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| Introduction

I.1 Introduction

Recently, a project (‘REST3D’) for integration of satellite remote sensing sea surface
temperature data, in-situ data and 3-D temperature modelling results started. The project
REST3D aims at the application of a methodology named RESTWAQ (Vos and
Schuttelaar, 1995) for temperature models at North Sea scale. The typical 3D behaviour of
temperature (due to stratification of sea water) makes that in-situ data and remote sensing
sea surface temperature data are more or less complementary.

The full integration of various temperature data sources into a 3-dimensional hydrodynamic
model as done in REST3D, is different from previous applications of RESTWAQ (Vos and
Schuttelaar, 1995; Vos et. al., 1998) that considered suspended particulate matter (SPM).
For SPM the largest uncertainties are the reliability of the data due to a large natural
variability of SPM. Therefore, full integration of SPM sources of data and SPM modelling
results was primarily required in order to reduce these uncertainties. For REST3D,
temperature data show a much smaller natural variability, but the complementary character
of the data sources still warrants a full integration.

In the present report, a first step towards full integration of temperature data and

temperature modelling results is done. Hereto, a period was selected with accurate and

continuous vertical profile temperature measurements (with a thermistor chain). Such data

are only available for two periods at a limited number of locations:

1. For 1989 at six locations in the North Sea (NSP data set from NERC);

2. For 1994 for one location at Oyster grounds in the North Sea (INP mooring data set
from DNZ).

The 1989 in-situ data set is clearly preferable. However, the 1994 remote sensing data set is
much more complete (for 1989 only 10 images were available, of which some are partially
cloud covered). Due to this incompleteness of data, it was decided to test the model
performance for both 1989 and 1994. For 1989 the empbhasis is on the thermistor chain in-
situ data. For 1994 the emphasis is more on remote sensing sea surface temperature data.
The 1994 simulations are also of much interest to RWS-DNZ that supplied the INP
mooring data.

The 1989 and 1994 data set were completed by use of blended data sets, supplied by
Pohlmann. These blended data sets are a combination of in-situ data of the surface and
remote sensing data and were made by BSH manually.

In the present report, a model validation of a North Sea temperature model for 1989 is

done. The 1994 simulations will be done in a next phase of the REST3D project. Parameter
settings retrieved from the 1989 simulations will serve as input for the 1994 simulations.
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1.2 Background

Knowledge of water temperature is of great importance to a variety of marine issues within
the North Sea. For calculating substance transport and eutrophication effects a good
representation of the 3-dimensional temperature field is important. In general, vertical
mixing of water and substances are limited by the existence of a thermocline. Thus, water
quality and ecological processes such as nutrient transport, primary production and oxygen
depletion due to mineralisation highly depend on the 3D transport for which the
temperature distribution is a good indicator. The dynamics of the thermocline (depth and
stability) have a profound effect on the development of nuisance algae and other negative
eutrophication effects like oxygen depletion and species shifts (De Wolf and Zijlstra, 1988;
Obata et al., 1996; Ruardij et al., 1997).

The development of a dynamic 3-dimensional hydrodynamic model with accurate
representation of the (vertical and horizontal) temperature distribution is seen as a vital first
step towards a fully 3-dimensional water quality and eutrophication model of the North
Sea, for which there is great interest at ‘Rijkswaterstaat’ (RIKZ and DNZ). Of particular
importance is the ability to model the depth of the thermocline as well as duration and areal
extent of thermal stratification with a time resolution of days-weeks. The synoptic 2-
dimensional remote sensing sea surface temperature (RS SST) data provide valuable
information which can be used together with in-situ data (vertical profiles) for correctly
modelling temperature distribution.

Additional applications of RS SST and improved knowledge of water temperature can also
be considered. For use in weather forecasts, actual SST data of the North Sea are an
essential boundary parameter. An upgrade of satellite data correction procedures will
provide a better data product for this purpose. There are also possibilities for sea
temperature use in longer term assessments of climate and ecological status of the North
Sea. Sea water temperature can be considered as a key indicator for global climate change.
Such changes might coincide with changes in species composition, and periods and
locations for spawning and recruitment of both commercial and non-commercial fish and
shellfish species. A detailed knowledge of temperature in both space and time can be very
helpful in analysing long-term biological changes.

Anticipated results of the BCRS project REST3D are:

e Completion of procedures for calibration/correction of RS SST images for use by
multiple end users.

e Completion of a methodology for integrating RS SST with 3-dimensional models (as
started in RESTWAQ 1) with refinement of cost functions for simultaneous assimilation
of RS data and in-situ data.

* Participation of various end-users in the project for reconnaissance of the applicability
of results and tools, and the possibilities for future implementation; Specifically, the link
to North Sea Water Quality and eutrophication models is considered as an important
follow-up to this project.
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1.3 Objectives of this study

The present report focuses on a validation of a 3-D temperature North Sea model for 1989
using in-situ data for temperature, and using RS SST data.

The objectives are:

1. Completion of a temperature model for the North Sea (NSM) for 1989 that was started
in an earlier project (Van Kester et al., 1997). The model is based upon the special
TRIWAQ/TEM source code from RWS-RIKZ for temperature simulations;

2. Comparison of the model results with in-situ data from the North Sea project.

3. Comparison of the model results with blended data sets from BSH (Loewe 1994,
Pohlmann 1995).

1.4 Contents of this report

Chapter 2 of this report is about the in-situ data, the remote sensing sea surface temperature
data and the blended data sets of sea surface temperature. Chapter 3 of this report describes
the model calibration (based on a 1DV point model for sensitivity analysis) and the model
set up. It also discusses the model performance with respect to old model results. Chapter 4
deals with the data-model comparison. Conclusions and recommendations are given in
Chapter 5.

1.5 Acknowledgement

We are grateful to Hans Roozekrans (KNMI), Johan de Kok (RIKZ) and Jan Van Kester
(WL | Delft Hydraulics) for their contributions to this work. Thomas Pohlmann of IfM
Hamburg is kindly thanked for supplying complete model results and the blended data sets
of SST. Most plots in this report where made by Dick Verploegh (WL | Delft Hydraulics).
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2 Data acquisition

2.1 In-situ data

In-situ data are (nearly) continuous measurements of temperature over the vertical water
column for the North Sea for 1989. These data were measured by NERC for a project
named ‘North Sea project’ (NSP). They were put on a CD-ROM for dissemination of the
project results by the Natural Environmental Research Council (NERC) and the British
Oceanographic data centre (BODC) (Lowry et al., 1992).

The NSP data set of 1989 is the only one in its kind, having 6 locations on the North Sea
with a series of continuous 3-dimensional temperature measurements. These in-situ data
were interpolated in time and space (over depth) for the 4 most relevant stations (A,B, C
and D) by Van Kester et al. (1997, Figures 4.2.a-4.2.d) and are presented here in Figures
2.2 to 2.5. Figure 2.1 gives the location of these stations on the North Sea. For station A,
the original non-interpolated data are given in Figure 2.2.b. The depth of the water column
according to NERC is 85 m for station A, 52 m for station B, 60 m for station C, and 30 m
for station D.

2.2 Remote sensing data

2.2.1 RS SST data from KNMI

Remote Sensing data on sea surface temperature were supplied by the KNMI (Roozekrans
and Prangsma, 1988). Unfortunately, only a limited amount of RS data was available for
1989, since the routine archiving of SST data by KNMI started in 1990. Daily images were
available for the following (12) moments:

8 March 1989, 12:23; 8 April 1989, 12:09; 21 April 1989, 13:18; 9 May 1989 13:35; 28
May 1989 12:00; 2 June 1989 12:49; 12 June 1989, 12:47; 18 June 1989, 13:26; 19 June
1989 13:15; 18 August 1989, 12:58; 23 August 1989, 12:06; 29 November 1989 13:25

All these images come from the NOAA-11 satellite and were recorded by the AVHRR
radiometer, and subsequently processed by the KNMI. All images are partially cloud
covered. All images are recorded at noon. Two images (21-4-89, 28-5-89) clearly show ‘hot
spots’ (a local strong increase in the skin temperature of the sea due to large solar radiation,
see Bijlsma et al., 1989) in the Northern part of the North Sea.

The images are plotted in Figures 2.6 to 2.17 (top of page).

2.2.2 Relation between skin temperature and bulk temperature

Radiometers on board of satellites measure the skin temperature of the sea, whereas in-situ
data for surface temperature are usually obtained at one to a few meters below the sea
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surface. This may lead to differences between in-situ data and remote sensing data. This
section will discuss these differences.

RS SST assembled at noon may be slightly overestimated with respect to in-situ data
measured in the top first meter of the water column. Robinson (1984) found that the
difference between skin temperate and bulk temperature amounts maximally 0.5 °C.
However, images obtained during morning time may clearly underestimate the sea surface
temperature considerably (1-2 °C, de Valk 1997) whereas night images are clearly in best
agreement with in-situ data (de Valk, 1997). Unfortunately, no such images are available
for 1989.

Borst (1995) found a very good correlation (r=0.99) between satellite data (weekly
composites) and in-situ data measured by WAVEC buoys at one location. The WAVEC
buoys generate continuous time-series of temperatures which are averaged over every 10
minutes. These values were averaged again per week to one final weekly averaged in-situ
result. The satellite measurement differs on average only 0.7 °C (rms-deviation) from this
weekly averaged buoy measurement. Borst also found a high correlation between the
WAVEC buoy data and in-situ data measured by a ship (Holland). This gave a correlation of
0.4 °C which suggest that there is a natural variability already of 0.4 °C in the data
themselves due to local fluctuations of temperature. Subtracting this rms-error of 0.4 °C
from the 0.7 °C reported by Borst one obtains 0.57 °C for the remainder. This is in close
agreement with the estimate of the skin effect contribution reported by Robinson (0.5 °C,
1984).

When considering a correlation between all ship-measured in-situ data and all SST data
simultaneously the deviation (the bias) has been found to be higher and goes up to 2 °C.
This was found both by Borst (1995) and by Bijlsma et al. (1991). Summer images are
clearly warmer (up to +2 °C) whereas winter images are colder (-2 °C) than in-situ data.
After the elimination of images with hot spots (although realistic physical effects, they can
not be used for model validation or comparison with in-situ data), or elimination of all
images with a cloud coverage > 25%, these deviations are still found (Bijlsma et al., 1991).
There is no explanation given by the authors for the observed bias of 2 °C with this
procedure. Use of continuous in-situ measurements might reduce the rms-deviation of in-
situ measurements considerably. This will require further study.

Recently, KNMI (de Haan, 1998) did a thorough validation of NOAA-SST values of the
NOAA-12, NOAA-14 and NOAA-15 satellites for two periods (June and September) in
1998. They have found an overestimation in weekly composites of SST from satellites
compared to in-situ data of 0.3-0.5 °C. However, for three daily composites an
underestimation of 0.15 °C was found. In weekly composites the overestimation follows
from the higher skin temperature with respect to bulk temperature for summer periods.
Furthermore, weekly composites are based on maximum values of SST to exclude cloud
effects (however, when a large difference in SST is observed between night and day images
the night image is preferred). The three daily composites have more pixels that are affected
by clouds. Such pixels are clearly too cold, and this leads to the observed underestimation.
Differences in the bias of up to 0.7°C between the various satellites were also found, and
this gives an estimate of the instrumentation errors and the errors in the SST algorithms

wi. | delft hydraulics 2-2



Temperature simulations North Sea Z2506.00 February, 1999

used for retrieving SST from raw satellite data. Unfortunately, it is not clear if this also
holds for the NOAA-11 satellite used in this work.

Conclusions

» Differences of up to 2°C are sometimes found when comparing in-situ data with the RS
SST images used in this work. However, in practice for most locations differences turn
out to be much smaller. A difference up to 0.5 °C follows from a skin effect present in
satellite data, but absent in the in-situ data. About 0.4 °C follows from the natural
variability in SST. Only in a few cases higher deviations than 0.7°C are observed. Such
deviations will need further analysis.

* Given the fact that daily images are used one must be careful with pixels that are
partially cloud covered. For such pixels the RS SST temperature is underestimated. For
other pixels, an overestimation of temperature may be expected since all images are
around noon. This overestimation may be about +0.7°C in summer, but is less in other
periods.

Recommendations
e [t is recommended to investigate the agreement/disagreement between remote sensing
SST data and in-situ measured SST data further in a follow up study for the 1994 period.

2.3 Blended data

Blended data are data that are a mixture of remote sensing data and in-situ data. The
Bundesambt for Schiffart und Hydrographie (BSH) integrates routinely in-situ data on SST
assembled from ship measurements on the North Sea (Loewe, 1995). These data are made
synoptic only by an interpolation procedure in which isolines of temperature are drawn on
basis of patterns observed in weekly composites of SST. The procedure was automated at
the end of 1994 (according to an algorithm of NOAA, Reynolds 1988). Before this data, the
isolines were drawn manually.

For 1989, weekly composites of blended data are available for nearly all weeks of the year.
They were kindly supplied to RIKZ by Thomas Pohlmann from IfM-Hamburg (Institut fur
Meereskunde). Pohlmann used these data as a forcing function of surface temperature in his
temperature model of the North Sea (Pohlmann, 1994).

The blended data are plotted together with the RS SST data from NOAA in Figures 2.6-
2.17. The blended data are at the bottom of the page.

2.4 Comparison of blended data with RS SST data

The RS SST data and blended data are in reasonable agreement, except for June 1989.

However, the following differences are noted:

e The RS SST data show more detail, especially in the vicinity of the coast line. This is
due to the fact that the blended data were projected on a rather coarse grid. Good
examples are the images of 8 March and 29 November.
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e The RS SST images are not synoptic due too cloud cover. At the edges where clouds

are, sometimes cold spots are seen that are not in the blended data.

The RS SST images sometimes show hot spots (especially 28 May). These hot spots are
absent from the blended data, and thus were recognised by BSH as being artificial.

The RS SST images for the summer period (12 June, 18 June, 19 June, 18 August and
23 August) have higher temperatures than the blended data. Differences are most
pronounced in June. For 19 June differences even go up locally to 3 °C. It is not clear
what causes these large deviations. Validation with ship data is required to judge the
quality of RS SST data and blended data for June 1989. This latter validation can be
done with the available NERC SST data at stations A and B (see Figure 2.02 and Figure
2.03). This shows that in June 1989 the BSH data at station A are approximately 1 °C
too cold and RS SST data from KNMI are approximately 1 °C too hot. However, for
station B, the BSH data are approximately 2 °C too cold, whereas the KNMI data remain
approximately 1 °C too hot. Since the KNMI data are daily images, it may be expected
that KNMI night images probably give the correct SST for June 1989. However, all RS
SST images used here were around noon and this explains the overestimation in KNMI
images for June 1989. The underestimation of temperature in BSH data may follow
from the type of interpolation procedure that BSH uses. This will need further study.

Daily images suffer from too much cloud cover. Unfortunately, blended data set lack detail
in coastal areas and do not show properly the influx of heat through Dover Strait. These
drawbacks can possibly be circumvented by use of weekly composites from satellites as
produced by KNMI. Unfortunately, these composites were not available at KNMI for 1989.
They will be employed in a follow up study within the REST3D project for the 1994
period.
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3 Model Set Up

3.1 Introduction

In 1997, a temperature model (based on the TRIWAQ/TEM code) was set up by WL | Delft
Hydraulics (Van Kester et al.,1997) for RWS-RIKZ. The model simulation was done for
1 April 1989 till 1 December 1989. The model results were satisfactory given the small
calibration effort that was possible at that time. Nevertheless, some shortcomings were
observed with respect to thermocline thickness, break up of thermocline and some artificial
peaks in sea surface temperature. These items are further discussed in Section 3.2.

At that time, the validation of model results with RS SST satellite data was not considered
yet. Using the RS SST images employed in this study we see that (for Figures 6.10-6.14 of
Van Kester et al.,1997):

e The inflow of water through Dover Strait at 12 may is too cold in the model ( <7 °C in
model compared to 12.5 °C in RS data for 9 May);

e The inflow of water through Dover Strait at 8 July is probably too hot in the model (18-
21 °C in model compared to 15 °C in RS data for 19 June, and 17.5 °C in RS data at 18
August);

e At the beginning of November the sea is already too cold in the model.

The RS SST images suggest that the sea surface in the previous simulation heats up too
fast, and cools down to fast. Also the inflow of warm and cold water through Dover Strait is
not correctly simulated. This might influence the formation and break off of the
stratification layer in the northern part of the North Sea, since this adds an extra influx term
of heat in this part of the North Sea.

In the present study an improved model is applied for 1989. This model aims at
improvement of the above mentioned shortcomings. Besides some adjustments in
meteorological forcing and boundary conditions, we first studied the sensitivity of the
temperature distribution in vertical for some model parameters. Since 3D calculations are
too demanding for such an analysis, we employed a 1DV point model (Uittenbogaard and
Van Kester, 1996). The results of this analysis are of importance for the model set up and
are presented in Section 3.2. The model set up is given in Section 3.3, whereas 3D model
results are given in Section 3.4.
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3.2 Tuning of turbulence model parameters to observed
thermocline evolution

3.2.1 Introduction

Van Kester et al. (1997) report 3D-simulations on the thermocline evolution in the North

Sea using the k-¢ turbulence model and with actual meteorological wind and heat forcing
for 1989. Comparing their results with the NERC data set for 1989 (Lowry et al., 1992)
revealed the following.

e In deeper parts, see Figure 3.1 for site A at 85 metre depth, the simulated bed
temperature remains constantly 5 °C whereas a gradual increase up to about 10 °C in
Sept. *89 was observed.

e The simulated thermocline depth, defined from the water surface downwards, was too
shallow compared to the observed 30 to 40 metres depth in Sept. "89 in site A.

e The simulated break down of the thermocline was too slow and lasted until the end of
the year.

e Finally, the simulated Sea Surface Temperature (SST) revealed significantly larger
values in August than observed.

These findings as well as shortcomings of the 3D-simulations were predicted also by using
a computationally more efficient point model that solves vertically the same set of
equations for the orthogonal horizontal velocity components, heat and turbulence properties
as the 3D code. The point model is driven by the depth-averaged velocity vector which is
copied from the appropriately tuned Continental Shelf Model for the particular site and
with the same meteorological forcing, heat model and turbulence model as in the 3D
simulations, including all other parameter setting. This numerical experiment is reported in
(Van Kester et al., 1997a) which also demonstrates that changing the wind drag coefficient
as well as the Dalton and Stanton numbers for the various contributions to the surface-heat
flux did not significantly improve the simulated thermocline evolution.

Despite the fair success of previous simulations of flows and tides in the North Sea with
that 3D code, the tentative conclusion was that the applied k- turbulence model could form
the weakest link in estimating the thermocline evolution. This tentative conclusion is
supported by general studies showing that most, if not all, turbulence models do not take
into account the vertical mixing induced by the shearing and the breaking actions of short
and random internal gravity waves.

In principle, the inclusion of such additional internal-wave-induced mixing is possible and
was proposed first in (Uittenbogaard and Baron, 1989) using an additional transport
equation for Internal Wave Energy, in the following abbreviated as IWE model.
Uittenbogaard (1997) shows the importance of such an IWE model, combined with the k-
model in his point model, by simulating then a deeper thermocline, the proper increase of
bed temperature as well as correct breakdown of the thermocline in autumn.

In addition, the study (Uittenbogaard, 1997) demonstrates that alternative corrections to the
k-€ turbulence model, such as using variants based on the RNG closure, did not notably

WL | delft hydraulics 3-2



Temperature simulations North Sea Z1506.00 February, 1999

improve the results for simulating the thermocline development. Particularly, the latter
study indicates that the turbulence production in the k-¢ or RNG variants is insufficient
inside the thermocline. The obvious route then would be the implementation of the IWE
model in the 3D code but the temporarily approach is better tuning the turbulence model or
its boundary conditions. The latter objective is the subject of this chapter and the next
section summarises all past and current attempts including a version of the
Mellor&Yamada model that we investigated in the context of our internal research.

3.2.2 Overview and main conclusion on all investigated modifications

The following summarises all variations investigated by using the point model mainly with

the k-€ model:

1. Changing Dalton and Stanton numbers in the surface-heat flux model by a factor two,
see (Van Kester et al., 1997).

2. Different models for the wind-drag coefficient C, yielding at least twofold changes of
Cp, see (Van Kester et al., 1997).

3. Changing the balance between turbulence production and its dissipation rate using RNG
closures in the k-€ model, see (Uittenbogaard, 1997).

4. Changing the balance between turbulence production and its conversion rate, called
buoyancy flux, into potential energy by using so-called damping functions for the
turbulence Prandtl/Schmidt number, see (Uittenbogaard and Van Kester, 1996).

5. Including turbulence production by short and random internal waves through the IWE
model, see (Uittenbogaard, 1997).

6. Increasing the turbulence Prandtl/Schmidt 6; number by a factor up to 40 (present
study).

7. Changing surface boundary conditions for Turbulent Kinetic Energy (TKE) yielding
larger near-surface mixing (present study).

8. Reducing coefficient ¢, in the k-€ model (present study), although c, remains flow-
independent.

9. Adding buoyancy flux to the e-equation (present study).

10.Adding a background eddy viscosity (present study) in all equations.

11.Adding a background eddy diffusivity to just heat diffusion (present study).

12.Addition of distributed absorption of solar-heat flux (present study).

13.Applying the Quasi-Equilibrium 2.5 level Mellor&Yamada turbulence model (present
study).

The main conclusion of the present study and previous studies reads as follows. The
simulation of thermocline evolution in the North Sea is improved only through increasing
vertical mixing of heat. Within the limitations of this study, we recommend the addition of
a background eddy-diffusivity, just in the heat diffusion equation, of 7.107° m’/s to the eddy
diffusivity predicted by the k-€ model. If this increase is applied then we infer that the
modelled heat flux is too small because the simulated surface temperature is below
observations. The latter conclusion is tentative because horizontal advection of heat may
play a role that we could not investigate with the point model. The arguments yielding the
previous conclusion are presented in Section 3.2.4 which requires understanding the
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essence of the applied k-¢ turbulence model and, therefore, the latter is introduced first in
Section 3.2.3

3.2.3 Brief overview of applied model concepts

For discussing the prominent attempts of improving thermocline simulations, first a

summary of the k-€ model is given in this section.

The definitions of eddy viscosity v, eddy diffusivity I'; and turbulence Prandtl/Schmidt

number o; read:
2
UT=Cuk_ ) lmi"'=2':f' ’ (31)

with k turbulent kinetic energy (TKE), its dissipation rate € and coefficient c,=0.09
calibrated such that near the bed holds:

k= (3.2)

2 .
'j'c‘—#—~3.3uc »

with u. the bed-shear velocity. Detailed observations, show that, even in stably-stratified
flows,

07=0;,=~07 (3.3)

holds for mixing of momentum and mass by turbulent motions only. The mixing
coefficients (3.1) appear in the following transport equation for TKE by the k-g model:

Dk

F:=D"+P_B_8 : P=v.8* ; B=T;N? , (3.4a)
auY (avY 2

with §2=|Z2| +|Z=| ;, 3 =-222 | (3.4b)
0z 0z poz

In the RHS of (3.4a), the first term D, is diffusion of TKE, P is turbulence production
proportional to shear rates squared, and B is the buoyancy flux, positive for stable
stratification, with z upward. The contribution of horizontal shear rates to S? is not
significant for the present large-scale simulations.

The most important closures of the e-equation are scaled versions of the k-equation and
then the e-equation reads:
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&zD +P -B

e et ; B=c,Po ; g, =c,e0 ; B =c,Bo ,(3.4c)

-£ W=

) A
e ;
with inverse time scale ® and coefficients c; calibrated for i=1,2 in neutrally-stratified
flows. The role of the buoyancy flux in the e-equation has been and still is subject of much
dispute. Physical arguments suggest the following assumption:

N*>0: ¢,=0 ; N?*<0: ¢, =10 (3.4d)

i.e. switching on the buoyancy flux (scaled by w) only when the flow is unstably-stratified
because then Rayleigh-Taylor instabilities grow the fastest at the small scales where &
collects most of its contribution. The closure (3.4d) is applied in our implementation of the
k-g model.

The inclusion of the IWE model involves adding to the original k-equation the transfer rate
T,,, (TKE source) of energy from internal waves to turbulence as well as the excitation

T,.,; (TKE sink) of internal waves by turbulence:

B p+p-B-csT, -1, (3.5

and correspondingly with the scaling of source and sinks in the g-equation

'IID)_?; = Ds & Pe _'Be —€;, +6,0 (T;-N —7;—;4) ; 0= (3Sb)

E
k
The transfer rate T,_,; is important outside the thermocline whereas the TKE-source 7}, is
essential at the stably-stratified levels inside the thermocline where the excited internal

gravity waves attain their largest amplitude as well as the highest probability of breaking
(TKE production).

This ends the introduction of our version of the k-¢ turbulence model as well as the
additional of internal-wave generated turbulence. The next section uses these concepts for
explaining the most significant findings, announced by Section 3.2.2.

3.2.4 Discussion

The marginal sensitivity of the simulated thermocline development either by changing the
heat input (points 1 and 2, Section 3.2.2) or by changing the turbulence conditions (points 2
and 7, Section 3.2.2) near the water surface indicates that the heat flux, within reasonable
limits, as well as the simulated state of turbulence above the thermocline is not essential for
changing its depth or changing the heat flux to the bed-boundary layer.
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Changing the mutual ratio between turbulence production and dissipation by using an RNG
closure (point 3, Section 3.2.2) does not improve the simulation of the thermocline either:

the RNG k-¢& model hardly increases the turbulence production in this particular case.

Several of these adjustments, having marginal influences on the thermocline, can be
understood by the following two feedback mechanisms.

Firstly, an increase in TKE would yield a larger eddy viscosity but also a smoother velocity
profile for a given wind shear stress and this smoother profile reduces the shear rates in S?
and the TKE production is increased less than proportionally with eddy viscosity.

Secondly, changing coefficient c,, although still kept flow-independent, affects both the
eddy viscosity and the eddy diffusivity such that the ratio:

3 2
%:ﬁ with Ri =% (3.6)
Or

between buoyancy flux B and TKE production P remains unaltered; here Ri is the so-called
gradient Richardson number. Changing c, is motivated by detailed analysis of the closures
of the k-& model that show a dependence of ¢, on the ratio P/e.

In view of (3.6), the obvious influence would come from increasing the turbulence
Prandtl/Schmidt number o because that would reduce the buoyancy flux B, being a TKE
sink under stable stratification. The argumentation for increasing o; under stable
stratification is that not all vertical exchange of horizontal momentum is due to turbulence
whereas vertical mixing of heat is due to just turbulence (and negligible molecular
motions). Uittenbogaard (1995) has substantiated this classical opinion, proposed first by
G.1. Taylor (1931), through estimating the contribution of internal waves in the various
vertical exchange processes.

Instead of modelling this action of internal waves, a suite of supposedly-universal models,
called damping functions, for oy as function of Ri has been proposed. The first problem of
using these functions is that they induce a mathematical bifurcation i.e. yielding the
creation of step-like vertical profiles of density, see the examples in (Uittenbogaard and
Van Kester, 1996) for the thermocline problem and in (Van Kester et al., 1994) for other
turbulence models in salt-stratified flows.

The following explains the second feedback phenomenon which is essential for thermocline

problems. Neglecting molecular contributions, the vertical heat flux Q, as modelled by
turbulence closures of the eddy viscosity type, reads:

o0 v, 00
— r — pIIE 3.7
Q pcp T Bz pcp s Bz ( )
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with specific heat coefficient c,. Using the thermal expansion coefficient of sea water, the
vertical temperature gradient is proportional to the vertical density gradient and thus the
buoyancy flux B is proportional to the local vertical heat flux Q. The latter flux, however, is
prescribed at the water surface by a heat flux model. Consequently, buoyancy flux B, as
TKE sink, is mainly controlled by the heat flux model and it is fairly independent of o; This
subject has been discussed extensively in (Uittenbogaard and Van Kester, 1996) and this
concept explains the correct rate at which the thermocline deepens when there is no heat
flux through the thermocline, which is a fair approximation.

For the present study, additional runs were made with significantly larger oy, either
independent or depending on the gradient Richardson number, yet the thermocline
development is not affected notably and this confirms the findings in (Uittenbogaard and
Van Kester, 1996).

With reference to the list of variations given in Section 3.2.2, we now arrive at point 9

about changing the coefficient c;, that controls the role of buoyancy flux in the e-equation
(3.4c). Figure 3.2 presents results with the following settings

N »0: &,=05 3 N*<l: o, =10 . (3.8)

This choice, when applied in the e-equation (3.4c), reduces € under stable stratification.
Figure 3.2 shows that this proposal does indeed affect the breakdown of the thermocline in
autumn but it does not improve the evolution of the bed temperature nor the thermocline
depth during summer. For c,=0.8 the same conclusion holds, although the simulation
exploded due to an unrealistically-large eddy viscosity of about 1 m?%/s just below the water
surface. The latter occurred during the breakdown of the thermocline in autumn. No
attempts were made to solve that problem.

In an attempt to mimic the augmented turbulence production by input from random internal
waves, a background eddy-viscosity v, is added to the eddy viscosity of (3.1) through

2
Vy=Vg+c,— ; Ip=— . (3.9a)
€

Notice that this addition is applied to all appearances of eddy viscosity/diffusivity in the
momentum equations, in the heat balance as well as in all diffusion and source/sink terms

of the k-& model.

Consequently, this addition intends increasing the turbulence production P with v,S? that
depends just weakly on the turbulence state. Notice that if no eddy viscosity were predicted
directly by the k-e model then the ratio between buoyancy flux and production is not
reduced, see (3.7) which is independent of eddy viscosity. Consequently, the k-€ model
response would not improve directly through the addition of the background viscosity v,.
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Nevertheless, in case of k=0, the mixing of heat continues and (3.7) shows that the
magnitude of the temperature gradient 90 /0z is limited to a maximal value which is
inversely proportional to v,. Limiting the vertical temperature gradient has the following
two consequences:

Firstly, a heat flux through the thermocline is maintained and this increases the bed
temperature.

Secondly, of course, the magnitude of the vertical density gradient is limited as well and
this limits the buoyancy flux as a significant drain for TKE. Conversely, limiting the
buoyancy flux promotes a rapid growth of TKE mixing under moderate stratification
conditions and thus a limited buoyancy flux promotes.

Figure 3.3 presents the results of (3.7) for v,=1.10* m?’s (i.e. 1 ¢cm?¥s), Figure 3.4 for
1V,=5.10"° m*s and Figure 3.4a shows several properties, averaged over Day 240, of the
simulation of Figure 3.4.

On Day 240 (Figure 3.4a), the thermocline depth, as indicated by the minimal vertical
density gradient, is about 30 metres and the bed temperature is then 8° C. Both results
correspond well the NERC data for this site. Comparing Figure 3.4a with 3.1 shows the
smoothing influence of the background viscosity on turbulence properties and vertical
density gradient, of course. Below we add comments to the overall heat balance.

Of all variations applied in this study, Figure 3.4 matches the NERC data the best in terms
of increasing bed temperature as well as thermocline breakdown in autumn. Notice,
however, that the SST responses in August (Day 240) are significantly tempered when
compared with the NERC observations with SST’s in August well above 15°C while Figure
3.4a shows 12°C instead. Compared to Figure 3.1, the surface-heat flux for Figure 3.4 is
hardly changed by the addition of a background viscosity and moreover the cooler sea
(Figure 3.4) would have received even more heat than in the original simulation (Figure
3.1).

The latter comparison then suggests that the heat flux model or its input underestimates the
net heat flux to the sea if horizontal advection of heat may be excluded.

Figure 3.5, however, shows the temperature evolution with just a background viscosity of
V,=5.10° m?s i.e. excluding all contributions from a turbulence modelling: the choice of
background viscosity dominates the thermocline evolution and this choice makes the
simulation highly subjective. Notice that this background viscosity corresponds to a
background eddy diffusivity of 7.10” for the turbulent Prandtl/Schmidt of 0.7 applied by us.

Figure 3.6 shows the best result of this study, using the previous background eddy
diffusivity in the heat diffusion equation only and with the k-g turbulence model and
momentum equations still using the eddy viscosity as predicted by the turbulence model.

An interesting point is the correspondence of the previous findings and Munk’s (1966)

classical estimate of the vertical mixing coefficient of heat in the oceans for matching the
global heat balance. Munk’s so-called Abyssal Recipes suggest V,=1 cm”/s which is very
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close to our choice for background eddy diffusivity of 7.10®° m*/s using v,/o; with v,=5.10"
m?/s.

At this point we like to refer to the previous study (Van Kester et al., 1997) which included
varying the wind drag coefficient C,, which showed a marginal effect when varied between
0.001 and 0.002. As an amplified illustration of the limited role of the wind drag
coefficient, we refer to Figure 3.15 for a very large Cp, of 0.004. Compared with Figure 3.1,
Figure 3.15 shows a deeper thermocline while the bed temperature is not increased at all.
Figure 3.15 thus underlines the importance of mixing and turbulence generation inside the
thermocline. The latter internal mixing is capable of maintaining a heat flux through the
thermocline rather than erosion from above (by the wind).

Figure 3.7, 3.8 and 3.9 show the thermocline evolution for other variations of adding a
background eddy viscosity/diffusivity to just the momentum equations or k-e model.
Compared with Figures 3.4, 3.5 and 3.6, these figures demonstrate the dominance of
increasing the vertical diffusion of heat in its balance equation compared to momentum of
turbulence balances.

Figure 3.5 shows that adding a background eddy viscosity of 5.10° m%/s in conjunction with
a background eddy diffusivity of 7.10° m%s in all relevant equations yields the correct
thermocline depth, the correct increase in bed temperature and the correct breakdown of the
thermocline in autumn. The simulated sea-surface temperature, however, is now lower than
observed and this suggests that the seasonal heat flux to this site is underestimated or that
horizontal advection of heat plays a role.

Therefore, our first recommendation is adding to the vertical heat diffusion only, a
background eddy diffusivity of 7.107° m’/s to the eddy diffusivity predicted by the k-e model.

Finally, as part of another research project, we examined the performance of the
Mellor&Yamada level 2.5 model (Mellor and Yamada, 1982) using the corrections on the
original stability functions as well as on truncating the length scale (/) in that model as
proposed by (Galperin et al., 1988). These corrections were needed for yielding
realizability, robustness as well as for preventing the bifurcation problem of the creation of
step-like vertical profiles of density rather than smooth profiles, see the examples in
(Uittenbogaard and Van Kester, 1996) for the thermocline problem and in (Van Kester et
al., 1994) for other turbulence models in salt-stratified flows.

In conjunction with the Mellor&Yamada model, the latter bifurcation problem was reported
in detail by (Deleersnijder and Luyten, 1994) and the bifurcation vanished with the
corrected stability functions. The corrections on the stability functions imply an assumption
on quasi-equilibrium between turbulence production and buoyancy flux. The corrected
model is therefore designated by Galperin et al. (1988) as the Quasi-Equilibrium
Mellor&Yamada (QEMY) model.

Using our notation, below the role of the stability functions in the QEMY is explained
briefly. In the QEMY, the eddy diffusivity and eddy viscosity are defined by
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T, =5,642k ; v, =802k , (3.10a)

with stability functions S, and S, depending on turbulence and stratification through the
quasi-equilibrium formulations

N2¢? c ¢, —€,,G
= ; §=—— ; § = M__ud H 3.10b
" 2k* "T1- Gy * - Cu3GH)(1 . C.v4GH) : )

and coefficients cy; and c,; calibrated to stably-stratified boundary layers. In addition,
Galperin et al. (1988) derive the following restrictions on length scale

g Cnmnd_ (3.100)
max(0, N?)

and on the stability parameter
G min <Gy S Gy gy With Gy i =028 5 Gp ., =00233 . (3.10d)

The upper part of Figure 3.10 shows the dependence (3.10b) within the limits imposed by
(3.10d) and the stability function are compared to the flow independent coefficient c, =0.09
of the k-e model. An interesting subject, not considered in (Galperin et al., 1988) nor in
(Deleersnijder and Luyten, 1994), is whether the QEMY allows for turbulence at larger
gradient Richardson number (Ri) than the k-¢ model does. The extension of (modelled)
turbulence to larger Ri is considered as of the principle reasons for applying stability or
damping functions.

Of importance, for this subject, are considerations about so-called local equilibrium of the
turbulence equations when diffusion and advection is neglected, for stationary TKE this
yields P-B-g=0. Usually, the ratio B/P between buoyancy flux B and turbulence production
P is considered while recognising that € plays a dominant role. The ratio B/P, therefore,
yields a truncation value of Ri beyond which the modelled TKE cannot exist. Experiments
suggest a maximal ratio B/P of 0.25 and the truncation then follows from

QEMY: E=§-”-Ri50.25 ; k—¢ model: E=£SO.25 (3.11a)
P S, P o,

or

QEMY: RiSO.ZS% ; k—€ model: Ri<025, (3.11b)

b

From the lower part of Figure 3.10 and (3.11b) follows that the truncation level of Ri is
hardly increased by the QEMY. Further, the upper part of Figure 3.10 shows lesser mixing
of the QEMY below the maximal Ri imposed by (3.11b). Consequently, we expect that the
QEMY would yield lesser mixing than the k-€ turbulence model under stable stratification
and thus a lesser performance of thermocline simulation than the k- turbulence model.
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Nevertheless, Luyten (1996) reports good simulation performance of the QEMY for
describing the thermocline evolution in the North Sea although “ the erosion of the
thermocline during the late summer and the autumn is clearly not represented by the
(QEMY) model” (Luyten, 1996, p. 183).

Below ,the apparent contradiction with Luyten’s findings is explained. Firstly, using all
forcing conditions of Figure 3.1, the QEMY describes the thermocline evolution as shown in
Figure 3.11a and Figure 3.11b. This figure underlines our previous analysis about the
QEMY by showing a very poor downward penetration of heat supplied at the water surface.
This reduced penetration is due to the reduction of mixing by the stability functions (3.10b).

The question thus reads: how could Luyten (1996) achieve a good performance with the
QEMY? The essential point appears to be his description of heat input to the water. Luyten
applies the following exponential distribution, based on absorption, of solar heat flux in the
upper layers through:

H>> A" d—Q—j;‘:(—z) = 17" Qquiar (0)exp[-A(H-2)] , (3.12)

with Q,,(0) the total solar-heat flux supplied to the water and Luyten (1996) selected
=0.154 m™. The latter parameter setting corresponds to a reduction of total solar heat to
37% at a depth of 6.5 metre (e-folding depth) below the water surface.
Figure 3.12 presents the most important contributions to the total heat exchange with the
water. Some of these contributions depend on SST and therefore on the performance of the
simulation, including the turbulence model. Figure 3.12 is derived from the simulation of
Figure 3.1 using the k- model. This figure clarifies the importance of the solar-heat flux in
comparison to all other heat-exchange fluxes.

We applied (3.12) while keeping all other heat exchange as surface fluxes. Figure 3.13a
then shows a marginal influence of (3.12) on the thermocline evolution as simulated by the
k- turbulence model, see Figure 3.13b for the daily-average on Day 240 and compare this
with Figure 3.1.

However, if the solar-heat absorption is distributed according to (3.12) and applied with the
QEMY then its effect on thermocline evolution is significant, see Figure 3.14a and 3.14b
and compare these with Figure 3.11. Our explanation is that due to the distributed solar-
heat input the very poor mixing performance of the QEMY near the water surface is
circumvented.

3.2.5 Conclusions

Until this study, our capability of modelling the evolution of the thermocline in the North

Sea was:

e In deeper parts, see Figure 3.1 for site A at 85 metre depth, the simulated bed
temperature remains constantly 5°C whereas a gradual increase up to about 10° C in
Sept. "89 was observed.
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The simulated thermocline depth, defined from the water surface downwards, is too
shallow compared to the observed 30 to 40 metres depth in Sept. "89 in site A.

The simulated break down of the thermocline is too slow and lasts until the end of the
year.

Finally, the simulated Sea Surface Temperature (SST) reveals significantly larger
values in August than observed.

Given this status, below our conclusions, based on present as well as previous studies, all
using a point model in principle with the standard k-e model but with variations given

below:

L.

Changing the Dalton and Stanton numbers in the surface-heat flux model by a factor
two, see (Van Kester et al., 1997), has a marginal influence on the simulated evolution
of the thermocline.

Different models for the wind-drag coefficient C,, yielding at least a twofold change of
Cp, see (Van Kester et al., 1997), shows marginal effects. Increasing C;, dramatically up
to 0.004 yields a deeper thermocline while the bed temperature remains constant.
Changing the balance between turbulence production and its dissipation rate using RNG
closures in the k-& model, see (Uittenbogaard, 1997), is insignificant for simulating the
thermocline.

Changing the balance between turbulence production and its conversion rate, called
buoyancy flux, into potential energy by using so-called damping functions for the
turbulence Prandtl/Schmidt number, see (Uittenbogaard and Van Kester, 1996), has
marginal influence on simulating the thermocline evolution. In addition, application of
appropriate damping functions creates unexpected stepwise density profiles due to a
mathematical bifurcation.

. Including turbulence production by short and random internal waves through the IWE

model, see (Uittenbogaard, 1997), yields the correct simulation of the thermocline at the
site investigated.

Increasing the turbulence Prandtl/Schmidt 6; number by a factor up to 40 (present
study) is insignificant for simulating the thermocline.

. Changing surface boundary conditions for Turbulent Kinetic Energy (TKE), yielding

larger near-surface mixing (present study), is insignificant for simulating the
thermocline.

. Reducing coefficient c, in the k-& model (present study), although c, remains flow-

independent, is insignificant for simulating the thermocline.

Adding buoyancy flux to the e-equation (present study) promotes the breakdown of the
thermocline in autumn but it does not improve the simulation of the bed temperature nor
the thermocline depth.

10.Adding a background eddy viscosity of 5.10° m?%s as well as an eddy-diffusivity of
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7.10° m%s in all relevant equations (present study) yields the correct thermocline depth,
the correct increase in bed temperature and the correct breakdown of the thermocline in
autumn. The simulated sea-surface temperature, however, is now lower than observed
and this suggests that the seasonal heat flux to this site is underestimated or that
horizontal advection of heat (that is not present in the 1DV model) plays a role.
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11.Adding a background eddy diffusivity to just heat diffusion (present study) has
practically the same effect as prescribed in point 10. Again, the simulated sea-surface
temperature is now lower than observed.

12.Addition of distributed absorption of solar-heat flux (present study) hardly increases the
thermocline depth using the k-¢ turbulence model but adding this absorption improves
the thermocline simulation when using Quasi-Equilibrium 2.5 level Mellor&Yamada
turbulence model.

13.Applying the Quasi-Equilibrium 2.5 level Mellor&Yamada turbulence model (present
study) with a distributed solar-heat absorption, does not yield better results than our
standard simulation with the k-e model without (or with) solar-heat absorption.

From all previous variations and their consequences we arrive at the following main
conclusion of this chapter. Compared to our previous results, the thermocline simulation
can be improved mainly by increasing the mixing inside the thermocline i.e. mixing at
stably-stratified levels. Increasing the vertical mixing of heat by adding a constant 7.10”
m’/s background diffusivity yields correctly a deeper thermocline, an increasing bed
temperature as well as the appropriate breakdown of the thermocline in autumn.

During the summer period, the latter fortunate results, however, yield a simulated sea-
surface temperature lower than observed. Using a point model, the latter finding suggests
an underestimated heat flux to the water either vertically by mixing or horizontally mainly
by advection and therefore below our recommendations.

3.2.6 Recommendations

e For the site and forcing investigated, the recommended choice is 7.10° m?s as
background eddy diffusivity, to be added to the eddy diffusivity predicted by the k-g
model, in the vertical heat diffusion of the heat balance.

» Rather than subjectively tuning the simulation we propose the objective addition of a so-
called internal-wave-energy model that describes the additional turbulence production,
and thus increase of turbulent mixing, inside the thermocline by breaking and shearing
action of random internal waves. The latter are generated by wind, surface waves, the
bed as well as more vigorous turbulence outside the thermocline.

e The simulation with the appropriately tuned background diffusivity, however, shows a
simulated sea-surface temperature which is lower than observed. Therefore, we
recommend an assessment of the total heat balance, both from observations as well as
from 3D simulations. This assessment should clarify the importance of horizontal
advection of heat to the site investigated.

* If horizontal advection of heat is marginal at the site investigated then we recommend
adjusting the heat-flux model or its meteorological forcing with the purpose of
increasing the seasonal heat flux to the water. This will be further discussed in the next
Chapter of this report.
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3.3 Set up of a 3 dimensional temperature model

The present temperature model (based on the TRIWAQ/TEM code) is an improved version
of the temperature model by Van Kester et al. (1997). The model schematization is the
North Sea Model (NSM), which is a grid of 105*96 computational elements using spherical
co-ordinates. The model goes up to a latitude of 57 degrees and is part of the (Dutch)
Continental Shelf Model (CSM8). The model uses 40 layers over depth, leading to a total of
403.200 computational elements. The number of active (not permanently dry) elements is
about 200.000. The upper half of the water column consist of 26 layers with a fixed depth
(1.5m) and the remainder are 14 sigma layers. However, for a depth less than 78m all layers
are sigma layers (this implies that for most elements in the model only sigma layers are
used). This subdivision guarantees that the top layers and layers around a thermocline are
not thicker than 1.5m. The model simulation is for the period 1 April till 1 December 1989.

The hydrodynamic shallow water equations (3 momentum equations and a continuity
equation for the water level) are solved in combination with transport equations for
turbulent kinetic energy (k), the dissipation rate of turbulent kinetic energy (g), and
temperature (T) and salinity (S). Turbulence modelling generates the eddy viscosity (v;) for
the momentum equations via a turbulence closure model, and gives the vertical diffusivity
(I't) which is employed for transport of temperature in vertical direction. The turbulence
model is briefly described in Section 3.2.3.

The heat flux at the water surface is modelled according to a prescription by Proctor (see
Van Kester et al., 1996 Appendix A). The heat flux model has the following
meteorological input:

e wind speed (m/s);

e air temperature (°C);

e air pressure (mbar);

humidity (%);

cloudiness (fraction);

Solar irradiation (W/m?) is calculated in the model as a function of latitude (for each grid
point), day number and time. Time series for meteorological data for 1989 (but uniform in
space) were used from the NOMADS data set (Proctor et al., 1997). These data are plotted
in Van Kester et al. (1997, Fig. 4.1a-4.1¢). Periods with low wind speeds (< 6 m/s) were
observed for the last weeks of April and the first weeks of June. At the end of June, the mid
of July and the beginning of August periods with high wind speeds (> 10 m/s) were
observed. Cloudiness is low in May, but fluctuating in June (which is mostly clouded) and
in July. Air temperature is smoothly changing and is in summer on average 16°C. Humidity
is low at the end of April and May, but most often fluctuating around 80 %.

The most important changes with respect to the previous model (Van Kester et al., 1997)

for 1989 are as follows:

1. Boundary conditions for temperature at the southern and northern boundary of the
model grid are space- and time dependent temperatures specified by the user. In the
previous study, temperature at the boundaries was determined by data computed with a
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1DV temperature model. At present, these boundary conditions are determined from the
Pohlmann model data (Pohlmann, 1996). This adaptation leads to the intrusion of
relatively warm water in spring at the southern model boundary, and of relatively cold
water in summer at this boundary, as observed in RS SST images (Borst 1995, in this
report see Figures 2.6-2.17).

An initial condition for temperature at the sea surface was obtained from the blended
data set of Pohlmann. Since at 1 April hardly any temperature gradients exist over the
vertical of the water column, these data were also applied for all other layers. Thus,
initially there is no stratification. The previous model used an initial condition which
was uniformly 5 °C. The present values are closer to 6 °C for the central part of the
North Sea, and show a warm plume of 7-8 °C for Dover Strait. This is as expected when
linearly interpolating between satellite SST data for 8 March and 8 April 1989.

The background eddy diffusivity, to be added to the eddy diffusivity (as predicted by the
k-g model), was set to 7.10° m%s as recommended in Section 3.2. In the old model this
was 1.107 m%s.

In the present study, the wind and pressure fields were taken variable in both time and
space. They were taken from DNMI (for 1989), and transformed to the model grid of
NSM. Note that these data were not used as input for the heat flux model. For that part
of the simulation a spatial uniform wind was used.

3.4 Model results for 1989

3.4.1 Description of model results for 1989

In Chapter 4, model results will be compared to data. In this section only a short general
comment on the model results is given. In this section, the data are only used in order to
trace possible unrealistic errors in the model results. Figures of model results are presented

in Chapter 4 for:

vertical profiles at stations A to D: Figures 4.1 to 4.4;

time histories for 4 layers at stations A to D: Figures 4.5 to 4.8;

sea surface temperature distributions at the days that RS SST data are available:
Figures 4.9 to 4.18.

First of all, we note that the modelled SST patterns change gradually in time from spring to
summer as expected: there is a notably higher SST in Dover Strait in spring, but in summer
the situation is reversed. Than there is a notably higher SST in the Central North Sea.

The time histories of temperature do not demonstrate a large difference in temperature
between stations A and B (Figures 4.5 and 4.6). At station A stratification starts at the end
of April. Stratification disappears at a depth of 30m (layer 20) in September, and for the
total water column (layer 40 at 85m) at the end of October. Temperatures in layers 1 and 2
are similar, but both show large fluctuations during summer. Maximum temperatures are
about 18-19 °C in June and July, when temperature differences between the surface and the
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water column at 30m are largest. At station B (Figure 4.6) similar results are found, but
stratification is somewhat less and ends about one month earlier than for station A.

The time history for station C (which is more to the south than A and B, see Figure 4.7),
show smaller maximum temperatures at the surface, but higher temperatures at the bottom.
This may be due too a smaller depth, and influence of advective transport of heat from
Dover Strait. Station D (see Figure 4.8), which is even more to the south than C, the water
column is well mixed all year, maximum temperatures are about 17 °C, and temperature
fluctuations are smaller than for the other stations.

3.4.2 Comparison with old model results

Comparison with previous model results (Van Kester, 1997):

¢ Compared to the measured temperature profiles of the North Sea Project (NSP) data, the
thickness of the thermocline for station A was too small in the previous model. The new
model results for station B are very good with respect to thickness of the thermocline
depth. Also results for station A, C and D are in agreement with the measured profiles.

¢ Compared to the old model results the unphysical jumps in temperature at the top of the
water column are now absent. This is due to the increased background eddy diffusivity.

» The old model results showed at layer 20 hardly an increase in temperature for stations
A, B and C. This increase is now clearly present.

¢ The old model results did not show any increase in temperature in the bottom layer. The
present model results show an increase of temperature in the bottom layer, and a
completely mixed water column in autumn which is in agreement with the data.

Conclusions:

Compared to old simulations by Van Kester et al. (1997), the increased background eddy
viscosity in combination with the horizontal advection of heat from the model boundaries
improved the model results significantly.

3.4.3 Comparison of 3D model and point model

Figure 3.4 shows temperatures at station A (depth 85m) obtained with the point model
(1DV model) with the same parameter settings as for the 3D model. In this section, these
are compared with the 3D modelling result shown in Figure 4.5. In-situ data from Figure
2.01 are shortly addressed as well. The most important difference (besides other
differences) between the 3D modelling result and the 1DV model result is the horizontal
advection of temperature.

Bottom temperatures are in good agreement for these simulations. Temperatures at a depth
of 30m (55m above the bed) are in good agreement until the mid of July. Then, the 1DV
model can no longer follow the sharp increase in temperatures that is observed in the 3D
model, and the NERC in-situ data (Figure 2.2). Sea surface temperatures are too low for the
point model compared with the in-situ data and the 3D model data. Maximum surface
temperatures in the 3D model in summer are 13 °C, whereas the 3D model reaches
sometimes even 20 °C. At the end of May, the SST is about 1 °C too cold in the point
model compared to the data and the 3D model (these show 11 °C). Then, the sharp increase
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of SST from 11°C to 15-17°C in the 3D model, and 14-15°C in the NERC in-situ data is not
shown in the point model. The point model shows an SST of 12-13°C in June.

Most important, the 3D computation is in much better agreement with the data than the
point model results for the top of the water column. These findings may suggest that the
role of advection in the heat balance of the Central North Sea is important for temperatures
in the top of the water column. This requires further study.
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4

Comparison of model results with data

4.1.1 Time histories and vertical profiles

Results

Vertical profiles for stations A, B, C and D are given in Figures 4.1 to 4.4. Time histories of
model results for stations A, B, C and D are given in Figures 4.5 to 4.8. Stations A to D are
situated at the positions given in Figure 2.1. Results have been plotted for layers 1,2, 20 and
40. These layers are respectively (approximately) 0.75 m, 2.25 m, 30 m and just above the
bed for stations A and B and C. For station D these layers are at 0.375 m, 1.1 m, 15 m and
at the bed. The depth of the water column according to NERC is 85 m for station A, 52 m
for station B, 60 m for station C, and 30 m for station D.

Data and model results are compared on the following items:

L.

Thermocline depth: this depth is usually defined at the depth where the sharpest gradient
in temperature occurs. In this study, we looked at the depth where temperatures
increases from 12°C to 14°C since in that region usually the sharpest temperature
gradients are found. In the colour plots (Figures 4.1-4.4) this depth can be recognised as
the transition from dark blue(12°C-13°C) to red (14°C-15°C).

The week that stratification starts. In this study, this is defined as the week that a
temperature difference of 2°C between top layer and bottom layer is found.

. The week that stratification ends. In this study, this is defined as the week a temperature

difference of less 2°C between top layer and bottom layer is found.

. Sea surface temperatures.

Discussion of results

Station A:
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Most importantly, for station A the thickness of the thermocline is in reasonable
agreement with the data. A sudden increase of temperature to 13 °C at a depth of 30m
occurs in the data around 1 August. However, in the model the thermocline depth is
continuously and smoothly growing. Given the original data in Figure 2.2.b the sharp
lines in the data are probably due to the interpolation procedure. The location of the
thermocline in the original data at 04/08/89 is at 27m below the water surface, and
almost at the same depth in the model (25m below surface).

For both model and data stratification begins after the second week of May (a
temperature difference larger 2°C between top and bottom layer is found then).

For both model and data stratification ends after the first week of October (a
temperature difference less 2°C between top and bottom layer is found then).

Sea surface temperature in June is slightly higher in the model than in the data. The raw
data (Figure 2.2b) show only measurements for the 02/06/89 and 01/07/89, where a SST
goes from 10.8 to 13.4°C. This indeed indicates that the model SST is too high. For 4
August the model SST and NERC SST are nearly equal (~ 15.3 °C).
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e The bottom temperature in summer is between 7°C and 10°C and is in agreement with
the data.

Station B:

¢ For station B the thickness of the thermocline is in reasonable agreement with the data.
However, in the model the thermocline depth is continuously and smoothly growing,
whereas in the data it varies from 30m (June) till 40m (August-September). This is
probably due to the interpolation method used to get a complete data set.

* For both model and data stratification begins after the second week of May.

¢ For the model stratification ends in the first week of August. In the data, in August still a
thermocline is found at 40m (depth is 50m).

» Sea surface temperature in June is slightly higher in the model than in the data. This can
be due to interpolation of the data. At 30 July both model and data have an SST of
approximately 16°C.

e The bottom temperature in August and September in the model is higher than in the
data, since the model does not show any stratification after 1 August.

Station C:

» For station C the thickness of the thermocline is in reasonable agreement with the data. .
However, in the model the thermocline depth is continuously and smoothly growing,
whereas in the data it is about 30m (June-July). This is probably due to the interpolation
method used for the data.

» For both model and data stratification begins after the third week of May.

e For the model stratification ends in the third week of August. However, in the data
stratification abruptly ends for station C in the third week of July.

» Sea surface temperature in June is (only) slightly higher in the model than in the data.

e The bottom temperature in July in the model is lower than in the data, since the model
does not show up the sudden break down of stratification in July. In September the
model shows a higher bottom temperature.

Station D:

e For station D, during the whole simulation period the water column is well mixed in
both model and data.

¢ Sea surface temperature in June and July is in agreement in the model and in the data.

¢ The bottom temperature in July in the model is lower than in the data, since the model
does not show up the sudden break down of stratification in July. In September the
model shows a higher bottom temperature.

Conclusions:

Given these time histories and vertical profiles, the model gives an adequate representation
of the in-situ vertical temperature profiles from NERC (Lowry et al., 1992). Thermocline
thickness is on average correct. However, in the model stations A, B and C the thermocline
is smoothly growing, whereas in the data there is a sudden onset of stratification. Given the
original data shown in Figures 2.2.b for station A this is probably due to interpolation
methods used to complete the data set. The moments of onset and breakdown of the
thermocline are correctly modelled, except for breakdown of stratification at stations B and
C. Sea surface temperatures for model and data are in fair agreement.
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4.1.2 Sea surface temperature fields

Results

Plots for model results of sea surface temperature (SST) of the North Sea are given in
Figures 4.9 to 4.18. We will make a general comment on the SST compared to the data sets
given from remote sensing (daily images of SST given in the top figure, KNMI data) and
from the blended data (interpolated in-situ data with remote sensing patterns given in the
bottom figure, BSH data) in Figures 2.07 to 2.17.

Discussion

Figure 2.07 (8 April) and Figure 2.08 (21 April): the plot is in reasonable agreement
with the data, but does not show the fine structures observed in the KNMI data.

Figure 2.09; 9 May 1989: the resemblance between model and data is good. However,
the north east side of the plot (containing station B) is too cold by about 2°C compared
to the blended data, but seems to be consistent with the RS data from KNMI.

Figure 2.10; 28 May 1989: SST in the model is 1-2°C warmer than the blended data.
Unfortunately, there is a hot spot in the RS data.

Figure 2.11-2.12; 2 June 1989 and 12 June 1989:SST in the model is again 1-2°C
warmer than for the blended data. Compared to the RS SST data this is also the case for
the western part of the North Sea, but not for the eastern part of the Central North Sea.
There, the RS SST images seem to be consistent with the model.

Figure 2.13-2.14; 18 June 1989 and 19 June 1989: The sharp increase in temperature
observed in the RS SST data is produced by the model. The model is again, somewhat
too hot in the eastern part of the Central North Sea. The blended data from BSH are not
showing the sharp temperature increase observed in these data. The blended data are
about 3-5°C cooler than the RS SST data from KNMI and the model for the Central
North Sea.

Figure 2.15 and 2.16:; 18 August 1989 and 23 August 1989: like 2.14. The blended data
and model data are in fair agreement, except that the model shows some cold water at
the English coast that is not seen in the blended data. RS SST data show a little bit lower
temperatures in August (~1°C).

Figure 2.17; 29 November 1989: like 2.15 and 2.16. The model is somewhat warmer in
the western part of the Central North Sea than blended data (RS data are not given there
due too cloudiness). The blended data show less detail than the model data in general,
especially concerning the intrusion of relatively warm water from Dover Strait. This
intrusion is clearly observed in the RS SST data.

Conclusions
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Model data for SST are in good agreement with RS SST data (daily images) from
KNMI. However, differences of 1-2°C are found in the western part of the Central North
Sea in summer.

Model data for SST are in good agreement with blended data, but not for June 1989.
Then, the model data are clearly 3-5°C warmer than the blended data. However, for this
period the model data are in good agreement with KNMI data.

In general, the model SST data are in better agreement with KNMI data than with the
blended BSH SST data for 1989.
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5

5.

Conclusions and recommendations

I Conclusions

Data:

A bias of about £0.7 °C. may be expected when comparing in-situ data with the RS SST
images when in-situ data have a high time resolution (Borst, 1995; de Haan, 1998).
Given the fact that daily images are used one must be careful with pixels that are
partially cloud covered. For such pixels the RS SST temperature is underestimated. For
other pixels, an overestimation of temperature may be expected since all images are
around noon. This overestimation may be about +0.7 °C in summer, but is less in other
periods.

The RS SST data show more detail than the blended data set of BSH, especially in the
vicinity of the coast line. This is due to the fact that the blended data were projected on a
rather coarse grid. Good examples are the images of 8 March and 29 November.
Blended data sets are free of hot spots.

The RS SST images for the summer period (12 June, 18 June, 19 June, 18 August and
23 August) ahead higher temperatures then the blended data. Differences are most
pronounced in June. For 19 June differences even go up locally to 4 °C. It is not clear
what causes such large deviations. Validation with ship data is required to judge the
quality of RS SST data and blended data for June 1989.

Model:

An improved model was set up with an improved background eddy diffusivity for the k-
¢ model. This parameter was set to 7.10° m?%s as recommended from the sensitivity
analysis of Section 3.2, in order to get a correct thickness of the thermocline compared
to observations.

The new model contains improved initial conditions, boundary conditions and
meteorological forcing by wind.

1 DV point models are an efficient and reliable device to tune the vertical transport of
large 3-dimensional transport models.

In the old model results the thickness of the thermocline for station A, B and C was too
small. The new model simulates a proper thickness for the thermocline (see below)
Compared to old simulations by Van Kester et al. (1997), the increased background
eddy viscosity in combination with the horizontal advection of heat from the model
boundaries improved the model results significantly.

Data-model comparison, in-situ data vs. model:
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Given these time histories and vertical profiles (and the original non-interpolated in-situ
data), the model gives a very good representation of the NERC vertical profile (in-situ
measured) chain data. Results for stations A, B, C and D are very good with respect to
thickness of the thermocline depth. The onset of stratification is correctly modelled.
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Shortcomings are that for station B and C, the breakdown of stratification happens too
early.

Data-model comparison, remote sensing SST data vs. model SST data:

Model data for SST are in good agreement with RS SST data (daily images) from
KNMI. However, differences of 1-2°C are found in the western part of the Central North
Sea in summer.

Model data for SST are in good agreement with blended data, but not for June 1989.
Then, the model data are clearly 3-5°C warmer than the blended data. However, for this
period the model data are in good agreement with KNMI data.

In general, the model SST data are in better agreement with KNMI SST data than with
the blended BSH SST data for 1989. However, daily images of SST from KNMI
demonstrate too much cloud cover. Probably weekly composites (like the blended sets
presented here) must be preferred.

General conclusions:

L]

The present 3D model results for 1989 are in good agreement with NERC in-situ data
and RS SST data from daily images.

A combination of in-situ data over vertical and RS SST data in the horizontal plane is
ideal for model validation. In-situ data serve to tune the heat balance and thermocline
formation (1DV models can be used efficiently hereto to reduce the calibration effort).
RS SST data contain reliable information.

5.2 Recommendations
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It is recommended to validate the 3D model with the 1994 data set of the North Sea.
Interpolation procedures on ship data used in this study (on vertical profiles, and on SST
ship data) in general show shortcomings and must be improved.

The present calculations are very promising but still show some shortcomings for SST
in the western part of the Central North Sea in summer compared to remote sensing data
(differences of 1-2°C were found). It is recommended to investigate the effect of using
space-varying meteorological input in the heat flux model. Unfortunately, except for
wind speed (DNMI) reliable space-varying data are not available. Cloudiness may be
obtained from full analysis of all (NOAA/AVHRR and other) satellite imagery. It must
be investigated if forthcoming satellites and/or meteorological models can deliver
detailed spatial information on humidity and air temperature.

As an alternative for the heat flux model, SST forcing at the sea surface may be
considered. It is recommended to exploit this possibility in a follow up project.

In this model an background eddy diffusivity was added. Rather than subjectively tuning
the simulation we propose (in the future) the objective addition of a so-called internal-
wave-energy model that describes the additional turbulence production, and thus
increase of turbulent mixing, inside the thermocline by breaking and shearing action of
random internal waves. The latter are generated by wind, surface waves, the bed as well
as more vigorous turbulence outside the thermocline.
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