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in the Oueme basin
THE MONERISMODEL

The model MONERIS (MOdelling Nutrient Emissions in Rlver Systems) was developed and
applied to estimate the nutrient inputs into river basins of Germany by point sources and various
diffuse pathways. The model is based on data of river flow and water quality as well as a
geographical information system (GIS), which includes digital maps and extensive statistical
information. Whereas point emissions from waste water treatment plants and industrial sources are
directly discharged into the rivers, diffuse emissions into surface waters are caused by the sum of
different pathways, which are realised by separate flow components (see Figure 1). This separation
of the components of diffuse sources is necessary, because nutrient concentrations and relevant
processes for the pathways are mostly very different.

Consequently seven pathways are considered:

- point sources

- atmospheric deposition

- erosion

- surface runoff

- groundwater

- tile drainage

- paved urban areas
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Figure 1: Point and diffuse pollutant pathways in the MONERIS model (Behrendt et al. 2000).
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With the exception of inputs through atmospheric deposition and direct industrial discharges, for
which results of other studies were directly used, MONERIS carries out a balance for each input
pathway, i.e. nutrient influx in the catchment and output, i.e. nutrient inputs in surface waters.
Through this it is possible to calculate specific retentions and losses on the way from the source to
input to appearance in the water body and also possible future inputs with changed conditions in
the form of scenarios. The nutrient loads leaving the catchment were calculated from the
determined sum of inputs from all individual pathways including internal retention and losses of
the water body.

A. Inputsvia point sources

A1 Nutrient inputsvia municipal wastewater treatment plants

The basis for the estimation of the phosphorus and nitrogen inputs from municipal wastewater
treatment plants (WWTP) is the determination of the necessary entry parameters. For this, a
database is generated for every recorded WWTP on which further calculations are based. It
comprises the following information:

- Rate of utilisation (AU)

- Treated population equivalents (EWauv)

- Treated population equivalents (inhabitants) (Exa)

- Treated population equivalents (indirect industrial discharges) (EGW)

- Yearly quantity of water treated partitioned into:

(1) Domestic wastewater (QH)

(2) Industrial and commercial wastewater (QGEwW)

(3) External water (QF)

(4) Urban wastewater (Qr)

(5) Storm wastewater (QN)

(6) Total wastewater (QGEes)

A Nutrient inputsviadirect industrial dischargers

If data has already been published for individual catchment areas, this will be used directly. Where
only summary data available for extensive areas, the division of inputs in the individual catchment
areas will be based on the urban areas after CORINE-Landcover.

B. Inputsviadiffuse sources

The considered pathways for diffuse nutrient inputs are:

- atmospheric deposition

- erosion

- surface runoff

- groundwater

- tile drainage

- paved urban areas

The methods and database for estimation of at least some paths are clearly different. The
formulation of the methods, at first, succeeds especially for the two nutrients nitrogen and
phosphorus. Since the behaviour of phosphorus and nitrogen in the environment is very different,
the methods for the two elements are not always the same. The starting point for the modelling of
nutrient inputs into every river basin is an estimate of the water balance:

Q=Qacw + Qpr + Qro+ QuUrB + QAD

where Q = average measured runoff [m?*/s],

Qcw = base flow and natural interflow [m?/s],
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Qpor = tile drainage flow [m?/s],

Qro = surface runoff from non-paved areas [m?/s],

Qurs = surface runoff from urban areas [m?3/s] and

Qap = result of the balance between direct precipitation on the freshwater surfaces and the
evaporation from these surfaces [m?/s].

The individual components of this water-balance are calculated from the precipitation by means of
empirical equations as average values for a particular period of five years with the exception of the
base flow. This is essential because the calculation approach should exclude errors caused by
periods shorter than 5 years in hydrological and meteorological time series.

B1. Nutrient surpluseson the agricultural area and their long term change

Most diffuse nutrient input is caused through agriculture. Therefore, the model for the
quantification of nutrient inputs in the river systems must consider these agricultural activities in
an appropriate way. One of the main factors, which determines the size of the nutrient loadings
from diffuse sources, is the yearly surplus of nutrients on agricultural areas. The nutrients from the
agricultural activity through the erosion, the surface runoff, the tile drainage and the groundwater
pathways, go into the river system.

B11 Erosion

On the basis of the fitted soil erosion maps, average soil loss values were determined for every
basin. For the whole of Germany, a mean of 3.8 t/(ha- a) is estimated for the annual soil loss from
arable land. In a further step, a new erosion map is developed in which the fitted soil losses were
used only for the German states without published reference soil loss data. This map forms the
basis for all further calculations. For areas with natural erosion (mountainous and rocky areas), a
constant value of 2.0 t/(ha- a) is used. The nutrient input by erosion can be calculated for each
basin using Equations 3.34 and 3.35:

EERPZPBODEN*ERP*SED (334)

EERN=NBODEN*ERN*SED (334)

where EERN,p = nutrient input via erosion [t/a].
ERN= enrichment ratio for nitrogen.

ERp = enrichment ratio for phosphorus

NBODEN = nitrogen content in the topsoil
PBopEN = phosphorus content in the top-soil
SED = sediment input

B12. Surfacerunoff

The calculation of surface runoff is based on the simplified approach according to LIEBSCHER &
KELLER (1979). With this, the surface runoff and the average total yearly runoff can be calculated
using the average annual precipitation, the average summer half-year precipitation and the average
winter half-year precipitation.

qe =0.86-N, —111,6 - —%—241 4

A Wi

with gqc= average yearly specific runoff [mm/(m?- a)],
Ny = average annual precipitation [mm/(m? a)],
Nso = average precipitation in the summer half year [mm/(m?* a)] and
Nwi= average precipitation in the winter half year [mm/(m?- a)].
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The surface runoff is calculated using the following power function (see Equation 3.9), from the

US SoiL CONSERVATION SERVICE (1972) and also proposed by German Association for Water
Resources and Land Improvement (Deutscher Verband fir Wasserwirtschaft und Kulturbau)
(DVWK, 1984):

Gro=4c-2-107" (N, _500):.55

where qro = specific surface runoff [mm/(m?- a)].

For the estimation of the total surface runoff from the unpaved areas in a basin, it is assumed that
these runoff components do not occur in forested and wetland areas or in freshwater bodies itself
and mined lands (e.g. open cast pits). Then one can calculate the average total surface runoff from
unpaved areas for every basin with the following equation:

Oro =4ro ( Ay + Agp )- 1000

where Qro = surface runoff from non-paved areas [m?/a],
AN = agricultural area [km?] and
AorF = open area (mountainous areas and areas with natural vegetation)
[km?].

For the further calculations, it is assumed that all of the surface runoff reaches the river system.
The estimation of nutrient inputs via surface runoff considers only the dissolved nutrient
components transported with the surface runoff into river systems. The nutrient concentration in
surface runoff of every basin can be estimated as area-weighted mean of the concentrations in the
surface runoff of the different land use categories. For that it is necessary to divide the agricultural
areas into arable land and grassland. For the area-weighted concentrations of nitrogen and
phosphorus in surface runoff, the following is valid:

Croa CKERy » ~ Vacker T Cmc:nt.‘..\'_\-. o Aeron T Croory , ~ Aor

Cro —
o Ascxer + Agron + Aor
where Cronr= nutrient concentration in surface runoff [mg/1],
AAckeR = area of arable land [km?],
AGrON = grassland area [km?],
AoF = open area [km?],
CRrOACKERNy= nutrient concentration in surface runoff from arable land [mg/1],
CRroGRUNNp= nutrient concentration in surface runoff from grassland [mg/1]
and
Croorve= nutrient concentration in surface runoff from open land [mg/1].

The nutrient input via surface runoff to the river system is therefore:
Croyp- O ro
1000

where ERONp = nutrient input via surface runoff [t/a].

EROy p =
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B.3 Tiledrainage

The nutrient input from tile drainage will be calculated for every studied catchment from the
product of the drained area, drainage water volume and the average nutrient concentrations.

With the following equations, the drain water flow is calculated according to KRETZSCHMAR
(1977) on the basis of the summer and winter precipitation. From this, the drainage outflow of
50% of winter and 10% of the summer precipitation is obtained:

{II‘DR = 0;5 - _,\‘FHI + 01.-!"' _,’\."S{}

with gpr = specific drain water flow [mm/(m?* a)],
Nwi= average precipitation in the winter half year [mm/(m?- a)] and
Nso = average precipitation in the summer half year [mm/(m?* a)].

This approach takes into account the regional different distribution of rainfall and runoff.

The P-concentration in the catchments was calculated as an area-weighted mean on the basis of the
values in Table and the estimated areas of sandy soils, loams, fen and bog soils according to the
soil survey map of Germany (BUK 1000):

Soil type Term Cor,
[mg P/

Sandy soils T oes, 0.20

Loam LR, 0.06

Fen soils L o, 0.0

Bog soils L oRHM, 10,00

Cors, " Aprs T Cpri,  Apre T C prvoar, - Apryor Cprive,, - Aprey

Cpr, = p p p p
Apgs T Apge T Apryvy T Apruwr

with Cpr.= drainage water phosphorus concentration [mg P/1],
Cpbrsr= drainage water phosphorus concentration for sandy soil [mg P/1],
Cprrr= drainage water phosphorus concentration for loamy soil [mgP/1],
Cprnwve = drainage water phosphorus concentration for fen soil [mg P/1],
Corumr= drainage water phosphorus concentration for bog soil [mg P/1],
Aprs = area of drained sandy soil [km?],
AprL= area of drained loams [km?],
Aprnm = area of drained fen soil [km?] and
Aprum = area of drained bog soil [km?].

The calculation of nitrogen concentration in drain water is based on the regionally differentiated
N-surpluses (BACH ET AL., 1998). From the N-surpluses the potential nitrate concentration in
leakage water is calculated according to FREDE & DABBERT (1998) which should correspond to the
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concentration in drainage water. It is assumed that the net mineralisation and net immobilisation in
both studied time periods are negligibly low.

. Ny — DNR)- AF - 100
DRyos-n — ’
sH

with Cpruosn= nitrate concentration in drainage water [g N/1],
NuLN = nitrogen surplus of agricultural areas [kg N/(ha- a)],
DNR = denitrification rate [kg N/(ha- a)],

AF = exchange factor and
SW = leakage water quantity [I/(m2- a)].

B14 Groundwater

The P-concentration in the catchment areas was calculated on the basis of the area values of sandy
soils, loamy soils, fen and bog soils as area weighted average for the agricultural land according to
Equation:

C ~ Cows, As +Copr,, AL+ Copmar, - Awar + Cowm, - Anm
GWIN, =
! Ag+ Ap + Appr + Ay

with Ccgwine= groundwater phosphorus concentration for agricultural land
[mg P/1],
Cacwsr= groundwater phosphorus concentration for sandy soil [mg P/1],
Cawr»= groundwater phosphorus concentration for loamy soil [mg P/1],
Ccownme = groundwater phosphorus concentration for fen soil [mg P/1],
Cawnmr= groundwater phosphorus concentration for bog soil [mg P/1],
As=area of sandy soil [km?],
AL = area of loamy soil [km?],
AnmM = area of fen soil [km?] and
Anm = area of bog soil [km?].

In a second step, the average P concentrations in groundwater of particular catchments were
calculated as an area weighted average from the P concentrations of agricultural and non-
agricultural areas:

Cewin, " Ay T Cowwaor, * Awaor
Cc.‘;rp =

Ay T Awaor

with Ccwr= phosphorus concentration in groundwater [mg P/1],
Ccewwaorr= groundwater phosphorus concentration for woodland and open
areas [mg P/1],
A1N= agricultural area [km?] and
Awaor = woodland and open area [km?].

The nitrate concentrations in groundwater can be calculated according to Equation
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C - Z 1 . AHGF Walll
GWapzn 3 k2i SWPOT 3 N

with AmnG = area of different hydrogeologically rock types [km?].
ki1 and k2 = model coefficients.
A value of 0.627 was determined for coefficient a.

Noges = AF - 100
C.‘fll"PfH_w:r.i—.\' - SW

with Cswpomwosn= potential nitrate concentration in leakage water for the total area with
base flow [g N/m?],
AF = exchange factor and
SW = leakage water quantity [I/(m2- a)].

Following the determination of P- and N- groundwater concentrations, it is now necessary to
estimate the quantity of the runoff component for every catchment which characterizes the sum of
base flow and natural interflow to estimate the nutrient inputs by this pathway.

O =0—-Cpgr —Cro ~Cura—Cup

o

with Qcw = base flow and natural interflow [m?/s],
Q = average runoff [m?¥/s],
Qpr = tile drainage flow [m?/s],
Qro = surface runoff from non-paved areas [m?/s],
Qurs = surface runoff from urban areas [m3/s] and
Qab = atmospheric input flow [m?/s].

B, Atmospheric deposition

The basis for the estimation of direct inputs into freshwaters by atmospheric deposition is the
knowledge of the water surface area of a basin which is connected to the river system. The water
areas will be determined from CORINE-land cover map. In addition, for the total water area, the
flowing waters will be considered from the results of flow analysis according to BEHRENDT &
OPITZ (1999) derived from BILLEN AT AL. (1995). After that, one can find out the area of flowing
waters dependant on the catchment area according to the following:

- B 1,185
Aw = Awsge T Awrew = Awere + 0,001 Agzg

where Aw = total water surface area [km?],
Awsee = water surface area from land use map [km?],
Awrcw = surface area of flowing waters [km?],
AwcLc = water surface area from CORINE-Landcover [km?] and
AEzG = catchment area [km?].

Phosphorus and Nitrogen deposition is rarely measured and there is hardly any blanket coverage

information available on P-and N deposition in German catchment areas. For the old German
states, a P-deposition of 0.37 kg P/(ha- a) and a N deposition of 24 kg N/(ha- a) is used.

Bz Urban areas
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For the estimate of the nutrient inputs from urban areas, different pathways will be calculated
separately and later amalgamated. The Figure that follows gives a general overview of the flows of
materials in urban systems. From these, the inputs from unpaved urban areas are already
considered with the inputs via groundwater. In addition, inputs from impervious urban areas
discharged via the combined sewer system to the waste water treatment plants are already
contained in the point source inputs from municipal waste water treatment plants.

fraffic axcrafments atmospheric
inglusirigl iter fad deposition
hovsshoids | indimct ' |
discharges ‘!} W Y W \l
paved anss o unpaved sms
11 r 2
| & VIR | ] |
e = Em] (w (=
T
ey

Surface water recipient Surface water recipient
Figure 2: Input paths from urban areas

In this section, the methods for the quantification of remaining pathways will be described, which
are:
- Inputs from households and impervious urban areas connected neither to a sewer nor a waste
water treatment plant,
- Inputs from households and impervious urban areas via combined sewer overflows,
- Inputs from household and impervious urban areas connected to sewers but not to a waste water
treatment plant and
- Inputs from impervious urban areas via a separate sewer system
Ayrpy = ”f(” 2" Eprente )Hj_w_hw{"zLm{m] - Aygp

where AurBv = impervious urban area [km?],

Aurs = total urban area [km?],

EpicHtE = population density [E/km?] and

ui—u4 = model coefficients.

< p e Aurpy
Apppy = 0,15+0,75 - ——

Augrp

where aurBv = share of precipitation realized as surface runoff from impervious
urban areas.
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With the share of the precipitation realized as surface runoff from impervious urban areas and the
yearly rainfall, the specific surface runoff can be estimated which is discharged from impervious
urban areas during storm water events in all catchment areas:

qurpy =dyrpy - Ny

with qursv = specific surface runoff from impervious urban areas [I/(m?- a)] and
Ni= annual precipitation [1/(m?- a)].

1. Nutrient inputs via separate sewers
In addition to atmospheric deposition, inputs through leaf-fall and animal excrement are yet to be
estimated. We accept a value of 4 kg N/(ha- a) for these inputs. The specific N-input from the
impervious areas will be estimated then using the equation

ASyrp, =4+ Npep

where ASursx= specific N-input from impervious urban areas [kg N/(ha- a)] and
Nbep = atmospheric nitrogen deposition [kg N/(ha- a)].

The total phosphorus and nitrogen quantities discharged in every catchment area can be calculated
by multiplication of the impervious urban area connected to separate sewer systems with the
specific P- and N-inputs.

EUTy p = ASL'RB_\-IP ~Aygpyr - 100

where EUTNP= nutrient inputs via separate sewers [t/a] and
AURBVT = impervious urban area connected to separated sewer system [km?].

2. Nutrient inputs via combined sewer overflows

Combined sewer systems collect the input from households, indirect industrial inputs and rain-
water runoff and bring this water to the waste water treatment plant in normal weather conditions.
The layout of the combined sewer system and the waste water treatment plant is such that with
normal rainfall, the mixed water mostly flows through the treatment plant. With storm water
events when only a small fraction is stored, the quantity of water flowing through the treatment
plant is in accordance with regulations. The quantity of water which is untreatable or water which
does not enter treatment plants is then discharged to water bodies via combined sewer overflow or
through a bypass at the treatment plant.

The total water quantity in the combined sewer system during the days of storm water events can
be calculated with Equation

Qurey =Gurpy - Avggy Y €x1  (Egy qp Y agew Goew - 100-86,4 - Aypp )

where QursM = storm water runoff from combined sewer system [m?/s],
AuUrRBVM = impervious urban area connected to combined sewer system [km?],
Znt = effective number of storm water days,
Exa = number of inhabitants connected to combined sewer system,
qe = daily wastewater output per inhabitant [I/(E- d)],
Qcew = industrial-commercial wastewater [m?3/s],
aGew = proportion of total urban area in commercial use and
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qcew = specific runoff from commercial areas [l/(ha- s)].

A value of 130 I/(E- d) will be used for ge. For the calculation of the quantity of commercial waste
water, MOHAUPT ET AL. (1998) give a figure of 0.5 1/(ha- s) for qcew for 10 hours per day based on
a total urban area in commercial use (aGew) of 0.8% or in other words 432 m3/(ha- d).

The discharge rate of a combined sewer system varies in relation to the removal grade, i.e. the
retention volume of the combined sewer. The retention or storage volume holds back a fraction of
the waste water during the storm water event and retards the flow to the treatment plant. One can
estimate the discharge rate according to MEIBNER (1991) from Equation

4000+ 25 -q5

0,551 +qg _6+_.-’\"_,—3{?0

36,8+13,5-q5 40
0.5+qg

RE =

Ve +

where RE = discharge rate of combined sewer overflows [%],
qr = rainfall runoff rate [1/(ha- s)],
Vs = storage volume [m?] and
Nj= annual precipitation [I/(m?- a)].

From this, MEIBNER (1991) and BROMBACH & MICHELBACH (1998) give a retention volume of
23.3 m*ha with 100% rate of discharge. With a removal grade of 10% there is no retention
volume. According to HAMM ET AL. (1991), a rate of discharge of 25% corresponds to a retention
volume of ca. 6 m3ha. In their studies of the Lake Constance catchment area, BROMBACH &
MICHELBACH (1998) estimated an average removal grade of 50% and a mean rainfall runoff rate of
1 I/(s ha)

The nutrient concentration in combined sewers during overflow events can be calculated with the
previously given assumptions from:

((AGg, , Exi+Copw, , Qupnn ) Exp + ASy p - Appprny Hrru-%

'E ) \f ==
g ".*’r HEW

where Cwmnr= nutrient concentration in combined sewers during overflow [g/m?],
AGexr= inhabitant-specific N- or P-output [g/(E- d)],
Ccewnr= nutrient concentration in commercial wastewater [g/m*] and
QcewwMm = runoff from commercial areas connected to combined sewers [m?/d].

The total input of nutrients caused by combined sewer overflows in a catchment area can be
calculated on the basis of the Equation that follows:

EUMyp =Cy,, " RE - Quggy

where EUMN,p = nutrient input via combined sewer overflows [t/a].
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3. Nutrient inputs via sewers not connected to wastewater treatment plants

The waste water statistics identify people connected to water treatment plants and also the
proportion of population connected to a sewer system but not to a waste water treatment plant. In
the following, it is assumed that the proportion of urban areas which are connected to a sewer but
not to a waste water treatment plant corresponds to the proportion of people only connected to a
sewer system. Regarding the inputs of materials, these areas can be considered in the same way as
the areas with separate sewer systems (see above). The same is assumed for the specific values of
the nutrient inputs from these areas.

In addition, the nutrient inputs from the inhabitants who have only a sewer connection must be
considered. The proportion of human nutrient output transported mainly as particulate material to
waste water treatment plants is already described. For the dissolved fraction it is assumed that this
proportion is fully supplied to the sewer system. The total nutrient input along this pathway will
then be calculated according to the Equation

EUKyp=ASy p- Augpx - 100+ Epppg - AGgs 0,365+ Copy, , - Qcewx

where EUKN,p= nutrient input via impervious urban areas and from inhabitants
connected only to sewers [t/a],
AuUrBk = urban area connected only to sewers [km?],
EurBk = inhabitants connected only to sewers,
Qcewk = annual runoff from commercial areas only connected to sewers [m3/s]
and
AGes~e= inhabitant specific output of dissolved nutrients [g /(E- d)].

The specific human dissolved nutrient outputs were 1.05 g P/(E- d) and 9 g N/(E- d)

4. Nutrient inputs via households connected neither to wastewater treatment plants or
sawers

Up to now, only the proportion of people and urban areas connected to sewers have been
considered. Inputs into water bodies may also come from people or areas connected neither to
sewers nor waste water treatment plants. For the nutrient inputs from these areas, the following
applies

I:-'t L v p = FHH.I— Hl'f.,__l- .Illri‘ll-.‘lp- o, Ifﬁ:.‘]’" . _||'|I'_||||_F.|_ L.! KRN s |I-.~”'_I" H1;ﬁ'|-l|l ||'.|'H:I'— h T Ly

where EUNN,p= nutrient input via inhabitants and impervious urban areas
connected neither to sewers nor to wastewater treatment plants [t/a],
Rexr= nutrient retention in soil [%],
AurBN = impervious urban area connected neither to a sewer nor to a
wastewater treatment plant [km?],
Eursn = inhabitants connected neither to sewers nor to wastewater
treatment plants,
AGesyy»= inhabitant specific output of dissolved nutrients [g P/(E- d)] and
Kagr = proportion of dissolved human nutrient output transported to
wastewater treatment plants [%].
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C. MODEL INPUT

River/catchment name/gauge station names

Catchment area (km2): Mean slope (%), Tile drained area (%)

Landuse area (km2)

Statistics of municipals: Inhabitants, arable area (km2)

Urban systems: Inhabitants connected to WWTP or/and sewer, sewer flow length, total
discharge of P, N from WWTP per catchment

Hydrogeological type areas (km2) defined by soil, porosity, permeability, depth of
groundwater

Mean soil loss (t*(ha*a)), proportions of soil type on total area (km2),

Nitrogen content in topsoil (%), clay content (%)

Precipitation (mm/m2), atmospheric deposition (gN/m2), mean evaporation (mm/a)
Nitrogen surplus (kg/(ha*a))

D. MODEL OUTPUT

The final output is an estimate of annual nutrient load at the river outlet (emissions minus retention
and loss within the river) for its subcatchment and for the whole basin area.

E. Application of MONERIS with Excel

The method used in this Excel files refers basically to the report “Nutrient Emissions into River
Basins of Germany” (Behrendt et. al, 2000). It has been applied to many catchments in Europe.

In order to make the application of MONERIS with EXCEL as flexible as possible we separated
the input data (BasicInfo.xls), the pathways and a file in which all results are collated and summed
up (MONERIS .xls).

Up to now MONERIS can calculate nutrient emissions from up to 300 catchments. Please ask Mr.
Behrendt, Mr. Venohr for an extended version if you want to do these calculations for more than
300 catchments.

The complete set consists of following files:

1 BASICINFO

2 ATMOSPHERIC DEPOSITION
3 OVERLAND FLOW

4 EROSION

5 TILE DRAINAGE

6 GROUNDWATER

7 URBAN SYSTEMS

8 POINT SOURCES (WWTP)
9 BACKGROUND

10 SURPLUS

11 MONERIS
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General remarks for the work with this MONERIS EXCEL
Version

All data needed fohthe calculation are collated in the BASICINFO file. The data always refer to
the net catchments™. Like this all calculations are made for the net catchments first and later on
summed up for the total catchment to enable a comparison with the measured nutrient load in the
rivers.

The files are linked in several ways. Like this you have to be carefully with deleting or displacing
cells or columns. Following should help to avoid loosing links:

- All files have to stay in the folder MONERIS.

- When deleting or adding columns to BASICINFO all other files should be opened. The
links than will be updated automatically.

- When working with cut & paste, the links will be changed from the origin location to the
new location. You can avoid loosing links by keeping all other files closed. In general it’s
better to work with copy & paste.

- The file MONERIS is linked only to the sheet “results” of the different pathways. When
changing method, content or structure of the sheets you only have to make sure not to
change the structure of the sheet “results”. If you keep the filename and the sheet structure
it is no problem to exchange the whole file, for example to test different methods or
different sets of parameters.

MONERIS

In this file the results of the different pathways are summed up and displayed in the sheet “report™.
It is distinguished between the results of the net catchments and those from the total catchments.
There also is the possibility to do these calculations for all catchments or only for those located
within an artificial subdivision, for example within an administrative area. These catchments can
be selected in BASICINFO/generals/column H.

BASICINFO

The colours in this file have following meanings:

- Yellow: there are links from the pathway files to these cells. They are necessarily needed
for the calculations.

- Light blue: these cells are needed for intermediate calculations

- Red letters: these cells are containing equations and do not have to be filled in by the user

- On sheet “generals” you’ll find a button to refresh the flow net equation. This button starts
a macro, which copies the equation from these columns to all columns where the equations
are needed; also the cell links are adapted. You only have to do this once. With this macro
only 300 catchments can be considered! When building the flow net equation please use
this structure:

A B C D E

Name |Spring/ flushed |Catchment area | Area sub catchment | Positive equation
catchment

1 Q 5 5 =Dl

2 D 10 5 = D2+EI

3 Q 8 8 =D3

4 D 25 7 = D4+E3+E2

f

| = sum(D1:D4)

! Net catchment means the catchment area of the river course between two monitoring stations.
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Not likethis!

1. Testing and validation of MONERIS

The reference year for the first application of the model is the year 2003. The Oueme catchement
was divided into 7 subcatchments from 3060 km” to 10350 km? (Figure 3).

Kaboua

Pont de Save

Figure 3: Oueme basin
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Measurement data from the Pont de Save and Kaboua gauging stations were used for calibration of
the model (Figure 4).

DIN load at the outlet of Pont de Save for the reference year
2003

6000 - 5653,02096
49156704

5000 -

mmodel
mdata

4000
=

3000 -
=
o
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1000 -

Reference year 2003

TP load at the outlet of Pont de Save for the reference year
2003

140 4 123,946502
120 |

102,4352

100 -
— @ model
= 80 A
= mdata
a 6 -
P

40 4

20 4

Reference year 2003

Figure 4: Comparison between model simulation and available data (DIN and TP load) at the outlet of
Pont de Save for the reference year 2003.
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2. Water quality modeling results for the reference year and historical
climate types

The MONERIS model first was applied for the reference year 2003 (Figure 5) and then for the two
historical years 1999 and 1983 (Figure 6). Some of the results are plotted in the graphs below.
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Figure 5: TN and TP emissions from different pathways at the outlet of Pont de Save for the
reference year 2003

TN emissions Pont de Save climate types 1983 1999
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200 -
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Figure 6: Comparing TN, TP emissions with different land use cover
for the climate types 1983 and 1999

3. Water quality modeling results for climate and socioeconomic scenarios

After modelling the nutrient loads of the Oueme basin for the reference year and for the historical
climate types 1983 (driest year) and 1999 (wettest year), water quality was simulated for the future
climate scenario Yang-Bardossy B2. Lastly, two socio-economic scenarios Alafia (ScA: the
optimistic) and Wahala (ScB: the pessimistic) were run and their agropolitical interventions (Table

3).
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Table 3: Climate and socio-economic scenarios with interventions simulated with MONERIS

Climate Scenarios Simulation Years
YB(B2) 2004-2030
Socioeconomic Scenarios Simulation Years
'YB(B2)+landuse2015_ScA 2011-2015
YB(B2)+landuse2030 ScA 2026-2030
'YB(B2)+landuse2015 ScB 2011-2015
'YB(B2)+landuse2030 ScB 2026-2030
I nterventions Simulation Years
\Agropolitical Alafia 2026-2030

Some concluding remarks of the scenario modeling were:

* Between the scenarios A and B there is no significant change in nitrogen emissions and
only a small increase in phosphorus emissions in scenario B. The main pathways for the
nitrogen and phosphorus are the groundwater and the urban areas.

* The main factor of the nutrient emissions variation is precipitation. High precipitation leads
to a higher amount of nutrients and vice versa.

The MONERIS results are plotted in the graphs below for the scenarios that are described in Table
3.
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Total Nitrogen emissions at the outlet of the Oueme basin

Total Phosphorus emissions at the outlet of the Oueme basin

Figure7: TN, TP emissions at the outlet of the Oueme basin for the climate scenario YB(B2)
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Total Nitrogen emissions at Pont de Save (climate scenario 2010-2030)

(t/a)
(6]
o
o
o

Total Phosphorus emissions at Pont de Save (climate scenario 2010-2030)

Figure8: TN, TP emissions at Pont de Save for the climate scenario YB(B2)
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TP emissions Pont de Save 2011-2015 Socioeconomic
scenarios

m YB(B2)+LuB2015
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TP (t/a)
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Figure 9: Comparing TN, TP emissions with different land use cover (ScA and ScB)
for the climate years YB(B2) 2011-2015
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TN emissions Pont de Save 2026-2030 Socioeconomic
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Figure 10: Comparing TN, TP emissions with different land use cover (ScA and ScB)
for the climate years YB(B2) 2026-2030
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m YB(B2)+LuB2030
20000 @ YB(B2)+LuA2030
<
2
zZ
|_
2026 2027 2028 2029 2030
TP emissions Pont de Save 2026-2030 Agropolitical scenarios
B YB(B2)+LuB2030
1800 @ YB(B2)+LuA2030
<
2
o
|_

2026 2027 2028 2029 2030

in the Oueme basin

Figure 11: Comparing TN, TP emissions with different agropolitical interventions for Scenarios A and B

for the climate years YB(B2) 2026-2030
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THE QUAL2K MODEL
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1. Background of the model QUAL2K

Water quality standards are implemented through a process of calculating Waste Load Allocations
(WLAs) and/or Total Maximum Daily Loads (TMDLs). Ultimately Permit Limits are developed
based on the calculated WLAs and TMDLs. Many of these required calculations are performed
with computer simulation models. Either steady-state or dynamic modelling techniques may be
used.

QUAL2K (Chapra, S.C. and Pelletier, G.J. 2003) is a 1-D stream/river water quality model that is
intended to represent a modernized version of the QUAL2E model (U.S. EPA 600/3-87/007,
Brown and Barnwell 1987).

QUAL2K is similar to QUALZ2E in the following respects:

*  One dimensional. The channel is well mixed vertically and laterally.

» Steady state hydraulics. Non-uniform, steady flow is simulated.

*  Diurnal heat budget. The heat budget and temperature are simulated as a function of
meteorology on a diurnal time scale.

*  Diurnal water-quality kinetics. All water quality variables are simulated on a diurnal time
scale.

*  Heat and mass inputs. Point and non-point loads and abstractions are simulated.

The QUAL2K (Q2K) framework includes the following new elements:

Software Environment and Interface. Q2K is implemented within the Microsoft Windows
environment. It is programmed in the Windows macro language: Visual Basic for
Applications (VBA). Excel is used as the graphical user interface.

* Q2K uses unequally spaced reaches. In addition, multiple loadings and abstractions can be
input to any reach.

* Q2K uses two forms of carbonaceous BOD (slow CBOD and fast CBOD) to represent
organic carbon. In addition, non-living particulate organic matter (detritus) is simulated.

*  Sediment-water fluxes of dissolved oxygen and nutrients are simulated.

*  The model explicitly simulates attached bottom algae.

*  Both alkalinity and total inorganic carbon are simulated. The river’s pH is then simulated
based on these two quantities.

* A generic pathogen is simulated. Pathogen removal is determined as a function of
temperature, light, and settling.

2. Model concept

2.1 Segmentation

The conceptual representation of a stream used in the QUAL2K formulation is river that has been
divided into a number of unequally spaced reaches or computational elements equivalent to finite
difference elements (Figurel).
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l Headwater boundary
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Figure 1. QUAL2K segmentation scheme

2.2 Flow Balance
A steady-state flow balance is implemented for each model reach:

Q:' = Qi’—l + Qr’ﬂ:f - Qab:r'

where Qi = outflow from reach i into reach i + 1 [m*/d], Qi—1 = inflow from the upstream reach i —1 [m’/d],
Qin,i is the total inflow into the reach from point and nonpoint sources [m*/d], and Qab,i is the total outflow
from the reach due to point and nonpoint abstractions [m’/d].

Qi.u,r' Q:lb_.r'

| ]

Figure 2: Reach flow balance

2.3 Hydraulic Characteristics

QUAL2K simulates changes in flow conditions along the stream by computing a series of steady-
state water surface profiles. Once the outflow for each reach is computed, the depth and velocity
are calculated in one of three ways: weirs, rating curves, and Manning equations.

- If a weir exists then: Q, =1.83*B *H,*? | where Q is the outflow from the reach upstream of
the weir in m*/s, B; = the width of reach i [m] and Hy, = the head above the weir [m].

1.83%B,
and the depth of the reach upstream of the weir is: H, =H, +H, , where H,, = the height of the
weir above the river bed.

2/3
The head above the weir is then: H, = (LJ

- Power equations can be used to relate mean velocity and depth to flow:
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U =aQ" and H =aQ”? , where a,b,a, 8 are empirical coefficients determined from velocity-
discharge and stage-discharge rating curves.

Each reach is idealized as a trapezoidal channel. Under conditions of steady flow, the Manning
equation can be used to express the relationship between flow and depth as:

S01/2 * A;S/3
Q= n* p2/3
cross-sectional area [m”], and P = the wetted perimeter [m].

,where §) = bottom slope [m/m], n = the Manning roughness coefficient, A; = the

The cross-sectional area of a trapezoidal channel is computed
as: A, = [B0 +0.5% (SSl +S, )* H] *H , where By = bottom width [m], S;; and Sy = the two side
slopes as shown in [m/m], and H = reach depth [m].

The wetted perimeter is computed as: P = B, + Hq/s,” +1+1+H4/s,’ +1

After substituting the last two equations, the below equation can be solved iteratively for depth:

(Qn)s/s(BO +H /SSIz +1+H /S—Szz +1)2/5

H. =

! SS/IO[BO +O'5(Ssl +Ssz )H]
where K= 0, 1, 2... n, where n = the number of iterations. The method is terminated when the
estimated error falls below a specified value of 0.001%.

The calculated stream flow rate, velocity, cross-sectional area and water depth serve as a basis for
determining the heat and mass fluxes into and out of each computational element (reach) due to
flow.

2.4 Heat Balance

The heat balance (Fig.3) takes into account heat transfers from adjacent reaches, loads,
abstractions, the atmosphere, and the sediments. A heat balance can be written for reach i as:

ﬁi\‘.TI Gl_] GI Q 105 . E|I_| E; i
== ~-—Iij-—Ii + Ty =T )+ =Ty = T)
ar F ¥, ¥ Vy v,
ey 1 m” ] Ly [ m Y [ m
+ 4

+
AuCril10%em? | puCpH, \100em ) p C H, | 100cm

HH

where Ti = temperature in reach i [°C], t = time [d], E ’i = the bulk dispersion coefficient between reaches i
and i + 1 [m’/d], Wh,i = the net heat load from point and non-point sources into reach i [cal/d], pw = the
density of water [g/cm’], Cpw = the specific heat of water [cal/(g °C)], Jh,i = the air-water heat flux
[cal/(cm® d)], and Js,i = the sediment-water heat flux [cal/(cm® d)].
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2.5 Mass Balance

Figure 3: Reach heat balance

Both advective and dispersive transport processes are considered in the mass balance. Mass is
gained or lost from the reach by transport processes, wastewater discharges and withdrawals. Mass
can also be gained or lost by internal processes such as release of mass from benthic sources or

biological transformations.

Table 1: Modd state variables

Variable Units
Conductivity pmhos
Inorganic Suspended Solids (ISS) mg/1
Dissolved Oxygen mg/1
CBOD ng/l
Dissolved Organic Nitrogen ug/1
NH4-Nitrogen pg/l
NO3-Nitrogen ug/l
Dissolved Organic Phosphorus pg/l
Inorganic Phosphorus ng/l
Phytoplankton pg/l
Detritus mg/l
Pathogen cfu/100 mL
Alkalinity mgCaCOs/L
pH s.u.
Bottom algae g/m’

For all except the bottom algae, a general mass balance (Fig.4) for a constituent (Table 1) in a

reach is written as:

de; Qi

Ci-1 =6
|

. g

dr -
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where Wi = the external loading of the constituent to reach i [g/d or mg/d], and S = sources and sinks of the

constituent due to reactions and mass transfer mechanisms [g/m*/d or mg/m’/d].

atmaaspheric
transfer

meEss load

|

mass absiraction

infloiw —':—' -—E— o bl cra
disparsicn "—E—l" —i— S parasin
] §
boftom algas sadimarits

Figure 4: Reach mass balance

In each reach, the model computes the major interactions between up to 15 state variables (Table
1). The model uses a finite-difference solution of the advective-dispersive mass transport and
reaction equations and it specifically uses a special steady-state implementation of an implicit
backward difference numerical scheme, which gives the model an unconditional stability (Walton

and Webb, 1994).

3. Model Input

The input data are shown in Table 2. The river flow, water temperature and hourly concentration
of the state variables are the input data required at the headwater of the simulated river. For each
of the system reach the hydraulic and the meteorological data tabulated below are required. Also,
information about the point and diffuse sources that enter or leave the river are essential.

Table 2: Modéel Input

Bottom width, side slope,
channel slope, Manning
coefficient;

If known:

Weir height, prescribed
dispersion (downstream)
prescribed rearation,
bottom algae coverage,
bottom SOD coverage,
prescribed SOD,
prescribed CHyflux,
prescribed NH,flux,
prescribed Inorg. Pflux

Headwater Reach-Hydraulics Reach-Meteorology | Point/Diffuse Sources
Flow; Reach length; Hourly air Name and location of
Water . temperature; the point source or
temperature; Elevation of reach upstream abstraction enters or
Hourly & downstream ; Hourly dewpoint leaves the river;
concentration of D X temperature;
the water quality ownstream . Location of the
state variables latitude/longitude (0.°.%); | wing speed ; upstream and
(Table 1) downstream kilometres

Hourly cloud cover
shade;

Integrated hourly
effective shade
(fraction of solar
radiation that is
blocked because of
shade from
topography &
vegetation)

over which the diffuse
source or abstraction
enters or leaves the
river;

Point/diffuse source
inflows and outflows
(m’/s)

Temperature and water
quality state variables
concentrations of the
point/diffuse source
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| | | | inflow |
The model QUAL2K is forced by some model rate parameters: Stoichiometry of plant and detrital
matter; rate parameters for inorganic suspended solids, oxygen, oxygen reaeration, CBOD, organic
N, ammonium, nitrate, organic P, phytoplankton, bottom algae, detritus, pathogens and pH.
And by light and heat parameters: Photosynthetically available radiation, background light
extinction, linear chlorophyll light extinction, nonlinear chlorophyll light extinction, inorganic
suspended solids light extinction, detritus light extinction, atmospheric attenuation model for
solar, atmospheric turbidity coefficient, atmospheric transmission coefficient, atmospheric
longwave emissivity model, wind speed function for evaporation and air convection/conduction.
Recommended values of the above parameters are given in the user-manual.

4. Model Output

A series of worksheets that present tables of numerical output are generated by QUAL2K.

1. The hydraulics summary worksheet contains flows, velocities, travel time, depths, and cross-

sectional areas along each reach;

2. The temperature output worksheet summarizes the mean, max. and min. temperature output for

each model reach;

3. The WQ Output, WQ Min. & ,WQ Max worksheets summarize the mean,

minimum and maximum concentration of the state variables for each model reach;

4. The Sediment Fluxes worksheet summarizes the fluxes of oxygen and nutrients between the

water and the underlying sediment compartment for each model reach;

5. The Diel Output Worksheet displays temperature and concentration of the state variables against

time (hr).

QUALZ2K displays a series of charts that plot the model output and data versus distance (km) and
time of day (in hours) for model outputs.

5. Validation

Known values of the below parameters at specific distance (km) along the river are used as control
data for validating the model:

*  Hydraulic characteristics (Q,H,U,tyavel)

*  Minimum and maximum daily Temperature

*  Minimum and maximum daily concentrations of the water quality state variables

* Mean daily concentrations of the water quality state veriables and other concentrations and
fluxes (if known), such as: bottom algae, total nitrogen-data, total phosphorus-data, total
suspended solids-data, NH; (unionized ammonia)-data, % saturation-data, SOD-data,
sediment ammonium flux, sediment methane flux, sediment inorganic phosphorus flux,
ultimate carbonaceous BOD, total organic carbon
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6. Application of QUALZ2K to the River Oueme

The RIVERTWIN project is probably the first project in the Benin Republic to face the challenge
of producing a comprehensive overview of the water quality of all water resources in the Oueme
basin. At the midterm review meeting the lack of water quality data (in particular of surface
waters) was clearly identified and the need for continuous water quality monitoring was expressed
to the authorities.

In order to model the existing water quality situation and investigate different scenarios, this
project focussed on nutrient (N, P) loads and ammonium, nitrate nitrogen and phosphate
concentrations, which are of importance in the area

6.1 Water quality and hydro-meteorological data

Measurements of pH, conductivity, temperature and alkalinity, NH4-N, NOs-N and PO4 were
provided by FSA from 9 water quality stations along the simulated part of River Oueme and its
main tributaries (Table 3). Meteorological data were provided by ASCENA (Table 4).

Measurements of discharge at river gauges and hydraulic profiles (at Beterou, Save, Zagnanado
and Bonou) were provided by DH. The representation of the simulated part of the river Oueme
including the river gauges and meteorological stations is shown in Figure 5.

” — Fver Cniemne
— Chieme tribntares

{ @ FRiver gauges

."J Meteo stations

| '){ Eaver seqments

Atcherighe
v FSA basins
| )

‘JL Dome Pont de Zangnanado

Figure 5: Water quality and hydro-meteorological stations (LFU)



== rivertwin

D 22 Tested submodels for surface water quality
in the Oueme basin

Table 3: Water quality stations and data availability (FSA).

Station River Days of Water quality
measurements variables
Beterou Oueme | 27/8/2004, 11/3/2005,
24/11/2005, 27/3/2006 Temperature (OC)
Save Oueme | 25/8/2004, 11/3/2005, | Conductivity
Bonou Oueme | 24/11/2005, 27/3/2006 | Alkalinity (mg
Cote_238 Terou 27/8/2004, 11/3/2005, CaCO4/l)
24/11/2005, 27/3/2006 pH
Vossa Beffa 11/3/2005, NH,-N (mg/])
24/11/2005, 27/3/2006 | NOs-N (mg/)
Kaboua Okpara | 25/8/2004, 11/3/2005, | PO4(mgll)
Dome

Table 4: Meteorological stations and climate data availability (ASCENA).

Meteo Available climate data
Station
[P)ggzkou Temperature (2004-2005), wind speed
(2002-2003) : ASECNA
Save
D049 Dew point, cloud cover : METAR DATA
Bohicon |ACCESS, Satellite NOAA (2003-2005)
D059

6.2 Geometric data

Water surface profiles were obtained by processing the cross sections at Beterou, Save, Zagnanado
and Bonou (provided by DH). The hydraulic parameters for the Manning formula were taken from
these profiles.

6.3 Point and diffuse sources data

Point sources include loadings of the main tributaries (Terou, Adjiro, Beffa, Okpara and Zou) to
the stem of river Oueme and point abstractions include abstractions data from WEAP basins 32, 39
and 38). Diffuse sources include loadings of Moneris areas (4, 6 and 7) that contain parts of the
river Oueme.
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6.4 Testing and validation of QUAL2K

Due to the limited available data, the temporal and spatial resolution of the model QUAL2K was
coarser than that of the River Neckar. The model was applied to the part of the River Oueme from
Beterou to Bonou. This part of the river was divided into 3 unequally-spaced reaches (Reach 1: 0-
131 km, Reach 2: 132-242 km and Reach 3: 243-347 km) as there are only 3 cross-section profiles
below Beterou that describe the hydraulic characteristics of each reach (Figure 5).

The model was run twice a year, once for the dry season (December — March) and once for the wet
season (April — November). Due to the limited water quality data (available only for the dates:
25/8/2004, 11/3/2005, 24/11/2005 and 27/3/2006), the input data for the reference year were taken
as the mean values of water quality parameters of dry and wet season in this 3-year period. Also,
the mean values of discharge, point sources and diffuse sources data from 2003 to 2005 for the two
seasons were used as input for the reference year. The water quality model outputs (pH,
conductivity, temperature, alkalinity, NH4-N, NOs-N, and PO,) are seasonal.

The model tested the second reach of the river Oueme (Reach 2: 132-242 km) for both seasons of
the reference year. Measurement data of river discharge, water temperature and state variables
from gauges located at the main stem of the River Oueme were used to validate the model
simulations. Some of the model outputs and comparison with available data are plotted in the
graphs below (Figure 6).
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Figure 6: Comparison between model simulation and available data (Reach 2)
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6.5 Water quality modeling results for the reference year and historical
climate types

The model QUAL2K simulated ammonium, nitrate nitrogen and phosphate concentrations, which
are of great importance in the River Oueme. In Figure 7 the concentrations of the above
parameters are shown for the 3 simulated reaches for the reference year (dry and wet seasons).

@ NO3 dry season =1 NH4 dry season
1.20 - W NO3 wet season 120 - I NH4 wet season
' EU threshold =10 mgl/l ' — — EU threshold = 0,5mg/l

1,00 1,00
< 0,80 = .
Z S 0,80
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0,20 ~ 0,20 -

0,00 - 0,00

1 2 3 1 2 3
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1 PO4 dry season
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' — — EU threshold (0,1mg/l)

1,00
< 0,80 -
a
(=]
£ 0,60 A
<
© 0,40 -

0,20 -

0,00

1 2 3
Reach

Figure 7: Ammonium, nitrate nitrogen and phosphate concentrations along the 3 simulated reaches of the
river Oueme for the reference year

During the dry season (low flow period), the lack of land aquatic plant uptake combined with
contributions from groundwater result in high nitrogen (NH4-N, NO3-N) levels.

The concentrations of NH4-N, NO3-N and POy are higher from Beterou to Save (upstream areas)
as the N,P loads from diffuse source are greater than those from Save to Bonou (downstream
areas). Also, the dilution rate is higher downstream as big tributaries with high flow end in the
lower part of the River Oueme. As can be observed in Figure 7, ammonium (NH4-N) and
phosphate (PO4) concentrations exceeded the EU thresholds mainly during the dry season.
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In Figure 8, the concentrations of NH4-N, NOs-N and PO; in the historical climate years 1983 and
1999 combined with different land uses have been plotted for the simulated reach 2 and compared
with those of the reference year.
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Figure 8: Ammonium, nitrate nitrogen and phosphate concentrations in reach 2 for the historical climate
years 1983(driest) and 1999(wettest) combined with different land use types

From the above graphs, it can be concluded that very dry conditions lead to a significant increase
in the concentrations of the simulated water quality parameters. This can be explained by the fact
that during dry conditions the river discharge is very low and hence the dilution is low and the
concentration of the pollutants increases. Maximum increase is observed in the dry year 1983
combined with land use 2030 Alafia.
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6.6 Water quality modeling results for climate and socioeconomic scenarios

After modelling the water quality of the River Oueme for the reference year and for the historical
climate types 1983 (driest year) and 1999 (wettest year), water quality was simulated for the future
climate scenario Yang-Bardossy B2. Lastly, two socio-economic scenarios Alafia (ScA: the
optimistic) and Wahala (ScB: the pessimistic) were run as well as two interventions (hydrological
and agropolitical). (Table 5)

Table 5: Climate and socio-economic scenarios with interventions simulated with QUAL2K

Climate Scenarios Simulation Years
YB(B2) 2004-2030
Socioeconomic Scenarios Simulation Years
'YB(B2)+landuse2015_ScA 2011-2015
'YB(B2)+landuse2030_ScA 2026-2030
YB(B2)+anduse2015_ScB 2011-2015
'YB(B2)+landuse2030 ScB 2026-2030
I nterventions Simulation Years
IAgropolitical Alafia 2026-2030
Hydrological Alafia 2026-2030

In the below figures, the concentrations of NH4-N, NO;-N and PO, for the scenarios described in
Table 5 have been plotted for the simulated reach 2, for the period 2026-2030 and compared with
those of the reference year. All the model results have been uploaded on the metadata.
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Figure 9: Ammonium concentration (NH, mgN/I) for the climate scenario YB(B2) and socioeconomic
scenarios Alafia (A) and Wahala (B) with land use 2030 (simulated years: 2026-2030)
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Figure 10: Nitrate Nitrogen concentration (NOs mgN/I) for the socioeconomic scenarios Alafia (A) and
Wahala (B) with land use 2030 (simulated years: 2026-2030)
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Figure 11: Phosphate concentration (PO, mgP/l) for the climate scenario YB(B2) and socioeconomic
scenarios Alafia (A) and Wahala (B) with land use 2030 (simulated years: 2026-2030)
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Figure 12: Ammonium concentration (NH, mgN/l): Agropolitical and hydrological interventions compared
with the socioeconomic scenario Alafia with landuse 2030 (simulated years: 2026-2030)
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Figure 13: Nitrate Nitrogen concentration (NO; mgN/I): Agropolitical and hydrological interventions
compared with the socioeconomic scenario Alafia with landuse 2030 (simulated years: 2026-2030)
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Figure 14: Phosphate concentration (PO, mgP/l): Agropolitical and hydrological interventions compared
with the socioeconomic scenario Alafia with landuse 2030 (simulated years: 2026-2030)
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Figure 15: Impact of agropolitical and hydrological interventions of ScA [u2030 to the concentrations
(mg/l) of the water quality parameters

There is an increase in the concentrations of N-NH4, N-NO; and PO, in the socioeconomic
scenarios and the agropolitical intervention (larger in the case of agropolitical intervention). The
highest concentrations of N-NH4, N-NO; and PO4 both in the socioeconomic and agropolitical
scenarios were observed in the years 2026 and 2030.

In the case of hydrological intervention there is a significant decrease of the N-NH4, N-NOs and
PO, concentrations.
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The computer code used to implement the calculations for QUAL2K (Q2K) is written in Visual
Basic for Applications (VBA). Excel serves as the user interface. Colour is used to signify whether
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BRIEF DESCRIPTION OF THE USER INTERFACE OF QUAL2K

information is to be input by the user or output by the program:

Pale Blue designates variable and parameter values that are to be entered by the user.

Pale Y ellow designates data that the user enters. This data are then displayed on graphs generated
by Q2K and used for the validation of the model simulation.

Pale Green designates output values generated by Q2K.

Dark solid coloursare used for labels and should not be changed.

All worksheets include two buttons:

Open Old Files. When this button is clicked, the file browser will automatically open to
allow you to access a data file. All QUAL2K data files have the extension, *.q2k.

Run. This button causes Q2K to execute and to create a data file that holds the input
values. The data file can then be accessed later using the Open Old File button.

I nput data Wor ksheets

1. QUAL2K Worksheet

The QUAL2K Worksheet is used to enter general information regarding a particular model

application.

1 | QUALZK
2 | Stream Water Quality Model

4

3 |Steve Chapra and Greg Pelietier

5 1
B

7 System ID:

12 Day

13 Year

2000

14 Time zone

Central

15 Daylight savings time

Yes|

16 Calculation:
17 Calculation step 0.,25|hours
18 Final time 3|day

19 Program determined calc step

hours

20 Time of last calculation

minutes

21 Time of sunrise

22 Time of solar noon

23 Time of

24 Photoperiod

hours

8 River name neckard Opef’ old
9 Saved file name neckar3 File
10 Directory where file saved CARIVERTWIN'QUALZK work]
11 Month 6
19 Run

Kk
M4 v MM QUALZK  Headwater  Reach / Air Temperature / Dew Paint Temperature / Wind Speed / Cloud Cover  Shade |
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2. Headwater Worksheet

The Headwater Worksheet is used to enter flow and hourly concentration for the system’s
boundaries.

A B [ D E F G H

1 QUALZ2K
2 | Stream Water Quality Model |
3 |Neckar Hofern (19i6i2000) Open Old =

4 |Headwater and Downstream Boundary Data: File un

5

5

7 Headwater Flow mi/s

3 Prescribed downstream boundary? Yfes|or Mo

9 Headwater Water Quality Units 1200 AM | 1:00 AM | 2200 AM | 3:00 AM 11:00PM
10 Temperature c

11 Conductivity urnhos

12 Inorganic Solids mgliL

13 Diggolved Dxygen g/l

14 CEODslow mg 2L

15 CBODfast mg O/l

16 Dissaolved Organic MNitragen ughliL

17 MNH4-Mitrogen ughliL

18 MO3-Mitrogen ughliL

19 Dissaolved Organic Phosphoarus ugPiL

20 Inorganic Phosphorus (SREP) ugPiL

21 Phytoplankton uglsL

22 Detritug (POM) mgliL

23 Pathogen cfu/100 mL

24 Alkalinity mgCat 03l

25 pH 5.

26 Downstream Boundary Water Quality {optional) Units 1200 AM | 1200 AM | 2200 AM | 3000 AM 11:00PM
27 the same physicalichemical constituents as abave

28

3. Reach Wor ksheet

The first part of the Reach Worksheet used to specify reach labels, distances and elevations.

A B c u] E F G H | J K L 1] H o
QUALZK

1

2 Stresm Water Quality HModel Run Open Old
3 Neckar File

4

5]

Reachk Data:

the number of the reach
for wehich diel plots will be
B Resch for diel plat genetated
7 [optiomal] [optiomal] Redoh DoHiTSHaa T Elevation D omi SEradi
2 Reach Dlamit streant lergth Dok straainn location U pstrean | Do strean Latitude Longituoe
9 Label end of reach fabel uber ) Latitude |Longitue ity i) i) Degrees | hrutes | Seconds |(Degrees | Minutes | Seconas
10 ﬂ 1]
11 |enter identification labels  |enter identification labels enter the river
12 |for each reach far the boundaries km for the
13 hetween reaches downstream
14 end of each
15 | reach
16
17

The second part of the Reach Worksheet used to specify the system’s hydraulics.
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8
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4. Meteorological Worksheet

Five worksheets are used to enter meteorological and shading data.

A | ] | C 8 E | F & | H J K L

1 QUALZK [ I
| _ Open
2 Stream Water Quality Modef Run | )
— | Old File
2 |Meckar [TH&I2000)

4 Air Temperature Data:

5 |

[}

ki

g

=]

10 Headwater

1

‘1D Headwater
1EI Headwa‘ter
1D Headwater

10 Headwater

11|

5. Rate parameters Worksheet

Recommended values for these parameters are given in the model’s manual documentation.

0

AR
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6. Light and Heat Worksheet
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This worksheet is used to enter information related the system’s light and heat parameters.
Recommended values for these parameters are given in the model’s manual documentation.

2 | Stream Water Quality Model

3 |Mechkar (19i6i2000)

41 |Light Parameters and Surface Heat Transfer Models:

5

5

7 Value Unit

8 Photosynthetically Available Radiati 047

9 Background light extinction 0.2|/m B.»
10 Linear chlorophyll light extinction 0,0088 | /m~{ugA/L) &y
11 Nonlinear chlorophyll light extinction 0,054 | /m~{ugA/L)23 Ky
12 ISS light extinction 0,052 [ #/m-{mgD/L) o,
13 Detritus light extinction 0,174 | #/m-{mgD/L) &g
14 Solar shortwave radiation model

15 Atmospheric attenuation model for solar Bras

16 Bras solar p (used if Bras solar model is selected)

17 atmospheric turbidity coefficient {2=clear, 5=smoggy, defauli=2) 2 Mo
13 Ryan-Stolzenbach solar p (used if Ryan-Stolzenbach solar model is selected)

19 ‘atmospheric tr coefficient (0.700.91, default 0.8) [ 0,8] ax
20 Downwelling atmospheric long iR iation

21 at pheric long ivity model [ Brunt]|

22 [Evaporation and air convection/conduction

23 wind speed function for evaporation and air convection/conduction [Brady-Graves-Geyer|

7. Point Sources Wor ksheet

This worksheet is used to enter information related the system’s point sources. The mean, range/2,
time of max values of all the water quality concentrations of the inflow are entered in this

worksheet.

A B c &) E F G
1 QUALZK

2 |Stream Water Quality Model
5 |Weckar (19r612000)

4 |Point Source Data:
5

Open Old

Run )
File

G

T Foinf Foinf Termperafure Specific Conducfance Irorgaric Suspended Selids

a2 Absfraction | lnflaw ATEST rargels finve af e rangel? finre af nTean rangeds firte of
9 Mame |Locafionr (ko) s s i i f=E nthas nthas nTax gl gl TE
A0

11

8. Diffuse Sources Wor ksheet

This worksheet is used to enter information related the system’s diffuse (i.e., non-point) sources.
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QUALZK
Stream Water Quality Modelf | I
L]

Neckar (19i6i12000) Open OId
Diffuse Source Data: Run ‘ File

Diffuse Diffuse Spec Inorg Diss CBOD CBOD | Organic | Ammon | Nitrate

Abstraction | Inflow Temp Cond 55 Oxygen slow fast N N N

Name  |Up(km) [Down (km) mi's mi's Cc umhos | mgD/L mg'll | mgO2L | mgO2L | ughL ugN/L ugh'L

Organic |Inorganic | Phyto
P P plankton | Detritus | Pathogen Alk pH
ugPL ugPiL ug/'lL mgD/L | cfu/100 mL | mgCaCO3/L

Control data Worksheets

Available measurement data of hydraulic characteristics, temperature and water quality
constituents at specific locations along the river are entered in five worksheets.

1 QUAL2K 1 QUALZ2K
2 |Stream Water Quality Model 2 | Stream Water Quality Model
i |Neckar(1916i2000) 3 | Meckar(19I/6i2000)
4 |Hydraulics Data: 4 |Temperature Data:
- : ]
g E;E:;]ce de;;f H-f:ta U:ie;te Trszg F:;?e 7 |Distance Mean Minimum | Maximum
9 - 8 |x{km) Temp-data | Temp-data | Temp-data
10 D
10
1 | QUAL2K
2 | Stream Water Quality Model Run
3 | NMeckar(1916i2000)
4 Water Quality Data (min & max):
5
B
7 Distance Cond {umhos) | ISS (mgD/L) | DO (mg021) | CBOD (mgO21)
8 km data data data data data
9
10
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Minimum and maximum measurement data for water quality data at specific distance are entered
in 2 different worksheets

The worksheet below is used to enter known mean daily values for water quality data and other
concentrations and fluxes at specific distance.

1 QUAL2K
|2 |Stream Water Quality Model

EUTe Ope!1 Old | _I
3 | Meckar(191612000) File

4 Water Quality Data:

5
5

7 Distance Cond (umhos) | IS5 (mgD/L) | DO (mgOXL) | CBOD (mgO2L) Bot Alg (mgA/m*3) | TN (ugh/L) | TP (ugP/L)

g km data data data data data data data data

9

10

Other Concentrations and Fluxes (if known) that entered are:

Bottom Algae, Total nitrogen-data, Total phosphorus-data,Total suspended solids-data, NH3
(unionized ammonia)-data, % saturation-data, SOD-data, Sediment ammonium flux, Sediment
methane flux, Sediment inorganic phosphorus flux, Ultimate carbonaceous BOD, Total Organic
Carbon.

The worksheet below is used to enter diel data (hourly data) for a selected reach. This data is then
plotted as points on the graphs of diel model output.

QUALZK
Stream Water Quality Model
| Quality Bun Open Old [
Nechar(19/6i2000) File
Diel Data:
Reaclf x| |
||ﬂS‘l q 1 |u heai |
Temp Water |Temp Sedil ts | cond (umhos) | 1SS (mgl) | DO{mg/L) | CBODs (mgQO2'L) BotAlg  |TSS (mgD/L)| TP (uc
t(h)| (C) data (C) data data data data data data (gD/m2) data data dai

Output data Worksheets

These are a series of worksheets that present tables of numerical output generated by QUAL2K.

1. Source Summary
This worksheet summarizes the total loading for each model reach.
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QUALZK
Stream Water Guality Model A Open Old
meckar (EHTST2000) File

Sowrce Summary (Houriy)

2. Hydraulics Summary

This worksheet summarizes the hydraulic parameters for each model reach.

A B 1t o E F & H 1 J K L |
| QUALEN
! Stream Waler Quality Model
R Crpan
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3. Temperature Output

This worksheet summarizes the temperature output for each model reach.

1 QUALZK

2 Stream Water Quality Model i Opsn Old
| 3 |meckar (6/19/2000) un File

4 Temperatore Quiput

40| Q0 |~ T kh

Sy
—

4. \WQ Output

This worksheet summarizes the mean concentration output for each model reach.

QUALZN
Stream Water Quality Model Opan OMd
mechar (BITHF000) ﬂ File

E#I_lﬂ'-rrﬂ Summary
1 | | | 1 | | l 1

Two similar worksheets summarize the minimum and maximum concentration output for each
model reach.

5. Sediment Fluxes Wor ksheet

This worksheet summarizes the fluxes of oxygen and nutrients between the water and the
underlying sediment compartment for each model reach.

QUALZK
Stream Water Quality Model Open Old
meckar (6119/2000) Run File

Sediment Flux Summary
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6. Diel Output Wor ksheet.

This worksheet displays diel output for temperature and water quality state variable data. Along
with the water temperature, the temperature of the surface sediments is also displayed. In addition,
the diel variation in total suspended solids, total phosphorus, total nitrogen, and oxygen saturation
are also displayed.

Spatial Charts

QUALZ2K displays a series of charts that plot the model output and data versus distance (km) along
the river.

An example of the plot for dissolved oxygen is shown below. The black line is the simulated mean
DO (as displayed on the WQ Worksheet), whereas the dashed blue line is the minimum (WQ Min
Worksheet) and the dashed red line is the maximum (WQ Max Worksheet) values, respectively.
The black squares are the measured mean data points that were entered on the WQ Data
Worksheet. The blue squares are the minimum (WQ Min Worksheet) and the red squares are the
maximum (WQ Max Worksheet) data points, respectively.

Dissolved Oxygen
14
12 | o -
10 —
s, - === - é
aE  FEmEEmFEFEEeee_
6 | ar
4 O ] o
O
2 0 -
0 1 L L
14 12 10 8 6 4 2 0
—DO(mgO2/L) B DO (mgO2/L) data — DO(mgO2/L) Min
— DO(mgO2/L) Max O Minimum DO-data O Maximum DO-data
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The following series of variables are plotted versus distance (km) along the river:

Hydraulics Plots  Temperature and state-variable plots  Additional State-variable plots

e Travel Time e Temperature « Bottom algae in units of mgA/m?
* Flow  Conductivity « CBODu
« Velocity * ISS (Inorganic suspended solids) * NH;
* Depth « Dissolved oxygen TN and TP
* Reaeration * Detritus *TSS
* Slow CBOD
» Fast CBOD Sediment-water plots
« Dissolved organic nitrogen * SOD
* NH4 (Ammonia nitrogen) ¢ CH,4 Sed Flux
* NO; (Nitrate nitrogen) * NH,4 Sed Flux
« Dissolved organic phosphorus « Inorg P Sed Flux

« Inorganic phosphorus
 Phytoplankton

* Bottom algae in units of gD/m
 Pathogen

* Alkalinity

. pH

2

Diel Charts

QUAL2K displays a series of charts that plot the model output and data versus time of day (in
hours) for temperature and the model state variables. The figure below shows an example of the
diel plot for pH. The red line is the simulated pH (as displayed on the Diel Worksheet). The black
squares are the measured data points that were entered on the Diel Data Worksheet.

pH
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8,00 +—0 T —
7,00 -
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