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II-1. MODEL DESCRIPTION

The main elements of the transfer model, PRYMA-LO, for the transfer of Cs-137 in watershed
scenarios, are presented in Figure II-1. The model has been developed by CIEMAT-IMA, Madrid,
Spain and the present modelling exercise has been undertaken by A. Aguero and A. Garcia-Olivares.
The processes included in the model have been organized as follows:

Firstly, we consider the catchment area and the different processes involved in the transfer of the
fallout to the ground. Then, we consider the processes by which isotopes are incorporated into the
water flow and eventually leave the system under study. A water inflow-outflow steady state is
assumed. Finally, a model for the fate of caesium in the lake is established.

The model for the interception process considers the time dependent deposition, the infiltration
of water and the interception of contamination by the vegetation canopy (using fractional interception
factors) and the rate of discharge from the canopy. The catchment model attempts to obtain a general
picture of the water and sediment flows and the activity coming from the drainage basin to Esthwaite
Water. A generic model has been used, which simulates the drainage of water and eroded material in
a catchment using a mosaic of cells to represent the basin drainage. The subprocesses considered are
the physico-chemical equilibrium (using the K,, approach) between the dissolved and absorbed phases
of the radionuclide in the drainage area, erosion of soil by water from the drainage area and infiltration
into the surface soil.

Figure II-2 shows the flow chart for the calculation of each single cell in the basin. In this
scenario only two rectangular cells have been used to represent the catchment. This rough approach
is justified since the direct deposition of contamination on the lake seems to be the dominant fraction
in the source term, and since the water and soil inputs into the lake are known from direct
observations.
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FIG. II-1. Conceptual model of the catchment-lake system.

315



The concentration in the water and sediments of the lake has been simulated through a dynamic
compartmental model based on Codell [II-1, II-2]. This model has been complemented with a set of
subsidiary hypotheses to take into account the dynamics during the summer stratification period.

In the following Sections the main assumptions and expressions used in the construction of the
different parts of the model are briefly described.

(1) INPUT DATA
u

(2) Overload flow downslope f. = R(l - -J-S (1 - V.) if R > I
R

Number of channels Nc of average diameter Zo

u
(3) Estimate the rugosity as a function of median size particle (Strickler):

n = 0.0342 • dlf6

m

(4) Mean and maximum water depth if the flow is channeled

h - ^-{ZJ,1 - *°) and * ' - < / ; • n/l-mjsz; • Nf"3

u
(5) Compute water flow velocity (Manning): v = —- h2l3S112

n
u

(6) Reynolds number, N = —
r v

u
o = r T ~ T o i3/2

(7) Overland flow bed material (Peter-Meyer) ° J
 l

 JQQQ J

0.25 • ( )
8

T0 = 0.047(pd - im-)dm and x = ^ - ^

u
(8) Sediments concentration that are dragged by the bottom (Einstein):

1000 -

58 • Pb • v • dm

u
(9) Deposition velocity of eroded soil (vs) is defined as the smaller of the two velocities

v,, v2, obtained from (i) the Stokes formula and (ii) the impact model:

9\P\ + 3 • 9810 • (pb -
v, = 2.17777 • (p, - 1000.)-dll\xd v, = [—~

1 vr-fc mifd 2 2 2 5 . d . 1 Q 0 0
m

u
FIG. II-2. Flow chart for the calculation of each single cell in the drainage basin, (cont.)
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(cont.)

(£_V
(10) Flow of suspended eroded material q = —1£ - [(— + 2.5) • Jt + 2.5 • J2]

11/6 [i (£n '°

, w =

- L (1

u
(11) Flow of water leaving the catchment due to different categories of precipitation

Flow of eroded material leaving the catchment due to different categories or of shower

u
(12) Wet surface, total volume of flowing water, for each category of shower

u
(13) Compute water-eroded material activity equilibrium for each category of shower

u
(14) Water and soil particles concentrations and daily average source term into the next cell

(15) Daily averages weighted to the probability of the shower category

(16) INPUT into the lake coming from the catchment

FIG. II-2. Flow chart for the calculation of each single cell in the drainage basin.

n-1.1. The catchment

Figure II-2 shows the flowchart of the calculation in the catchment model. Most of these
expressions can be found in reference [II-3].

II-l.l.l. Time dependent deposition

Daily deposition for the catchment area and lake surface has been obtained by distributing the
deposition over 13 days proportionally to the observed air concentrations in Glasgow, in such a way
that the observed total deposition in the basin is obtained [II-4]. The observations in Glasgow are
expected to approximately represent the evolution of the Chernobyl cloud in the U.K. The observed
deposition ranges between 0 and 2000 Bq/m2 (Appendix I) in a distribution that we assume to be
log-normal with a median value at 666 Bq/m2 and 99 percentile at 2000 Bq/m2.

II-1.1.2. Interception

A fraction, V;= 0.15 of the activity deposition is intercepted by the canopy and gradually released
at a rate X^ = 0.0495 d"1 [II-2].
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II-1.1.3. Recharge and water catchment

A constant layer of water is assumed to arise from each rain shower with an intensity above the
infiltration capacity of the soil Ic. Table II-1 shows the assumed intensity distribution of showers
sampled at 30-minute intervals. This is a typical distribution for Northern Spain [II-5]. The precise
distribution that should be applied in the Esthwaite area was unknown.

TABLE I I -1 . INTENSITY DISTRIBUTION OF RAIN SHOWERS SAMPLED AT 30-MINUTE
INTERVALS

Intensity (L-m^pOmin) - 1 ) 0 -1 1-3 3-5 5-10 10-30 >30

% 39.5 38.5 14. 7. 1. 0.

When a water layer is formed in the drainage area, the water is assumed to flow along the
bottom of semi-cylindrical channels , with a mean radius of close to 10 cm., in order to represent the
terrain ondulations on the scale between 1 to 50 cm. Consequently the effective surface area of flowing
water is not the true basin area but a fraction that is between 5 and 2 0 % depending on the intensity
of the shower. In this fraction of the area an equilibrium between dissolved nuclides and nuclides
sorbed by resuspendible soil is assumed.

II-1.1.4. Soil erosion by water from the drainage area

The flowchart in Figure II-2 shows the processes modelled. The units in that flowchart are:

Ri is the intensity of a shower type-i of 30 minutes (L-m'2-(30 min)"1),
Vj is the fraction of the precipitation intercepted by the canopy (-)
Ic is the infiltration capacity for a shower of 30 minutes (L-m'2-(30 min)'1),
f; is the f low leaving the cell during the 30 minutes shower i (L/(30 min)),
Sc is the cell area (m2)
dro is the median diameter of the particles (m),
h is the mean depth o f the channelled approximately equal to the hydraulic radius (m),
h ' is the max imum depth in the channel (m),
v is the velocity of the water leaving the cell (m/s),
g is the gravity constant (9.8 m/s2) ,
p b is the bulk density of the soil (kg/m3),
x is the critical tractive force (kg/m2),
t 0 is the boundary shear stress acting on the particles (kg/m2),
gs is the load bed transport rate leaving the cell in mass per unit width (kg-m'^s'1),
ss is the mass of sediments transported per volume unit of water (kg/m3),
v,,v2 are the deposit ion velocit ies of the suspended particles (m/s),
qs is the suspended load leaving the cell in mass per unit width ( k g - m ' s 1 ) ,
hs represents the depth of the soil layer that would be resuspended if it were available to the

flowing water , according to the Peter-Meyer formula,
Cwater is the activity concentration in water (Bq/m3),
C°t is the total surface activity concentration (Bq/m2),
Csoil is the activity concentration bonded to soil particles (Bq/kg),
Qw is the water outflow which equals the water inflow into the lake (m3/d),
1 / is the daily averaged infiltration capacity (m/d).

It is possible to est imulate the flow of eroded soil from catchment into the lake by means of mass
balance since the rate of deposit ion on the bottom and the suspended sediments have been measured
in Esthwaite (Appendix I and reference [6]).
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Considering an annual steady state between solids entering, leaving and depositing on the bottom,
it is easy to obtain the following expression:

V

=
sed ' Psed

ssl

where
qm is the flow of sediments entering the lake (kg/d),
ss, is the concentration of suspended sediments in the lake (kg/m3)
S, is the surface area of the lake (m2),
vdep, is the deposition velocity of the suspended particles (m/d),
Qout is the outflow (mVd),
vsed is the annual averaged sedimentation velocity in daily units (m/d), and
p ^ is the bulk density of the sediments (kg/m3).

Since the observed values are: ss, 1 x 103 kg/m3 (Appendix I), v ^ 9 mm/a [II-6] and pK d is
100 kg/m3 [II-6], the basin must contribute about 2 x 103 kg/d of soil which is roughly 10"4 to 10"3

times the quantity that is potentially transportable by the water flowing in the basin. The low factor
may be related to the extensive vegetation cover, with 10-15% of forest, 8 0 - 9 0 % grassland and less
than 5% bare rock.

For these reasons most of the contamination contributed by the basin seems to be washed out
from surfaces and not resuspended by the flowing water. Thus, only a minor fraction of the source term
seems to be contributed by the eroded soil, at least in the short t ime scale relevant to this problem
(days to months).

The first process has been simulated using a rate of washing by runoff (d"1) of the daily deposited
caesium. McDougall, et al., [II-6] used a similar approach in their modelling of Esthwaite Water. To
model the second process the resuspended soil is assumed to have an activity concentration roughly
in equilibrium with the concentration of the water that carries it:

C (j) =
V1UV/ + ss • Kd)

and

Cs(t) = Kd - Cw(t) (H-3)

where
Cw s(t) is the concentration of nuclides in water and suspended soil,
C°(t) is the total concentration per unit of surface, obtained from the direct deposition and the canopy

washout,
K,j is the soil-water distribution coefficient for Cs,
h(m) is the average height of the channelled water,
ss is the suspended soil concentration (kg/m3).

II-1.1.5. Infiltration and decay of the available contamination

It has been assumed that the groundwater contribution comes exclusively from the infiltrated
flow in the basin.
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The infiltration flow drives the surface contamination to deeper soils. We assume that the
infiltrated contamination does not became available for dissolution and drainage after it is below a
depth hs.

h = *-li£ (H-4)
P*

with pb being the bulk density of the soil (kg/m3).

This implies a loss rate of contamination due to infiltration

where
hs is given by eq. (II-4),
Ic is the infiltration capacity (m3-m"2-d''),
G is the soil porosity,
R,. a retardation coefficient:

This retardation coefficient expresses the ratio between the radionuclides transport velocity and
the groundwater flow velocity. It critically depends on the soil-water distribution coefficient of the
nuclide, Kj.

In addition, the deposited contamination is lost at the rate X^ by which the contaminated water
is taking it out into the lake:

Aw - 1 = • - ^ (n-7)
5 °

where
Sw is the wet surface area of the catchment (m2).

II-1.1.6. Physico-chemical equilibrium

Under the assumptions (II-4) to (II-7), the solution of eqs. (II-2) and (II-3) provides the
concentration Cw(t) in the drainage water during a shower able to produce a water height h. This
solution is shown in the step (14) of Figure II-2.

In that expression:

C,°(0 = / J D(t')dt' (II-8)

where
D(t) is the deposition (Bq-m'M"1),
Qw is the flow of water entering the lake (mVd),
Xj is the radioactive decay (d'1).

The expressions used to obtain h and ss are shown in the steps (6) and (10) of Figure II-2.
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n-1.2. The lake

A dynamic lake model developed by Codell [II-1, II-2] and slightly modified by us has been
used for the periods of non-stratification. The activity of caesium-137 in the lake is present in two
different forms, a fraction of it is dissolved in water and a fraction adsorbed onto suspended particles.

The total source term into the lake, S(t) (Bq/d), is the sum of a direct deposition on the lake
surface S3 which is dominant during the first days after deposition, a contribution from the water inflow
S,, which seems to be dominant after the contaminated cloud has passed over and a contribution from
the eroded soils S2 coming from the catchment which could become dominant in the long term.
However, the latter is not an important contribution during the first 100 days and therefore it has a
minor influence in the short term dynamics in the lake:

S(t) = St(t) * S2(t) * S3(t) =Q0Ut • C^Jfy +Qm • C ^ + 5, • D{t) (0-9)

where
S, is the lake surface area (m2).

The removal of activity from the lake water is due to outflow from the lake and to the transfer
of activity to the bottom sediments. The transfer to the sediments includes the direct
adsorption/desorption process of the soluble fraction and the sinking of the particulate fraction.

The sedimentation rate is assumed to be constant. The thickness of the sediment layer remains
constant because it is assumed that when sedimentation occurs an equivalent portion of the original bed
is buried and it is eliminated from the active layer.

The concentrations of activity in water (C), concentration in sediments (Cp), concentration
bonded to suspended particles and the contribution initially bonded to particles coming from the
catchment are respectively:

where:

dC

- cpx4 + cckc

Cs=ss{-Kd-C

C = 5 z ( 0 (H-13)
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where:

X. = ^— (H-14)
1 < h > • K

Q v • K Kf
A — 4 - 1 4- -I- •/— -r yi -I- -r

< h > < h >

X - X + V ^
4 " T + ~d + d • K

X = v, Id
c dep'

X , = X + V; I < h > +O IV
cl r dep' ^oux1

and
C is the concentration dissolved in water (Bq/m3),
Cp is the concentration in particles of the bottom sediments (Bq/m3),
S,(t), S3(t) are the source term in dissolved form and the source term from direct deposition (Bq/d),
Kf is the coefficient of direct radionuclide transfer (m/d),
< h >, is the average lake depth (volume to surface ratio W S J , (m),
d is the sediment layer depth (m),
q is the outflow (m3/d),
V is the lake volume (m3),
v is the sedimentation rate (m/d),
psed is the bulk density of the sediments kg/m2,
K is the dimensionless distribution coefficient: K = Kj p ^

The system (11-10) to (11-13) is a linear system of ordinary differential equations with a well
known solution for the dissolved concentration:

- '1
V • (ax - a2)

with:

a, * .,)«••" - •"> - a, * «,)*••" - ' V

The unstratified lake is assumed to be completely mixed. During the stratification period the
lake is divided into two layers, the epilimnion and hypolimnion. In the hypolimnion, caesium is lost
only by radioactive decay. Outflow is interrupted. On the other hand, physical resuspension of
radiocaesium at the sediment water interface is only important in very shallow lakes [II-6]. The
turbulence that resuspends particles from the bottom and maintains these particles suspended sufficient
time to absorb contamination from the water until the K-equilibrium is reached is assumed to be
unimportant during stratification.

It is assumed that the sedimentation continues at the same annually averaged rate but that the
suspended particles are not in sufficiently high concentration and simultaneously do not have enough
time to absorb a significant quantity of activity from the water. Therefore, the "pump" of contamination
vK/< h > and v-K/d which is the most important terms of transfer between compartments before the
stratification is assumed to become negligible during this period.
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The dynamics in the hypolimnion are thus described by eqs. (11-10) to (11-13) with the
following redefinition of the parameters:

Jl. = 5 - ^ (11-17)
1 Vh-K

' K

Kf

d- K

K =

K, =

and 51//) = 5 / 0 = 0.

The dynamics of the caesium in the epilimnion are described by the system of equations (11-10)
to (II-13). However, the transfer through sedimentation of resuspended particles is neglected; the lake
volume V replaced by the epilimnion volume Ve; and the direct absorption transfer term in (11-17) is
redefined as the new area of absorption. The transfer rates has been redefined in the following way:

X, = 0 (H-18)

= K + v+l < h > -Qojv

The model for the epilimnion and hypolimnion is connected to the day or commencement of
stratification ("NESTR1" in Table II-3)) and it is maintained until the day "NESTR2". Between this
day and the day of the end of stratification "NESTR3" winter conditions, eqs. (11-10) to (II-13),
develop with an increasing mixing of the water layers.
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TABLE II-2. A PRIORI PROBABILITY DENSITY FUNCTIONS OF THE PARAMETERS USED
IN THE UNCERTAINTY ANALYSIS

Parameter

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

Distribution

TRIANGULAR

UNIFORM

TRIANGULAR

LOGUNIFORM

UNIFORM

LOGNORMAL

LOGNORMAL

LOGNORMAL

NORMAL

UNIFORM

TRIANGULAR

UNIFORM

LOGNORMAL

LOGNORMAL

TRIANGULAR

UNIFORM

UNIFORM

UNIFORM

UNIFORM

Range

WITH PARAMETERS BELOW
A= 0.250
B= 0.500
C= 0.750

5.000E-02 - 0.100

WITH PARAMETERS BELOW
A= 5.00
B= 6.50
C= 8.00

5.0OOE-O5-1.0OOE-O3

1.250E+03- 1.35OE+O3

0.176- 1.06

306.-991.

306.-991.

0.474 - 0.525

0.100-0.500

WITH PARAMETERS BELOW
A= 1.141E-05
B= 2.330E-05
C= 3.650E-05

90.0 - 120.

90.0 - 250.

2.730E-04 - 4.380E-03

WITH PARAMETERS BELOW
A= 4.000E-04
B= 1.550E-03
C= 2.700E-03

l.E-03 - l.E-01

37.0 - 45.0

115.- 119.

119.- 126.

Label

Ic

S

Pb

K-d-soil

D(l)

D(2)

8

Zo

Vsed

Psed

*Ni-sed

Kf

SSj

f3o

NESTR1

NESTR2

NESTR3
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TABLE II-3. PARAMETERS OF THE MODEL

Parameter

Interception by vegetation

Infiltration capacity

N° of shower categories

Frequency of each shower
intensity range

Catchment slope

Total rain

Density of soil, actual

Particle size of soil

Bulk density of soil

Soil distribution coefficient

Decay

Duration of radioactive cloud

Daily radioactive deposition

First day

Second day

Third to thirteenth days

Soil porosity

Vegetation washout

Rugosity height

Catchment area

Lake surface area

Lake volume

Deposition velocity

Bulk density of sediments

Sediment distribution coeff.

Sediment depth

Direct adsorption coefficient

Initial concentration in sed.

Suspended solids in the lake

Hypolimnion area

Catchment washout rate

Stratification starts at day

Stratification breaks at day

Stratification ends at day

Time period simulated

Symbol

v,
Ic

NCAT

R(i) f(i)

S

$d

<L

$b

Kd-soil

K
NDAY

D(I)

1-1

1=2

3*1*13

8

Zo

Ac

s,
v,

Psed

Kd-sed

d

Kf

cp(0)

ss,

sh

f3o

NESTR1

NESTR2

NESTR3

NEND

Median

0.15

0.5

7

0.25 0.1975
0.75 0.1975
1.75 0.289
2.75 0.09
4.00 0.14
7.50 0.07
20.0 0.01

0.1

5.6

2650.0

0.0002

1250

0.80

6.3E-05

13.0

480.8

480.8

1.7

0.53

2.6E-04

0.1

1.7E+07

1.00E+06

6.44E+06

2.33E-05

100

170.0

0.02

0.001

160.0

0.001

3.49E+05

5.E-02

41

119

123

480

Range

Min.

0.4

0.05

5.0

0.00005

1250

0.617

306.0

306.0

0.474

0.1

1.1E-05

90.0

90.0

0.000273

0.0004

l.E-03

37

115

119

Max.

0.8

0.1

8.0

0.001

1350

1.06

991.0

991.0

0.53

0.5

3.6E-05

120.0

250.0

0.00438

0.0027

l.E-01

45

119

126

Units

-

L-m-2(30min)-'

L-m-2-(30min)-'
L-nT2(30min)-'
L-m-2-(30mm)-'
L-m-2-(30min)-'
L-nT2(30min)-'
L-m-2-(30min)-'
L-m-2(30min)-'

-

L-m"2-d-'

kg/m3

m

kg/m3

m3/kg

1/d

days

Bq-m-2d"1

Bqm-2d"1

Bq-nr2-d-'

Bq-m-2d-'

-

1/d

m

m2

m2

m3

m/d

kg/m3

m3/kg

m

m/d

Bq/kg

kg/m3

m2

1/d

days

days

days

days

Reference

[1-1]

[1-5]

[1-5]
[1-5]
[1-5]
[1-5]
P-5]
[1-5]
[1-5]

Appendix I

Appendix I

P-7]

[1-7]

[1-1]

[1-8]

[1-4]

[1-4]

[1-4]

[1-4]

P-l]

[1-1]

Appendix I

Appendix I

[1-6]

Appendix I

P-6]

P-6]

[1-6]

P-8]

[1-6]

Appendix I

[1-6]

P-6]

P-6]

[1-6]
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II-2. APPLICATION OF THE MODEL TO THE ESTHWAITE WATER SCENARIO

To test the model against observational data, measurements obtained in water and sediments
of Esthwaite Water, Lake District, UK, have been used. Additionally, this comparison has made it
possible to calibrate the parameters of the model to the specific scenario. The uncertainties expected
in the predictions of integrated concentrations have also been analysed.

Table II-3 summarizes the parameters and data required by the model with the median value
chosen a priori and the range that can be expected from the available information. After the calibration,
new median values may be defined for the parameters which are site-specific.

The median value of the interception by the vegetation V; is calculated by [II-1] and [II-2] as
a default value for forage vegetation.

Yearly averaged water inflow into the lake has been measured and range from 7.2 x 107 m3/d
to 2 x 108 rnVd [II.6] with most values between 7 x 107 m3/d and 1 x 108 mVd (Appendix I). This last
range is consistent with the observed mean annual precipitation in the catchment: 1750 mm/a, an
infiltration velocity of 0.25 to 0.50 mm/(30min) in-showers of 30 minutes, and a mean slope in the
catchment from 5 to 10 %. Table II-3 shows the median values and range used for the parameters in
the catchment model and in the lake model.

The annual mean precipitation rate R, has an associated natural variability. Two different values
have been reported: 5.6 L-m"2-d'' (Appendix I) and 7 L-m'̂ d"1 [II-6]. The range of the infiltration
capacity (Ic) has been chosen in such a way that it may be consistent with R, and with the observed
water balance in the basin, i.e. a lake outflow between 73 x 106 L/d and 200 x 106 L/d pi-6]. However,
it is not possible to obtain outflows larger than 100 x 106 L/d without increasing the R, above 7 L-m"2

d"1. Since this is not probable except in especially wet years, the value Ic=0.8 L-m"2 (30 min)'1

corresponding to = 100 x 106 L/d has been chosen as the superior bound. In addition, the probability
density function (PDF) used in the uncertainty analysis for has been defined as triangular function with
extreme points at 5 L-m^-d"1, 8 L-m'2 d'1 and mode 5.6 L-m"2 d"1.

The effect of the distribution of precipitations f(R) is to control the wet surface and so the
decay of the source term bonded to water. The particular distribution f(R) that took place in the basin
is not known. According to McDougall [II-6] "the passage of the Chernobyl cloud coincided with
isolated, very heavy, advective rainstorms so that the deposition occurred over a very short time period,
e.g. 12 h in Cumbria". Therefore, a possible choice is to use the right extreme value in Table II-1.
However, the wet surface is not only controlled by this parameter: the soil undulations are expected
to widely reduce the total basin surface that is being flushed which is a function of the spatial
distribution of rugosities, f(Z0).

Given the lack of specific information it has been decided not to try and to model this
combined uncertainty but to calibrate the "wet surface" parameter. To this effect, the frequency matrix
has been fixed to the values of Table II-1 (a rough estimation strictly only applicable to conditions in
the North of Spain) and the Zo parameter has been calibrated to the best fit. The uncertainty of this
parameter adds to the uncertainty of the Zo parameter since this has a similar effect on the model; both
control the surface of basin that is doused by a shower and thus the decay of the water concentration
flowing into the lake. The mean slope of the basin is based on topographical maps (Appendix I).

The particle density pd is a parameter showing relatively little variability for different types of
soils [II-7]. The median diameter of the soil particles has been chosen to range between that of very
coarse silt and coarse sandy soil [II-7]. The bulk density of the soil pd and the porosity 8 have been
chosen to range from typical values for very coarse silt to typical values for coarse sandy soil [II-l],
p. 5^42. The Kd of the soil ranges typically between 0.6 and 1.1 m3/kg [II-8]. A median value of
0.8 m3/kg has been chosen.
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The days of presence of the cloud has been reported in several locations of the UK [II-4]. A
generic parameter, about 2.6 x 10"4 d1, has been taken as the washout rate of the contamination
intercepted by the vegetation [II-l]. The surfaces of the basin and lake are given in Appendix I.

The thickness of the sediment active zone, the surface area of the hypolimnion and the volume
of the lake and hypolimnion have been reported by [II-6], based in experimental observations. The
sedimentation velocity has been calculated as the ratio between the annually averaged sedimentation
velocity rate (500 to 1200 g m"2-a' (Appendix I) and the observed bulk density of the sediments (90
to 120 kg/m3 [II-6].

The distribution coefficient K,, of the sediments has been reported to be between 90 and 250
(m3/kg) [II-6]). The Kf has been chosen with the generic range reported by [II-8]. The initial caesium
concentration in the sediments and the days of start and end of the stratification period are reported
in [II-6]. The concentration of suspended sediments in the lake ss, is from Table 3.1 of this document.

Finally, the washout rate by the running water in the catchment has been calibrated by the best
fit.

II-3. UNCERTAINTY AND SENSITIVITY ANALYSES

Many of the parameters defining the scenario and the processes of transfer involved sometimes
have: (i) a large natural variability, (ii) associated experimental uncertainties and/or (iii) are not
experimentally based but based on theoretical considerations or even ad hoc hypotheses. These
parameters have been defined through probability distributions as it shown in Table II-2. Taking the
median values of the parameters, the following picture emerges of the water and eroded soil flows in
the catchment:

Discounting vegetation interception and evaporation, 99 x 106 L/day are intercepted by the
basin from which 14 x 106 L infiltrate and 85 x 106 L drain downslope. For a rugosity size of 10 cm,
the height of the drainage channels formed ranges from 3.5 mm to 2.1 cm depending on the shower
intensity. The concentration of eroded soil that is potentially transportable has ranges from 99 kg/m3

to 22 kg/m3. It means that only a fraction, about 3.5 x 10'3 kg/m3, of that potentially transportable (or
12% of the eroded soil suspended in the water) flows into the lake. The basin surface that is doused
by the drainage ranges between 5% to 20% for different showers. The source term into the lake
associate with water and suspended soil is shown in Figures II-9 and 11-11.

The direct deposition onto the lake seems to be more important than the contribution from the
catchment, generating an input that is close to a pulse of a maximum duration of two days. However,
the "tail" after the second day has an influence on the slope of decay in the lake concentration.

In order to quantify the degree of fit between the model predictions p; at day i (i=l,2,..,N) and
the time series with the observed concentrations o; in epilimnion, hypolimnion and sediments the two
following residuals have been used:

E o>, - o,)
R = ^ ( H 1 9 )

N

£*,
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and:

]C (j>t - o,)2

C , = ill (11-20)

A 2

where N is the number of observations.

The distance R is the integrated residuals of the fit. When R is small, the mean predicted
concentration is close to the mean observed concentration. The distance C02 is the variance that
remains unexplained after the fit. When R and C02 are both small then the discrepancies between
punctual predictions and the corresponding observation are bounded.

The model can be calibrated a posteriori by selecting the runs providing lowest values for eq.
(11-19) [II-9]. Figures II-3 to II-8 show the distribution of these two distances of fit for the three
variables simulated.

The integrated residuals for epilimnion, hypolimnion and sediments present forms resembling
log-normal distributions, with the following statistical parameters:

Parameter Epilimnion Hypolimnion Sediments

Average

Median

Variance

Standard deviation

Minimum

Maximum

This implies that the model has a tendency to underpredict in the epilimnion and hypolimnion
by roughly 39% and 27%, respectively, and a tendency to overpredict in the sediment mean
concentration by 71%, even though in this last case the fit would be inside the experimental bounds.
The integrated residual is an index of the error in the predicted integrated concentration relative to the
observed integrated concentration.

The statistical parameters of the distribution of C02 are:

Parameter Epilimnion Hypolimnion Sediments

Average

Median

Variance

Standard deviation

Minimum

Maximum
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-0.34

-0.34

0.075

0.27

-0.8

3.19

-0.22

-0.27

0.11

0.33

-0.82

3.7

0.77

0.71

0.28

0.53

-0.30

9.77

0.18

0.14

0.089

0.30

0.02

14.4

0.35

0.27

0.34

0.58

0.0068

22.8

0.95

0.56

4.2

2.06

0.0069

98.7
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This implies that in a median situation 14% and 27% of the variance in the integrated
concentrations for epilimnion and hypolimnion, respectively, would remain unexplained after the fit.

A sensitivity analysis of the parameters used by the model has been implemented. The distance
R has been used as the output variable, and the influence of the parameter ps on this variable is
measured through a sensitivity index st:

si =1
dlnfl (11-21)

Table II-4 shows the sensitivities of the most uncertain parameters of the model. The most
sensitive parameters are the deposition during the first two days and the three parameters controlling
the water-sediment exchange in the lake. Next follows the annual precipitation rate controlling the
inflow, and subsequently the soil rugosity height and the washout rate of contamination from the
catchment, which control the flushed area in the catchment and the rate of flushing, respectively.

To select the best fits obtained, the constraint R<10% and C02<10% has been imposed
simultaneously in the epilimnion and hypolimnion. Sediments are always within the range observed.
A number of 10 from a total of 5000 runs fulfill this condition. The most sensitive parameters in these
10 runs are shown in Table II-5. Figures 11-10 and 11-12 compare predictions and observations of the
two best fits from this set. The integrated residuals are respectively: R,.pi = -6% (-6.2%), R ^ = 8%
(9%) and R^ = -4.4% (-13%).

The unexplained variances C02 (in %) in epilimnion, hypolimnion and sediments are
respectively: 3.2% (3.6%), 3% (2.8%) and 1% (2.3%).

The temporal zero corresponds to 2 May 1986.

TABLE II-4. SENSITIVITY OF R ^ R ^ TO THE MODEL PARAMETERS

Parameter

Infiltration capacity

Slope

Annual precipitation

Particle diameter

Soil density

Soil Kd

1st day deposit

2nd day deposit

Soil porosity

Soil rugosity

Sedimentation velocity

Sediments density

Sediments Kj

Direct absorption

Volume ratio epi/lake

Suspended sediments

Daily washing rate

Symbol

Ie

s
Itct

<J»

Pb

K-d-soil

D(l)

D(2)

8

Zo

VSed

Psed

Kd-sed

K,

feplh

SS,

1.3

1.2

4.1

0.0

0.0

0.0

7.4

7.6

0.0

2.2

4.9

4.9

4.9

0.1

1.7

0.0

0.8

Sensitivity

Rhypo

0.8

1.1

2.8

0.0

0.0

0.0

6.4

6.5

0.0

1.9

4.5

4.5

3.7

0.1

0.9

1.0

0.7

Rscd

0.6

0.7

2.1

0.0

0.0

0.1

7.7

7.6

0.0

2.1

5.1

4.3

6.9

0.2

1.6

0.0

1.5
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TABLE II-5. RANGE OF VALUES FOR THE MOST INFLUENTIAL PARAMETERS USED TO
OBTAIN THE BEST FITS

Parameter Symbol Range Units

Min.

660

1.1 x 10"5

90

93

5.6

1.9 x 10"3

Max.

1430

1.9 x 10s

118

157

6.8

5.2 x 10"2

Bq/m2

m/d

kg/m3

m3/kg

Lm-2d'

1/d

Total deposition

Sedimentation velocity

Bulk density of the sediment

Sediment-water distribution coeff.

Total rain

Daily washing rate

sed

fao

Some parameters with large associated sensitivity become less important if they have short
ranges of uncertainty (Table II-2). This is the case with the parameters Ic, S, 1 ,̂, vsed, pKd and feplk all
of which are constrained by the experimental evidence (see Section 2).

On the other hand, the parameters D(l) and D(2) have no sensitive effect when one of them
is decreased and the other increased in the same proportion. However, some evidence suggests that
most of the deposition in the area of Cumbria in UK took place during the first 12 hours of the
presence of the cloud pi-6]. For these reasons the integrated parameter Dpulses(l) + D(2) can be used
in this scenario instead of the separated parameters D(l) and D(2) with no loss of generality in the
conclusions. Therefore, obtaining the best fits is a matter of finding the most favorable combinations
of the following parameters: K<,. sed, Dpulse, f30 and Zo.

When using the pulse Dpulse as the only contribution of contamination to the lake (f30 = 0) the
model solution is the "impulse response" of the system (11-10) to (11-13), given by the integral of eq.
(11-15) for the period previous to the stratification. It is not possible to fit this "impulse response" to
the observed time series of concentration in water without forcing the parameter Kj (or alternatively
vdep) below its confidence range. Therefore, it must be concluded that some contribution of
contamination coming from the catchment must be acting in this scenario.

Figures II-9 and 11-11 show two specific source terms both with contribution from the
catchment that have proportional good fits in two different calibrations. The first, with a water outflow
at the upper extreme end of the experimental range and the second at the opposite extreme. The
contribution from the catchment can be observed as a decay over imposed on a two-day pulse.

Figures 11-10 and 11-12 show the corresponding concentrations in lake water in both cases. It
can be observed from the parameters given in the footnotes in Figures 11-10 and II-12 that for a pulse
Dpulse, of median value 660 Bq/m2 and all the less-sensitive parameters in their median values, a K,,.
xd between 105 and 120 m3/kg, a f30 between 1.5 and 2 x 10-2 d-1 and a Zo such that the aquatic area
in the catchment is between 8.8% and 9.4% make it possible to obtain good fits. It is possible to obtain
good fits with high Kj .^ values (h 170 m3/kg) without assuming high values for Dpuke. For instance,
Dpulse= 900 Bq/m2 and f30-10"3 or Dpu]se= 1400 Bq/m2 and fjo-10"4. However these fits are slightly worse
than the previous ones since the high K^ values produce an excessively rapid decay of the "tail" after
the stratification period.

The concentration in sediments (Figures 10-B and 12-B) increases quickly until the
stratification period, followed by a slower rise after the stratification period and then by a long term
decay by burial and radioactive decay. The general trend is quite similar to that observed in the mean
experimental values in Figures II-10-B and II-12-B. These means values were obtained by averaging
the concentrations in core samples taken from 16 sites in Esthwaite Water [II-6].
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FIG. 11-10. Top: Total I37Cs concentration in epilimnion and hypolimnion. Bottom: Total l37Cs
concentration in bottom sediments for a low water inflow from the catchment source.
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II-4. CONCLUSIONS

In this study the Codell model [II-2] has been used as a starting point to simulate the behaviour
of caesium-137 in Esthwaite water. With the help of some basic auxiliary models for the input source,
the model has made it possible to obtain a good estimation within the range of the integrated
concentration expected in water and a qualitatively correct fit for the observed dynamics in water and
sediments.

The most sensitive parameters in the model are (i) the direct deposition during the two first
days, (ii) the three parameters controlling the interaction water-bottom sediments, i.e. the distribution
coefficient (Kd), the sedimentation velocity, and the bulk density of the sediments, followed by (iii) the
rate of washout of contamination by water in the basin.

When using a priori probability density functions (PDF) for the parameters in agreement with
the existent experimental uncertainties, the predicted median integrated concentrations tend to be biased
by -39% (epilimnion), -27% (hypolimnion) and 71% (sediments).

A calibration has been implemented within the expected variability of the parameters to obtain
the model solution that best matches the observed dynamics in the epilimnion, hypolimnion and bottom
sediments.

Reasonably good fits were obtained when the source term into the lake was assumed to be
dominated by the direct atmosphere to lake deposition. This is consistent with a presence of a major
atmospheric contamination 2 and 3 May and a minor addition during the following days coming mainly
from the activity accumulated in the catchment.

Best fits were obtained when the total deposition during the first two days ranged from 660 to
1430 Bq/m2, the sedimentation velocity from 1.1 x 10"5 and 1.9 * 10"5 m/d; the distribution coefficient
Y^.xi from 93 to 157 m3/kg and the rate of washout in the basin ranged from 1.9 * 10'3 to 5.2 x 10'2 d"1.

When the PDF's median values of these parameters are redefined to fall inside the previous
ranges, a large fraction of the bias disappears. However, a small fraction of the bias derives from the
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FIG. 11-12. Top: Total 137Cs concentration in epilimnion and hypolimnion. Bottom: Total l37Cs
concentration in bottom sediments for a high water inflow from the catchment source.

use of generic parameters which are not easily deducible from site observations and which have been
taken from the literature, (e.g. the canopy's interception fraction and washout rate, the distribution
coefficient of the catchment's soil, the median soil porosity and the median size of the particles). These
parameters have not been quantified locally.

Since 95% of the variance has been taken into account after the calibration, it is possible to
conclude that the most of the a priori misperformance of the model derived from the unavailability of
accurate information on the parameters controlling the mean transfers between the compartments and
their experimental distributions, especially the water/sediments distribution coefficient in the lake.
Structural uncertainties may be considered secondary in this scenario. However, the model slightly
underpredicted observed concentration in the epilimnion for a few days at the end of the stratification
period. In addition, the experimental data show concentrations in the epilimnion greater than in
hypolimnion during the period prior to stratification. A possible explanation of these observations is
that the activity received by the lake surface during the first two days did not diffuse instantaneously
into the hypolimnion. It is clear than compartmental models cannot easily account for diffusive
phenomena. Therefore, these misperformances must be considered part of the structural uncertainties
of the model.
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It may be observed from the Figures 11-10 and 11-12 that there is no way to simultaneously
match the stratification period and the period previous to it without any residuals in the fit with this
model. This derives from the decreasing step that the disappearance of a large fraction of contaminated
suspended sediments introduces in the initial phase of the stratification period. It can be argued that
the model is too definite in its approach to this process.

During stratification, the model considers that contamination of the suspended sediments arises
exclusively from the catchment. These sediments have not had time to increase their original
contamination by absorption from the lake water and for this reason are not as contaminated as the
suspended particles coming from the active layer on the bottom, which are assumed to undergo several
cycles of deposition-resuspension before final sedimentation. In fact, suspended sediments are not
expected to reach the Kd equilibrium concentrations with the surrounding water if their residence time
in suspension is negligible, but it is not realistic to assume that they adsorb no new contamination from
the water.

Another detail that remains unexplained is the low epilimnion concentration predicted at the end
of the stratification period. This could derive from some unexplained effect of the hypolimnion. The
influence of the hypolimnion on the dynamics could be larger than expected from its volume, which
can be as small as 9% of the lake volume.

In other kinds of scenarios of contamination after the Chernobyl accident, uncertainties in
integrated concentrations larger than an order of magnitude have been frequent, and a bias of one order
of magnitude has been observed in many predictive models (see e.g. BIOMOVS studies [11-10]).

For this reason, a bias of 30% and a 2c confidence level of the prediction with the same order
of the mean value may be considered to give a relatively good reliability for dose assessment
application.
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GLOSSARY

adsorption

algae

alkalinity

allochthonous

anoxic sediment

autochthonous

benthos

bioaccumulation

biological half-life

biomass

biota

bioturbation

catchment

compartment

compartment model

conductivity

confidence interval

The process of attachment on to and release from surfaces.

Simple photosynthetic non-vascular plants; mainly aquatic.

The total amount of weak acid salts (largely bicarbonate) per unit
volume of water.

From outside (often used to characterize materials transported from the
drainage area to a lake).

Sediment devoid of free oxygen.

Originating from inside the lake.

Organisms living in or on the river or lake bed.

The increase in the amount of chemical or compound in the tissues of
living organisms.

The time required for the amount of a particular radionuclide in a
biological system, such as an animal, to be reduced by one half by
biological processes, when the contamination has been terminated.

Mass of living organisms present at any one time within a given area
or volume.

The total flora and fauna of a given area.

Mechanical mixing, for example of bottom sediments due to living
organisms.

The drainage basin which channels precipitation into a lake or single
outflow.

Any part of the environment or process which may conveniently be
considered as a single entity. Used in developing mathematical
models.

A model in which a series of compartments is used to represent the
system of interest. Material can flow between the compartments.
Differential or difference equations often are used to represent the
rates of flow in the system.

Quantity of electricity transferred across unit area per unit of potential
gradient and unit of time (in mS/m). It usually gives an indication of
total ionic concentration.

An interval which encompasses the true value for a parameter or
measurement with a degree of confidence stated in terms of a
probability.
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default value

diffusion

dimictic

dynamic model

dystrophic

ecological half-life

ecosystem

effective half-life

epilimnion

eutrophic

evapotranspiration

food chain

food web

generic model

hardness (water)

hydraulic residence time

hypolimnion

A value prescribed for a model parameter in the absence of data
directly relevant to the assessment situation.

The movement of atoms or molecules from a region of higher
concentration of the diffusing species to regions of lower
concentration.

A lake having two seasonal overturn periods of mixing and two of
thermal stratification (see thermocline).

A model that simulates the changes that occur through time in a
system, especially, in the current context, in containment
concentrations in the system.

Lake rich in humic matter mainly in the form of suspended plant
colloids and larger plant fragments.

The time required for the amount of a particular radionuclide in a
particular organism living in a natural ecosystem to be reduced by one
half.

A community of organisms together with the environment they inhabit
and with which they interact.

The time required for the amount of a particular radionuclide in a
system to be reduced by one half as a consequence of radioactive
decay and all other processes.

The upper layer of lake water above the thermocline with a
comparatively homogeneous temperature profile.

A lake rich in nutrients, usually resulting in high productivity.

Loss of water by evaporation from soil and by transpiration from
vegetation over a given area with time.

Sequence of organisms in an ecosystem occupying specific
hierarchical levels (trophic levels) such that organisms belonging to a
superior level survive by eating organisms belonging to inferior levels.
The sequence can be represented as compartments in a mathematical
model or analysis.

The network of interconnected food chains in an ecosystem.

A model that is not built on site-specific information.

A measure of the amount of calcium and magnesium cations in the
water.

The ratio of the volume of a water body to water discharge
(corresponding to the theoretical time needed for a complete exchange
of water).

The layer of lake waters below the thermocline
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load (internal/primary)

load (secondary)

macrophytes

mesohumic

monomitic

Monte Carlo

morphometric

oligohumic

oligotrophic

output variables

partition coefficient Kj

permeability

pelagic

periphyton

phytoplankton

piscivorous

plankton

predator

primary productivity

resuspension

sediment

sedimentation rate

Fallout directly onto the lake surface.

The flux (transport) from the catchment to the lake.

Large aquatic plants.

Lake with intermediate levels of humic matter.

Lake having a single period of free circulation or overturn per year.

A technique involving the use of random numbers in a computer
program or simulation model to represent stochastic events.

All the geometric characteristics relative to the shape of the basin
(volume, surface, depth etc.).

A lake poor in nutrients, usually resulting in low productivity.

A lake with low primary productivity.

Variables that are produced as model output. Output variables can be
state variables or functions of one or more state variables.

The ratio between the amount of radionuclide attached to suspended
matter per unit of mass and the amount of dissolved radionuclide per
unit of volume of water.

Rate of passage of water through a given cylindrical section of a
sediment core.

Pertaining to the water column of the lake; used for organisms
inhabiting the open waters of the lake.

A community of plants, animals and associated detritus forming a
surface coating on stones, plants and other submerged objects.

Plant members of the plankton.

Fish-eating.

Organisms that float or swim very feebly in the water masses of lakes
and rivers.

An animal that kills other animals for food.

The total production by photosynthetic and chemosynthetic activity of
organic substances.

The remobilization of particles from the sediments of a water body by
the action of water movement.

The matter which has fallen to the bottom of a water body.

The amount of matter deposited on the bottom of a water body per
unit of surface and time.
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sensitivity analysis

stratification

suspended matter

thermocline

tributary

trophic level

uncertainty analysis

validation (model)

volume development

zooplankton

The analysis of variation of model output with changes in the values
of model parameters.

Division of lake water masses into horizontal layers with different
physical and chemical properties.

Matter suspended in lake and river waters.

The boundary layer of lake waters in which temperature changes
sharply with depth; situated between the epilimnion and hypolimnion.

A smaller river flowing into a larger river or a lake.

The hierarchical level which an organism occupies in the food chain.
The group of organisms that occupy the same level in the food chain.

An analysis of the way in which the uncertainty in assessment results
is affected by uncertainty in the input data used in the model.

The process of comparing model outputs with independent
experimental data sets. A model is considered validated when
sufficient testing has been performed to ensure an acceptable level of
predictive accuracy over the range of conditions over which the model
may be applied.

The ratio between the lake volume and the volume of a cone having
the basis equal to the area of lake surface and the height equal to the
maximum depth of the lake.

Animal members of the plankton.
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