiment. It is shown that the
assimilation has a significant impact on the modeled SST,
reducing the root mean square difference (RMSD) between
the model SST and the ship SST by 0.63°C or 37%. The
RMSD of the assimilated SST is smaller than that of the
satellite SST by 0.23°C. This suggests that model simu-
lations or predictions with data assimilation can provide the
best estimate of the true SST. A sensitivity study is
performed to examine the change of the model RMSD
with the adjustable parameter in the assimilation equation.
The results show that there is an optimal value of the

parameter and the model SST is not very sensitive to the
parameter.

Keywords Data assimilation . Forecast model . Sea surface
temperature . Heat flux correction . Heat diffusion depth

1 Introduction

With the advent of remotely sensed data (e.g., sea surface
temperature [SST] and sea surface height), data assimilation
has been successfully implemented in many ocean models
and has proved to be a powerful tool to reduce the
uncertainties of the models (Mellor and Ezer 1991; Ezer
and Mellor 1994, 1997; Aikman et al. 1996; Horton et al.
1997; Carton et al. 2000; Kelley et al. 2002).

Previous studies have shown that the assimilation of SST
into an ocean model can be accomplished in two ways. The
first is to correct the model SST using observations, usually
satellite-derived SST, immediately after the model integra-
tion by various assimilation schemes such as optimal
interpolation, Kalman filter, and 3-D variational assimila-
tion. This method is straightforward, which forces the
model SST to approach the satellite SST. Since the correction
is only applied to the uppermost layer of the model, an
additional correction to the deep layers is needed to maintain
dynamical consistency between the corrected SST and the
model equations (Pinardi et al. 1995; Ezer and Mellor 1997).
In the second method, the influence of satellite SST on
model SST is realized through the adjustment of surface heat
flux. This method is commonly used in multiyear model runs
to eliminate the long-term shift of model SST (Barnier 1998;
Rochford et al. 2001; Covey et al. 2003; Wu et al. 2007).
The SST is treated as an integral component of the model.
The redistribution of heat within the water column is
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controlled by the dynamic processes of the ocean model.
However, the change of SST due to the adjustment is not
known until the temperature equation is solved. This means
that the relationship between the given heat flux and the
expected change of SST is implicit. This also implies that the
change of SST is not only related to the amount of the heat
flux but also to the physical processes of the upper ocean,
such as vertical mixing, stratification, and horizontal advec-
tion and diffusion. If the contribution from the horizontal
processes is negligible, the redistribution of heat is controlled
by two opposing processes, vertical mixing and stratification.
The involvement of the physical processes suggests that, for a
prescribed SST change, the estimation of the adjusted heat
flux requires information on the properties of the water
column.

In this paper, by adjusting surface heat flux, we
assimilate near real-time SST from satellites into a
forecasting model with the aim to improve the forecast
skill of the model. Our emphasis is the determination of the
magnitude and time–space variability of the heat flux
correction. The assimilation scheme is based on optimal
interpolation. Compared to more advanced schemes such as
Kalman filter and 3-D variational assimilation, optimal
interpolation is mathematically simpler and computational-
ly more efficient (Carton et al. 2000).

In the flux correction method, SST change is realized
through heat flux. As a consequence, the influence of the
assimilation is felt only in the upper ocean where the
temperature is controlled by heat transfer processes. SST
change due to other dynamical processes such as hydrody-
namic instability and generation of topographic waves
cannot be handled by this method in a dynamically
consistent way. A procedure to project changes of surface
SST into the deep ocean is required. For this reason, the
method we develop here is applied only to the shelf regions
off the east coast of Canada and the central and northern
Labrador Sea where SST is mainly controlled by atmo-
spheric forcing and the upper ocean dynamics. These are
the priority areas for ocean forecasting in eastern Canada.
SST in the Gulf Stream region and its extension and the
Newfoundland Basin will not be discussed in this paper.

2 Method of SST data assimilation

The flux correction method for SST data assimilation has
the following general form:

Qnet ¼ Qþ l� Tm � Toð Þ ð1Þ
where Qnet is the total heat flux and Q is the first-guess heat
flux, which can be either heat flux calculated from satellite
SST and atmospheric variables or model heat flux at the
previous time step. Heat flux from ocean to atmosphere is

defined as positive and from atmosphere to ocean is defined
as negative. To and Tm are satellite and model SST,
respectively. The second term on the right-hand side of
Eq. 1 is a feedback term which modifies the heat flux in
such a way that, if the model SST is higher (lower) than the
satellite SST, the heat flux is increased (decreased) to cool
(heat) the water. 1 is a coefficient which controls the
magnitude of the correction.

Several forms for the coefficient 1 have been proposed,
including constant and l ¼ @Q=@T o (Ezer and Mellor
1992; Barnier 1998). In this study, an expression based on
the optimal interpolation theory as summarized in Mellor
and Ezer (1991) will be derived for 1 .

Consider the model SST, Tm
i , at a model time and grid

point denoted by the subscript i, is corrected to yield an
improved SST, T a

i , according to:

T a
i ¼ Tm

i þ
XN
a¼1

Pia To
a � Tm

a

� � ð2Þ

where To
a is the satellite SST and Tm

a is the model SST at
the time and location of the satellite data denoted by the
subscript α. N is the number of data sets to be included in
the interpolation. Piα are weights obtained by minimizing
the difference between the model prediction and the
satellite data, which are solutions of a set of algebraic
equations involving the error matrices for the model and
satellite SST (Mellor and Ezer 1991). The error matrices
can be parameterized by Gaussian or exponential functions
in time and space. Since the horizontal correlation scale of
the SST field, 100 km from a correlation analysis of the
satellite data, is much greater than the model grid size,
10 km, the spatial part of the error matrices will be
neglected and only the temporal part is kept in the matrices.

In this study, data assimilation is performed in the
forecast mode. The most recent satellite data have the
dominant influence on the model. Therefore, we set α=1
and Eq. 2 is reduced to:

T a ¼ Tm þ "2m
"2m þ "2o

exp � t � t1ð Þ2
2t2

" #
To
1 � Tm

1

� � ð3Þ

where the subscript i has been removed for clarity. The time
t is the model time. τ is the time scale of the SST field. The
subscript “1” denotes the time of the most recent satellite
data (t1≤ t). εm and εo represent model and data errors,
respectively. The model errors include errors in atmospheric
data, bulk formulas for fluxes, boundary conditions,
temperature–salinity fields, model physics and parameters,
topography, and numerical scheme. The data errors may
include instrumental errors, atmospheric corrections, and
errors in the processing algorithms. An estimation of these
errors is beyond the scope of this investigation.
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To relate SST to heat flux, we consider a heat flux
perturbation applied at the ocean surface, ∆Q, over time td.
The perturbation will cause cooling or heating of a water
column of depth h. The change of the water temperature,
∆T, is related to ∆Q by:

ΔT ¼ � td
rcph

ΔQ ð4Þ

where ρ is the water density and cp is the specific heat of
water. Expressing the first terms on each sides of Eq. 3 in
terms of heat flux using Eq. 4, we have:

QaðtÞ ¼ QmðtÞ þ g Tm t1ð Þ � T o t1ð Þ½ �; ð5Þ

g ¼ rcph
td

F exp � t � t1ð Þ2
2t2

" #
ð6Þ

where F ¼ 1
.

1þ "o="mð Þ2
h i

. F ranges from 0 to 1. The
depth at which the temperature change can reach, h, is
unknown. However, its order of magnitude and variation
with the season and geographic location can be obtained
from the temperature equation:

@T

@t
¼ . . . . . .þ @

@z
km

@T

@z

� �
: ð7Þ

From a scale analysis of Eq. 7, the depth scale, ∆z, is found
to be related to the time scale, ∆t, by Δz � km � tdð Þ12
where km is the vertical eddy diffusion coefficient. ∆z can
be identified as h and ∆t as td. The relation between h and td
is:

h ¼ A km � tdð Þ12 � Ah0 ð8Þ
where A is proportionally constant. km can be obtained from
the model. td is the time interval of satellite data. We shall
call h0 the diffusion depth since it is the depth scale of the
heat diffusion Eq. 7. Combing A and F, we have:

F 0 ¼ AF ¼ A= 1þ "o="mð Þ2
h i

; ð9Þ

g ¼ rcph0
td

F 0 exp � t � t1ð Þ2
2t2

" #
: ð10Þ

Equations 5 and 10 are the equations for the SST data
assimilation in this study. Equation 5 is an improvement
over Eq. 1. The temporal and spatial variation of the
correction term in Eq. 5 can be partially determined from
the model. However, the ratio of the data and model errors
and the magnitude of h are still undetermined. Our
approach is to assume F ′ a constant. A range of values
for F ′ will be used in a series of data assimilation

experiments. The results will be evaluated against an
independent in situ SST data set to determine the optimal
F′. The robustness of the assimilation to F′ will then be
investigated in a sensitivity study in Section 8.

3 The ocean model

The model used in this study is the Canadian East Coast
Ocean Model (CECOM) developed at Bedford Institute of
Oceanography for ocean forecasting, coastal circulation,
and sea ice studies. It is a coupled ice–ocean model. The
ocean component of the model is the latest version of
the Princeton Ocean Model (Blumberg and Mellor 1987).
The ice component is a multicategory sea ice model. A full
description of the ice model can be found in Yao et al.
(2000) and Tang et al. (2008).

The model domain extends from the north end of Baffin
Bay to the northern wall of the Gulf Stream and from the St.
Lawrence Estuary to 42° W (Fig. 1). The resolution of the
model is 0.1×0.1° on a rotated spherical coordinate system.
The equator of the rotated earth runs through the middle of
the Labrador Sea in the north–south direction. The vertical
coordinate is the generalized σ-coordinate developed by
Mellor et al. (2002). It allows both the z and the σ levels in
the vertical direction. In CECOM, the vertical levels are
selected according to the bottom depth. For bottom depth
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Fig. 1 The model domain is indicated by the box. Depth contours for
1,000 to 4,000 m with an interval of 1,000 m (in black) are shown.
The black lines are SST sections of AZMP and WOCE. AR7W
Labrador Sea, BON Bonavista line, FLC Flemish Pass line, SEG
southeast Grand Banks, HAL Halifax line, IMA Îles-de-la-Madeleine.
The solid circles are selected sites for analysis: a Scotia Shelf, b Gulf
of St. Lawrence, c Grand Banks, d Central Labrador Sea
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≥640 m, a fixed upper layer of 64 m with eight levels and the
underlying ocean with 13 levels are specified. The levels are
scaled according to the thickness of the fixed upper layer or
the varying lower layer. For bottom depth ≤10 m, all levels
are distributed uniformly. For bottom depth between 10 and
640 m, the levels are linearly interpolated between the levels
for 10 and 640 m. The open boundaries are set using the
flow relaxation scheme of Martinsen and Engedahl (1987).
The details of the boundary set up can be found in Yao et al.
(2000) and Tang et al. (2008).

4 SST data

SST data used in the assimilation are from a near real-time
operational data set produced by Canadian Meteorological
Centre (CMC; hereafter referred to as satellite SST). The data
set is compiled from three kinds of remotely sensed SST and
released daily with a resolution of 1/3° on the global scale. A
detailed description of the method of processing and
validation can be found in Brasnett (2008). In this study, the
data are linearly interpolated into the model grid. The quality
of the data has been evaluated by Wu et al. (2009) using an
independent in situ SST data set from the Atlantic Zone
Monitoring Program (AZMP). The result shows that, on the
regional scale, the satellite SST is well correlated to the in
situ SST, but appreciable differences between the two are
found in the shelf break areas (Wu et al. 2009).

5 Implementation of the assimilation scheme

To assess the skill of the data assimilation scheme outlined
in Section 2, we compare the model SST from two
simulations for 2007, one with and the other without data
assimilation. The two simulations started from the same
initial state. The initial state was obtained in two steps.
Firstly, the model was run for 5 years using the North
American Regional Reanalysis monthly climatology (http://
www.emc.ncep.noaa.gov/mmb/rreanl/index.html) to obtain
a stable ocean. The initial temperature and salinity fields
used in the spin up run are high-resolution monthly
temperature and salinity climatologies obtained from an
objective analysis of historical temperature and salinity data
archived at BIO dating back to 1910 (Tang 2007).

The model was then run for 15 months from 15 September
2005 to 31 December 2006 forced by three-hourly surface
fluxes calculated from the atmospheric parameters in CMC’s
weather forecast model. The parameters include surface wind,
air temperature, dew point temperature, relative humidity,
precipitation, and cloud fraction.

Using the 31 December 2006 ocean as the initial state,
the model was run separately with and without SST data

assimilation for the entire 2007 in a simulated forecast
mode. This means that, at the model time t, no satellite SST
is available except at the time of the satellite data. The SST
to be assimilated into the model is the latest available (i.e.,
within 24 h) satellite SST. In a data assimilation run, in
order to reduce noise in the output, Tm (t1) in Eq. 5 was
replaced by the averaged SST of the past 24 h. The value
did not change until new satellite SST data became
available.

The Labrador/Newfoundland coastal waters and Baffin
Bay are covered by sea ice in winter. As CECOM is a
coupled ice–ocean model, sea ice was generated from the
model runs. But for the purpose of this study, the SST
assimilation is only applied to ice free waters.

The satellite SST is available once a day and hence td=
1 day in Eq. 10. The time scale of the SST field, τ in
Eq. 10, was obtained from a correlation analysis of the data.
The mean value is 1 day. F′ is set to 0.1. This value
corresponds to the minimum root mean square difference
(RMSD) between the model and ship SSTs. A detailed
discussion of the sensitivity of model results to F′ will be
given in Section 8. The diffusion depth, h0, was obtained by
averaging km from a separate multiyear model run over the
mixed layer depth for each month. The mixed layer depth
was determined from the monthly temperature and salinity
data (Tang 2007) and a density difference criterion of
0.07 kg m−3. The procedure produced a monthly h0
climatology which can be used in future work of SST
assimilation. h0 for four selected months are plotted in
Fig. 2, which shows that the diffusion depth has a large
range, 10 to 400 m, and strongly seasonal and spatial
variability. Diffusion of heat in the upper layer is mainly
related to two opposite processes. One is wind mixing
which acts to increase the diffusion depth. The other is
thermal stratification which acts to decrease the diffusion
depth. In spring, with the increasing solar heating and
diminishing winds, the diffusion depth decreases signifi-
cantly from the winter values. A minimum is reached in
summer. In fall, with the decreasing solar heating and
increasing winds, the diffusion depth starts to increase and
reaches a maximum in winter. Horizontally, the diffusion
depth in coastal waters is generally shallower than that in
open waters. However, a belt of shallow diffusion depth can
be seen along the shelf break. This is related to strong
vertical stratification in the Labrador Current.

6 Comparison of model SST with and without data
assimilation

In this section, we compare the model SST for 2007
between the simulations with and without data assimilation
using daily averaged model output. The comparison allows
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us to examine the impact of the assimilation on the model
SST. We note that the satellite SST used in the data
assimilation is not the true SST, but a best estimate based
on satellite data calibrated by in situ SST. A good
agreement between the model and satellite SSTs does not
necessarily mean that the best estimate of the true SST is
obtained because there are errors in the satellite SST as
noted in Section 2. The comparison carried out in this
section can help to assess the efficiency of the assimilation
scheme. The skill of the data assimilation can only be
evaluated when the model SST is compared to independent
in situ SST. This will be carried out in the following
section.

Comparisons of SST time series at selected locations are
presented first followed by comparisons on the horizontal
plane. The four selected locations (see Fig. 1) represent the
Scotia Shelf, the Grand Banks, the Gulf of St. Lawrence,
and the Central Labrador Sea. In general, the model SST
without data assimilation is too high except for the Grand
Banks and the Gulf of St. Lawrence in spring. The data
assimilation lowers the temperature by increasing the
ocean-to-atmosphere heat flux. The resulting SST is closer
to the satellite SST than the model SST without data
assimilation for all the locations (Fig. 3). At the shelf
locations, the difference between the model SST and the
satellite SST is smaller in summer than that in other
seasons.

In Fig. 4, the satellite SST and model–data differences
are shown. In the model SST without assimilation, the
greatest SST difference is found in the open ocean and
slope water off Newfoundland. In comparison to the
satellite SST, the model SST in the Labrador Sea is too
warm by 2.5°C. The SST difference over the shelves is
smaller. The SST difference from the model with data
assimilation (middle panels) is in general smaller than that
from the model without data assimilation (right panel). This
indicates the data assimilation improves the model SST.

Along the edge of the Labrador shelf where the Labrador
Current flows, little difference is found between the model
SSTs with and without data assimilation. However, both are
cooler than the satellite SST by 2°C. The explanation for
these results is that the satellite SST is too smooth, giving
an unrealistic SST distribution in the Labrador Current
along the shelf edge. The model can correct for the errors in
the satellite SST. The errors have been analyzed by Wu et
al. (2009) who found that the satellite SST was warmer than
in situ SST by 2–3°C in the shelf break area.

Statistics for the satellite and model SSTs averaged over
the study area (Fig. 4) for each month are given in Table 1.
Without data assimilation, the model overpredicts SST in
the summer months and underpredicts SST in the winter
months. The largest biases are 0.75°C for July and 0.55°C
for August. After data assimilation, the bias is reduced for
all months. The July and August biases are 0.22°C and

Fig. 2 Diffusion depth h0
(in meters) for February, May,
August, and November
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0.08°C, respectively. The model RMSDs after data assim-
ilation are smaller than those without data assimilation for
all months. The 12-month mean RMSD is 1.16°C without
data assimilation and 0.728°C after data assimilation. These
figures represent a significant improvement by data
assimilation.

The monthly mean heat fluxes averaged over the study
area with and without data assimilation are presented in
Table 2. The difference ranges from 1 W m−2 (February and
August) to 14 W m−2 (April and October). The relatively
large difference for spring (March–May) and fall (October)

may be related to the rapid change in SST and mixed layer
depth in these periods.

The coefficient of the flux correction term, γ, is large in
winter and small in summer (Table 2). The minimum is
123 W m−2 K−1 (July) and the maximum is 534 W m−2 K−1

(February). The seasonal variation reflects the seasonal
change in the diffusion depth.

7 Evaluation of the assimilated SST

To evaluate the quality of the assimilated SST, we compare
the model results with and without data assimilation with
independent in situ data. The in situ temperature is from
ship measurements along several sections of the AZMP
(http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-
pmza/index-eng.html) and the World Ocean Circulation
Experiment (WOCE). From north to south (see Fig. 1), the
sections are Labrador Sea (AR7W), Bonavista (BON),
Flemish Cap (FLC), South East Grand Banks (SEG), Îles-
de-la-Madeleine (IMA), and Halifax line (HAL).

The main goal here is to investigate whether the data
assimilation can reduce the uncertainty/error of the model.
The uncertainty is defined as the deviation of the model
SST from the in situ SST. The uncertainty in the satellite
SST will also be examined and compared to the model
error. The model SST with and without data assimilation
and satellite and in situ SSTs across the five AZMP sections
from the 2007 spring (left panels) and fall (right panels)
cruises are shown in Fig. 5.

From the figure, we can draw two general conclusions.
(a) The model SST with assimilation is better than that
without assimilation. The best examples are HAL in spring
and BON in fall. The model SST without assimilation
overpredicts the SST by up to 5°C. The data assimilation
lowers the SST and brings it closer to the in situ and
satellite SST. (b) Where and when the satellite SST has
relatively large errors, for example, FLC at 400 km and
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Fig. 3 Comparisons of SST time series from satellite and model with
and without data assimilation (DA). From top to bottom, the four
panels represent four locations on a Scotia Shelf, b Grand Banks, c
Gulf of St. Lawrence, and d Central Labrador Sea (see Fig. 1 for
location)

Fig. 4 SST and SST difference
between model and satellite
SSTs for summer. From left to
right, the maps are satellite SST,
model SST with data assimila-
tion minus satellite SST, and
model SST without data assim-
ilation minus satellite SST. The
color bar is for the middle and
right panels only
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AR7W at 100–200 km, the model SSTs, both with and
without data assimilation, have smaller errors than the
satellite SST. The data assimilation combines the model and
satellite SSTs to produce an improved SST.

The change in the model SST due to data assimilation is
different from location to location and from season to
season. From example, in spring, SSTs from the model with
and without data assimilation for BON and FLC are very
similar. This means that the correction term in the heat flux
equation plays a minor role in the total heat flux. In
contrast, the change of SST due to data assimilation is as
large as 2.0°C in most sections in fall.

Another example is FLC which runs through the shallow
shelf, the shelf break, and the Flemish Pass where the cold
Labrador Current water is found in fall. Over the shelf, the
correction term is large, forcing the model SST to approach
the satellite SST. Over the Flemish Pass, however, the
influence of the satellite SST becomes very weak. The flux
correction plays a minor role there and the model SST is
better than the satellite SST, although there is still a 2°C
difference between the model and the in situ SST. Another
region where significant errors in both the model and the
satellite SSTs are found is near the end of SEC. Areas
where neither satellite nor model gives good SSTs usually
have high temperature gradients.

To quantify the skill of the data assimilation, we
calculated the RMSD between the model/satellite SST and
in situ SST using:

R ¼ 1

N � 1

XN
i¼1

Tm=c � TA
� �2" #1=2

ð11Þ

where N is the sample number, Tm/c represents the SST
from the model or satellite, and TA is the in situ SST. We
note that, because the SST variations across the sections are
not statistically stationary, the means are not subtracted
from the sample as in the standard statistical analysis.
RMSD as defined by Eq. 11 includes both the errors of the
mean and deviations from the mean.

RMSDs for the satellite SST and model SSTs with and
without the data assimilation are given in Table 3. The
data assimilation reduced the model error from 1.69°C to
1.06°C. RMSD for the satellite SST, 1.29°C, is smaller than
the model RMSD without assimilation, but larger than that
with assimilation. This suggests that model with data
assimilation can provide the best estimate of the true SST.

For the assimilated SST, there is little difference between
spring and fall. But the RMSD is smaller in spring for the
satellite data and in fall for the model without assimilation.

8 Sensitivity study

The only unknown parameter in our assimilation scheme is
F′ in Eq. 9. This parameter is associated with the model and
data errors and the diffusion depth. In the model runs
discussed in the previous sections, F′ was set to 0.1. To
investigate the sensitivity of the model results to F′, we
used a range of values for F′ and computed the
corresponding RMSDs. The result is shown in Fig. 6.

The curve R has a minimum at F ′=0.1. We propose that
this number represents the true mean value of A=
1þ "o="mð Þ2
h i

. R increases from 1.06°C to 1.69°C as F′

Table 1 Monthly mean SST, bias, and RMSD between satellite SST and model SST with (DA) and without (ND) data assimilation

Jan. Feb. March April May June July Aug. Sep. Oct. Nov. Dec. Mean

Data 2.13 1.54 1.50 1.87 2.85 5.14 8.31 9.94 9.26 6.71 4.80 2.74 4.732

Model bias ND −0.20 −0.25 −0.32 −0.23 0.05 0.36 0.75 0.55 0.28 0.38 0.37 0.17 0.159

DA −0.13 −0.15 −0.14 −0.13 −0.09 −0.07 0.22 0.08 −0.05 0.05 −0.04 −0.09 −0.045
Model RMSD ND 0.82 0.87 0.86 0.87 1.15 1.62 1.65 1.53 1.30 1.07 1.08 1.10 1.16

DA 0.49 0.51 0.48 0.58 0.73 1.15 1.02 0.82 0.72 0.70 0.73 0.81 0.728

The unit for temperature is degrees Celsius. The mean is over the study area shown in Fig. 4

Table 2 Monthly mean total heat flux from the model with (DA) and without (ND) data assimilation, difference between DA and ND, and the
coefficient, γ, of the flux correction term in Eq. 5 for t=t1

Jan. Feb. March April May June July Aug. Sep. Oct. Nov. Dec. Mean

Heat flux (W m−2) ND 115 89 47 −50 −99 −149 −182 −135 −32 53 89 186 −5.7
DA 107 90 40 −36 −86 −136 −185 −134 −35 67 93 179 −3.0

DA−ND −8 1 −7 14 13 13 −3 1 −3 14 4 −7 2.7

γ (W m−2 K−1) 530 534 539 379 228 150 123 141 201 283 273 461 329

The mean is over the study area shown in Fig. 4
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decreases from 0.1 to 0. The reason for the larger RMSD at
small R is that the correction is too weak to correct the model
SST. The assimilated SST is influenced more by the model
dynamics than by the satellite data.

With the increase of F′ from 0.1 to 0.2, however, R
increases from 1.06°C to 1.40°C. A large F′ may cause
overcorrection. The overcorrection may in turn lead to
oscillation of the model SST. This usually occurs when the
satellite SST is too high or too low. The temperature
difference between the model and the satellite SST is then
amplified by the high value of F ′.

R is not very sensitive to F ′ around the optimal value
F ′=0.1. A 20% increase of F′ results in an 8.5% increase of
R. In the range 0.06 to 0.16, the model RSMD is smaller
than the RSMD for the satellite data. This indicates over a
large range of F′, our assimilation gave better SST than the

satellite measurements. At F′=0.1, the model RSMD is
smaller than the satellite RSMD by 0.23°C.

9 Discussion

The basic assumption of the flux correction method is that
heat fluxes calculated from the bulk equations and
atmospheric data are reasonably good, but an adjustment
is needed to correct for errors in the fluxes from various
sources. To gain an insight into the magnitude and
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Fig. 5 Comparison of SSTs
from satellite and model SST
with and without data assimila-
tion (DA) across the AZMP
sections (see Fig. 1 for
locations)

Table 3 RMSD (in degrees Celsius) between model/satellite SST and
ship SST

Spring Fall Combined spring
and fall

Satellite SST 1.17 1.40 1.29

Model (no assimilation) 1.82 1.55 1.69

Model (with assimilation) 1.06 1.07 1.06
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Fig. 6 Variation of RMSD between model and in situ SSTs with F ′.
The horizontal dashed line is the RMSD for satellite SST
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variability of the flux correction, daily averaged total heat
flux, Qa in Eq. 5, and the flux correction, the last term of
Eq. 5, for the Scotia Shelf are shown in Fig. 7. The
characteristics and general features of the heat flux
correction at the other three locations are similar. Both the
total flux and the flux correction are highly variable and
change on several-day time scales. The instantaneous flux
correction can be as large as the total flux, for example, at
day 90, but monthly or seasonally averaged values are in
general smaller than the total flux. The flux corrections for
the Scotia Shelf averaged over the seasons are 18, 15, −9,
and 115 W m−2 for winter (January to March), spring,
summer, and fall, respectively. In comparison, the
corresponding total fluxes are 54, −168, −173, and 234
W m−2. The large flux correction in fall may be due to the
low satellite SST. This can be seen from Fig. 5 and a
comparison with other SST products. A low SST in fall
results in a small ocean-to-air heat flux. A large positive
heat flux is thus required to compensate for the small heat
flux based on the satellite SST. Other possible causes
include errors in wind speed and cloud cover that could
lower the heat fluxes computed in the model. In most

regions of the study area, a large flux correction is required
to improve the SST in fall.

The mean total heat flux and the mean flux correction for
August are shown in Fig. 8. The spatial distribution of the
flux correction is far from uniform. The flux corrections are
in the range 30–60 W m−2 over the Labrador Sea and
around the mouth of Hudson Bay (61° N, 65° W) and
smaller, of the order of 20 W m−2, in the shelf regions. The
variations in time and space of the flux correction suggest
that using a constant coefficient in the flux correction
method may lead to poor results.

10 Conclusions

SST from a near real-time operational product derived from
satellite data has been assimilated into a coupled ice–ocean
model for the Eastern Canada coastal waters, CECOM. The
method of data assimilation is based on an optimal
interpolation scheme by which the SST data are melded
into the model through the adjustment of surface heat flux.
The magnitude of the adjustment depends on the depth of
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Fig. 8 Total heat flux (left) and
the heat correction term (right)
from the model run with data
assimilation for August
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penetration of heat into the water column, the time scale of the
satellite data, and the model and data errors. To evaluate the
quality of the assimilation scheme, the satellite and model
SSTs with and without assimilation are compared to an
independent in situ data set. The comparisons indicate that the
model uncertainties can be significantly reduced with data
assimilation. The RMSD between the model SST and the
in situ data is reduced from 1.69°C without assimilation to
1.06°C with assimilation. These numbers represent a 0.63°C
or 37% reduction in error. The RMSD of the assimilated SST
is also smaller than the RMSD of the satellite SST, 1.29°C.
This suggests that model simulations or predictions with data
assimilation can provide the best estimate of the true SST.

The model error as measured by RMSD varies with an
adjustable parameter in the flux correction term. There is an
optimal value for the parameter corresponding to the
minimum in the RMSD. The model SST is not very sensitive
to the parameter around the minimum. A 20% increase of the
parameter value results in an 8.5% increase of RMSD.

The data assimilation method developed in this work does
not only correct errors in the model and the total heat flux, but
also errors in the satellite SST. The assimilated SST blends the
satellite and model SSTs, giving an improved representation
of the true SST. The application of the method, however, is
limited to the upper ocean where ocean temperature is mainly
controlled by air–sea fluxes and horizontal advection. In
future studies, in order to assimilation temperature and other
types of data at depth into the model, assimilation methods
such as statistical projection (Ezer and Mellor 1994, 1997)
should be considered.
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