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Uncertain parameters in a 3D barotropic circulation model of the German Bight are

estimatedwith a variational optimisation approach. Surface current measurements from a

high frequency (HF) radar are used in combination with acoustic Doppler current profiler

(ADCP) and tide gauge observations as input for a 4DVAR assimilation scheme. The

required cost function gradients are estimated using an adjoint model code. The focus of

the study is on systematic errors of themodel with the control vector including parameters

of the bathymetry, bottom roughness, open boundary forcing, meteorological forcing as

well as the turbulence model. The model uses the same bathymetry, open boundary

forcing, and metereological forcing as the operational model run at the Federal Maritime

and Hydrographic Agency (BSH). The baroclinic BSH model is used as a reference

to put the performance of the optimised model into perspective. It is shown that the

optimised model has better agreement with HF radar data and tide gauge observations

both within the fortnight training period and the test period 1 month later. Current

profile measurements taken at two platforms indicate that both models have comparable

error magnitudes at those locations. The optimised model was also compared with

independent drifter data. In this case, drifter simulations based on the BSH model and

the respective operational drift model including some surface wave effects were used

as a reference. Again, these comparison showed very similar results overall, with some

larger errors of the tuned model in very shallow areas, where no observations were

used for the tuning and surface wave effects, which are only explicitly considered in

the BSH model, play a more important role. The tuned model seems to be slightly more

dissipative than the BSHmodel with more energy entering through the western boundary

and less energy leaving toward the north. It also became evident that the 4DVAR cost

function minimisation process is complicated by momentum advection, which leads to

non-differentiable dependencies of the model with respect to the control vector. It turned

out that the omission of momentum advection in the adjoint code still leads to robust

estimates of descent directions.
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FIGURE 4 | Comparisons of water levels at the tide gauge stations HvideSandeKyst (top), Helgoland (middle), and Cuxhaven (bottom) for the period May 15–May

29, 2015. Red crosses indicate measurements and green and blue curves correspond to the BSH model and the 4DVAR results, respectively.

least 30% RMS reduction. For the areas in the northern part
above 54.5◦ latitude where the tuned IMCOmodel shows slightly
higher RMS values than the BSH model, one has to consider
that these are regions where the BSH model performs very well
with RMS values well below 0.1 m/s and the tuned model is
still below that value. This is different for the area south of
Helgoland where the BSH model shows higher RMS errors and
the 4DVAR is not able to correct these and even shows 5–10%
higher errors.

4.2. Testing of Tuned Model
4.2.1. Comparison With Independent HF Radar and

Tide Gauge Data
To check whether the 4DVAR scheme is in fact able to correct
systematic errors, which exist beyond the tuning period, the
tuned IMCO model was compared with tide gauge and HF
radar data acquired in June 2015, i.e., the month following
the optimisation period. It cannot be excluded alltogether, that
the optimisation procedure makes control vector adjustments
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FIGURE 5 | Comparison of FINO-1 (A,B) and FINO-3 (C,D) ADCP current measurements at two depths with 4DVAR analysis results for the period May 15–May 29,

2015. Measurements at 8 and 24 m are shown for FINO-1 whereas FINO-3 observation were taken at 8 and 18 m. Black and red crosses indicate zonal and

meridional components of the measurements while the blue and green curved correspond to the zonal and meridional components of the 4DVAR analysis. RMS

values are given for the comparisons with BSH model data as well.
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FIGURE 6 | Comparison of tuned 4DVAR results and BSH model data with HFR measurements for the radial components acquired by the Sylt (top), Büsum (middle),

and Wangerooge stations (bottom). The RMS values refer to the period May 15–May 29, 2015. The black triangle marks the position of the island Helgoland.

due to processes, which are of a more stochastic nature, in
particular the metereological forcing and density stratification.
The comparison with independent data from a different period

can give indications whether this is a significant factor, because
these stochastic factors are changing over time. As there was a
data gap in the HF radar data in the first half of June 2015,
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FIGURE 7 | Relative improvements of the radial surface current components achieved with the 4DVAR analysis compared to the BSH model. The percentage values

refer to the period May 15–May 29, 2015 and are given for the observations from the Sylt station (A), the Büsum station (B), and the Wangerooge station (C).

the comparisons were done for the period June 15–June 29,
2015, i.e., exactly 1 month after the tuning period and covering
a fortnight period as well. One can see from Figure 3 that the
wind conditions during this test period are different compared
to the tuning phase showing longer periods with northerly
wind directions.

The respective comparison results for the tide gauges and HF
radar radial components are summarised in Table 2. The table
also contains the respective numbers for the tuning period. One
can see that overall the picture in the tuning and testing period
is very similar. In all cases the RMS values of the tuned IMCO
model are smaller than the respective values of the BSH model.
The RMS values are slightly different in the tuning and testing
period, but the relative improvement is still of the same order in
most cases. The only notable change is seen in the Büsum radial
component, where the improvement of about 30% in the tuning
period is reduced to about 20% in the testing period.

These results indicate that the optimisation procedure is
indeed able to reduce systematic errors in the model, which are

independent of stochastic error sources like the metereological
forcing. As the wind conditions in the tuning and testing period
cover a larger variety of wind directions and speeds, one can also
conclude that the optimisation is of more general applicability
and not only useful for specific wind situations. However, it is
also true that neither tuning nor testing period contain storm
events where stronger nonlinear effects (e.g., related to surface
waves) may become more significant and should be investigated
in a separate study.

It is also important to mention that there is a quite significant
difference in sea surface temperatures between the tuning and
testing period. According to model data from the German
weather service, the temperature at location 8.00◦E54.25◦N
increased from 283.9 to 287.8 K between May 15 and June 15,
2015 (midnight temperatures), i.e., by about 4◦. This means
that the situation with regard to temperature stratification and
stability of the water column is most likely not the same in both
periods and hence the obtained estimate of the control vector is
applicable to a certain range of stability conditions.
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TABLE 2 | RMS differences between observed HFR radial components and

respective simulations from the BSH model and IMCO model.

HFR station
RMS tuning [m/s] RMS testing [m/s]

BSH IMCO BSH IMCO

Sylt 0.082 0.071 0.077 0.065

Büsum 0.128 0.097 0.125 0.108

Wangerooge 0.103 0.091 0.100 0.087

Tide gauge
RMS tuning [m] RMS testing [m]

BSH IMCO BSH IMCO

Hvide 0.13 0.08 0.16 0.10

Helgoland 0.17 0.11 0.19 0.14

Cuxhaven 0.24 0.11 0.25 0.11

Separate values are given for the tuning period (15.5.2015–29.5.2015) and the testing

period (1.6.2015–29.6.2015).

4.2.2. Comparison With Independent Surface Drifter

Data
The tuned IMCO model for experiments IMCO_CONS and
IMCO_VAR was run for the period May 29 to June 29, 2015 and
compared to independent surface drifter data acquired during
that period. The time series of drifter positions was used to
estimate the zonal and meridional surface current components
and these were co-located with the respective model simulations.
Concerning the BSH system it is important to say that operational
drift forecasts at BSH are not based on the BSHcmod model
alone, but current speeds in the upper layer are used as input for
a drift model, which takes into account a number of additional
factors like Stokes drift. After noticing that a direct comparison
of BSHcmod surface velocities with drifter velocities does not
achieve the same level of agreement as the IMCO model, output
from the BSH drift model was used instead. For the tuned model
a weighted average of the upper sigma layers was computed such
that the top 1 m is most relevant for the simulated drift velocity.
As the drift model output was available in 3 hourly times steps,
all comparisons were performed using this sampling frequency.

Respective scatter plot resulting from the IMCO simulations
are shown in Figures 8A,B for drifter 8, which was sending data
between May 30 and June 27, 2015. The colour coding refers to
water depth and separate plots are given for the meridional (a)
and zonal component (b). The dashed line is the linear regression
line. Because of the used sigma coordinates this means that the
weights for the sigma layers vary both in time and space. The
RMS values of 0.078 and 0.093 m/s indicate a very good match,
which is of similar order as the agreement achieved between the
tuned model and HF radar surface currents during the tuning
period. The RMS value is dominated by the standard deviation
and the bias plays a significantly smaller role. Nonetheless, the
slope of the regression line indicates that there is a slight relative
underestimation of current magnitudes by the IMCO model.
Drifter 8 was moving in areas with water depths between about
20 and 40 m and there is no pronounced dependence of the
errors on water depth visible. The only effect, that is worth

mentioning is a slightly stronger magnitude underestimation of
the zonal component for northward currents in deeper water.
Figures 8C,D show a respective comparison for the BSH model
if the surface velocities are estimated from the top layer of the
model. As mentioned before, the thickness of this layer is 5 m
for most of the considered area and it does not make sense
to consider weighted averages of different layers as done for
the IMCO model. One can see that the RMS differences are
significantly higher in this case. As before, these errors are mainly
due to standard deviation and to a lesser extend caused by bias.
Because of the very coarse resolution of the upper boundary
layer in the BSH model, the relatively large deviations may not
come as a surprise and this is also the reason why operational
BSH drift forecasts include a second step, where the above
surface currents are used as input for a drift model, which adds
additional effects, e.g., Stokes drift associated with surface waves.
The respective results from the BSH drift model calculations are
shown in Figures 8E,F. One can see that this leads to a significant
improvement, with errors, which are very close to the results
obtained with the tuned IMCO model. It is interesting to see
that a slight underestimation of current magnitudes indicated by
the slope of the regression line is present, which is very similar
to the behaviour of the IMCO model discussed before. Another
similarity is that this effect also seems to be more significant for
the zonal component in deeper water.

A summary of the respective RMS differences between BSH
drift model and the IMCO_CONS und IMCO_VAR runs are
given in Table 3 for all drifters shown in Figure 2. One can see
that drifter 8 gives the best performance of the tuned model
compared to the BSH drift model. Depending on the drifter
and the current component the BSH drifter model gives better
results in several cases. In particular, for drifter 1 the IMCO
simulations are definitely worse. As seen in Figure 2 drifter 1
was moving around the North Frisian island in very shallow
water close to Wadden Sea areas over the entire period. This
result indicates that the tuning process in these regions should
be further improved. Firstly, more measurements are required
in these regions to improve estimates of bottom roughness and
turbulence. Secondly, a further stabilisation of the minimisation
procedure close to drying is desirable, to avoid the 2 m deepening
of the bathymetry applied in this study.

Table 3 furthermore shows that the improvements achieved
by spatially variable corrections of bathymetry, bottom
roughness, and background diffusion are only moderate.
In fact, for some cases the constant corrections of the
experiment IMCO_CONS even give slightly better results
in the drifter comparisons.

It is also interesting to note that drifter 8, which showed
the best agreement with the IMCO simulations was moving
in an area with relatively good coverage of all three antenna
stations (see Figure 1B). The fact that a considerable amount of
observation information was used for the tuning of the model in
this area could be an important factor for the good agreement
with the drifter 8 data. The good simulation of the drifter
velocities by the tuned model in this areas is furthermore a
strong indication that HF radar and drifter velocities are very
consistent at least for the considered data set. This was also
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FIGURE 8 | Comparison of surface current speeds derived from drifter 8 (see Figure 2) with co-located estimates from the tuned IMCO model surface currents (A,B),

the BSH model surface currents (C,D), and the BSH drift model (E,F). Meridional components are shown on the left and zonal components on the right. The colour

coding refers to water depth and dashed lines were obtained via linear regression.
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TABLE 3 | RMS differences between drifter derived surface velocities and drift

model data from BSH as well as the 4DVAR results.

Drifter BSH RMS u/v [m/s] IMCO_VAR u/v

RMS [m/s]

IMCO_CON u/v

RMS [m/s]

1 0.155/0.167 0.213/0.196 0.299/0.202

5 0.070/0.088 0.084/0.106 0.096/0.122

6 0.084/0.101 0.089/0.103 0.090/0.105

7 0.188/0.128 0.166/0.151 0.167/0.171

8 0.083/0.100 0.078/0.093 0.081/0.095

9 0.160/0.213 0.166/0.146 0.161/0.140

Values for the zonal andmeridional current component are shown separately. The columns

4DVAR_VAR and 4DVAR_CONS refer to results with variable and constant bottom

roughness, background momentum diffusivity, and water depth correction, respectively.

confirmed by direct comparisons of drifter and HF radar data
(not shown here).

The general question whether the considered surface current
data sets are consistent is of course an important point to be
considered. Looking at this problem one has to consider at least
the following points:

• There is so far no real consensus about the role that Stokes drift
plays in HF radar measurements (Chavanne, 2018).

• The BSHcmod model output has an extremely coarse
resolution of the upper boundary layer

• The consideration of Stokes drift in the BSH drift model is
simplified, because it is so far not based on a numerical
spectral wave model, but parametric models for the
wave spectrum.

Röhrs et al. (2015) showed that the HF radar currents are usually
interpreted as Eulerian currents (i.e., not including the Stokes
drift), some studies (e.g., Graber et al., 1997) assume that they
include the full Stokes drift. Ardhuin et al. (2008) demonstrated
that the HF radar velocity partially includes the Stokes drift and
compared the HF radar measurements with altered Stokes drift.
Comparisons of HF radar velocity measurements with drifter
observations were done by Ohlmann et al. (2007) suggesting
that the HF measurements are Eulerian, however the study
was inconclusive concerning possible nonlinear perturbations
of the wave phase speed measured by the radar. Röhrs et al.
(2015) concluded that HF radar essentially measures the Eulerian
current and not the Lagrangian current that includes the
Stokes drift.

The observation that the tuned IMCO model is able to
replicate and in some cases supersede the results of the
BSH drift model could be an indication that the simplified
Stokes correction in the drift model is in fact to some extend
compensating deficits associated with the coarse resolution of the
BSHcmod boundary layer. Because the situation with regard to
Stokes contributions in the HF radar data is not clear as well, this
issue requires a more detailed investigation including analysis of
2D wave spectra from a numerical wave model, which is beyond
the scope of this study. However, one can say that parameter
optimisation based on a variety of different measurements, like

TABLE 4 | Control parameters estimated with the 4DVAR scheme.

κb κs νh [m2/s] zx0/z
y

0 [m] βBG [m3/s] λmet λH Hz0 [m] L3

0.473 0.0279 1.5 0.00048/0.00043 0.06 0.9 10−6 1.03 4.5 2.4

presented here, can give valuable hints concerning the role of
physical processes and their numerical treatment. In particular
the inversion method allows to assess, which physical processes
can explain certain features of the observations. One has to
emphasise however, that the ability of a model to replicate certain
observations is not a proof that the model contains all relevant
physical processes. For example, it was shown previously that
Stokes drift can definitely play a significant role in drift forecasts
(Staneva et al., 2017). The fact that the IMCO model gives good
agreement with the drifter data, although it does not include
Stokes drift, suggests that wave effects were to some degree
integrated into the parameterisations for the upper ocean layer
by the 4DVAR optimisation process. Of particular relevance in
this context are parameters for the momentum diffusion near
the surface and the atmospheric drag coefficient. As pointed out
before, a quantification of such effects requires the application
of additional tools and data and is not feasible within the
present study.

4.3. Estimated Control Vector Components
In the first experiment IMCO_CONS a simplified optimisation
run was performed, where the roughness length scale zx0 , z

y
0,

the background diffusion νBG and the bathymetry correction
factor γH were assumed constant over space. The resulting values
are summarised in Table 4. With this simplified setup the cost
function values are increasing by about 5% from J = 10.40 to J =
10.94.

It is interesting, that the parameter κb describing the mixing
length gradient near the sea floor (see Equation 7) is in fact quite
close to the theoretical value of 0.4 to be expected for an idealised
wall. The respective value for the sea surface κS is significantly
smaller. The fact that the two values differ is not surprising,
because themoving sea surface boundary with additional impacts
of ocean surface waves is of a very different nature compared to
the stationary sea floor.

The derived estimates for the bottom roughness lengths zx0 , z
y
0

are on a millimeter scale and thus consistent with values reported
in previous literature (Ke et al., 1994). Both values are at least of
the same order and thus the anisotropy of the bottom friction
is not very pronounced. The atmospheric drag coefficient is also
of a magnitude similar to values reported in previous studies
(Backhaus, 1976). Finally, the bathymetry correction factor γH
indicates an about 5% increase of the mean water depth applied
in the optimisation process.

The derived corrections for the open boundary forcing are
shown in Figure 9. The amplitude correction factors for the five
considered tidal components are given in Figure 9A with the
left part, up to index number 370, belonging to the western
boundary and the remaining part referring to the northern
boundary. The indices are ordered from south to north (indices
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FIGURE 9 | Amplitude (A) and phase (B) corrections of 5 tidal components along the open boundary estimated by the 4DVAR scheme. (C,D) Scaling (C) and time

shift (D) of the remaining signal along the open boundary. (E,F) Corrections of mean water elevation along the open boundary for experiment IMCO_VAR (E) and

IMCO_CONS (F).

1–370) and then from west to east (indices 371–523). One
can see, that there is an increase of the dominating M2
amplitude (red line) along most of the western boundary up
to index 300 and a decrease along the northern boundary.
The remaining tidal corrections show a similar qualitative
behaviour with amplifications or small reductions along the
western boundary and stronger reductions along the northern
boundary. Overall, these corrections are consistent with an
increased dissipation of tidal energy inside the model domain
compared to the BSH model, because the tidal wave passes
through the model domain entering from the west and leaving
to the north. The amplitude adjustment of the remaining part

of the signal comprising both the left over tidal constituents
and the surge component are displayed in Figure 9C. One
can see that this signal is amplified along most of the open
boundary except a small region south of the north-west corner
of the model domain. The respective phase corrections and
time lags are shown in Figures 9B,D. For the M2 component
(red line) the maximum corrections occur around the north
west corner of the model grid and are of the order of 30◦

which corresponds to a time lag of about 1 h. A positive
phase indicates a delay of the tidal wave. For the remaining
signal the timing corrections (Figure 9D) are applied around the
north/west corner of the grid as well with maximum time lags

Frontiers in Marine Science | www.frontiersin.org 17 July 2021 | Volume 8 | Article 648266

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Schulz-Stellenfleth et al. Optimisation of Circulation Model Parameters

FIGURE 10 | (A) Correction of water depth by the 4DVAR scheme. (B) Background vertical momentum diffusion map estimated by the 4DVAR scheme. (C,D) Maps

of zonal (C) and meriodional (D) components of bottom roughness estimated with the 4DVAR scheme.

of about 3 h. Here, positive time lags indicate delayed signals
as before.

Corrections of the mean surface elevation are shown in
Figures 9E,F for experiment IMCO_VAR and IMCO_CONS
respectively. In both cases one can see a lowering of the water
level along the western boundary and very small adjustments
along the northern boundary. This means that the optimisation
procedure modifies pressure gradients on a spatial scale of the
German Bight, which are in balance with the mean atmospheric
forcing, and mean coriolis and frictional forces inside the
model domain.

It seems that the tidal wave is accelerated by the deepening of
the bathymetry according to the shallow water phase speed

cph =
√

gH (17)

and that the boundary forcing is adjusted accordingly. For the
remaining elevation signal we see a delay near the coast and an
acceleration in the deeper water.

Maps of the spatially varying control vector components of
experiment IMCO_VAR are shown in Figure 10. The bathymetry
corrections indicate increased water depth by between 1.5 and
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3.5%. The largest corrections are found in the North Frisian
Wadden Sea area and between 55 and 55.5◦N latitude. The
smallest corrections are applied in the central German Bight
north west of the islandHelgoland. It is interesting that the region
with strong meridional gradient of the bathymetry coincides
with a region where the meridional roughness component
(Figure 10D) shows a stronger decrease from south to north.
Both corrections are favorable for transports toward the north
in that region. The estimated roughness components for the
zonal and meridional direction in Figures 10C,D, respectively
vary between∼1 and 2.5 mm. Both roughness lengths show dipol
structures with characteristic length scales between 50 and 100
km. It is interesting that the spatial distributions of zx0 and z

y
0 are

significantly different and that areas of high or low values of one
component often coincide with areas of larger gradients of the
other component.

In Figure 10D there is a small area with high roughness (>2.5
mm) visible in the south western corner of the model domain
at the Dutch coast. This location is characterised by very shallow
water and by the presence of the open boundary forcing next to it.
Obviously the optimisation required a strong dampening of the
incoming wave at this location.

As pointed out before, the fact that the tuned model is
in good agreement with the observations is not a proof that
the parameterisations are physically consistent and meaningful.
Concerning the roughness length maps it is definitely possible
that the roughness patterns compensate errors, which are actually
coming from the open boundary forcing and which are not
included in the respective error parameterisation. As the length
scale of the roughness patterns is considerably smaller than the
length scale of the dominating M2 tide, these corrections could,
for example, be related to errors of higher order overtides in the
open boundary forcing. The fact that such overtides are present
became apparent in the analysis of the Hvide tide gauge data close
to the northern open boundary.

The possible ambiguities in the error parameterisations can
also give a hint toward requirements concerning the observation
system. In our case it is obvious that additional measurements
along the open boundary would help to separate possible error
sources. In this context it is important to point out that such
measurements are of value even if data are only available for a
limited time (e.g., as part of dedicated measurement campaigns)
or if the temporal sampling is coarse, which is true for many
satellite systems.

5. CONCLUSIONS

A 4DVAR scheme was used to estimate uncertain parameters in a
3D circulationmodel of the German Bight. The focus of the study
was on systematic errors of the model, e.g., bottom roughness,
water depth or turbulence parameterisations. A combination
of measurements from HF radar, ADCP, and tide gauges was
used within a fortnight tuning period. The optimised model
was then tested using independent observations acquired within
the following month, including a surface drifter data set. To
put the results into perspective, the tuned model was compared
with model data from the operational system run at BSH.

For this purpose the tuned model uses the same model grid,
as well as open boundary forcing and meteo forcing as the
operational model.

It was discussed that the procedure is able to reduce systematic
errors in the observed quantities, however there is no guarantee
that the estimated model parameters are actually closer to their
“truth” values. The main problem is that the majority of model
parameters is very hard to verify directly and one has to rely on
observations, which are connected to the considered parameters
in a complicated way. In particular, this means it is possible
that there are ambiguities, where the simulation of an observed
quantity maybe improved in different ways, i.e., by different
combinations of uncertain model parameter adjustments and
it is not immediately clear, which of these should be used or
disregarded. This situation can be improved by extending the
variety of observations in order to reduce the ambiguities in the
mapping of model parameters to observed quantities.

It was shown that the optimisation process lead to an
overall improved agreement with HF radar and tide gauge
measurements both for the tuning period and the test period. For
the ADCP observations only minor improvements or even slight
deteriorations were found. A direct comparison of drifter data
with surface velocities from the BSHcmod showed significantly
higher errors compared to the tuned IMCO model. However,
very comparable results are achieved, if the BSH drift model is
used as a postprocessing step to estimate the surface velocities.
Possible reasons for this behaviour were discussed and it seems
that the coarse resolution of the upper boundary layer in the BSH
model is one important factor. Concerning the role of Stokes drift
it was not possible to draw a definite conclusion. It appears that
the IMCO parameterisation of the boundary layer can to some
extend mimic stoke drift effects, but further investigations are
certainly necessary to achieve a better understanding of this issue.

The optimisation lead to an increase of water depth by about
5%. The open boundary forcing was adjusted by the 3DVAR
scheme in a way consistent with a slightly increased speed of the
tidal wave propagation. The adjustments of the tidal amplitudes
along the open boundary indicated a higher tidal dissipation in
the tuned model compared to the BSH model.

The study has shown that the use of variational methods for
the optimisation of coastal numerical models has big potential
if suitable observation data are available. In the presented
work a combination of suitable observations and an adequate
optimisation procedure lead to simulation improvements with
respect to an established operational model, which already
showed good performance. For a dynamical consistent correction
of the 3D circulation the use of profile information, e.g., from
ADCP has a high value, because these data provide information
on internal friction processes. It became evident as well, that there
are potential ambiguities with respect to error parameterisations,
for example with regard to errors in the model interior and
errors in the open boundary forcing. The benefit of observational
data along the open boundary was emphasised, even in case that
such data have limitations with regard to time span or temporal
sampling. Furthermore, it appeared that certain ambiguities in
the inversion process require the additional use of a numerical
wave model, ideally two-way coupled to the circulation model.
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The study is of more general interest, because the focus
on systematic model errors has general consequences for
observation data requirements. The presented analysis has
demonstrated that such errors can still be a significant factor
in existing operational models and that work on further
optimisation is worthwhile. The frequency of observation
data is less critical for model tuning compared to operational
data assimilation. This is of particular relevance for the
assessment of existing and future satellite data, which
often lack temporal resolution, but which can still be of
high value for model optimisation. The strong spatial
heterogeneity of model errors found in this study call for
observations with high spatial resolutions, which are also
likely to become more accessible through new monitoring
systems in the future. The presented study is of particular
interest in the context of the ongoing developments of new
satellite based surface current measurement techniques. Using
spaceborne data the methodology presented in this study could
potentially be applied in a larger number of coastal regions
around the world (Gommenginger et al., 2019; Rulent et al.,
2020).
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APPENDIX A

For the numerical treatment of the model described
in section 2 a standard Arakawa C grid is used for
the horizontal dimension and σ -coordinates for the
vertical. The layer integrated transports are then
defined as

Ui = Hi

∫ σi+1

σi

u(x, y, z(x, y, σ )) dσ i = 1, . . . , nz , (18)

where Hi = z(x, y, σ2) − z(x, y, σ2) is the layer thickness of
layer number i and z(x, y, σ ) is the z-coordinate of the σ -layer
at position x, y parameterised by σ ∈ [−1, 0]. The sigma layers
are given by

z(x, y, t) = σ̂ (H(x, y)+ η(x, y, t)) , (19)

where H is water depth, η is water elevation, and σ̂ is
given by

σ̂ (σ ) =
{

− ζB
2 (cos(π(σ + 1))+ 1)+ (1− ζB)σ 0 ≤ σ < −0.5

− ζS
2 (cos(π(σ + 1))+ 1)+ (1− ζS)σ −0.5 ≤ σ ≤ 1 .

(20)
Here, ζB, ζS ∈ [0, 1] are zooming parameters, which control
the concentration of vertical layers near the bottom and the
surface respectively. For ζB = ζS = 0 one gets the standard
equidistant σ coordinates. In this study we used ζB = 0.5
and ζS = 0.75.

The model is parallelised using domain decomposition. For
the German Bight setup a grid of 12 × 12 domains was used. To
meet the Courant-Friedrichs-Lewy (CFL) condition, a time step
of 10 s was chosen.

A.1 Semi-implicit Scheme
In order to perform a 4DVAR parameter optimisation,
the forward model has to be very stable, such
that it provides meaningful results for a wider
range of model parameters. One approach to
increase stability is the inclusion of implicit
components in the numerical scheme as explained in
the following.

A 1D semi-implicit scheme is used for the momentum
balance in each bin. To estimate the frictional forces
between the vertical layers, the vertical shear is computed
considering velocities of the present as well as the next
time, i.e.,

u
(k+1)
i − u

(k)
i = 1t(τ

(k)
R + ν

(k)
v

2
(u

(k)
i+1 + u

(k+1)
i+1 − u

(k)
i − u

(k+1
i )

− ν
(k)
v

2
(u

(k)
i + u

(k+1)
i − u

(k)
i−1 − u

(k+1)
i−1 )) (21)

for i = 2, . . . , nz . This results in a coupled tri-diagonal linear

system for uk+1
i , i = 2, . . . , nz . The term τR contains all the

remaining forcing terms, which are estimated from u(k) and
hence they are treated as constants in this equation system. The

velocity u
(k+1)
1 is treated as a known constant in the numerical

treatment as well, i.e., one has nz − 1 unknowns. This implicit
approach was found necessary to deal with instabilities, which
occurred for very low water levels, if a pure explicit scheme
is used.

A.2 Wetting and Drying
The wetting and drying scheme has to be differentiable to
allow implementation in the adjoint model. To obtain a smooth
behaviour, the function

R(τ ) =











1 τ > 1

τ 2(3− 2τ ) 0 < τ ≤ 1

0 τ ≤ 0

(22)

is used, which gives a differentiable transition from zero to
one within the interval [0,1]. Using the function R, the drying
parameter αdry is defined similar to the approach described
in Burchard and Bolding (2002) as

αdry = R(ξdry) (23)

with

ξdry =
H + η −Hmin

Hcrit −Hmin
. (24)

The values of αdry hence go from one to zero with the water depth
decreasing from Hcrit to Hmin. We chose 1 m for Hcrit and 0.5 m
for Hmin.

To avoid negative water depth toward the end of the drying
process, the current velocities are multiplied by the factor αdry.
This is equivalent to the introduction of additional frictional
forces, which bring the remaining water to a complete hold.

To further stabilise the model optimisation process water
depths below 2 m in the original BSH bathymetry were set to
2 m. This is not necessary for the IMCO forward model, but
the estimation of cost function gradients with the adjoint, as
discussed in section 2.3, becomes more challenging if smaller
water depths are allowed.
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