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Abstract

Environmental radiotracers can be used to understand the underlying processes of the environment where they are found.

Amongst others, 137Cs, which is a soluble element in sea water, is transported with water masses in the oceans. A numerical

model, in which the Mediterranean Sea was divided into 40 boxes (10 regions of 4 layers each), was developed to better

understand the distribution and behaviour of 137Cs in the Mediterranean Sea. It was run with a realistic source term, including

global fallout, the Chernobyl accident, the nuclear industry and river runoff, and was used to predict 137Cs concentrations during

the period 1954–1994. 137Cs surface water predicted concentrations ranged from 0 to 36 Bq�m� 3. In most boxes the most

prominent feature was the existence of two 137Cs predicted concentration maxima, corresponding to maximum air

concentrations due to nuclear weapons fallout (1963) and the Chernobyl accident (1986). Maximum concentrations were

predicted in surface waters in all regions, generally decreasing as mean water depth increased. Largest spatial concentration

gradients were predicted during, and shortly after, the global fallout maxima. After the global fallout maximum was reached,

predicted concentrations decreased, first rapidly and later on more slowly, reaching relatively low levels immediately before the

Chernobyl accident. The maximum 137Cs predicted concentrations due to the Chernobyl accident in surface waters of each box

showed widely different values because the deposition pattern was highly irregular. Levels reached values similar to those

predicted immediately before the Chernobyl accident more rapidly than in the case of the global fallout maxima. In order to

perform model validation, results were compared with annual mean values in each box and, in general, were found to be in good

agreement. The main achievements of the model and its limitations are discussed. D 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Environmental radiotracers can be defined as radio-

active elements that may be used as tools to understand

underlying properties of the environment in which

they are present. Various marine processes, covering

different time scales, can be studied using radiotracers,

depending on the phenomena involved and the obser-

vational techniques used. 137Cs is, essentially, a solu-

ble element in seawater (Coughtrey and Thorne, 1983)

and has a radioactive half-life of 30.17 years. Thus, it

is a useful radiotracer to study water mass transport in

the oceans (Prandle, 1984; Nielsen, 1995; Sanchez-

Cabeza et al., 1995). In this sense, the Mediterranean

Sea has often been described as a small scale oceano-

graphic laboratory (Margalef, 1985) and offers a

unique opportunity to test the suitability of using
137Cs as a long-term radiotracer of water mass trans-

port on a large scale.

The aim of this work was to explain past and

present (until 1994) levels of 137Cs by using a numer-
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ical model. To do this, a 40-box model was developed

and run with realistic input functions under steady-

state conditions. Results were compared with 137Cs

concentrations in Mediterranean Sea waters during the

period 1954–1994 reported in the scientific literature.

2. Materials and methods

2.1. Model

The Mediterranean Sea was divided into 10 regions

(Fig. 1) and its water column was split into four

layers, taking into consideration the different water

types present in each region (Table 1). Each box was

carefully defined taking into account the following

aspects: topography, main water fluxes, input sources

and data availability (used for model validation pur-

poses). Excellent revisions of water circulation in the

Mediterranean Sea can be found in Malanotte-Rizzoli

and Hecht (1988), Öszoy et al. (1993), Millot (1999),

Send et al. (1999) and Lascaratos et al. (1999).

The transfer rate between boxes (Table 2) was

obtained from previous box models (Bethoux, 1980;

Bethoux and Gentili, 1996). Specific studies about

circulation in the Eastern (Pinardi et al., 1996: Rob-

inson et al., 1992; Roether et al., 1996) and the

Western Mediterranean Sea (Alberola et al., 1995;

La Violette, 1995; Margalef, 1985) were also used

when further information was needed. In the case of

Fig. 1. Map of the Mediterranean Sea showing the considered regions and mean rainfall (cm�year� 1�cm� 2) in brackets. Each region is

vertically divided into several boxes, depending on the water depth and water characteristics. The two subsets show the boxes considered in

specific regions. The boxes considered correspond to the following regions: 1: Alboran Sea, 2: Central Occidental basin, 3: Catalan Sea, 4: Gulf

of Lions, 5: Thyrrhenian Sea, 6: Lybian Sea, 7: Adriatic Sea, 8: Ionian Sea, 9: Aegean Sea, 10: Levantine basin. The acronyms used in this

figure are: IOMW, Intermediate Occidental Mediterranean Waters; LIW, Levantine Intermediate Water.
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vertical transport, exchange rates (Table 2) include

both convective and diffusive transport. In order to

ensure mass conservation, fluxes were slightly

adjusted when necessary. The water mass interchange

between the Black Sea and the Aegean Sea is very

small, and was ignored. As the input of Atlantic

waters through the Gibraltar strait is fundamental to

developing an understanding of water circulation in

the Mediterranean Sea, a relatively small box (box 1,

Alboran Sea) was considered. In order to avoid the

definition of an Atlantic box, 137Cs levels in surface

Atlantic waters were considered to be equal to surface

Alboran Sea waters.

The transfer of radiotracers between boxes was

described by the following advection-diffusion equa-

tion:

qc
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where c = radionuclide concentration;
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v=water veloc-

ity;
!
jh ¼ q

qx
!
iþ q

qy
!
j ; e= horizontal dispersion coef-

ficient; kz = vertical diffusion coefficient; Q = sources

or sinks of radionuclide; k = radioactive decay con-

stant, and the diffusion term is divided in the horizontal

and vertical components.

Total diffusion can be considered as an addition of

explicit and numerical diffusion. No explicit horizon-

tal diffusion was considered since there was consid-

erable numerical diffusion. The numerical diffusion

coefficient was estimated as ux (Prandle, 1984) where

u is the advection velocity and x is the distance be-

tween the centre of the two boxes, in contact, consid-

ered. For example, if the horizontal velocity was 0.1

m�s�1 and x = 100 km, the diffusion coefficient was

104 m2�s�1, similar to that found in the literature (Flos,

1985). On the other hand, explicit vertical diffusion

Table 1

Dimensions of boxes considered in the model of the Mediterranean

Sea

Box Volume

(1013 m3)

Width

(m)

Box Volume

(1013 m3)

Width

(m)

11 4.0 50 61 2.0 50

12 8.8 170 62 6.8 170

13 0.16 330 63 13 330

14 0.26 550 64 28 700

21 1.9 40 71 0.97 70

22 8.3 180 72 1.5 150

23 15 330 73 3.3 330

24 87 1950 74 1.9 200

31 0.29 40 81 7.1 150

32 1.3 180 82 17 350

33 1.7 330 83 28 650

34 2.9 550 84 180 2100

41 0.22 40 91 1.2 70

42 0.95 180 92 2.5 150

43 1.7 330 93 5.5 330

44 7.0 1325 94 1.6 950

51 0.72 40 101 6.8 150

52 3.2 180 102 16 350

53 5.8 330 103 30 650

54 34 1950 104 48 1050

Table 2

Exchange rates between boxes considered in the model of the

Mediterranean Sea

Box Exchange Box Exchange Box Exchange

From To
rate

(105 m3

s� 1)

From To
rate

(105 m3

s� 1)

From To
rate

(105 m3

s� 1)

11 21 4.67 92 82 0.72 94 93 0.95

21 31 0.59 102 82 11.2 102 101 0.95

21 41 4.41 102 92 1.20 103 102 1.59

21 51 7.25 23 13 16.1 104 103 6.72

21 61 11.8 53 23 2.03 22 23 14.4

31 21 2.30 63 83 10.0 23 24 2.36

41 31 2.30 73 83 0.04 41 42 2.07

51 21 8.40 83 63 15.8 42 43 1.17

51 61 0.60 93 103 0.58 43 44 1.17

61 21 0.04 103 93 3.66 51 52 2.36

61 81 23.8 24 14 0.23 52 53 0.73

71 81 2.21 24 54 1.30 62 63 0.96

81 61 10.0 44 24 1.17 63 64 3.00

81 71 3.48 74 84 1.54 71 72 1.16

81 101 16.5 84 104 3.72 72 73 1.58

91 81 1.81 12 11 2.23 73 74 3.12

91 101 0.81 13 12 16.3 81 82 0.73

101 81 2.39 14 13 0.23 82 83 4.28

101 91 2.85 22 21 8.52 83 84 3.18

12 22 13.6 24 23 2.00 91 92 1.05

22 42 11.8 52 51 4.25 92 93 1.53

22 52 0.004 54 53 1.30 93 94 0.95

32 22 12.7 62 61 1.76 101 102 12.7

42 32 12.7 63 62 6.76 102 103 0.95

52 22 8.12 64 63 3.00 103 104 3.00

62 22 0.34 74 73 1.58 a 11 2.52

62 52 10.7 82 81 0.95 a 12 13.8

62 82 10.7 84 83 1.00 12 a 16.3

82 62 17.7 92 91 0.95

82 72 0.42 93 92 0.95

a Atlantic ocean.
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was needed because vertical velocities were low and

the vertical distance between boxes was also small.

The vertical diffusion used was kz = 1.25�10� 4

m2 s�1, similar to that used by other authors in

analogous conditions (Schlitzer, 1988; Roether et al.,

1994).

The numerical resolution of the differential equa-

tion was carried out with a FORTRAN program using

the Runge–Kutta 4th order system. The time step

was made variable. A full simulation needed a

computation time of less than 1 min with a personal

computer provided with a 200-MHz Pentium pro-

cessor. The authors are well aware that a full sensi-

tivity analysis of the model would be desirable, but

this will be the object of a further refinement of the

model in the future.

2.2. Source term

The 137Cs sources considered in the model were

global fallout from nuclear weapons, the Chernobyl

accident, low-level liquid wastes from the nuclear

industry and river runoff. As no long-term atmos-

pheric 137Cs sequences exist in Europe, its global

deposition was estimated from 90Sr measurements,

as its ratio has been shown to be almost constant in

global fallout (UNSCEAR, 1982). During the 1958–

1980 period, 90Sr atmospheric concentrations were

obtained from the UNSCEAR report (1982). During

the period 1954–1958, a linear extrapolation was

carried out, assuming that no deposition occurred

before the first thermonuclear bomb test in 1954.

During 1980–1993, 90Sr atmospheric concentrations

were obtained from measurements carried out at Risø,

in Denmark (Aarkrog et al., 1997). In order to have a

more reliable estimation of deposition throughout the

Mediterranean Sea, 90Sr concentrations were normal-

ised to 137Cs concentrations in rain observed in the

Gulf of Lions area (Thein et al., 1980). The 137Cs

input due to global fallout is shown in Fig. 2. As

described later, it should be noticed that the treatment

of the deposition from the Chernobyl accident is

based on estimations from coastal stations, as it

changed the 90Sr/137Cs ratio.

The 137Cs input to surface waters can occur via dry

and wet deposition. The importance of dry deposition

was assessed using the expression D = vdS (Tveten,

1994), where D is the dry deposition (Bq�m�2), vd is

the dry deposition velocity (cm�s�1) and S is the 137Cs

air concentration (Bq�m�3). Using the recommended

value for vd, namely, 0.09F 0.06 cm�s�1 (Tveten,

1994), and the 137Cs air concentration in Denmark

Fig. 2. Annual deposition of 137Cs in the Northern Hemisphere. Because of the large variability of Chernobyl fallout, no estimations for this

period are included in this figure.

J.A. Sanchez-Cabeza et al. / Journal of Marine Systems 33–34 (2002) 457–472460



during the period 1958–1980, we estimated that the
137Cs dry deposition was less than 8% of the total

deposition at that location (Aarkrog et al., 1992).

Therefore, only wet deposition was considered in this

model. For long-term modelling purposes, wet depo-

sition can be considered as proportional to rainfall

(Mitchell et al., 1990). Bethoux (1977) and Cruzado

(1979) have estimated rainfall rates over the Mediter-

ranean Sea. Thus, the 137Cs deposition was further

normalised by the ratio between the estimated rainfall

in each region and that in the Gulf of Lions.

In 1986 the Chernobyl accident was responsible

for a major input of, amongst other radionuclides,
137Cs to Mediterranean surface waters (Table 3). In

this case, the deposition pattern was patchy, depend-

ing on the trajectories of the contaminated air plumes

and rainfall during their passage (Papucci et al.,

1996). Therefore, 137Cs deposition was estimated

from local studies found in the literature: Florou

(1996) in the Aegean Sea, Buffoni and Cappelletti

(1997) in the Thyrrhenian Sea, Holm et al. (1988) in

the Gulf of Lions, and Molero et al. (1999) in the

Catalan Sea. In the other boxes, 137Cs deposition was

estimated from air measurements carried out at

coastal laboratories (UNSCEAR, 1988).

Another important source of Chernobyl 137Cs to

the Mediterranean Sea is the contaminated waters of

the Black Sea. This input is well described by the

function V= 25.45e� 0.99t, where V (TBq) is the total
137Cs input, and t (years) is the time after the Cher-

nobyl accident (Egorov et al., 1994). The 137Cs input

due to the nuclear industry (Table 4) has been recently

reviewed during the Marina-Med project (Cigna et al.,

1994). Finally, the 137Cs input from river runoff

(Table 4) was estimated as described by Fukai et al.

(1981).

2.3. Observations

The model (Tracermed I) was designed to predict
137Cs annual mean concentrations in each box. In

order to validate the model, the literature was searched

for existing data and organized in boxes correspond-

ing to the model. More than 300 papers of potential

interest were identified and data were extracted in a

Mediterranean radiotracers database. These data are of

a varied quality and have been produced by laborato-

ries of a very different nature. Regretably, much of the

bibliography makes no reference to Data Quality

issues and, therefore, a quality flag could not be

directly used by us. Instead, a preliminary judgement

of the data quality was based on the published

uncertainty, as our experience shows that uncertainties

range from 2% to 10%. Values out of this range have

been excluded from the validation. The list of pub-

lications used in the validation is as follows: Ballestra

(1980); Fukai et al. (1980, 1981); Ballestra et al.

(1981); Triulzi et al. (1989); Franic and Bauman

(1993); Molero (1992); Cigna et al. (1994); San-

chez-Cabeza et al. (1995); Molero et al. (1995);

Table 3
137Cs input due to the Chernobyl accident (kBq�m�2)

Box Deposition (kBq�m�2)

11 0.06

21 0.5

31 0.06

41 1.4

51 6

61 0.5

71 8.5

81 0.7

91 4.1

101 0.5

Table 4
137Cs input due to the nuclear industry and rivers (GBq)

Box 137Cs (GBq)

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990

31 57 45 67 65 70 70 32 32 57 16 10

41 3817 3878 5578 1669 2126 2419 2534 2449 1963 1139 1680

51 45 67 65 70 70.5 32 32 57 16 10

71 0.9 1.0 2.0 1.0 1.0 1.4 8.2 0.5 0.4 0.1
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Fig. 3. Modelled time evolution of 137Cs in all boxes of the Mediterranean Sea. Notice that vertical scales are not equal for all plots.
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Arnaud and Rozet (1996); Florou (1996); Merino et

al. (1997); ENEA (1997).

Accepted data were grouped by boxes and, depend-

ing on the number of values, were statistically analysed

using the following criteria:

. 1 data point: the value was accepted and the

interval of confidence ( p < 0.05) was set to two

times the data uncertainty.
. 2 data points: following the criteria given by IAEA

(1998), an uncertainty weighed mean and uncer-

tainlty are used as mean value and confidence

interval.

. 3 or more data points: the sub-data set was

searched for outliers, which were then discarded.

In all cases, remaining data followed a normal

distribution (Kolmogorov–Smirnov nonparamet-

ric test) and the mean and standard error of the

mean were computed.

3. Results

The evolution of 137Cs levels in all boxes, during the

period 1954–1994, was predicted by running the

model. Results are presented in Fig. 3.

Fig. 3 (continued ).
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3.1. Temporal evolution in surface waters

137Cs surface water predicted concentrations

showed large variations during the studied period, as

they ranged from 0 to 36 Bq�m� 3. In all boxes,

except in the Alboran Sea, the most prominent feature

was the existence of two 137Cs predicted concentra-

tion maxima, corresponding to the maximum air con-

centrations due to nuclear weapons fallout (1963) and

the Chernobyl accident (1986). A secondary maxi-

mum, previous to 1963, was due to the temporal pat-

tern of the global fallout deposition during the 1950s.

The predicted maximum concentration in the

1960s ranged, across the Mediterranean Sea, from

12 Bq�m� 3 in the Alboran Sea, to 19 Bq�m� 3 in the

Catalan Sea. This maximum did not occur in all cases

during 1963, but was delayed until 1964 in several

eastern regions. Although deposition was rather

homogeneous over the Mediterranean Sea, western

basin surface waters were transported to the eastern

basin where mixing with previously contaminated

waters took place, thus delaying the observation of

the maximum activity.

After the maximum was reached, predicted levels

decreased, first rapidly and later on more slowly,

reaching minimum pre-Chernobyl (i.e., immediately

before the Chernobyl accident) predicted concentra-

tions, which ranged from 3.2 to 2.2 Bq�m� 3. The

rapid fall-off reflected the decrease in air concen-

trations after the cessation of nuclear detonations in

the atmosphere, whilst the later slower decrease was

attributed to the slow transport and vertical mixing

processes of surface waters in the Mediterranean Sea.

The maximum 137Cs predicted concentrations due

to the Chernobyl accident, which ranged from 2.6 to 36

Bq�m� 3, showed largely different peak values because

the deposition pattern was highly irregular. The max-

imum concentrations, 36 and 29 Bq�m � 3, were pre-

dicted to occur in the Adriatic Sea and the Aegean Sea,

respectively, where higher deposition was observed in

the nearby terrestrial areas (UNSCEAR, 1988).

The time trends predicted after the Chernobyl

accident were different from those observed after

the global fallout maximum. First, the predicted peaks

were sharp, which was due to the fact that the

contamination could be considered as a pulsed input.

Second, the levels rapidly returned to near pre-Cher-

nobyl predicted concentrations as, although predicted

maxima were relatively high, the total deposition was

smaller than that due to fallout, and mixing with

noncontaminated waters in the basin rapidly diluted

its effect. However, somewhat elevated levels were

still predicted for 1993.

It should be noted that no Chernobyl maximum

was predicted in the Alboran Sea, because of the small

deposition observed in this area. In fact, levels some

years after the accident were still slightly increasing

because of the presence of contaminated waters com-

ing from eastern regions.

3.2. Temporal evolution in the water column

Because of the atmospheric origin of the contami-

nation, maximum concentrations were predicted in

surface waters in all regions, generally decreasing as

mean water depth increased. Largest spatial concen-

tration gradients were predicted during, and shortly

after, the global fallout maxima. Because 137Cs entered

underlying waters essentially by mixing with surface

waters, fallout maxima were usually delayed in deeper

waters. This delay was longer as mean water depth

increased. For example, in the Central–Occidental

basin, global fallout maxima occurred during 1963 in

surface waters, during 1965 in the second layer (Mixed

Atlantic Waters), and during 1966–1967 in the third

layer (Levantine Intermediate Waters).

Before the Chernobyl accident, predicted concen-

trations in the second layer progressively approached

those in surface waters and were, in all cases, almost

identical just before the accident. Predicted concen-

trations in the third layer showed a maximum much

later than surface waters. The relative importance of

this maximum was variable, and it was almost unde-

tectable in some regions such as the Thyrrhenian Sea,

the Catalan Sea and the Libyan Sea, where an almost

stable predicted concentration was reached. In the

fourth layer (Very Deep Mediterranean Waters), levels

were in general very low and were steadily increasing

until the present (1994). Only in the Aegean Sea,

Adriatic Sea and the Gulf of Lions, where deep-water

formation takes place (Millot, 1999; Lascaratos et al.,

1999), were predicted concentrations slightly higher

and they appeared to have reached a stable level.

After the Chernobyl accident, new vertical con-

centration gradients were predicted. Although the

accident also affected the second layer waters, pre-
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Chernobyl conditions were rapidly attained and pre-

dicted concentrations in the first two water layers

were again equal by the end of the modeled period in

most regions. Some impact in third layer waters was

also predicted for most regions, although little effect

was perceptible in the Thyrrhenian Sea, the Libyan

Sea, the Ionian Sea and the Catalan Sea. It is

interesting to point out the prediction that third layer

waters in the Levantine basin (Deep waters) should

present more activity than the rest of the water layers,

by the end of the modeled period, due to the entrance

of deep water formed in the Aegean Sea and mixing

with contaminated Levantine Intermediate Waters

(second layer). The influence of the accident in the

deepest layers was only detectable in the Aegean Sea

and the Adriatic Sea, where its impact was relatively

large.

4. Discussion

4.1. Model validation

The model was validated by comparison with

annual mean concentrations of 137Cs in Mediterranean

Sea waters. Not unexpectedly, the number of available

data points for model validation was limited. In

general, existing data are dispersed over the whole

basin and, except in the Adriatic Sea, no long-term

series exist. This is an important limitation for the

validation of any model using radiotracer data in the

Mediterranean Sea.

The ratio between model predictions and observed
137Cs water concentrations was determined for each

box and followed a log-normal distribution (Fig. 4).

The mean value was 0.95F 0.06. Therefore, it was

concluded that the model predictions were, in general,

in keeping with observations.

4.2. Surface waters

Mean annual 137Cs concentrations measured in

surface waters are presented, together with model

predictions, in Fig. 5. First, predicted values were in

good agreement for the pre-Chernobyl period, as for

example in the Adriatic Sea. However, predictions

shortly after the Chernobyl accident were not so

accurate. The reason for this distinct behaviour rests

on the input function: whilst global fallout was depos-

ited over the Mediterranean Sea rather homogene-

ously, Chernobyl deposition was not. The type of

model presented here is especially well suited to

describing systems in which temporal and spatial

gradients are not large. In the contrary case, a higher-

resolution model is needed. In fact, when the Cher-

nobyl signal decreased, and levels were more homo-

geneous, the accuracy of predictions improved.

The model underestimated some of the concen-

trations found in the Western basin. This was due to

the fact that the Central–Occidental basin compart-

ment was too large, encompassing northern and

southern coasts. This is also the case for the Ionian

Sea. As most data where obtained in the northern

parts, where rainfall (and therefore global fallout) was

heavier, mean predictions in these and adjacent

regions were underestimated compared to observa-

tions. This problem should be corrected in future

versions of the model, which should consider the

use of smaller boxes to study this basin. However, it

should be borne in mind that any increase in the

model resolution also reduces the number of exper-

imental points per box and, therefore, makes model

validation more difficult.

4.3. Vertical profiles

Measured and predicted vertical profiles are pre-

sented in Fig. 6. These included both the Western and

Eastern basins and covered the time period from 1976

to 1994, although not in the same region. Selected

Fig. 4. Frequency distribution of the ratio between predicted and

observed 137Cs concentrations in Mediterranean Sea waters.
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Fig. 5. Mean annual 137Cs concentrations observed in Mediterranean Sea surface waters and model predictions. Error bars represent 1r statistics

of measured values.
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sites depended exclusively on availability of observed

values. In general, predicted and observed levels

decreased from surface to bottom waters, where levels

were very low indeed. Consequently, observations in

these waters showed greater uncertainties, making

comparison more difficult. As discussed previously,

apart from the 1963 and 1986 peaks, predicted levels

in the first and second water layers were similar. This

prediction was confirmed by the experimental values.

However, some deviations were observed. This was

clearly the case for the vertical profiles in the Thyr-

rhenian Sea during 1977 (Fukai et al., 1980) and the

Catalan Sea during 1991 (Molero et al., 1995):

although the profile shapes were correct, the model

underestimated the concentrations. As both regions

were adjacent to the Central–Occidental basin, it was

concluded that predictions were underestimated be-

cause of the low resolution of the model in this region.

The divergence observed in the Gulf of Lions profile is

possibly due to the incomplete modelling of deep-

water formation processes in this area.

In any case, taking into account the abovemen-

tioned difficulties, it should be concluded that model

predictions of water column levels were, on average,

Fig. 5 (continued ).
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Fig. 6. Measured and predicted 137Cs vertical profiles in the Mediterranean Sea. Error bars represent 1r statistics of measured values.
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satisfactory, although they should be improved in the

future versions of the model.

5. Conclusions

Predicted 137Cs surfacewater concentrations showed

wide variations, ranging from 0 to 36 Bq�m� 3. In all

boxes, except in the Alboran Sea, the most prominent

feature was the existence of two 137Cs predicted con-

centration maxima, corresponding to the maximum air

concentrations due to nuclear weapons fallout (1963)

and the Chernobyl accident (1986). After the first

maximum was reached, levels decreased, first rapidly

and later on more slowly. The maximum 137Cs pre-

dicted concentrations due to the Chernobyl accident

showed different peak values, because the deposition

pattern was highly irregular, showing maximum pre-

dicted concentrations in the Adriatic Sea and the

Aegean Sea, where higher deposition was observed in

the nearby terrestrial areas.

Because of the atmospheric origin of the 137Cs

contamination, maximum concentrations were pre-

dicted in surface waters in all regions, generally

Fig. 6 (continued ).
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decreasing as mean water depth increased. Largest

temporal concentration gradients were predicted dur-

ing, and shortly after, the global fallout maxima.

Because 137Cs entered underlying waters essentially

by mixing with surface waters, fallout maxima were

usually delayed in deeper waters.

Model results were compared with observed mean

values calculated from data available in each box, if

any. Not unexpectedly, the number of available data

points for model validation was limited. This is an

important limitation for the validation of any model

using radiotracer data. The ratio between model

predictions and observed 137Cs water concentrations

was determined for each box and followed a log-

normal distribution. The mean value was 0.95F 0.06,

and it was concluded that, in general, the model

predictions were in keeping with observations but

could be improved.

In surface waters, predicted values were in good

agreement for the pre-Chernobyl period. However,

predictions shortly after the Chernobyl accident were

not so accurate because this type of model is not well

suited to describe systems with sharp temporal gra-

dients. The model underestimated some of the con-

centrations found in the Western basin, because the

Central–Occidental basin compartment was too large,

encompassing northern and southern coasts, what

should be solved in the future. In vertical profiles,

predicted and observed levels decreased from surface

to bottom waters. It was finally concluded that the

model predictions were, on average, satisfactory.

Future work will advance in two directions: first,

the model spatial resolution will be increased in order

to better describe circulation in the basin; second,

once the model be validated, it will be used to test

existing physical models in the Mediterranean Sea by

using fluxes derived from each model run under

specific physical conditions. Validation may be better

achieved in higher resolution models by the use of

well-known stationary parameters such as salinity.

This more advanced model will be thoroughly

described and a full sensitivity analysis carried out.
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