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pollutant dynamics at a basin scale
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Abstract

In this paper we describe a conceptual model for evaluating sediment transport
and pollutants dynamics (BOD, P and N) at a basin scale. The sediment transport
model is physically based; the pollutant dynamics model is based on an integral
and simplified form of the complex equations. The model was numerically
implemented and applied to four catchments in the Po River Area, with
extensions ranging from 460-2150 km?. The topology is described by DEM with
cells of 250x250 m% The time step is 24 h. The model was calibrated using data
measured in the main streams in the period 1993-1999.
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1 Introduction

The study “Anaysis of floods in relation to factors influencing nourishing
compounds in the basins of the tributaries of Po River”, developed by Agenzia
Regionale Prevenzione e Ambiente dell’ Emilia-Romagna (ARPA [1]) reports on
sediment transport and quality of surface water in the main basins in Emilia
Romagna, through numerical models.

The analysed chemical parameters are Nitrogen, as ammonia, nitric and
nitrous, Phosphorus and BOD, hereafter defined as nutrients, and sediment
transport. Due to the large time span (1993-99), and large modelled areas (more
than 6000 km?) of the basins (Nure, Taro, Secchia and Panaro rivers), the
available information allowed only some simplified representations of the
phenomena.

In the full model stream and catchment processes were separated (but linked):
in the present paper only sediment transport and chemical dynamics (nutrients)
in the catchment are described. A hydrologic module (ARPA [1]) is used to
model fluid discharge on a daily rate.
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Chemical dynamics if focussed on pollutants load due to diffused sources,
starting from the estimates of the agricultural field spreadings, weather
evolution, soil and crop nature. Among the inputs also sediments transport is
present, because sediments carry part of the chemicals. The outputs are the daily
loads transferred to the streams.

2 Quality model formulation

The quality model has the same space grid (250x250 m) and time step (24 h)
used for the erosion model. The link between the two models is represented by
eroded (or deposited) sediments which transfer the pollutants by adhesion. The
present model has an intermediate complexity between the RTDR formulation
by Ferrares [3], and the models HSPF and CREAMS by Kniesel & Nicks [6].
The former represent the conceptua reference, the latter represent the pragmatic
reference, but with the exclusion of numerous physics and chemical parameters,
which cannot practically be evaluated in many real situations.

The detachment, the incipient motion and the transport of the chemicals, as
well as the minerdization, volatility, absorption and interaction with
groundwater, are described using a smplified and integral formulation, using a
limited number of parameters. Each flux contributes to the mass balance of the
chemicals in the cells. This simple formulation is also justified by the real
complexity of morphology and of forcing terms in the equations.

The main processes included in the model are: (1) decay due to severa
factors; (2) suspension in function of soil erosion; (3) transport in dispersed
phase in function of running water; (4) infiltration with possible subsurface flow
of the chemical, in particular for Nitrogen.

(1) The decay includes all the processes which induce a progressive reduction
of the chemical in the cell. We assume that the decay rate Adec; is proportional to
the storage Acc; through a coefficient of decay Kgec:

Adec, = Acg -K, «y

The coefficient of decay essentially depends on soil temperature and on the
vegetative stage of the crops. These two effects show a yearly variability; as a
conseguence, we assume Ky Varying on a monthly base, with minor space
variability effects. In practice we assume a catchment scale as dominant, with
equal uniform values of the decay coefficients for all the cells inside a defined
catchment.

(2) The suspension in function of soil erosion is strictly related to the process
of soil erosion as described in Sec.3. The mass quantity transported as
consequence of soil erosion is expressed as:

Aero, = E -(Acg / Acc,,) *-K,, (2
with E; = the thickness of soil daily eroded, AcCax iS the scale of stored mass, a

is a parameter and Kg, is a coefficient determined using the following
expressions:
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Ky, =0 if E <E,,
Kero = a0+a1(1_ rm)[(Et - Emin)/(Emax - Emin)]a if Emin < Et < Emax (3)
Kero =g, + ai(l_ rm) if EI > Emax

ap and a; are parameters and r,is the mobility ratio, related to solubility in water
of the chemical under analysis. E;, and Emax represent the scale of efficiency of
chemical transport due to erosion.

(3) The transport in dispersed phase in function of running water is expressed
using equations similar to egns (2) and (3): the daily quantity of chemical Asol; s
expressed by the following equation:

Aajlt = R( '(ACCI/ACCmax) b KSJI (4)

R is the daily mean value of the water running water depth in the cell, b is a
numerical parameter and Ky, s a coefficient determined using the following
relations:

Ksol =0 If R( < R‘nin
Ke =8+ Ty [(R ~Run) (R~ Run)”  if Ryy< R < Ry
Ksol = a0 + al'rm If R > Rnax

(4) The infiltration Ainf; depends on the existence of water supply of the
water-bearing stratum Q;s, according to the following relation:

Ainft = an,t'(ACCt /Accmax)c'(an,t /Qmax)d'Kinf (6)

with Ky = infiltration coefficient and the exponents ¢ and d are nhon-dimensional
parameters.

The processes are formally similar for the three chemicals considered: BOD:s,
Nit and Py Only for the Nitrate the balance equation includes a possible
contribution Asot; of the hypodermic flow Qi and of the base groundwater flow
Qta, according to the following equation:

ASOt, = Qi '[Co + Cl(Qipo,t / Qipo,max )e] +
Qfal t '|:Cz +G (Qfaj,t /Qfa],max )f ]

(7)

with the usual meaning of the symbols. In addition, in the model it is possible (a)
to inhibit the daily field spreading of the artificial supply of chemicals if the
thickness of the snow layer exceeds a specific value, with subsequent supply as
soon as the thickness of the snow layer is reduced (but with a degradation
process included); (b) the option to transfer chemicals from one cell to the
subsequent cell using a mass response function (Rinaldo et al. [12]), with
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important effects at basin scale; (c) the option to introduce a damping function
for the chemicals based on the distance between the point of detachment and the
point of inlet in the stream. This option allows the simulation of stream processes
instead of surface runoff ones over cells generating a permanent morphological
structure upstream of brooks and rivers.

3 Erosion model at a basin scale

The sediment transport model adopted is physically based and relates sediment
discharge to rain and subsequent surface discharge. All the used parameters have
aphysical meaning and can be measured in the field. It is also possible to model
their variation as a consequence of management works in the basin.

The forcing in sediment transport is rain intensity and duration; the
modulating factors are local land surface inclination, the intrinsic erodibility of
the soil, the real management of the soil and the effects of eventual works of
maintenance.

The result is erosion or sedimentation of sediments at each time step. The
balance equation used is the following (Nearing et al. [9], [10], [11]):

acgy acsq o 2 n :
T G = gk (B0 Rnd — ) “

t=time, x=gpace, Cs=sediment concentration, y=water layer thickness,
g = overland flow discharge per unit width, | = rainfall intensity, &= soil slope,
n = exponent, K, Kg, B' = coefficients. Averaging in time, the first term on the
Ihs and on the rhs are negligible, and the balance equation reduces to:

% +k,q, =k,B'q"Vsin0 ©)
- ,

0s = Cqq = sediment discharge per unit width. The egn (2) can be integrated in a
spatial domain wherein all terms are constant, with the following result:

q, =c exp(—k”a:) + B'¢"/sin 0 (20)

The constant of integration c; is obtained imposing a known value of the
sediment discharge (per unit width) in input of the cell under analysis and equal
to the contribution of al the contributing cells. The output sediment discharge
(per unit width) is equal to:

q ., = (qs . —B'q Vsin@)exp (—kav) + B'q"/sin @ (11)
In order to highlight the physical meaning of the terms, eqn (2) can be written as

(Foster and Meyer [4]):
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94, , 9 _p (12)
or h
in which h is the mean travel distance of detached particles and D is a
detachment capacity. If x>> hresultsing, = Dh . A detailed analysis of the

saltation and movement of sediments is due to Kirby [5], who found out an
expression of h as:

gyp;

_&yps | S (13)
fp.—p)

tan ¢

h =

e= efficiency in trapping and transporting sediments by the water stream,
f = friction factor, s= soil slope, ¢= sediment friction angle. Considering that &
decreases for increasing water layer thickness, the contribution in square
brackets can be assumed as a constant, and results in:

h i (14)
tan ¢

On the base of experimental results (Meyer and Monke, [8]; Kramer and Meyer,
[7]) the sediment discharge can be expressed as ¢, « ¢"s"*'; q = water discharge
per unit width, n = exponent in the range 1.7-3.5. Detachment can be expressed
a D x (gs)" tan¢ -

The dependence of the parameters on soil erodibility K and cropping C is
expressed by the following equations:

% D= ¢,KC(gs)" tan¢ (15)
' tan ¢
with
¢=0¢,(1-K)(1-0) (16)

In order to simulate an erodibility reduction due to prolonged dry weather, the
following relation is used:

K= K + 1K [i-tanh [t—] (17)
27y T

ts= number of sequentia days of dry weather and T time scale, assumed equal to
20 daysin the following. Once the output sediment discharge is known, the mass
balance in the cell allows the computation of sediment erosion.

4 Application of the model

The quality model (applied to the four basins under test) requires the following
information: (1) description of the topology of the basin in terms of cdls; (2)
daily rate in each cell of BODs, Ny and Py, due to human activity and to natural
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sources; (3) quantification, in each cell, of the hydrological and sediment
transport variables involved in chemica dynamics at a basin scale; (4)
description, for each cell at each time step, of the parameters.

Each basin is represented with uniform cells 250 x 250 m in size, using the
regional Digital Elevation Map. The daily rate of the chemicals is computed
using a database containing the mean values per year in each Council, with a
seasonal modulation, in order to include the effects of the crops and the
constraints to the chemical and organic spreading issued by Regiona Council.

The field spreading has a monthly variability, according to coefficients related
to natural contributions (atmospheric deposition and natural production) and
artificial contributions (from cattle and pig breeding and chemical fertilization).
The artificial contributions are dominant and are strong in spring, for chemicals,
and in autumn, for zootechny.

The definition in each cell of the hydrologica and sediment variables
(governing the quality variables at versant scale) is the output of the hydrologic
and the erosion module. The unavailability of direct quality measurements at a
cell level forces the indirect calibration of the model using the measurements in
the stream. It also suggests the opportunity of using a limited number of
parameters. To alow an easy calibration, three zones are selected, wherein the
decay coefficient Ky in egn (1) is uniform. The three zones are the mountain
range, the hilly areas and the flat lands. The reduction of the number of degrees
of freedom is also related to the hydrological processes and the "mass response
function": it is assumed that chemical response to hydraulic inputs decays within
aday.

The main parameters for calibration are: A) the maximum storage ACCray; B)
the exponents in the various balance equations; C) the multipliers of the decay
coefficients in each catchment; D) the coefficients parametrizing the transfer
from catchment to the main stream.

Table 1 reports some dtatistical parameters of the time series obtained
applying the model to four basins. The period of simulation is from 01.01.1993
to 30.04.1999. The main role is played by generated and decayed quantities for
each of the nutrient, but with a varying ratio for each basin. It is aso a
conseguence of the different measurement stations used for calibration and of the
uncertainties in assessing the hydrological and chemical forcing terms.

Figure 1 shows the year average value of the mass of BODs discharged in the
main stream from the catchment basin of Nure River. The plot allows an easy
evaluation of the most active areain polluting surface water.

The sediment transport model computes, for each cell, the sediment budget
including the contribution (if present) of the surrounding cell. The last cells are
tributaries of the main stream. The algorithm has a time step of one day
assuming a quasi-steady condition; the parameters were obtained using the
thematic maps of the Regione Emilia Romagna. The range of values is [0-0.36]
for K, the parameter of intrinsic erodibility of the soil, and [0.0001-0.5] for the
cropping parameter C. The calibration was carried out using data by Cati, [2].

The computed values obtained applying the model are reported in Table 3 in
terms of percentiles and related to the closure section of the basin. The dashed
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values in Table 2 and Table 3 can be compared. No measured data are available
for Nure River. Figure 2 shows the erosion/deposit map for one of the basins.

Table 1: Output of the quality model.

Balance of .

BODS Nure Taro Secchia Panaro
Basin area ) 263 2050 2152 1776
Mean value
Gonerstod (kgly/ha) 54.9 116.8 239.2 1723

initial ® 1270 1437.0 2557.0 1529.0

Ge”e'ﬁtele‘(’j inthe ® 16075.0 1513820 | 3232130 70959.0
Fina ® 117.0 1834.0 6920.0 1754.0
Emptied in the ® 2402.0 27 364.0 35327.0 3396.0
stream
Infiltrated ® 855.0 3329.0 2952.0 486.0
Decayed ® 12827.0 1202930 | 2805710 66 852.0
Balance of .
Nitrogen Nure Taro Secchia Panaro
Mean value
conrniod (kgly/ha) 68.2 932 1543 1316
initial ® 1580 11460 1650.0 11680
Ge”e'ﬁtele‘(’j inthe ® 20457.0 1220850 | 2102150 56 468.0
Fina ® 235.0 1236.0 2083.0 11860
Emptied in the ® 1880.0 15042.0 123910 2164.0
stream
Infiltrated ® 751.0 3548.0 2704.0 434.0
Decayed ® 17 750.0 1034050 | 194 686.0 53 853.0
. Nure Taro Secchia Panaro
Phosphorus
Mean value
ool (kgly/ha) 226 249 377 4.2
initia ) 520 306.0 403.0 304.0
Ge”erglele‘(’j inthe ® 6947.0 33404.0 52031.0 15293.0
Fina ) 410 112.0 3220 676.0
Emptied in the ® 920 12920 13150 520.0
stream
Infiltrated ® 484.0 1327.0 1750.0 569.0
Decayed ® 63810 30979.0 49047.0 138310

A senditivity test, developed varying the exponent n in the function of
detachment, the coefficient of erodibility K and the cropping C, the internal
friction angle of the soil and the two coefficients ¢; and c, of the average fly
distance and of detachment. The time constant was assumed negligible. Table 4
reports the results for the basin of the Nure River (assuming n, = 2).

5 Conclusions
The model can be efficiently used whenever a limited number of parameters are

known or can be evaluated. The calibration relies on data acquired in the
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streams, which have to be modelled separately; presently, no data are available
for adirect calibration of the surface processes. The sensitivity tests (carried out
only for sediment transport) indicate that the exponent of sediment discharge
function is the most influencing term.

m [ 0 1 Kglyha)
[ 3 4 Kd(yha
[ 7.8 Kglyha
[ 10, 12] Kg/(y ha)

[ 14, 15] Kg/(y ha)

Bl > 18 Kkg/(yha)

Figure 1: Basin of Nure River. Average year discharge of BODs in the main

stream.
Table 2: Average year erosion measure for some basins in Emilia Romagna,
Italy (by Cati, [2]).
Average
. Basin | elevation 5 3., | Averageyear
Stream and Station vears | el sbove sea t/km m/km’ erosion, in mm
level sm.m
Taro aPianedi Carn. 7 90.5 | 970 356 130 0.013
Taro ad Ostia 5 408 824 296 109 0.0109
Taro a S.Quirico 17 1476 | 660 1109 412 0.412
Secchiaat Cavolabridge | 5 341 965 1440 527 0.527
Secchia a Castellarano 5 941 | 831 1070 393 0.393
Secchiaat Bacchello 22 | 1292 | 606 1847 | 684 0.684
bridge
Panaro at Samone bridge | 5 589 824 1610 594 0.594
Panaro a Comporto 19 1036 | 662 2030 769 0.769
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Table 3: Statistical indicators of the output of the sediment transport model.
(Erosion in mm per year) Nure Taro Secchia Panaro
Erosion 1% quartile 0.00 0.01 0.00 0.01
Erosion median 0.03 0.06 0.03 0.09
Erosion 3 quartile 0.82 0.43 0.74 0.84

10 <eros<10 - (m)

|
. 10"<er05<10 ; (m)
BN eos0
-6 5
. 10 <eros<10  (m)
-4 3
[ 10 <eros<10  (m)
-2 -1
— 10 <eros<10 (m)

erosion

deposit

Erosion map
1993-1997

Basin of Taro River

Figure 2: Basin of Taro River: erosion map.
Table 4: Sensitivity analysis for the basin of the Nure River.

=2 | n=11n, | n=09n,| K=11K, | K=0.9K, [ C=1.1C, | C=0.9C,

Median 1 +33% -28% +1.2% -5.1% +.9% -4.0%

3 quartile 1 +69.5% -36.5% 9.7% -10.9% +8.9% -9.1%
No = ci=1.1Cy | €1=0.9Cyp | ©=1.1 Cx | ©=0.9 Cxo ¢=11¢0 ¢=09¢0

Median 1 +1.9% -3.7% +1.6% -3.1% +0.6% -0.1%

39 quartile 1 +9.2% -9.1% +9.1% -7.5% +3.1% -2.5%
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