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Abstract
The transport of passrve dissolved and conservatlve matter is calculated wrth a three- dlmensronal Eule-

s ‘ © Han transport model i in order to estrmate the water exchange times for the ICES Boxes. Darly flow fields
, calculated wrth a baroclrnlc crrculatron model (Pohlmann 1991) are used to drlve the transport model

. The half- lrfe time of the concentratron ofa substance ina box is deflned analogously to the half- lrfe trme

. of radloactrve substances. To determine the half-life tlme for every ICES-Box, the water in this specmc -

.. box is marked by a constant concentration, whereas the concentration outslde the box is set to zero. The
‘calculation stops when the concentratron of matter ln the box reaches 50 pm-,rcent of |ts lnltral value

“In the classical approach the total exchange of water in a box is defrned by the time that is needed for
"the total box mass to flow through the open boundarles of the respectrve box (flushing-time approach).
Problems arise from this method if the flow field is very rnhomogeneous or mesoscale eddy structures
are located adjacent to the lCES box boundaries (e.g. in the Skagerrak) because the flushlng -time ap-
proach does not account the srgn of the direction of the flow. ltis based on the assumptron of a ho-
. mogeneous, strarght flow through a box. On the other hand the half-life time approach takes into account
the structure of the underlying flow field. Thus it is possible that matter leaves a box and returns, accord-
. ing to a change of the flow field. In such a situation the concentration in the box may increase, and in-
duces a Ionger exchange time than by using the flushmg tlme approach

: Dependlng on the startrng time there are S|gn|frcant inter-annual devratrons between the half-life tlmes for

- individual boxes. In comparison with the classical flushing- tlmes approach used by Davues (1983), Back-

" haus (1984), Lenhart (1 990) and Lenhart & Pohimann (1995) the results of the method presented here
show that in boxes with a predomrnantly mhomogeneous flow field (concernrng the ICES-Boxes 3a, 4, -
5a, (6b), 7a and 7b) the amount of time needed to reduce the concentratron of a contaminant is probably
longer than assumed up to now. ThlS is caused by the fact that in these boxes the flushmg does not only

‘ depend on the strength of the llow but also on the structure of the flow freld which is not taken into ac-

. count in the flushrng -time approach.
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Introductlon

~ The transport and dispersion of dlssolved matter is important for the ecology of the North Sea. There are ‘

above all two types of passive, dissolved matters in the sea : nutrients and toxic agents. The nutrients
Nitrogen (N) and Phosphorus (P) are naturally substances but to a large extent they originate from hu-
man activities. Their predominant etfect is to speed up the growth of phytoplankton and as a conse-
quence they are responsible for the reduction of the oxygen concentration in the water (Fladach etal.
1990). On the other hand many of the toxic sUhStances are harmful to the ecosystem even in low con-
centrations. These substances enter the North Sea via rivers, directly from the share, the atmosphere; .
ships and the offshore industries. The knowledge of exchange-times, especially in the shallow waters
adjacent to the main sources is an important piece of information which helps to detect particularly en-
dangered areas of the sensitive ecosystem. Thus the results of these calculations might be useful be
used for international commitments concernlng the protection of the ecosystem North Sea.

To calculate the half-life times of the water exchange for the ICES- boxes a three- dlmensronal dispersion
model is applled For each calculation of the half life time of a box the mode! was initialised with a con-

. stant concentration msude the box and with zero concentratlon outS|de The concentratlon inside the box
is used to mark the water at the moment of the |nlt|al|satlon Advective and dllfuswe processes are re-
sponsnble for the transport of matter out of the box and the resulting dilution and decrease of the concen-
tration inside the box. Due to the nature of dilution it is |mposslble to achieve a final concentration ot \
zero percent. Therefore a half-life time for the water exchange is defined analogously to the half l|fe tlme
of radloactlve substances. Usmg this detlnmon the calculation stops when the concentration of matter in
the box reaches 50 percent of its initial value The difference between the half-life time approach and the
classical flushlng tlme approach is, that the hall life time approach takes into account the structure of the
underlying flow field. Thus it is possrble that matter first leaves a box and returns later, according to a

change of the flow field. In such a situation the concentration in the box may increase, and an exchange ’

time that is longer than estimated by the classical flushlng tlme approach is the result.

To get an impression of the variability of the flow field and beyond that of the vanablllty of the flushlng- ' 4_', ‘

times, the calculations were carried out four tnmes per year, beglnnlng at the 1st of January, the 1stof .
April, the 1st of July and the 1st of October. The results of these calculatlons are the half-life times of

water exchange for the lCES Boxes 1to 7b over a penod from the 1st of January 1983 to the 1st ot Oc- V

tober 1993.

The model structure )

‘The model structure includes three different hydrodynamic models shown i in Flg 1. Two models (the 3- D
baroclinic shelf sea model and the 3-D baroclinic North Sea model) are responS|ble tor the calculatlon of
the flow field. The thlrd calculates the dlspersron of matter in the sea usmg 'the flow flelds calculated by

- the other models. ‘

The flow field was taken from the results of a three-dimensional baroclinic primitive equation North Sea’
model. based upon a semi-implicit scheme (Pohimann 1991). This model uses the sea surface eleva-
tions at the open boundaries prepared by a three-dimensional baroclinic shelf sea model (Backhaus: "~
1985, Pohimann et al. 1987, Pohlmann 1991). The shelf sea model encloses the North Sea, the adjacent



shelf regions and parts of the deeper North Atlantic. The meridional spacing of the spherical model grid
is 12 min, the zonal distance is 20 min, the vertical is resolved by 12 layers, The model is forced by cli- -
matologlcal mean temperature ‘and sahnrty distributions, the M,-tide, and (three hourly) surface wind
stress (accordrng to Luthardt, 1987) and air pressure fields, all shown in the upper part of Fig. 1. The
results of these calculations are the sea surface elevatrons at the open boundaries of the North Sea
model at every time-step. ' : '

3-D baroclinic shelf-
sea model

(Backhaus, 1985)

Climatological mean
temp. and salinity

distributions (monthly)

High resolution (3h)

and air pressure
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Frg 1: Model configuration w:th the boundary values in the left and right boxes and the models in the
bold central boxes (Luff 1994).

, To drlve the North Sea model (th 1 mlddle part) weekly sea surface temperatures the climatological

salinity distributions and the surface wind stress and air pressure frelds were used Th|s model has the
same horizontal resolution as the shelf sea model but it encloses only the regron from 5°W to 14°E and -
from 49°N to 61°30'N. Fig. 2 shows the model domarn of the North Sea model wrth the position of the

| model grld pomts and the posmon of the ICES Boxes In the vertlcal the mode! is resolved by 19 layers N
- with a resolution of 5m per layer in the upper 50m in order to accurately describe the thermoclme dynam-

ics. Below 50 m the layer thickness increases with the depth The simu!atrons were carried out wrth a
time step of 20 mrnutes S ‘ :

" The results of the North Sea model simulations are the flow frelds, u and v, the vanances of the flow

fields, c,2 and o2 the vertical exchange coefficients, Ay, the temperature and sallnrty distributions, T

' and S and the sea surface etevatlon { of the North Sea (F|g 1 middle part). All parameters are reduced

by integration over two tidal periods. This long-term data set compnses these parameters over a period
of 11 years, beginning at the 1st of January 1983. ’
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Fig. 2: The North Sea with the positions of the grid points used by the dispersion model and the ICES-
Boxes.

The Dispersion model .

In order to calculate the advection and diffusion of conseﬁ/ative dissolved :matter a Eulerian dispersion )
model is used (Fag 1 lower pan). In order to guarantee an optimum data exchange between the two
models, the dnspersnon model uses the same grid resoluhon, encloses the same regnon and has the same
time step as the North Sea model. ‘ ’ ’

, The equatiqn for the calculation of the fate ef concentration C of matter is ahalogous to the transport
. equation of temperature or salinity : ’ '

9c 9c ¢ 9Cc_d(, 9\ d(, ) 2(, W . -
at Uk Y Vay T Waz Tox | Mgk J* oy | MiMvgy 1 5z oz +RC

~ where Rg represents a source, in this case the initial concentratlon in the ICES-Boxes. To calculate the

horizontal advection of the dissolved matter, the flow fields from the North Sea model (uandv) are
used. The vertical component of the flow field to calculate the vemcal advection is glven by the equatlon

of continuity from u, vand &,
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‘ - To calculate the horizontal diffusion of matter it is necessary to determine the horizontal diffusion coeffi-
cients AMHX and Ay using the vanances Guz and ¢,2 of the flow field. Here, a scheme suggested by -
Maler-Relmer (1 973) is used : ‘ :

1,1
AMHx-‘-‘é‘}'Guz».E

1, 5T
. AMHy =3 cv? 3
 Where T denotes one period of the Mz-tlde (suggested by van Dam 1994)

A Eulenan dlsper3|on model is usually used for long-term calculations. Thé advantage of this model type
. overa Lagrangran formulation i is that there is no limit in time or space due to the minimum amount of
partlcles needed for meamngful results : the statistical rnterpretatlon of the results, using a llmlted hum-
ber of particles to estimate a concentration i |n a box is uncertain. The drsaovantage of the Eulenan dis-
, persnon model is the presence of numerrcal dlffusmn andin some cases the non preservatlon of the dis-
V’ ) solved mass especrally when strong concentratlon gradlents are present '

..The companson between a S|mulat|on with a Lagrangran dlspersron ‘model from Muller—Navarra & Mlttel-.
staedt (1987) and the present Eulerian model, for realistic horizontal gradrents however reveals that the .

. numencal dllfusmn of the Eulenan model does not cause any severe limitations (Luff 1994)

Inthe present study a “mass component upslream algorlthm was chosen for the advectlon A srmulatlon
to test the conservatlon of mass shows, that atter 150 days of srmulatron the drfference between the |n|-
o tlal mass and the mass remalmng in the model system amounts to only three percent (Lutf 1994)

/ Flushlng -time - half life time

In the classical calculatlon method the flushing-time approach used by Davres (1 983) Backhaus (1984)
Lenhart (1990) and Lenhart & Pohimann (1995), the total exchange tlme is defined by the time thatis -
needed tor the total box volume to flow through the open boundanes of the respective box. The equation -
used by Davies, Backhaus and l.enhart for the turnover time Tis usually expressed as the ratio of the
total amount of water in the box to the total flux according Bolin & Rohde (4973)

T = (EJ . with: V=total volume in the reservoir [m3]

: S = total flux through the open boundaries of the box [m3/ s]

This assumptron is correct as long as the flow field is sufflcrently homogeneous, and the direction of the
flow does not change its srgn e.g. in a river wrthout tlde However due to the shallowness of the North
Sea the lnfluence of the weather may cause a S|gn|f|cant temporal varlablllty of the flow field. Addmon-v
' 'ally. mesoscale eddy structures are Ppresent in some regions of the North Sea (for example in the ,
Skagerrak and near the British Channel) causing a strong spatial variability, Both kinds of varrablllty may
lead to srgnmcant errors in the water exchange time of a box calculated under the assumptrons ofthe
o flushmg -time approach ThlS is the main reason why flushrng -times presented by drtlerent authors vary

- significantly depending on the temporal resolution of the forcmg data. A detailed dlscussmn of this prob-
lemis glven by Lenhart & Pohimann (1995). : S , o et



By employing the dispersion of passive conservative matter in order to calculate water exchange times '

- these problems will be avoided. This is possible because temporal and spatial resolution of the disper-

sion model also allows to resolve processes which have considerably smaller scales than the ICES-

Boxes. It is possible for matter to leave a box and return again according to the flow field and thus for the

concentration in a specific box to rise. In such a case the ﬂushing;time will become decieively longer
than with the classical approach that does not take into account the direction of the flux. That is the main
reason why this study uses the half-life time approach instead of the flushing-time approach to calculate
the water exchange in the ICES Boxes.

Results of the calcula’uon and dISCUSSlon

_ The results of the calculation usrng the half-life time approach are shown in table 1 for the ICES-Boxes 1
“to 7b. For the 11 yeare 44 calculations of the half-life times were carried out in order to calculate the

minimum, maximum, mean- and median values and the standard devratron for each box.

As expected the Iongest perlods for a mean half- life time are in the boxes 7aand 7b in the central North
Sea where the correspondlng currents are very weak. ltis mterestlng to note that these boxes exhrbrt

' large differences between the maximum and the minimum value, with 87 days for box 7a and 81 gaysh :

" forbox 7b.
i | Volume - | Half-life times of.’water exohange in the%ICE:S-Boxes in days -
~BOX -~ k] “Min- Max Mean T Medan | SWdDerv |
1 6.352 . 15 59 . 42 43, | 9.7 .
2 4,522 11 . 42 " :27 - a7 : ,7*,2_
3a 2174 17 68 = | ;15 » .1o.e
3b - 635 7 19 '15‘ 15' 2.9
4 1263 9 71 | 43 41 18.4
5a . 6;14 : - 10 78 4;1 » . 42 20.9
5b 528 3 ‘ 29 12> 11 7.2
6a -18.177 13 46 34 34 - 841
6b 6.572 28 122 64: | 5; A ) 26.4
" 7a .5.520 22 - 109 758 76 : 23.9
' 7b 2.443 11 .92 53 57 L2227

Tab. 1: Results of the calculatron wnh the dispersion model for the half—hfe tlmes of water exchange in
the lCES Boxes 1 to 7b for the years 1983 to 1993

High transport rates (up to 2.0 * 10° m%s) are responsible for the relatrvely short mean half life time of 34
. days in box Ba (west of Non/vay) the box with the largest volume. This box shows relatrvely constant

_half-life times over the years, with the shortest times in winter and the longest in spring.

o



" The results of the half-life time calculations for the ICES-Box 6b reflect the influence of the |arge cyclo'—
nic eddy structure and the outflow of the Baltic Sea water. Luff (1994) calculated the transport through r
~ the Skagerrak perpendlcular 8°40' E. Strong currents of up to 1.3 * 10° m¥s dominate this section with
westward flow in the north and eastward flow i in the south in the upper 100m. In spite of these strong
_ currents the mean half- life time of 64 days Is the second highest one and the standard devratlon hasits
maximum value i in this box. Because of the enormous variance of the currents near the surface and the
large depth of the box the half- lrfe times often reach values above 100 days and wnth its maxrmum of
N 122 days the longest half-life time from all the calculations. ’

The overall shortest exchange time can be found in box 5b (west of Jutland), where the Jutland Current .
* with transport rates of up to 0 6* 10Ei m/s (Luff 1994) in combination with the small volume of this box is
. responsrble for very short half- lrfe times. The minimum of three days'is an indication that one single
-~ storm event is able to reduce the concentratlon to half rts rnrtral value in thts box ‘

In Fig. 3 all the calculated half-life times of water exchange for the ICES-Box 5b are shown Each bar
- represents one calculatron demonstrating the strong inter-annual fluctuations in the exchange times.

ICES-Box 5b

1983 1984 1985 1986 1987 .1988 1989 1950 1991. 1992 . 1993

- Yeas

‘ ' ' Flg 3 Half life times of water exchange in ICES-Box 5b ln days tor the 11 years of simulatron depend-

ing on the starting date of the calculation.
1

The ICES- box 5b is mainly influenced by dissolved matter from the sources Rhine, Vlleser and Elbe on -
the one hand and on the other hand from the Jutland current and connected strong turbulence The half-‘
life time of water exchange in this box depends marnly on the strength of the Jutland current. In general )
the drrectron of the Jutland current is drrected northward, but in spring it is often reversed (Lufl 1994) In
winter the Jutland current has its largest transport rates of up- to 0.6 * 10° m¥s, which are responsible for
the very short half-life times in this box. In spring 1984 and 1988 the transport of the Jutland current had
very low values (0 05-0 1* 10° m¥s) additionally showrng a southward component Thus the half-life

‘times reach thetr maxrmum of 29 and 27 days in these years. - '

th 4 shows the calculated half-life times for the lCES Box 7a (central North Sea) The calculatlons in
thrs box exhrbrt a strong inter-annual srgnal in the water exchange In wrnter the half—lrfe times are in

Yoy



general the shortest ones with a mean value of 53 days. In spring they reach their maximum with a mean

value of 100 days; in summer the mean value is 87 and in autumn it is 60 days..

ICES-Box 7a

120.
100
80

60

Dcysi ,

*40

20

1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993

-Years - T

Fig. 4: Hall-life times of water exchange in ICES-Box 7a in days for the 11 years of srmulatlon depend- ‘
" ingon the starting date of the calculation. ‘ o ' T

As an examp'le' Fig. 5a and b demonstrate the development of the concentration of box 4, and box 6b for
the first 11 starts. In general the strong gradients at the open boondaries of the boxes decrease during -
the first few days. This can be concluded from the fact that the decrease of concentration in the box is
most‘pronounced during the first days of the calculations. About 15% of the rneSS leave the box during
the first few days. As mentioned abave in such an extreme situation the numencal diffusion may con-
tnbute srgmfrcantly to the total dispersion. After this penod the gradlents are smoother and the decrease
of matter in the box per day becomes smaller,

roo—‘T- R . . v '
Influence of the model initialisation 1007 B Influence of the model initialisation
- to the half-live time in ICES-Box 4 ﬂ ‘ B to the half-live time in ICES-Box €b
y-axis : concentration in percentof - U y-axis : concentration in percent of

the initial value ‘ B the initial value

©20 ) 40 60
Simulation days - K Simulation days

Fig. 5a and b: Time series of the concentrations in percent of its initial value from 1st of Jan. 1983 to
1st of July 1985 depending on the start time ot the simulation. Left: ICES Box 4 (m front of .
the Belgrum and the Ne!herlands coasts) right : ICES-Box 6b (Skagerrak)

Tests in which the time from half to quaner concentratron were calculated (Luff 1994) show lhat on av-
erage the first half—hfe time was about 10% shorter than the second one. Therefore |t can be inferred that

8



due to the presence of the strong gradients the half-life trmes presented in this study are llkely to be un- B
_ derestimated by 10% to 15% as a result of numerical drtlusron . '

' The curves in Fig. 5a represent the drlutton of the concentratron of box 4 (m front of the Belgium and the
Nethertands coasts) starting at the 1st of January 1983 and the curves in Frg 5b represent the dnlutlon of B
the concentration of box 6b (Skagerrak) These frgures clearly demonstrate the main drlterence between
" the tlushlng~t|mes and the half-life time approach By usrng the dilution it is possrble that the concentra- .

tion in a box increases again as can be seen from the bold curves. This for instance happens in ICES-
Box 4 at the 20th of Apnl 1985 when water with a higher concentration near the boundary of the box
flows back into the box because of a change of the flow direction. In thls case the concentratlon in-"-
.creases from 55.33 % of the initial value at the 20th of April 1985 up to 56.35% at the 24th of April 1985.
' _Even more srgmflcantly this can be seen in Fig. 5b where the concentratlon in box 6b increases from
160.21% 1o 62.53% during five days ' ' E

| 'Comparrson of half-life tlmes wrth flushrng-tlmes
~from other references

- Toputthe calculated half-life times into a relatron to earlier results on the subject of water exchange a.
comparison between half-life time and turn- -over time is carried out. In table 2 the companson between
- the halt life times calculated in this study and the flushmg -times calculated by Davies (1983), Backhaus .
' (1984) Lenhart (1990) and Lenhart & Pohimann (1995) is shown. The main dltferences betweenthe
_ flushmg-trmes given by Davres Backhaus, Lenhart and Lenhart & Pohimann may result from the differ-
- ent meteorologrcal data and the different models they used. Davies (1983) used a wrnd stress dlstnbutron
| integrated over a period of three months to dnve his verttically integrated model, while Backhaus (1984)
used a hrgh resolution atmospheric torcmg data set for one summer period and a model with a vertical
'gnd resolutton of 12 layers in summerand7 layers in winter. Lenhart (1990) calculated his ftushmg -times
‘with a model based on the same model as the one used by Backhaus (1985) but with a vertrcal gnd -
resolution of 12 layers in summer and wrnter respecttvely This model was forced by htgh resolutron (6
hours, 150 x 150 km) air pressure ‘and wind stress fields for the years 1977 to 1981, The underlylng tlow
: -fleld used by Lenhart & Pohlmann (1995) is the same data set that i is used for the calculatron with the

‘Eulenan drspersron model i in this study.

. ~The companson between the half-life tlmes and the flushmg -times from Davres (1983), Backhaus (1984),
Lenhart (1990) and Lenhart & Pohlmann (1995) in table 2 is given only for |denttcal boxes Davres dld
not use the separatron of the boxes 3 and 5 in his flushing- trmes calculatrons while Backhaus did not use
- the separatron of box 5. None of the other authors calculate the flushing- -times for the box6b = _'
K (Skagerrak) Thus there is no entry in table 2 for these boxes. Untortunately, Davies and Backhaus do
_ ot specrfy the mean values of their calculatron so the mam comparison is made between the results |
from Lenhart and Lenhart & Pohlmann and the half—ltfe ttmes calculated for this study

ot The companson between the turn-over times from Davres (1983), Backhaus (1984), Lenhart (1990) and -

-~ Lenhart & Pohlmann (1995) and the half-life times calculated in this study is given in table 2. In most of
the cases the half-life times are in the same order of magnitude as the flushing- trmes from Backhaus,



' Lenhart. and Lenhart & Pohimann The srgmfrcant drfferences between the flushing- trmes calculated by

Davies and the half-life times may result from his meteorological forcmg

Davies Backhaus Lenhart Lenhart&Pohlmann Half-life tirnes

BOX | Min | Max M/in AMax l Min Max | Mean Min Max | Mean| Min | Max lMean
1 180 | 1200 35 481 27 54. | 41 21 50 | 38 15 59 42

2 80 480 9 39 18. 37 é8 14 49 28: 11 |42 27

35 . 13 41 19 56 -~ 33 -16 73 36 ‘17 68 | 43

éb 15 30 11 37 21 10 50 30 7 19 15

4 ‘ 40 | 180 21 29“ 8* 40 ‘ 19} 7 49 28 | 9  71 J43

5a 9 [ 49 [ 26 | 10 [ 86 | 33 [ 10 | 78 | 44

5b R I R TORN R B R TI IIERRE

6a 140 | 650 4 61 33 69 - 47 20  57 38 | 13 46 \34

6b - | — - 28 122 75
7a 110 | 350 3_2 49 25 54 38/' 19 | 68 40, ;22 109 .‘75
.7b 60 | 180 \;31 39 16 48 30 13 57 34 11 '92 53

" the time for the total mass of material originally within a bounded regron to be reduced to a factor e (I e.

To compare the results for the boxes with a predomlnantly homogeneous circulation (1, 2 3b, 5b and
6a) the definition of a turn- -over time from Prandle (1984) can be used asan approxrmatlon ThlS defini-
tion is analogous to the defmmon given by Bolin & Rohde (1 973) (see above) for drssolved matter mlxed
in a homogeneous flow. Prandle defines the turn-over trme for calculatrons with his drspersron model as

0.37). His definition is based on the idea that the concentratron in a box will be reduced by a homogene--
ous current and continuous mixing. After rhe turn-over time the total amount of water of the box was
flown through its boundaries and the concentration in the box is reduced to 37% of the initial value. Con-
sequently the comparison between the results from Lenhart, Lenhart & Pohlmann and the half-life times
in table 2 for the boxes 1, 2, 3b, 5b demonstrates good agreement of the mean values as well as the
maximum and minimum. ‘ C

To get an rmpressron of the meaning 'of the turn -over time' defmed by Prandle (1984) (37 percent of the
initial matter remain in the box) the distribution in percent of the initial values at the surface after one .
turn-over time is shown in Fig. 6a as an example for box 5b (west of Jutland). Even in this box that is

- dominated by a strong homogeneous current there are large areas where the concentration reaches val-
ues of above 50 percent. )

Tab. 2: Comparison of the flushing-times from Davies (1983), Backhaus (1984), Lenhart (1990) and
Lenhart & Pohlmann (1995) with the half-life times (mrmmum maximum and mean valus) in

days calculated with the dispersion model.

10
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" inthe box, the water can not be regarded as exchanged. By calculatmg the water exchange time for a
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Fig. 6a and b: Distribution of the concentratron in percent of the initial values at the surface after one
" turn-over time defined by Prandle (1984) together with the correspondmg currents in m/s for
ICES-Box 5a and ICES-Box 5b. In addition the relevant box boundaries are outllned The
contour line interval is 10 percent begrnmng with 10 percent.
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ln box 5a {(German Brght) the concentration after one turn-over time shown in F|g 6b even exhtbrts val-
ues up to 70 percent particularly in near-coastal regions. Because of this high peak of the concentratlon Co

.. box in this way, it is easy to get awrong impression of the water quality for example after a ship dlsaster

. because the water in the box is defined as_fully exc_hanged, even though in certain areas it strllcontams

- an immense concentration of contaminant. This clearly demonstrates the advantage of the half-life time
approach over the flushing-time or the turn-over time approach. Using the half-life tirne approach a more
realistic impression of the water quality after a certain amount of time can be expected.

Especially in boxes where the circulation is fnhomogeneous (3a), where the main circulation i,nfluenceei
‘only a part of the box (5a) or where mesoscale eddy structures are located adjacent to the box bounda- ',
ries (4, (6b), 7a and 7b) the differences between the flushing-times (Lenhart, 1990, and Lenhart & Pohl-- ’
mann, 1995) and the half-hfe times are significant. This is caused by the fact thatin these boxes the
flushing does not only depend on the strength of the flow but also on the structure of the flow ftetd whrch

is not taken into account in the flushing -time approach ‘

To get an impression of the influence of the underlying}hydrod'ynamic forcing in Fig. 7a and b the distri- |

bution of matter after the haif-life time is shown for the ICES-Boxes 4 and 6b. In addition the correspond-
ing surface currents integrated over the period of the half-life time are shown. The situations selected are

those with the shortest half-life time for box 4 and the longest one for box 6b. Fig. 7a gives the results for-
. . 11 * . N N



box 4 after one half-life time beginning at the 1st of January 1991 and ending at the 9th of January 1991
(9 days), figure 7b shows the result for box b covering a period from the 1st of January 1987 to the 2nd
of May 1987 (122 days). D
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Fig. 7a and b: Distribution of the concentration in percent of the initial values on the surface after one
half-life time together with the corresponding currenfs inm/s for ICES;Box 4 and ICES-Box 6b
In addition the relevant box boundaries are outlined, The contour Iiné interval is 10 pefcént B o
beginning with 10 percent, ‘ L ' R \

- The distribution after one half-life time for box 4 in Fig. 7a demonstrates the mean flow along the bdas}_‘

of the Netherlands deep into the German Bight. The maximum concentration at the surface exhibiting '; : )

%

‘while the maximum concentration within the box is 70 percent. For this transport of matter the strbng - ;

TN

current located in front of the coast is responsible. In opposition to these high concentrations Fig. 7b.
dem'onstratés the influence of the large volume of box 6a. Th§3 concentration at the surface exhibits val-:
ues up to 60 percent within box 6b and values up to 30 percent in the neighbouring box 6a.

Already by the definition of a half-life time for the water exchange it becomes clear that only one half-life

-time is not enough time to exchange the water in a box. After a time of n half-life times there is still a

concentration of (0.5) of the Initial concentration in the box. The natural dkbe\‘/iation (i.e. inter-annual

deviation) is of course neglected in this consideration. The problem to define a water exchange time for

.a natural basin remains.
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values up to 80 percent is located to the west of the Weser estuary and in the adjaceht shallow Wate:r's:,: L
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Conclusions

~ Athree-dimensional dispersion modet is used to calculate the half-life times of water exchange in the

ICES-Boxes. In the classical approach, the exchange time of water in a box is determined as the ratio of
the total mass in the reservoir to the total flux through its‘boundaries (Bolin & Rhode, 1973) - the flush-

“ing- tlme approach

Using the half-life time approach it is possible to describe the water exchange in the ICES- Boxes even

" ~whenthe underiymg flow field is |nhomogeneous The results of the calculatlons show Iong half-life tnmes

with mean values of over 40 days in the mean for the boxes 1, 33, 4, 5a 6b 7a and 7b. With mean half—

life tnmes less then 20 days the boxes 3b and 5b are examples for regions dominated by strong homoge-
.neous currents. By looking at the development of the concentration in a box the effect of an increasing
. concentration depending on the flow fxeld is shown. ' ;

N The companson between the half life times and the flushmg -times was carried out, because of missing

data calculated by a method similar to the used one. For the boxes with a predommantly homogeneous
circulation (1, 2, 3b, 5b and 6a) the differences in the results are insignificant. In the boxes where the

© circulation is inhomogeneous (3a), where the fnain_ circulation influences only_a part of the box (5a) or

where mesoscale eddy structures are located adjacent to the box boundaries (4, (6b), 7a and 7b), the
d:fferences between half-lite time and ﬂushmg -time approach are not neghglble The results of this

= method show that in boxes with such a predominantly mhomogeneous flow fle!d the water exchange

nmes are longer than expected up. to now.

The advantage of the half- hfe time approach was demonstrated by an example using the definition of the
turn- -over time suggested by Prandle {1984). In box 5a (German Bight) the concentration after one turn-

.over txme even exh|b|ts values up to 70 percent particularly in near-coastal regions. Because of the ,

heavy concentratlon in the box after a turn-over time, the water can not be regarded as exchanged
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