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Introduction

In the EU project “NOrth sea Model Advection Dispersion Study part-2: Assessment of
model variability (NOMADS2)”, in which RIKZ and WL | Delft Hydraulics participated
together with seven further institutes, three-dimensional hydrodynamic advection-dispersion
models used in European Seas were intercompared (NOMADS2, 1998).
In NOMADS2 the focus was on three-dimensional flow and transport modelling for the
Southern North Sea. The influence of density gradients on transport processes in coastal
waters was examined as well. In the so-called VOORHAVEN project model simulations that
are similar to the ones in the NOMADS2 project are foreseen, see e.g. (Winterwerp, 2001).
Therefore, the results of the NOMADS2 project that are of interest to the VOORHAVEN
project, are described in the present report. Chapters 2-4 contain these NOMADS2 results.
The present project consisted of the contribution to NOMADS2 Task 6 using the RIKZ
model and to prepare this separate report. It was commissioned by RIKZ as part of the
project VOORHAVEN (opdrachtbonnummer 71011629 dated 11 October 2001) and cofunded the further activities of WL | Delft Hydraulics in NOMADS2. At WL | Delft
Hydraulics this project was carried out by E.D. de Goede and H. Gerritsen. For RIKZ this
project was supervised by J.M. de Kok.

1.1

The NOMADS2 project

With numerical models being increasingly used in management decisions affecting the marine
environment, quantification of the variability expected from model results, both between
different models and compared to nature, is important. In the NOMADS2 project a
programme of study is carried out directed at a quantification of variability for threedimensional hydrodynamic advection-dispersion models used in European Seas.
NOMADS2 is an EU project is which the following participants participate:
DA
DE
IF
IM
MU
PO
RI
UL
ZM

Danish Hydraulics Institute (DK)
Delft Hydraulics (NL)
Ifremer, Brest (F)
Institute of Marine Research (NO)
Management Unit for Mathematical Models of the North Sea (B)
Proudman Oceanographic Laboratory (UK)
National Institute for Coastal and Marine Management (NL)
University of Liege, GHER (B)
Institut für Meereskunde, Universität Hamburg (D)

The abbreviations in the first column will be used in the report.
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The specific objectives of the project are:
to establish measurements of variability in terms of cost functions;
to carry out sensitivity studies on models by defining input functions and measuring
the response of the models to controlled variation of these functions;
to provide an assessment of the natural spatial and seasonal variability of the marine
system;
to assess model spatial and seasonal variability against the natural variability;
to carry out a detailed assessment of model variability by direct comparison with
suitable observations.
The ultimate goal is to demonstrate the degree of correspondence between the results of threedimensional advection-dispersion models and the in-situ observations of those processes and to
outline the limits of that correspondence.
Such a goal can not be reached without a scientifically founded methodology aiming at the
evaluation, intercomparison and classification of three-dimensional hydrodynamic and advectiondispersion models.
Within the NOMADS2 project, the focus is on:
salinity and temperature are the variables to be assessed, using data spanning at least
10 years;
the domain of study is the southern North Sea (to 57N);
The final aim of the NOMADS2 project is to provide measures (and tools) for describing natural
and model variability. As part of the activities to reach this goal a one-year simulation was carried
out by all partners in the NOMADS2 project (Task 6 of NOMADS2).
In Task 3 of NOMADS2 a sensitivity study was carried out in which the response of models
was examined by changing single input parameters. The reaction potential of the different
models was intercompared (model-model intercomparison). Qualitative and quantitative
measures of agreement between different models were obtained. Task 8 of the NOMADS2
project will focus on the model-data intercomparison for the one-year simulation.
In this report the model results for the one-year simulation and the interpretation of these results are
discussed (Task 6 of NOMADS2). This is described in Chapters 2-4 of this report.
In the one-year simulation one specific domain is chosen. Partners will run their models with their
standard resolution with their standard geographical coverage (including the North Sea to 57N),
however,
a)
b)
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As the models will cover different geographical domains the model with the largest domain
(including all others) will be used to provide boundary conditions for all other models. The models
have been carried out for one specified year (1 November 1988 to 1 November 1989). This
gives quantitative information on how the models (for that specific year) compare to a
climatic field. The choice of 1988/89 is made as the focal year because of the availability of
extensive observations (the UK North Sea Project and others) and forcing data for the model
simulations.
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NOMADS2 one-year simulation and
interpretation of model results

In Task 6 of the NOMADS2 project a one-year (88/89) historical period is simulated, which
yields quantitative information on how models for that specific year compare to each other
and to measurements (model-model and model-data intercomparison, respectively). The
period of 1 November 1988 till 1 November 1989 was chosen because of the availability of
extensive observations (the UK North Sea Project and others) and forcing data for the model
simulations. In Task 6 of the NOMADS2 project the emphasis is on model-model
intercomparison for a large set of output parameters that are produced by all partners in the
one-year simulation.
The one-year simulation provides insight in the spatial and seasonal variability of threedimensional advection-dispersion models. It is believed that all models in the NOMADS2 project
should give results that are within what is believed to be the natural variability of the system.

Set-up of the one-year simulation
In order to allow a model-model and also a model-data intercomparison, the following
definition of the application and the one-year simulation has been agreed:
The NOMADS2 common area for the one-year simulation is the southern North Sea
between 51° N and 57° N.
The simulation period is from 1 November 1988 to 1 November 1989.
The model bathymetry of all partners is interpolated from the IM bathymetry.
The same meteorological forcing is used by all partners (space and time varying
wind, pressure, air temperature, relative humidity; a spatially constant and time
varying cloudiness).
The same initial conditions are applied (for water elevation, velocity, salinity and
temperature). These values are interpolated from IM data sets.
The open boundary values (for water elevation, velocity, salinity and temperature)
are generated by the partner with the largest model domain, viz. IM. IM performs its
one-year simulation first in order to generate boundary conditions for the others. In
this way consistent boundary conditions are obtained.
The same heat model is used by all partners (prescription of the heat flux).
Most of the above-mentioned data sets have been prepared in Task 5 of the NOMADS2 project.
All partners use their own model. This means that each partner uses a different geographical
domain. However, in all models the NOMADS2 common area is part of the geographical domain.
The models furthermore vary with respect to:

Horizontal resolution
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Vertical resolution
Turbulence closure scheme
Algorithmic implementation (space and time discretizations)
Below an overview is given of some of the characteristics of the three-dimensional models
used by the partners.

DE
DA
ZM

Horizontal resolution

Vertical resolution

varying from 1 km to 30
km (curvilinear grid)
9
nautical
miles
(16668m)
1/3 by 1/5 degrees
(spherical grid)

10
non-equidistant
layers
40 fixed layers: 5m (top),
2m (remainder)
10 fixed layers of 5 m each
in the upper part, then 10,
15, 25, 25, 25, 50m, etc.
10
non-equidistant
layers
11 non-equidistant layers

IF

3 km

IM

20 km

MU

1/10 by 1/15 degrees
(spherical grid)

20 equidistant

layers

PO

1/30 by 1/45 degrees
(spherical grid)

18 equidistant

layers

RI

1/8 by 1/12 degrees
(spherical grid)
1/6 by 1/6 degrees
(spherical grid)

11 non-uniform
layers
(distribution as IM)
10
non-equidistant
layers

UL

Time step
(in seconds)
900 sec.

Turbulence
model
k-

300 sec.

k-

900 sec.

2ndorder
Algebraic
(Kochergin)
Munk-Anderson

600 sec.
30 sec. (int.) and
900 sec.
(external)
30 sec. (int.) and
900 sec.
(external)
6 sec. (int.) and
600 sec.
(external)
900 sec.
72 sec. (int.) and
720 sec.
(external)

MY (q2-q2L)

k-L

MY2.5

kk-L

Table 1: Overview of model characteristics

In the one-year simulation four types of outputs have been produced:
Time series of hourly outputs
Field data for comparison with the ICES database
Field data for POP analysis
Salinity and temperature profiles at the cross section Aberdeen-Hantsholm for 22
June 1989 12:00 hours (all times are given in GMT)
For the time series of hourly outputs the parameters that have been generated in the one-year
simulation are given in Table 2. The number in the first column of Table 2 refers to the
corresponding figure number(s) and to the subsection number in Chapter 3, in which the
model results for that output parameter are discussed.
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In the remainder of this chapter hourly outputs will be discussed. The vertical profiles of
temperature at the four NSP locations will be compared against measurements. For the other
output parameters a model-model intercomparison will be carried out.
In the model-model intercomparison the behaviour of the models will be compared with the
one in the sensitivity study. It is noted that the behaviour in the sensitivity study and in the
one-year simulation might be slightly different, because of adaptations in the model
characteristics. For example, in the sensitivity study the horizontal resolution of the DA
model is three times higher than in the one-year simulation. Moreover, in the sensitivity study
a hydrostatic DA model was used, whereas in the one-year simulation a non-hydrostatic
model is applied. Nevertheless, the models applied in the sensitivity study and in the one-year
simulation are much the same for most of the partners.

1a
1b
1c
2
3
4
5
6
7
8

9a
9b
10

Vertical profiles of temperature at four NSP locations
Vertical profiles of salinity at four NSP locations
Water elevation at four NSP locations
Average temperature
Average salinity
Total stratified area
Stratification potential energy
Mean kinetic energy
Volume transport through cross sections at 51°N, 52.5°N, 54.5°N and 57°N
Friction velocity at two locations
Heat flux through the free surface and
Heat flux through cross sections (51N, 57N) and river influx
Vertical salinity and temperature profiles at cross section Aberdeen-Hantsholm
Table 2: Overview of output parameters in the one-year simulation

2.1

Depth at the four NSP stations

The model bathymetry of all partners is interpolated from the IM bathymetry. This means
that little variation is expected in the applied model bathymetry. In Table 3 an overview is
given of the model depths at the selected four NSP stations (stations A-D) and at the two
stations (E-F) at which the friction velocities are investigated. For a description of these four
stations see the next section. For each station also the average depth ( ) and the standard
deviation ( ) is given.
For stations A-E the differences with the depth values of IM are, in general, acceptable. The
differences in bathymetry are roughly up to 5 m. However, occasionally larger differences
occur at stations A-D. At stations E and F large differences are observed, which will be
explained later.
In general, differences between depths in the different models are unavoidable, because
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For each model different interpolation techniques have been used to generate the
bathymetry from the (coarse) IM bathymetry. In Table 4 an overview is given of the
applied interpolation techniques.
In each model the depth values at the predefined latitude-longitude combinations of
stations A-F are applied to the nearest neighbour grid point in the model. The exact
locations of these grid points will always be (slightly) different.
The location at which the depth is computed might be different due to the type of grid
staggering. For example, the depth points might be located at either the centre of grid
cells or at the top right corner of grid cells.

Station A
(55030 N,
0054 E)
74

Station B
(55030 N,
5031 E)
50

Station C
(54020 N,
0024 E)
56

Station D
(53030 N,
300 E)
30

Station E
(51045 N,
10525 E)
-

Station F
(54000 N,
10525 E)
-

DE
DA
ZM
IF
IM
MU
PO
RI

73
72
68
70
68
72
68
70

52
50
51
49
51
51
48
48

64
66
62
63
64
65
61
63

31
31
27
32
27
36
29
28

UL

74
70.6
2.2

53
50.3
1.6

67
63.9
1.6

34
30.6
2.8

33
31
34
32
31
24
30
32
30
30.7
2.1

52
51
70
56
70
50
53
51
60
57.1
7.2

Depth
values
NSP project

Table 3: Model depths at six stations (in m)
In Table 4 it can be seen that the applied interpolation techniques are more or less similar. In
most of the models a weighted interpolation is applied. So, it is unlikely that the differences in
interpolation technique are largely responsible for the differences in bathymetry. It is much
more likely that the second and third argument play an important role, namely that the depth
values are not at the same locations. This can clearly be seen at station F (54 000 N, 10525 E).
Very near the location of station F there is a grid point in the IM model with a depth of 70 m,
whereas all other surrounding grid points in the IM model have a depth of roughly 30 to 40
m. Two of the models (IM and ZM) have computed a value of 70 m at station F, whereas in
all other models the depth at station F is in the range of 50 to 60 m (see Table 3). We remark
that the PO depth values are expected to be close to the IM values because of the small mesh
sizes in the PO model (approximately 2.4 km).
Analysis has shown that the depth at the grid point corresponding to station F strongly
depends on the distance to the IM grid point with a depth value of 70 m. If the distance is
small (IM and ZM), then the depth at station F in these models is close to 70 m. In the other
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models the distance to this IM grid point seems to be up to 10 km, which is half a grid cell in
the IM model. Owing to the weighted interpolation in all models, differences of more than 10
m (even almost 20 m) occur. Thus, a single outlier in the (IM) bathymetry in combination
with different locations and different interpolation techniques may result in differences as
described above at station F.
DE
DA
ZM
IF
IM
MU
PO
RI

UL

triangular interpolation
nearest neighbour
nearest neighbour
bilinear interpolation
no interpolation required
bilinear interpolation
bilinear interpolation + nearest neighbour
triangular interpolation
weighted averaged of surrounding points

Table 4: Methods of interpolation to generate the bathymetry
Summarizing, the different depths at stations A-F are due to different interpolation methods.
This involves at first the interpolation from the IM grid to the own model grid, next the
interpolation from model grid points to station locations. Then, for the (relatively coarse)
model resolution applied by the partners in the one-year simulation, which roughly varies
from 1 to 30 km, differences in bathymetry of the magnitude as in Table 3 are unavoidable.
At stations A-E the standard deviation is roughly 2 m, which is more than acceptable. The
larger standard deviation at station F is caused by a single outlier in the IM bathymetry.

2.2

Lengths of model cross sections

The length of several cross sections (namely at 51°N, 52.5°N, 54.5°N and 57°N) had to be
computed by all partners as well. In Table 5 an overview is given of the length of these cross
sections in all models. Similarly to the depth values in Table 2, also the average length of the
cross sections ( ) and the standard deviation ( ) is given.
The length of a cross section is defined as the distance between the land boundaries at a given
latitude. From Table 6 the differences in cross sections lengths appear to be considerable.
However, one grid cell more or less can in some cases already explain the difference. For
example, at the smallest cross section (at 51°N), the difference in length between IM (89 km)
and UL (46 km) versus the others (roughly 65-70 km) is about 20 km, which is close to the
mesh sizes in the IM and UL model. In general, the largest differences appear for the coarsest
models (IM, UL, DA).
Differences in the order of twice the largest grid cell were anticipated, which are the natural
consequence of the relatively limited resolution applied in the models. Therefore, the
differences shown in Table 5 are considered as acceptable. The standard deviation is roughly
between 10 and 20 km for the four cross sections, which is in the order of the mesh sizes in
the models (cf. Table. 1).
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CS 51°N
60
67
70
76
89
63
58
62

CS 52.5°N
190
200
180
191
241
196
187
194

CS 54.5°N
610
600
601
598
633
581
600
613

CS 57°N
650
700
629
635
669
635
638
635

46
65.7
9.8

178
195.2
12.8

564
600.0
14.2

629
646.7
19.8

Table 5: Lengths of model cross sections (in km.)

2.3

Area and volume of common area

We will now compare the size of the common area (between 51°N and 57°N) and the
volumes of the common area for all partners. In Table 6 these values are listed. As an
illustration, in the third column of Table 6 the volume-area ratio is shown.

DE
DA
ZM
IF
IM
MU
PO
RI

UL

area (in km2)
291900
312000
303700
303000
323700
296900
299700
314500

291800
298500
21675

volume (in km3)
14050
14440
13440
13650
15470
13950
13300
14660
14200
14125
565

volume / area (in m)
48.1
46.2
44.3
45.0
47.8
47.0
44.4
46.7
48.7
46.5
1.5

Table 6: Area and volume of common area
The standard deviation for the common area is approximately 7.5% of the averaged value for
the area, which is rather large. The models with the largest area also have the largest cross
sections (see Table 5). For the volumes and the mean depth values the standard deviation is
only 3% of its averaged value.
Summarising, the geometric characteristics of the models (depth at certain locations, length of
cross sections, size of common area, volume of common area) differ up to 10%, despite all
measures to minimise the differences. The relatively coarse horizontal resolution, which
varies between the models, will lead to geometric differences. However, one can argue
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whether such differences in model characteristics fully explain the observed geometric
differences.
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Discussion of the modelling results

We will now discuss the results of the one-year simulations obtained with the nine models.
The selected parameters (see Table 2) will be described one by one. In all figures on the
horizontal axis the day number is shown. Note that the first day in the figures corresponds to
day number 0 (1 November 1988) and the last one to day number 364 (31 October 1989)
Thus, the values are between 0.0 and 365.0.

3.1

Temperature at NSP stations

In-situ data for the North Sea for 1989 were measured by NERC in the North Sea (NSP)
project (Lowry et al., 1992). Cruises were made yielding CTD measurements in the North
Sea for 1988-1991. The NSP data set of 1989 is a very comprehensive one, having six
locations on the North Sea with a series of continuous three-dimensional temperature
measurements. Figure 1.0 shows the trajectory of the ship cruise and the locations of these
stations on the North Sea. For the 1-year simulation we have selected stations A-D, in which
a comparison is made with model results. In Table 7 the locations and depths of these four
stations is given.
Figures 1.1-1.4 contain the computed vertical profiles of temperature and the NSP
measurements of the four stations, respectively. For each location there are three Figures (ac). In Figures 1.5-6 the thermal evolution at these four stations is shown for the NSP
measurements.

Measurement
station
A

Geographical
location
0
55 30 N; 0054 E

depth
[m]
73.5

B

55030 N ; 5031 E

49.5

C

0

0

54 20 N ; 0 24 E
0

55.5

0

D
53 30 N ; 3 0 E
29.5
Table 7: Overview of locations and depths of measuring stations in the NSP project

The figures show that the measurements from the NSP project are not available for the whole
simulation period. For each station the vertical temperature profiles at the end of the
measurements are as follows:
For station A data is available till 29 September ’89 with a thermocline at
approximately 55 m depth from 8 to 15 degrees at 29 September ’89.
For station B data is available till 28 September ’89 with a thermocline at
approximately 35 m depth from 11 to 15 degrees at 28 September ’89.
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For station C data is available till 30 September ’89 with weak thermal stratification
at 30 September ’89.
For station D data is available till 24 September ’89 without any thermal
stratification during the whole period (Dogger Bank location; well mixed).
Therefore, in Figures 1.5-6 we start at day -31, which corresponds to 1 October 1988. In this
way the thermal evolution for a whole year is shown. The measurements for this whole year
indicate that at 1 October 1989 the temperatures are higher than one year before. The
temperature increase is roughly two degrees.
From the model results in Figures 1.1-4 it can be concluded that:
At stations A and B the onset of the thermocline for all partners is in accordance with
measurements (around day 200).
At the deepest stations (A and B) for IF, IM, MU, PO and DA there is a longer
duration of the stratification, an underestimation of the thermocline depth,
systematically higher temperatures in the upper part of the water column and
systematically lower temperatures in the lower part of the water column in
comparison to the measurements. On the other hand, the ZM, RI and DE models
show a more diffuse thermocline, systematically lower temperatures in the upper part
of the water column and systematically higher temperatures in the lower part of the
water column compared to the measurements. The UL model performs best with
respect to the thermal stratification throughout the year.
At station C the duration of the stratification for IF, DA, IM, MU and PO is longer
than observed. For these partners the temperatures in the upper part of the water
column are also higher compared to the measurements. In the measurements there is
a weak stratification from day 200 to day 275, which to some extent is reproduced by
the UL and DE models only.
For station D all partners except DA and IM do not compute any stratification, which
is in agreement with the measurements.
From the above-described conclusions three clusters can be recognised:
IM, IF, MU, PO and DA
UL
ZM, RI and DE
In the models of the first cluster the heat is transferred relatively slowly downwards through
the water column, whereas for the models in the third cluster the heat transfer is too fast in
comparison to the measurements. The stratification behaviour in the UL model is closest to
the measurements. At station A the UL model shows a slower mixing of heat through the
water column, whereas at station B the heat transfer is slightly faster than in the
measurements. Moreover, the UL model is able to generate a relatively sharp thermocline.
The above described clustering can not be explained by the type of turbulence model used.
PO and IM use a Mellor Yamada 2.5 model and IF a Munk-Anderson model. ZM uses
second order algebraic scheme which can be transformed to a level-2 Mellor Yamada model.
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On the other hand, DA, RI and DE use a k- model and UL and MU use a k-L type
parametrization. Thus, in clusters 1 and 3 both k- models and Mellor Yamada turbulence
models are present.
It is known that the onset and breakdown of stratification tends to be sensitive to the presence
of a background vertical mixing. For example, in (Ruddick et al., 1995), (Holt, 1999) and in
(De Goede et al., 2000) a background vertical mixing of the order of 10-4-10-5 m2/s was
applied. The value of 10-5 m2/s applied in the IM model was tuned for the Skaggerak region.
Theoretically, the use of a background vertical diffusivity should be avoided, because it has
no physical meaning. However, with the relatively limited resolution in 3D modelling (in the
range of 10 to 20 layers) such an approach seems to be required for some models to produce
realistic seasonal thermal stratification.
In Table 8 an overview is given of the value for the background vertical diffusivity that is
applied in the models.

DE
DA
ZM
IF
IM
MU
PO
RI

UL

7.10-5 ; variant 1.10-7
1.8 10-7
1.10-7
1.10-5
1.10-7 ; variant 7.10-5
3.10-6 to 6.10-6
1.10-5
7.10-5 ; variant 1.10-7
1.10-7

Table 8: Background vertical diffusivity applied in the models (in m2/s)

To illustrate that the value for the background vertical diffusivity can have a significant
impact on the thermal evolution, additional simulations were carried out by IM, RI and DE in
which different values for the background vertical diffusivity were used. IM used the value of
RI/DE (7.10-5 m2/s) and RI/DE used the value of IM (10-7 m2/s). In Figures 1.1d and 1.2d the
vertical temperature profiles are shown for stations A and B only. The results are indeed
considerably improved. With the adjusted values, all three models are now close to the UL
results, which belongs to cluster 2.
For the RI and DE models the additional simulation shows that a value for the background
vertical diffusivity of 7.10-5 m2/s, which was optimal for a 20-layer distribution (De Goede et
al., 2000), appears to be less suitable than a value of 10-7 m2/s. This suggests that the smaller
the number of layers, the smaller background vertical diffusivity is required. Apparently, the
numerical diffusion in case of a limited number of layers yields enough vertical mixing in
these models.
The additional simulations show that the optimal value depends on the vertical layer
distribution. Therefore, it is impossible to specify a single background vertical diffusivity that
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is optimal for the southern North Sea. Some models require tuning by adding artificial
vertical diffusivity, other models don’t.
Similarly to the type of turbulence model applied, the values for the background vertical
diffusivity can not fully explain the clustering of the model results described above. It is
somewhat surprising that IF, despite its relative large value of 1.10-5 m2/s, has the highest
surface temperatures of all models. In the ZM model (with a value of 10-7 m2/s) the heat
transfer downwards through the water column is further than in the measurements, whereas in
the IM model, which uses the same value, the heat transfer is less deep than in the
measurements.
The UL model uses a level one turbulence model only, whereas all other partners except MU
use more advanced, level two type turbulence models. It has already been noted that the UL
model shows the best agreement with the measurements.
The turbulence closure models for UL and MU are of the same type, namely k-L (Delhez et
al., 1999). However, the somewhat different thermal stratification behaviour of the UL and
MU models is explained by the different formulations for the mixing length and the stability
functions and by the different value for the background vertical diffusivity.
The temperature evolution in the one-year simulation is in line with the experiences in (De
Goede et al., 2000). In that study the Mellor Yamada Galperin method (with a down-welling
irradiation scheme) and the k- turbulence model (without minimal background diffusion)
yielded results that are close to the NOMADS2 results of cluster one. Applying a minimal
background diffusion the k- turbulence model performed better, in the sense of better
representing the breakdown of the stratification and the thermocline depth.
Note that the models with the highest vertical resolution (PO, MU and DA) did not yield
better results than the other models.
Comparison with clustering of Task 3
The above-described clustering for the 1-year simulation is in good agreement with the
clustering in Task 3 for this output parameter. In Task 3 also, IM, IF, DA and MU were in
the cluster representing the highest surface temperatures.
Summarising, with respect to modelling the thermal evolution throughout the year, all models
have much in common. The onset of stratification appears in all models at more or less the
same time and is in agreement with the measurements. In all models stratification occurs at
the deeper locations and not in the (well-mixed) shallow regions, which is observed in the
measurements as well. The deepening of the thermocline and the breakdown is, however,
somewhat different between the models. Taking into account the sensitivity in model results
(to the background vertical diffusivity) and the relatively limited vertical resolution in the
models (with layer thicknesses up to 10 m near the thermocline), the agreement is more than
acceptable.
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3.1.1 Salinity at the NSP stations
Figures 1.6-1.9 contain the computed vertical profiles of salinity at the four NSP locations,
respectively. Similarly to the vertical temperature profiles, for each location there are three
Figures (a-c). In the Figures a relatively small contour interval has been chosen, namely of
only 0.1 ppt. In this way the evolution of the salinity stratification can be visualised. On the
other hand, such a small contour interval this leads to more explicit differences in the figures.
From the model results in Figures 1.6-9 it can be concluded that:
Station A is modelled as being basically well mixed throughout the whole year. From
approximately day 250 there is an decrease in salinity and near the end of the year
the salinity increases.
At station B the salinity behaviour in all models is more diverse. Till approximately
day 275 the models are in good agreement with each other, with a halocline roughly
20 to 30 m below the free surface. However, after day 275 the behaviour is different.
In the IF and MU model the salinity increases, whereas in the other models a
decrease in salinity occurs. Furthermore, the DA and IM models yield a salinity
difference (between top and bottom) of up to 1 ppt. In the other models there is
hardly any salinity stratification at the end of the year. Furthermore, in the ZM model
the salinity is much lower than in the other models. This indicates a higher Atlantic
inflow (or inflow at the boundary conditions) in the ZM, IM and DA models.
At the shallow stations C and D almost no salinity stratification is computed in all
models, except for IM (at station C) and DA (at station D).
At station C MU and IM show overturning with the top layer heavier than the layers
below the halocline.
The figures show that periods of instable salinity stratification occur.
In general, it is difficult to find explanations for the salinity behaviour at these four stations,
because detailed information about the horizontal transports was not worked out. In contrast
to the thermal stratification, which is dominated by processes in the vertical, such information
is essential for understanding the vertical salinity profiles. The latter are dominated by the
horizontal processes.

3.1.2 Water elevations at NSP stations
The water elevation was computed by subtracting the depth values from the total water depth,
which is one of the hourly output parameters. In the upper part of Figures 1.10a-d the water
elevation is shown for days 100-107 and in the lower part for days 300-307. These intervals
are an arbitrary choice, to get some insight in the tidal behaviour of the models.
Of the four locations involved, station B clearly shows the smallest tidal signal. This is due to
the fact that station B is close to one of the amphidromic points in the southern North Sea.
For station B, the UL behaviour notably differs from the (banded) behaviour of the other
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models. This shift of the amphidromic system is probably due to the “nearest grid point
problem” as already explained in Section 2.1 for the depths at NSP stations.
The tidal behaviour at the four NSP stations is in reasonable agreement. Taking into account
that the model grids are different and therefore also the location at which the water elevation
is computed, differences as shown in Figures 1.10a-d are likely to occur.

3.2

Average temperature

In Figures 2.1-3 times series of temperature are shown. From Figure 2.2 it can be seen that
for IM and DA the temperatures from -20 m to the bottom (lower part of figure) increase
more slowly compared to the others. For IF the temperatures in the upper 20 m of the water
column are considerably higher than the others. At the end of the simulation the surface
temperatures at the upper 20 m are close, whereas distinct differences occur for the remainder
of the water column.
Figure 2.1 shows that at the end of simulation the average temperatures of IM and DA are
rather different from the others, which is related to their relatively low bottom temperatures
(see Figure 2.2). As will be seen later, for the DA and IM models the heat influx through the
free surface is lower than in the other models. Apparently, this lower influx in the DA and IM
model yields average temperatures in the upper 20 m of the water column that are similar to
these of the other models, but the temperature in the bottom layers are colder.
As explained in the previous section, in the DA and IM model the heat is transferred
relatively slowly downwards through the water column, which might explain the lower
bottom temperatures. Both models are in cluster 1 with respect to the thermal stratification
throughout the year. However, other models in this cluster (IF, MU and PO) do not yield such
low bottom temperatures in late summer. The different bottom temperatures in the DA and
IM model seems to be related to the lower surface heat flux, which might partly be caused by
the sharpness of the thermocline.
Apart from IM and DA, the temperature evolution throughout the year computed by the other
partners is more or less in agreement with each other. At the end of the simulation all
temperatures are within a range of 0.6°C. The average temperatures are around 12.5°C,
whereas the end values for IM and DA are roughly 11°C. Given the initial temperature of
roughly 9°C, this means that the average temperature after one year is roughly 2.5°C higher
for most of the partners. An increase in temperature of this order of magnitude was also
observed in the NSP measurements (see Figures 1.5-6).
Till approximately day 170 (mid of April 1989) the temperature differences between top 20
m and the remainder of the water column is negative (see Figure 2.3). Thus, in the models
inverse temperature stratification occurs. Note that the values for MU and PO in this period
are different from the others and very close to zero (also for the initial temperature condition).
The maximal difference between the partners except IM and DA is approximately 1°C, which
appears at both the coldest and the warmest period (1 March and 1 September, respectively).
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In Figure 2.3 the difference in temperature between the upper 20 m and the remainder of the
water column are shown. The largest differences appear for IM, IF and DA.
From Figures 2.1-3 the following two clusters might be identified:
IM, IF and DA
PO, MU, UL, RI, DE and ZM
It is noted that this clustering is rather subjective. The models in the first cluster represent
outliers, either for the surface or bottom temperatures.
The clustering is more or less in line with the clustering for temperatures at the NSP stations.
Only MU and PO are now in the second cluster, whereas they were in the first cluster for the
temperatures at the NSP stations. We remark that of the models in the second cluster for the
averaged temperature, MU and PO are closest to the first cluster.
It can be expected that the clustering is slightly different from the one at the NSP stations.
Only four NSP stations have been examined, whereas for the averaged temperature the whole
common area is taken into account.

3.3

Average salinity

Figures 3.1-3 contain times series of salinity throughout the whole year. In general, all models
show the same seasonal cycle, namely an increase during the first 150 days, a decrease from
day 150 to day 250-300, followed by an increase at the end of the simulation (see Figure 3.1).
This seasonal cycle is observed in both the upper 20m and the remainder of the water column
as well (see Figure 3.2). At the beginning the values are in a range of 0.25 ppt, whereas at the
end the average salinity is in a range of 0.5 ppt.
The decrease in salinity around day 275 is strongest in the DA model. This model also shows
the largest variation in salinity difference between the upper 20m and the remainder of the
water column (see Figure 3.3). In the other models the evolution in average salinity is
smoother throughout the year. In Figures 1.7a-c a stronger decrease in salinity was observed
as well in the DA and IM models. This might indicate that in the northeastern part of the
common area the DA and IM model yield the lowest salinities in the upper part of the water
column. This is observed in the results for the POP/EOF analysis as well, see Task 8.
For all partners except DA and UL there is a slight increase in averaged salinity through the
year. It is known that 1989 had a very high Atlantic inflow. Thus, an increase in salinity
throughout the year might be expected.
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Total stratified area

The total stratified area is defined as the horizontal area in which the vertical density
difference exceeds

ref

0.1 kg / m 3 . The difference is defined as that between the surface

5m and the bottom 5m. We remark that this definition is different from the one in the
sensitivity study, in which the difference between the top layer and the bottom layer was
taken. The latter definition in combination with the different vertical resolution in the models
made it rather difficult to draw conclusions.
In Figure 4.1 the total stratified area (in percentage for each individual common area) is
shown. The common area for each model is listed in Table 6.
The onset of stratification occurs in all models at more or less the same period (variation of
one month), which could also be seen in the vertical temperatures at the NSP station. At the
end of the simulation there are large differences. This is in line with the differences in
averaged temperatures for the upper 20m and the remainder (see Figure 2.2). Since there are
distinct differences in bottom temperatures in the second half of the simulation, this affects
the size of the total stratified area.
IM and DA show the largest area, followed by PO, DE, ZM, IF, RI and UL, with ZM having
the smallest values. Furthermore, ZM is the only model that fully destratifies in winter. The
clustering for the total stratified area is more or less in line with the clustering for the vertical
temperature at the NSP stations and for the averaged temperatures. In the clustering of the
latter two output quantities, IM and DA are in the cluster with the highest surface
temperatures and largest differences in temperature between the surface and bottom. The
correspondence between the total stratified area values and the average temperature
differences (Figure 2.3) is much better than between the total stratified area values and the
average salinity differences (Figure 3.3). We therefore conclude that the temperature
stratification has a much larger effect on the total stratified area than the salinity
stratification.
The results for the total stratified area are largely similar to sensitivity study, with IM and
DA yielding the highest stratification levels and ZM the lowest.

3.5

Stratification potential energy

The stratification potential energy is defined by (in J)

Vs

i , j ,k

i, j

g x3 ( x y z )i , j ,k

i , j ,k

where

i, j

is the depth-mean water density at the grid point (i,j) and x3 is the vertical co-

ordinate (=0 at the surface, increasing upwards). This is zero for a well mixed water column
and negative for a stratified situation.
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Figure 5.1 contains the stratification potential energy computed by all models. The
stratification potential energy is expected to be more or less the inverse of the total stratified
area. This is more or less the case, with the lowest values for IM. Only for DA the behaviour
is significantly different. The DA model shows one of the largest stratified areas, whereas the
stratification potential energy is in the mid of all models. The low stratification potential
energy for DA is also contradictory to the sensitivity study, in which the DA model yielded a
high stratification potential energy and a large stratified area. This might be due to the fact
that different models were used by DA in the sensitivity study and in the one-year simulation.
Furthermore, ZM clearly show the lowest values in the one-year simulation, whereas they are
in the mid in the sensitivity study.
A somewhat different time curve compared to the total stratified area might occur, because
for the stratification potential energy the whole water column is taken into account instead of
only the surface 5 m and bottom 5m for the total stratified area.
Once again, the results are consistent with the ones of the sensitivity study, with IM having
the largest values. As described above, this is not the case for the DA and ZM models.
As an illustration, in Figure 5.2 the strength of the stratification is shown. The strength of the
stratification is defined as the ratio of the stratification potential energy and the total stratified
area. At the end of the simulation the strength of the stratification is largest in the MU model
and smallest for ZM, because this is the only model that fully destratifies in winter.

3.6

Mean kinetic energy

The mean kinetic energy is defined by (in m2/s2)

Tm

1
2V

ui ,, j ,k

2

vi,, j , k

2

( x y z )i , j , k

i, j,k

where u and v are the horizontal components of the velocity vector and where the sum extends
over all the model grid points inside the common domain. This value should be in the range:
0 < Mean Kinetic Energy < 0.1 (m2/s2).
In Figure 6.1 the daily averaged kinetic energy is shown. Figure 6.2 contains the monthly
averaged values for the mean kinetic energy. All models are in phase. Furthermore, the
amplitudes are more or less constant for each spring-neap cycle, except for PO and RI. Only
PO and RI show a seasonal increase in kinetic energy with a maximum in summer.
Figures 6.1-2 suggest that the seasonal behaviour in kinetic energy for RI might be related to
stratification. Periods with a small stratified area correspond to periods of low kinetic energy.
This should then be the case for all models. However, some of the models even show a
decrease in mean kinetic energy with the onset of stratification.
As the tidal generation within the common area is negligible, the tidal part of the kinetic
energy is due to exchange through the lateral boundaries. However, RI and DE, for example,
use the same type of boundary conditions. Therefore, the different behaviour for RI in kinetic
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energy can not be explained by the type of boundary conditions used. We remark that in the
sensitivity study the RI model already showed larger variations in kinetic energy.
Due to the 24-hour averaging, the kinetic energy variations clearly follow results the springneap cycle (with periods of approximately 15 days). This is also the case for the total
stratified area and for the stratification potential energy. For example, minimum values for
mean kinetic energy occur at roughly days 242, 256, 271 and 286. At approximately days
238, 252, 268 and 282 there are maxima for the total stratified area and minima for the
stratification potential energy. Thus, the extreme values for the total stratified area and the
stratification potential energy occur four days earlier compared to the ones for the mean
kinetic energy. We have no explanation yet for this four day shift.
From Figures 6.1-2 it is difficult to define any clusters. DE and UL show the highest values.
On the other hand, PO and RI have a different time behaviour than the other models. Owing
to the relatively large (regular) spreading of the mean kinetic energy we have not defined any
clusters for this output parameter.
From consistency it is to be expected that models with high kinetic energy exhibit a small
potential energy (cf. Figure 5.1). For all models this is more or less the case. The models with
lowest kinetic energy (IM, PO and IF) show the largest potential energy. At the other end
models with low potential energy (DE, RI, UL) show a high kinetic energy. Only for ZM the
relation between kinetic energy and potential energy is less clear (lowest potential energy and
a kinetic energy that is in the mid).
The clustering of the kinetic energy is more or less consistent with the one of the sensitivity
study, with UL and RI showing higher kinetic energy values than the other models. The DE
model did not participate in the sensitivity study. For DA this might be due to different model
characteristics (a three times finer grid in the sensitivity study).

3.7

Volume transports

Figures 7.1-7.2 contain the instantaneous volume fluxes from day 60 to 67 at the cross
sections at 51° N, 52.5° N, 54.5° N and 57° N, respectively. The volume fluxes are in
Sverdrups (106 m3/s), see the vertical axis. The period from day 60 to day 67 was chosen,
because in that period high volume fluxes occur. Nevertheless, this choice is somewhat
arbitrary. Figures 7.1-2 are presented to get some insight in the volume fluxes. Note that the
larger instantaneous volume fluxes for DE at 51° N and 52.5° N are due to the orientation of
the grid lines in the DE model. Near 51° N and 52.5° N the grid lines in the DE model do not
follow the latitudes, which leads to interpolation errors when computing the instantaneous
volume fluxes.
In Figures 7.3-7.6 the monthly averaged volume fluxes (upper part) and accumulated volume
fluxes (lower part) are shown. The monthly averaged volume fluxes transports are in
Sverdrups. The accumulated volume fluxes are in 1012 m3. Positive values correspond to
northward transports. The accumulated values at the end of the simulation can be expressed
as yearly averaged net volume fluxes. For example, for the MU model the accumulated
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volume transport at 54.5°N at the end of the simulation is 3.09 1012 m3, which corresponds to
a yearly averaged net volume flux of 0.098 Sv. For the UL model the yearly averaged net
volume flux is only 0.038 Sv.
For the monthly and yearly averaged net volume fluxes a time interval of (roughly) 30 days
was selected in which the start and end volume of the common area was about the same. This
was done because even small differences in volume correspond to a shift in net volume flux
that can not be neglected.
From Figures 7.1-6 it can be concluded that:
The behaviour throughout the year is more or less the same for all partners (with a
peak in the fifth month (March ‘89).
A net southward flow of some magnitude only occurs in the UL model, namely in
December ‘88.
The net northward flow is largest in January, February and March. In MaySeptember the net northward flow is smallest for ZM.
In Figure 7.13 the spatially averaged wind speed and wind direction are shown. The averaged
values for the whole common area have been computed. From this figure it can be seen that
during days 60 to 120 the wind direction is relatively constant and of a magnitude of roughly
200 degrees, which corresponds to a southwestern wind. Moreover, the wind speeds are
largest in that period of the year. As a result, the increase in accumulated volume transport
(and thus the net volume transport) is largest in that period, which can be seen in Figures 7.36 as well.
In Figure 7.7 the time behaviour of the volumes for all models is shown (for days 1-30, 120150 and 240-270, respectively). From this figure it can be seen that the initial volume varies
between the models, see also Table 6. However, the amplitude in volumes is comparable for
all models. The difference between maximum and minimum values is roughly 500 km3 in all
models. Similarly to e.g. the water elevation (see Figures 1.10), all models are in the same
phase and show the same characteristic variations and response to meteorological forcing.
To obtain more insight in the volume fluxes in the various models, Figure 7.8-12 contain the
instantaneous northward and southward volume fluxes from day 60 to 67 at the cross sections
at 51° N, 52.5° N, 54.5° N and 57° N, respectively. Thus, the total volume fluxes, which are
shown in Figures 7.1-2, have been subdivided into a northward (see upper part of the figures)
and a southward volume flux (lower part of the figures). The Figures (7.1-2 and 7.8-12)
show that not only the total instantaneous volume fluxes, but also the separate (instantaneous)
northward and southward volume fluxes are comparable in all models. We remark that the
northward flow in the PO model at 54.5° N and 57° N also contains negative values, which is
not possible according to the definition of the northward volume flux. For this reason, also the
yearly averaged net volume fluxes at these cross sections have been left out for PO (see Table
9).
As an illustration, Figure 7.12 contains the salinity fluxes (in ppt * Sv) at cross section 57°N.
Similarly to the volume fluxes in Figures 7.8-11 both the northward component (upper part)
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and southward component (lower part) are shown. Figure 7.12 shows that also the salinity
fluxes are in reasonable agreement with each other. For some unexplained reason, the ZM
model produces a much lower salinity flux.
For the northward salinity fluxes the following clusters can be more or less identified:
DE, RI and IF
MU, UL and DA
ZM
The yearly averaged net volume fluxes (in Sv) through the four cross sections are given in
Table 9. We remark that these yearly averaged net volume fluxes are based on the hourly
outputs produced by each partner. These values can be (slightly) different from the yearly
averaged net volume fluxes that are based on output after each time step. For example, the
actual (thus based on output after each time step) yearly averaged net volume flux in the DE
model is close to 0.08 Sv, whereas in Table 9 the values for the DE model are between 0.07
and 0.08 Sv.

DE
DA
ZM
IF
IM
MU
PO
RI

UL

CS 51°N
0.073
n.a.
0.025
0.066
0.008
0.091
0.050
0.047
0.030

0.056
0.018

CS 52.5°N
0.072
0.062
0.034
0.063
0.065
0.094
0.051
0.049

CS 54.5°N
0.078
0.071
0.048
0.064
0.068
0.099
n.a.
0.052

CS 57°N
0.080
0.071
0.037
0.066
0.016
0.097
n.a.
0.051

0.032
0.058
0.016

0.039
0.063
0.016

0.032
0.061
0.019

Table 9: Yearly averaged net volume fluxes (in Sv)
It is noted that the low values for IM at 51°N and 57°N are probably caused by interpolation
errors, because of the orientation of the model makes an angle of 45° with the latitudes. For
DA the transports through 51°N are not available, because the southern boundary location of
the DA model is exactly at 51°N. In Table 9 n.a. stands for not available.
For the volume flux results the following clusters can be more or less identified:
MU
DE, DA, IM, IF, PO and RI
ZM and UL
Residual flows or net volume fluxes for the southern North Sea have been studied intensively
by various authors (Prandle, Salomon, De Kok and others). Most of the studies on residual
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flows have been based on a combination of tracer information from the nuclear power plants
and transport models. A computation of monthly averages of residual flow for 1989
(Salomon et al., 1993) show variations of an order of five in magnitude: 0.057 Sv for June
(calm winds) and 0.289 Sv for December (strong winds). The yearly average was found to be
0.113 Sv. In (Prandle, 1978) and (Prandle et al., 1996) yearly averaged net volume fluxes of
0.090 Sv and 0.094 Sv were reported. For an overview of volume fluxes through Dover Strait
we refer to (Gerritsen et al., 2000).
In the one-year simulation the largest net volume fluxes occur in March 1989 and are up to
0.2 Sv. With respect to the yearly averages, only the MU model yields residual flows that are
close to those of Prandle and Salomon.
The variation in net volume transports clearly shows a large sensitivity to, for example,
bottom topography, model resolution and applied numerical schemes. Note that the agreement
in (oscillatory) behaviour throughout the year in volume fluxes is striking.
The yearly averaged volume transports are on average 60000 m3/s, with a factor of 2.5
difference between the largest and the smallest (MU vs. UL). In Task 3 similar results were
obtained (roughly a factor of three difference).
When comparing the volume fluxes in the sensitivity study with the ones in the one-year
simulation there is hardly any consistency. For example, the UL volume transports are
smallest in the one-year simulation, whereas they were in the mid in the sensitivity study. On
the other hand, RI clearly showed the largest volume fluxes in the sensitivity and they are in
the mid in the one-year simulation. Only the UL model show consistency, namely relatively
low volume fluxes in both the sensitivity study and in the one-year simulation.
In conclusion, the computation of net volume fluxes remains a difficult issue. The threedimensional advection-dispersion model have been tuned for short scale phenomena, but seem
to behave somewhat differently for large scale phenomena.

3.8

Friction velocity

As in Task 9 of the NOMADS2 project (Assessment of meteorological forcing), the surface
and bottom friction velocities at two stations have been computed in the one-year simulation,
namely at:
Station E = (51.75N, 1.875E); model depth 30-34 m
Station F = (54N, 1.875E)); model depth 50-70 m
The surface and bottom friction velocities are defined by

u*s

surface
0

and

u*b

bottom
0

The surface friction can be rewritten to
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w 2y

. 10
14

3

wx2

w2y

water

in which cd = 0.0016, air = 1.25 and
and y-direction, respectively.

water

= 1023 and Wx and Wy are the wind speed in x-

In Figure 8.1 the instantaneous surface friction velocities are shown for day 100 to 107.
Figure 8.2 contains the monthly averaged surface friction velocities. Furthermore, in both
figures the values from the UK Met Office data set have been added. Since the two selected
stations coincide with grid points in the UK Met Office data set, it is to be expected that the
surface friction velocities are in close agreement with each other. This is indeed the case. The
rather different surface friction velocities for IM seem to be caused by interpolation errors.
In Figure 8.3 the daily averaged bottom friction velocities are shown, whereas Figure 8.4
contains the monthly averaged bottom friction velocities. In Figure 8.3 it can be seen that the
bottom friction velocity clearly follows the spring-neap cycle.
From Figures 8.3-4 the following clusters can be recognised:
RI, MU, PO and IF, showing relatively high bottom friction velocities
DE
IM, ZM and UL
It is supposed that the magnitude of the bottom friction velocity is related to the height above
the bottom at which the friction velocity is computed. However, in most of the models (MU,
PO, RI, DE, UL and IM) the friction velocity is computed at approximately 2.5% from the
bottom, which corresponds to 0.75 m at station E and to 1.5 m at station F. For ZM the
distance is only 0.5% (thus 0.5 m and 1 m, respectively). For IM the distance is 2 m and 5 m,
respectively. However, the clustering in two distinct groups can not be explained by the
vertical position at which the bottom friction velocity is computed.
When comparing the monthly averaged bottom friction velocity in Figure 8.4 with the
monthly averaged mean kinetic energy (Figure 6.2) there is hardly any consistency. Only UL
shows a high mean kinetic energy and small bottom friction velocities.

3.9

Heat flux through the free surface

In Figure 9.1 the diurnal behaviour for days 200-207 is shown. The results of all partners are
in good agreement with each other. However, the UL and DA models show a smaller diurnal
cycle, for which we have no explanation yet. Cooling at night is strongest for the IM model.

DA
DE
IF
IM
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MU
1.37
PO
2.54
RI
2.65
UL
2.22
ZM
2.58
Table 10: Net increase or decrease in average temperature of the common
area due to the free surface flux during the simulation (in °C)

Figures 9.2 and 9.3 contain the daily averaged and monthly averaged heat fluxes,
respectively. Figure 9.4 shows the increase or decrease in average temperature throughout the
year of the whole common area due to the free surface flux (alone). Thus, the accumulated
heat fluxes (in J) have been converted to degrees (dividing by cp * 0 * volume). Table 10
contains the net increase or decrease in average temperature of the common area due to the
free surface flux during the simulation. These numbers show that differences occur in the
accumulated heat fluxes for all partners. In particular, this is the case for IM and DA (a
negative value), i.e. overall cooling.
Globally speaking, all partners show the same heat flux behaviour throughout the year.
However, from Figure 9.4 it can be seen that for IM and DA the net incoming heat fluxes are
smaller from day 200 (mid of May). These lower values for IM and DA in Table 10 also
explain the lower spatially averaged temperatures in Figure 2.1
Since the same heat model is used by all partners, this can not cause any differences. The
interpolation of the space varying meteorological forcing (air temperature, relative humidity,
wind speed and wind direction) to the computational grid might lead to some differences. The
differences are largest when the heat fluxes are maximal (in June and July, see Figure 9.3).
We remark that the MU heat fluxes in Figure 9.1 show a stair-case time curve, which is due
to the fact that no time interpolation is applied.

Temperature balance
In Figures 9.5 to 9.13 the temperature balance is checked for all partners. The temperature
balance is computed by (with n the time level):

HC n

HC 0

AHFsn c p

0

AHF51nN

AHF57nN

n
AHFrivers

with HC the heat content defined by

HC n

cp

Ti,nj , k

0
i, j

x y z

i, j,k

k

and

AHFsn = Accumulated heat flux through free surface summed over common area

Di , j (in J):
i, j
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tn
n
s

HFi ,nj * Di , j ) dt

(

AHF

i, j

t0

AHF51n N = Accumulated temperature flux (advection+diffusion) through 51N (in
°C m3):

AHF57n N = Accumulated temperature flux (advection+diffusion) through 57N (in
°C m3):
tn

AHF51n N

VTi ,nj ,k * Ti ,nj , k ) dt

(
t0 i , j , k

with VT the volume transport through the 51° N cross section. For AHF57N the
definition is similar.
n
AHFrivers
= Accumulated heat flux via rivers (in °C m3):

tn
n
AHFrivers

Qpn * Tp ) dt

(
t0

p

with Qp the discharge (in m3/s) of river p and Tp the corresponding inflow
temperature. Only rivers between 51° N and 57° N.
The upper part of Figures 9.5-13 show the increase in average temperature (of the whole
common area) due to the free surface flux (alone), the total flux (also taking into account the
heat transport through 51°N and 57°N and through the rivers). The increase in heat content
(black line) is identical to the averaged temperature in Figure 2.1. For conservation of
temperature the red and black lines should coincide.
The lower part of Figures 9.5-13 contain the temperature transports for the cross sections
51°N and 57°N and for the rivers. The temperature transports are divided by the volume of
the common area, to obtain the temperature increase or decrease of the common area due to
this lateral transport. On the vertical axis the temperature increase or decrease is shown in the
figures. A positive value for the cross section 51°N corresponds to an increase of the average
temperature. A positive value for the cross section 57°N corresponds to a decrease of the
average temperature. For example for MU (see Figure 9.9), the temperature value for cross
section 51°N is about 2° at the end of the simulation, which corresponds to an increase of the
(average) temperature of the common area of 2°. For the cross section 57°N the value is
roughly 0.5°, which corresponds to a decrease of 0.5°. Then, the sum of the lateral heat
transports through 51°N and 57°N yields an increase of about 1.5°, which is the difference
between the surface flux (green line) and the total influx (red line) in the upper part of
Figure 9.9. The MU results are temperature conserving (red and black line coincide).
From Figures 9.5-13 we conclude that:
The heat influx through the rivers is negligible compared to the other sources.
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For most of the models there is a relatively small inconsistency in the temperature
balance (compare red with black line). It is known that the computation of the heat
balance is very sensitive to small errors. It can be seen that the errors accumulate
throughout the year. The errors are due to the fact that either the diffusive transports
have been neglected or the temperature balance parameters have been computed offline (after finishing the simulation). This inevitably leads to a (slight) temperature
imbalance. It is strongly believed that all models in the 1-year simulation are based
on a mass conservative implementation. However, this is not reflected in all figures,
due to e.g. the a posteriori numerical summation of the total flux. This is most
strongly visible for DA and UL.
In the DA and IM models there is a smaller heat influx through the free surface. At
the end of the year the net influx is negative, whereas in the other models the net heat
influx yields an increase in temperature of approximately two degrees. This can also
be seen in Table 10. For some reason less heat is entering the water column in the DA
and IM models. Thus, the lower space averaged temperature in the IM and DM is
caused by the lower surface heat influx and not by the lateral transports through the
cross sections 51°N and 57°N.
In most of the models the heat transport through cross section 51°N is responsible for
an increase in the model temperature. In the UL, IM and ZM models, however, the
net heat transport at the end of the simulation is very small.
For the (large) cross section 57°N the contribution to the average temperature is at
the end of the simulation is very small in all models except for IM. For IM the
temperature flux through 57°N a decrease in temperature of roughly 2 °C.
In all models the total lateral transport (sum of the heat influx through 51°N and the
outflux through 57°N) is responsible for an increase in average temperature of the
common area of approximately 2 °C. In the IM model this enters the common area
through the cross section at 57°N, whereas in all other models the cross section at
51°N is responsible for this increase.
For UL the direction of the cross sectional fluxes is opposite to that of the other
models, while the heat content is in line with all other models.
In all models the average temperature reaches its minimum at roughly day 150 (with a
decrease of 3°C) while the maxima occur around day 300 (with an increase of 3 to 5°C).
Finally, it is noted that the diffusive part of the lateral transport is negligible compared to the
advective part of the lateral transport.

3.10

Salinity and temperature at Aberdeen-Hantsholm

Figures 10.1-9 contain for all models the salinity and temperature profiles at the cross section
Aberdeen-Hantsholm for 22 June 1989 12:00 hour. Furthermore, in Figures 10.10-11 the
measured salinity and temperature profiles are shown. The English coast is at the left part of
the figures and the continental coast is at the right (at 620 km). These measurements
represent the average over a long time interval.
The measured temperature profiles show that near the English coast there is no thermal
stratification. Near the continental coast there is some stratification, which increases towards
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the deeper area in the mid of the cross section. These phenomena are to a large extent
observed in all models.
In Figure 10.10 a salinity stratification near the continental coast of roughly 2 ppt (33.0 to
35.3 ppt) can be seen. The stratified area roughly covers 250 km. At the left part of the cross
section there is no salinity stratification. All models except UL exhibit stratification near the
continental coast and a well-mixed salinity near the English coast. However, the extent of the
stratification differs. IM and DA show the largest stratification, with salinity values near the
surface of less than 32.5 ppt. Furthermore, in the MU model the salinity near the continental
coast is much smaller compared to the other models and to the measurements.
The lowest salinities near the continental coast occur for ZM, DA and IM. This is in line with
the vertical salinity profiles at NSP station B (see Figures 1.7a-c), indicating a higher Atlantic
inflow (or inflow at the boundary conditions) in these models.

WL | Delft Hydraulics

3–18

3D modelling for the Southern North Sea

4

Z3239.00

26 November 2001

Concluding remarks

All partners in the NOMADS2 project have carried out a one-year (88/89) simulation
(Task 6). The results show that the models qualitatively have much in common. All models
show similar characteristic variations and responses to meteorological and open boundary
forcing. For most of the output parameters the evolution throughout the year in all models is
more or less comparable. Examples are the onset and breakdown of thermal stratification, the
stratified area, the averaged temperature and salinity and the water elevation.
On the other hand, when examining the output parameters quantitatively, differences can be
observed. In Table 11 an overview is given of all output parameters and their similarity from
a quantitative point of view. A positive value (+) means that all model results are in
reasonable or good agreement. A negative (-) value means that variations in model results for
at least some of the partners is larger than expected. A neutral value (0) means that the output
parameter involved is relatively unimportant or difficult to assess quantitatively.

Model characteristics (depth, length of cross sections, area and volume)
Vertical profiles of temperature at four NSP locations
Vertical profiles of salinity at four NSP locations
Water elevation at four NSP locations
Average temperature
Average salinity
Total stratified area
Stratification potential energy
Mean kinetic energy
Volume transport through cross sections at 51°N, 52.5°N, 54.5°N and 57°N
Friction velocity at two locations
Heat flux through the free surface and
Heat flux through cross sections (51N, 57N) and river influx
Vertical salinity and temperature profiles at cross section Aberdeen-Hantsholm
Table 11: Overview of the model agreement for the output parameters
in the one-year simulation

++
+
+
++
+
+
+0
++
+-

A positive value does not necessarily mean that the model results are very close to each other.
Taking into account the different characteristics of the models (e.g. in horizontal and vertical
resolution, turbulence modelling, numerical schemes, different parametrizations such as for
bottom friction, etc.), differences of a magnitude as seen in the one-year simulation are
inevitable.
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For the following input or output parameters the differences are larger than expected:
Model characteristics; Despite all measures to minimize the geometric differences,
differences of more than 5% have been observed in the depth, length of cross
sections, area and volume of the common area. The intercomparison of one-year
simulation model results has shown that it is recommended to prescribe all methods
of data manipulation, such as interpolation in space and time, at the start.
Average temperature; for two of the models the average temperature at the end of
the one-year simulation is roughly 1.5 degrees less than in the other models. Such
differences might, for example, have large implications when modelling water quality
processes. The differences in average temperature seem to be related to the lower heat
influx in these models, see Figure 9.1.
Net volume transports; Although the instantaneous volume transports in the models
are in good agreement with each other, the yearly averaged net volume transports
differ considerably (roughly a factor of 2.5 between the smallest and largest net
volume transport), see Figures 7.1-6. It is noted that the net volume transports are
much smaller (in the order of 0-0.1 Sv), whereas the instantaneous volume transports
are up to 10 Sv. The 3D advection-dispersion model applied by the partners have not
been tuned for large scale phenomena such as net volume fluxes. This seems to be a
fundamental problem for large scale (North Sea) modelling.
The one-year simulation showed that many iterations were required to eliminate human errors in
the specification of the simulation and the computation of the output parameters. Although some of
the output parameters were also computed in the sensitivity study, the computation of the output
parameters appeared to be subject to errors. Almost all these errors in computing the output
parameters have been solved, although a few problems remain. It is believed that the relatively
larger differences for the three output parameters listed above, are not related to errors in the
computation, but to the behaviour of the models (e.g. differences in the parametrizations).
The clustering of model results in the one-year simulation is generally in good agreement with
the clustering in the sensitivity study. Some models show a high kinetic energy, others appear
to be more dissipative, some models show a relatively slow transfer of heat downwards
through the water column, etc. For all output parameters that have been examined in both the
sensitivity study and in the one-year simulation the clustering is quite similar. Only in a few
cases inconsistencies were observed between the model behaviour in the sensitivity study
versus the one-year simulation. This means that, when intercomparing the different models in
the sensitivity study and in the one-year simulation, an overall coherent view in 3D advectiondiffusion modelling for the southern North Sea is obtained for all NOMADS2 partners.
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