Supplementary Information
SI 1. INCA-PEco supplementary equations documentation

INCA-PEco is a semi-distributed model, which simulates the flow of water, sediment, phosphorus,
dissolved oxygen and biochemical oxygen demand through the terrestrial system, to river reaches,
differentiated by landuse type. In-stream simulation of river flow, phosphorus (dissolved and
particulate), sediment, dissolved oxygen, biochemical oxygen demand and phytoplankton are made by
accounting for inputs from land, upstream, sewage effluent, sediment interactions and biological
processes. Mass fluxes are solved as systems of linked first order differential equations (ODEs), through
one or more sub-catchments comprised of one or more different land use types, up to a network of
multiple reaches. A mass balance is imposed at all sub-catchment and river reach boundaries, operating
on multiple scales: a cell level for each individual land use; a sub catchment level for multiple land use
inputs and transport of nutrient fluxes along river reaches; and a network scale for total loads from all
sub-catchments.

INCA-PEco is driven primarily by a time series input of soil moisture deficit (SMD), hydrologically
effective rainfall (HER), air temperature (Tempai;) and precipitation (PPTN). In the model, HER is
converted to a flux (HERy) (m? s-! km™) using the equation:
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86,400

HERf =

X HER Eqn 1

It must be considered, however, that not all precipitation falling to the ground is immediately available
in liquid form, and that delayed additions of water from snowmelt to the soil can significantly impact
hydrology in some regions. The liquid portion of PPTN (rainfall plus snowmelt, or PPTN,.s) is therefore
calculated by taking into account the proportion of precipitation falling as snow (Snowpy:) , the
proportion of snow which is melting (SM) and a user defined rainfall correction factor (Rrcorrect).
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PPTNpys = 86,400

x (RRCmect (PPTN — Snowppt)) +SM Eqn 2

Snowpg is calculated by defining a temperature threshold (Rreemp), above which all precipitation falls as
rain; and a separate temperature threshold (Rstemp) below which all precipitation falls as snow:

if Temp,ir = Rpeemp * Snowppe =0 Egn 3

Rrtemp~ Tempaijr

RRtemp - RStemp

if RStemp < Tempair < RRtemp : Snoprt = RSCorrect x PPTN ( ) Eqn 4

if Tempgy;r < Rstemp * SrloWPpt = Rscorrect X PPTN Ean 5

Snowmelt (SM) is calculated as the minimum of either water lost from the snowpack through snowmelt,
or the snow water depth equivalent (Snowpeqy):

SM = minimum (RSdeg(Tempair — Rppelt), SnowDeqv) Eqn 6

Where Snowpeqy is calculated as that from the previous timestep (Snowpeqwo); the quantity of
precipitation falling as snow (Snowpept), snow melt (SM), and evaporation from the snowpack (SnoWeyap).

SnNowpeqy = SNOWpeqyo + SNOWppe — SM — Snowgy,p Eqn7



And Snoweyap is determined as the minimum of precipitation falling as snow (Snowp), and the potential
snow evaporation rate (Reotevap), Which itself is a user defined constant.

Snowgy,, = minimum (SnOprt » RpotEvap ) Egn 8

Terrestrial equations

SI 1.1. Hydrology

INCA-PEco enables the user to define any number of terrestrial ‘land use’ classes, each of which
supports three primary water stores; quickflow (QF), soil water (SW) and groundwater (GW). Flow out of
a terrestrial store is equal to the store volume divided by the residence time constant for the store.
Water moves between water stores through the processes of infiltration excess, saturation excess and
percolation. Total flow from each landuse class to the stream is calculated by multiplying outflow rates
from each store (m?3 s km-2) by the proportion of the subcatchment area made up of that landuse class
(LU%) and the subcatchment area (Ca). Total flow to the stream is calculated by summing the totals
from each store.

LU%

Qsw tana = X% Ca —= X (1 - BFI) X Qs Eqn 9
LU%

QGw land = XFUCIasses Cq 1000 X Qew Eqn 10
LUY%

QqF land = YLUClasses Cq 1000 X Qor Eqn 11

Where BFl is the user defined base flow index (0-1), as developed at the Centre for Ecology and
Hydrology (Gustard et al., 1992). The BFI quantifies the proportion of stream flow derived from
groundwater. Fluxes of water, sediment, phosphorus, dissolved oxygen and biochemical oxygen demand
are transferred directly from their landscape unit to their associated river reach; but cannot move
between landscape units.

SI 1.1.1 Soil water drainage and retention

In INCA-PEco, the soil box is split into three volumes depending on whether they are able to contribute
to runoff; that which drains and percolates through to the groundwater, that which contributes to
runoff (i.e. that which is above a saturation excess threshold); and that which is retained and stored as
soil water. The user may set a minimum outflow discharge of soil water which the model then sustains
at all times (sustsw), although the use of this minimum flow does break the water balance.

a) Soil Drainage

Change in soil water flow over time, including saturation excess discharge is calculated as a function of
incoming HER¢, minus soil outflow (Qsw out) and the soilwater residence time constant (Tsw) ;

dQsw _out — HERf_QSW_out
dt Tsw

Eqn 12

Where Qgw out = maximum (sustsw, QSW_out) Egn 13

And the change in total soil drainage volume over time is calculated as:



av rainage
—SwCrmEe — 86,400 (HER; — Qsw.out ) Eqn 14

Drainage flow from the soil water box is then input to groundwater flow; although this flow (Qsw ) is a
measure of soil water after losses from saturation excess have be taken into account. This adjusted soil
flow is calculated through the user defined parameter (Satmax), which depicts the threshold soil water
flow at which saturation excess occurs; or in other words depicts the field capacity of the soil zone.
Qs = minimum (QSW_out: Satmax) Egn 15

b) Soil Retention

The volume of water retained (Vsw retention) Within the soil is calculated using the soil moisture deficit
timeseries.

Vsw retention = 103 x R SW_retention (SMDmax — SMD) Egn 16

From this, the total volume of water present in the soil can be calculated as the sum of the volume
draining, and that retained:

Vow =V SW_drainage + VSW_retention Eqn 17
Sl 1.1.2 Quickflow and infiltration excess, and saturation excess

When precipitation falls onto the ground at a rate faster than it can infiltrate (infiltration excess) , or
when water volumes within a soil box exceed its total holding capacity (saturation excess) , surface
overland flow is generated; termed ‘quickflow’ in INCA-PEco. Quickflow rates are therefore controlled
by the quick box residence time constant (Tqr ) and inputs from infiltration excess overland flow (Qu)
and saturation excess (Qse), and by outputs from overland flow (Qqf) to the river:

dQqF Qse+ QiE— QqF

T Tor Eqgn 18
Or, change in quickflow volume (V) as:
dVaor _
—, = 86,400 (Qsz + Qe — Qqr) Eqn 19

The input time series of HER (converted to HER¢) is used to determine the infiltration rate; although
PPTNws or a hybrid timeseries may alternatively be used. Infiltration is calculated as:

Qe = IE% (HERf - Qinfiltration) Fan 20

1000 —86.4xHERf
Where Infiltration rate (Qunfitration) = Iimax 56.400 (1 —e Imax > Egn 21

The excess proportion of water moving from the soil through to direct runoff via saturation excess is
calculated using the user defined parameter (Satmax; Eqn 15), which sets the threshold of soil water flow
for saturation excess.

Qsqr = maximum (QSW_out — Satmax), 0 Eqn 22

Sl 1.1.3 Groundwater and percolation



All groundwater inputs are derived from percolation from the soilwater box. Groundwater flows are
controlled by the residence time constant (Tew). Similar to soilwater, thresholds of groundwater flow
can be set to sustain a specified minimum constant (Sustew), although again the decision to set a
minimum flow will alter the water balance. Water flowing out from the groundwater zone inflows to the
river.

dQgw (BFIx Qsw)—Qew

e Tom Egn 23

Where Qgyw = maximum (Sustgy, Qgw) Eqgn 24

And change in groundwater volume (Vew) is calculated as:

LW = 86,400 ((BFIx Qsw) — Qew) Eqn 25

Sl1 1.2 Soil erosion

Equations for soil movement in INCA-PEco are derived from INCA-Sed (Jarritt and Lawrence 2007, Lazar
et al., 2010) . The model initiates sediment movement through splash detachment and flow erosion
processes, and subsequently transports the sediment via direct runoff.

Sl 1.2.1 Splash detachment

The mass of material made available via splash detachment during a timestep (Mspiashpet) Can be either
directed by the user (Eqn 26), or calculated by the model. In the user specified equation, Mspiashpet is
calculated using mass of rainfall flux (HER¢), user-specified scaling coefficients (Rssp), user-specified soil
splash erosion potential (Rspiashrot) and a vegetation cover coefficient (Ryegetation);

1

MSplashDet = Rgsp X (HERf X 106)(RSplashPot)(Rvegemtion) X 86400 x 1010 Eqn 26

where Ryegetation iS @ Value between 0 - 10; with O representing bare soil, and 10 indicating the soil has a
complete and continuous vegetation cover. The user specifies growing seasons for vegetation in the
model (Egn 51), outside of which it is assumed that vegetation cover is zero (Regetation = 0). Controls are
placed upon the equations (Ryegetation) t0 ensure that an Ryegetation Of 0 cannot occur during plant growth
periods (Eqn 51) or under conditions of low soil splash erosion potential (Rspiashpot), and that splash
detatchment cannot occur during growth periods when Ryegetation is 10, or when the ground is covered in
snow.

S11.2.2 Transport capacity

The maximum mass of material that can be transported from the terrestrial store to the river is
calculated in equation 27. This term is important as it controls the flow erosion rate. To perform the
calculation, the total pathway length over which sediment is transported must first be defined, using the
reach length (L) and the subcatchment area (Ca):

Rrccoeff

S99 — Recmax) X 86,400 Eqn 27

Mr¢ = Rpesp X (



S11.2.3 Flow erosion

The rate at which sediment is detached from the soil store due to flow erosion (Mgiowerosion) is driven by
sediment transport capacity (Mrc), sediment splash detachment (Mspiashoet) and a function (k) of soil
erosion potential (SEP).

k Msplash
MFlowErosion = < k > (1 - %) Eqn 28
1+—— TC
Mrc
; RFEcoeff
Where k = Rggsf X Rpgpot (M - RFEmax) “ x 86,400 Eqn 29

. . . , . am
When the mass of sediment available in the sediment store (Msedstore) is greater than zero ( %w)

or where the sediment store equals zero and that mobilized through splash erosion exceeds the

. am .
transport capacity of the overland flow ( % < 0 AND Mgpjashpet > Mr¢), the mass of sediment
carried to the stream is equal to the sediment transport capacity (Mrc). In this case, sediment changes in

the sediment store are calculated as:

dMSedStore _
dt = MSplashDet — My¢ Eqn 30

And here, the mass of sediment transported to the stream is calculated as:
Msedout = MTC Eqn 31

Otherwise, where the transport capacity is greater than the sediment mobilized in splash detachment,
there is no change in the sediment store:

dMsedstore

—— = Eqn 32
" 0 gn3

In these conditions, Msedout = Msplashpet + MFlowErosion Eqn 33

The total mass of sediment transported to the reach from all different landuse classes is calculated by
summing outputs from all classes:

LU classes
_ LU%
Myotaisedout = Ca —55 Mseaout Eqn 34

S11.2.4 Grain sizes

Five soil grain size categories are modelled in INCA-PEco; clay (0-0.002mm); silt (0.002-0.06 mm); fine
sand (0.06-0.2mm); medium sand (0.2-0.6mm) and coarse sand (0.6 — 2mm). In the terrestrial phase, for
each landuse type the user enters size grain size distributions (%s) across the 5 categories. The size
distributions are combined to calculate a weighted average soil texture for the entire subcatchment, and



used to estimate the median grain size distribution of the output of sediment mass. This makes the
assumption that the transported soil aggregates have the same particle size distribution as the parent
soils.

Sl 1.3 Phosphorus

There have been multiple iterations of the INCA-P model, but each had a common theme whereby
phosphorus is simulated in a sum of ‘dissolved’ and ‘particulate’ forms; or in the case of soil and
groundwater, a combination of labile and inactive. Dissolved phosphorus may move between quickflow,
soil and groundwater stores in hydrological drainage. Particulate phosphorus is simulated only within
the quickflow store but may be moved laterally through sediment erosion and transport pathways; and
labile phosphorus is simulated only within groundwater and soil stores. Phosphorus may move between
dissolved and particulate (or labile) phases within each store through processes of desorption and
sorption, controlled by Freundlich isotherms.

Total phosphorus (TP) is input into each of the terrestrial stores in either a solid or liquid form, by user-
specified inputs of fertilizer and atmospheric deposition. To simulate these, periods of fertilization
(start: Fstart) and duration (Fqur) are set by the user; specific to each landuse type. Where the model date
occurs within the range of Fsart + Faur, solid, phosphorus inputs (kg ha™ day?) to the model include:

Rsp
Msoip = Rsman + Rsrert + Ryes + ;6? Eaqn 35
And MliqP = Riman + leert + MwDep Egn 36
HERf

Where MwDep = m wDepAnnual Eqn 37

For dates occuring outside of the fertilisation period, inputs are simply:
_ RsDep

Msoip = Ryes + 365 Eqn 38
And Mlqu - MwDep Eqn 39

Solid inputs of P are added to the solid soil store, and liquid inputs to the soil water.
Sl 1.3.1 Phosphorus in soil and soilwater

Soil phosphorus is divided into two components: a) that which is water soluble or ‘labile’, and which is
available for sorption reactions; and b) the unavailable inactive mineral or recalcitrant organic form. The
store of labile P can change over time, due to inputs of solid P (Mslp), adsorption of phosphorus from
the soil water, and breakdown of inactive mineral or organic P over time. Outputs occur through erosion
and transport to the river reach, or through immobilization back to inactive P.

AMigpite __ AdMsorbed Migpiie
=100 X MsolP + + RweatherCtMinactive - MSedOut T RimmothMlabile

dt dt Msoi
Eqn 40

A user-defined saturation threshold may be set for the maximum concentration of labile phosphorus
permitted within the soil (Riabsat), Where:



Miapit . _
|fﬁ = Rlabsat : Mlabile - Rlabsat X Msoil Eqn 41
In this case, the excess P is added to the soil water TDP (equation 44). In turn, the inactive P store
receives inputs from immobilization of labile soil P; with outputs from erosion and weathering.

AMinactive _ Minactive

dt = Rimmob CtMinactive — Mseaout Maoit — Ryeather CeMiapite Eqn 42

In the liquid phase, phosphorus is represented as total dissolved phosphorus (TDP). Changes in TDP
mass are calculated as total liquid inputs (Miigp), minus outputs of portions which are sorbed to the soil
labile P mass, those taken up by plant growth and those removed through hydrological flow pathways
(i.e. soil drainage). TDP drained from the soil may transfer to direct runoff through saturation excess
flow, or to groundwater via percolation.

When the volume of water in the soil water store is >0, then:

aM am 86400 X XM
TDP_sw — 100 X MliqP _ sorbed QSW_out TDP_sw Eqn 43

dt dt — Tuptake — Vsw

However where there is no water in the store, TDP cannot be removed through drainage, and the
change in TDP mass is simply:

dMTDP_sw _ AdMsorbed
DI = 100 X Myyqp — 2200 — Py Fqn 44

If the mass of labile P in the soil is greater than the user-defined saturation threshold (Riabsat), then total
mass of TDP in the soil water is calculated as :

Mrpp_sw = MTDP_SW(O) + (Mlabile — (Rigbsar X Msoil)) Eqn 45

It is here that the additional labile P (from equation 40) is added to the soilwater store as TDP. The
concentration of TDP (mg/l) in the soilwater is calculated from the mass as:

CTDP sw — 103 X m Eqn 46
- Vsw

a) Soil P sorption processes

The change in mass of P sorbed to the soil over time (Msorsed), is calculated as being proportional to the
difference between the soil water TDP concentration and the concentration at which no adsorption or
desorption occurs; otherwise known as its equilibrium phosphorus concentration zero value, or EPCy
Calculating this change in mass is achieved using a version of the Freundlich isotherm derived from
House and Denison (2000):

1 1
dMi;trbed = 1073 x R (CTDP_SWFISW — EPCO’SWFISW )VSW Eqn 47

It has been found that the EPC, of soils and sediments are dynamic, and that affected by long term
accumulation or loss of labile P stores. In INCA-PEco therefore, a dynamic EPCy is calculated, which is
dependent upon the mass of P in the labile store:

If the Msi>0 and Myapie >0 and soil P sorption coefficient (Rsesoil) is > 0



6 \Flsw
EPCosw = ( 2 x —Mlabue) Eqn 48

Rscsoil Msoil

Otherwise EPCy sy = Crpp sw Eqgn 49
b) Plant growth and temperature dependency of processes

Within the soil water, TDP can be taken up by plants, which requires specification of growth start dates
(Gstart) and duration (Ggur), growth rates and nutrient requirements. User-specified annual maximum
daily or annual uptake values (kg m day?) are provided for plant growth, which the plants may not
exceed. TDP uptake calculated for a date occurring outside of the growth period, or for a period after
which the maximum uptake quantity has been exceeded, is calculated as zero. In this event, excess P
would remain in the soil water as TDP. Otherwise:

SMDmax—SMD)

. M:
Puptake =min (106 X Ruptakect X ( SMDymax [growth X %: 100 x Rmaxup) Eqn 50

Where lgrowth is @ seasonal plant growth index, defined as:
. 2
Igrowth = Roffset + Ramp sin (E (DOY - Gstart)) Egn 51

A temperature factor ‘Ct’ is used in plant growth, and in chemical immobilisation and mineralisation
equations. This factor increases reaction rates under conditions of increasing temperature.

Tempgoijo—TempQioa

Cy = Tempgqo 10 Egn 52

C: is therefore dependent on a time-series of soil temperature, which is calculated from air temperature
using the Rankinen et al (2004) model.

86400 Reherm
106 Heatcqp (2dsoittemp)

Tempsoil = <Tempsoil0 + 2 (Tempairo - TempsoilO)) e_Rdampdsnoqun 53

Where dsoittemp is the depth at which soil temperature is calculated (0.2m), and Heatc,p is the combined
specific heat capacity from freezing, thawing and soil:

If Tempsoiio > 0: Ca = Ksoil; otherwise: Ca = Keoil + Rireeze Egn 54

And where dsnow is the snow depth (cm) calculated from the snow water equivalent (equation 7) using a
user defined water equivalent factor’ (Rweqv)

1 Snowgeqy
dsnow = X

Rweqw 10

Eqgn 55

A minimum air temperature threshold can also be set for the process of immobilisation. Should the air
temperature falls below this value, C:=0

Sl 1.3.2 Phosphorus in groundwater

TDP is input to groundwater through desorption from the aquifer matrix, and via percolation from the
soil water. Similar to processes occurring in the soil water phase, adsorption and desorption are



governed by the dynamic EPCo and Freundlich isotherm. The aquifer mass involved in P sorption
reactions is calculated as:

Maquifer = 109RMaquifer Eqn 56

And the change in P sorbed in groundwater over time as:

1 1
. 1
—Msoj:d‘cw = 1073 X Rgwssc (CTDP_GWFIGW - EPCO,GWFIGW) Vew Ean 57

Where both the groundwater mass of sorbed P, and the groundwater P sorption coefficient are greater
than zero, the EPCycw is defined as:

Flgw

106 M

EPCO ow = ( sorbed,GW) Eqn 58
’ Rew _coeff Magquifer

Otherwise: EPCogw = Cropgw

And again, similar to within the soil, a saturation excess threshold can be set within the groundwater
aquifer (Ragsat), where the excess P remains as TDP in the groundwater aquifer.

Msorbed_GW . _
If Maquifer 2 Raqsat- Msorbedgw = Raqsat X Maquifer Egn 59

Therefore the total change in TDP mass within the groundwater is calculated as that which has
percolated down from the soilwater, minus that which has sorbed (and temporarily inactivated) to the
aquifer, minus that which has drained out of the aquifer:

AMrpp gw _ 86400 BFI X Qsw XMrpp sw _ AMsorbed gw _ 86400 Qgw X MTpp gw
dt Vsw dt Vew

Eqn 60

M
And [f —2rbedfi > Ragsat: Mrpp aw = Mrpp cw(o) + (Msorbed_GW — Ragsat X Maquifer ) Eqn 61

aquifer

The final TDP concentration in the groundwater water column is therefore:

CTDP GW — 103M Eqn 62
- Vew

Sl 1.3.3 Phosphorus in quickflow

Uniquely in direct runoff compartment of the model, no transformation between dissolved or solid
bound P-phases are simulated. Instead in this phase phosphorus is modelled as dissolved (TDP) and
particulate (PP) phosphorus, each in isolation of one another.

1.3.4.1 Dissolved phosphorus:

TDP inputs to the quickflow compartment come only from saturation excess flow, originating from the
soilwater. An assumption is made that the TDP concentration of the saturation excess water is equal to
that of the soilwater. Although water from infiltration excess is added to the quickflow zone, no



phosphorus concentration is included in this flow input; and as a result, any IE water additions
effectively dilute the saturation excess concentrations. Change in TDP quickflow mass is calculated as:

AM1DP QF _ 90400 (Qsat X Mrpp sw _ QoF X MTDRQF) Eqn 63
dt sw Vor

MrTpp_QF
QF

Where the concentration of TDP is calculated as Crpp oF = 103 and TDP is output directly to

the stream.

The fluxes of TDP exported to the river from each landuse class (kg km) is calculated by summing
exports from soilwater, quickflow and groundwater:

M M X M
Myppeiass = 86400 (st XMTpp_sw + Qcw X MTpp gw + Qqr TDP,QF) Eqn 64
Vsw Vew Vor
And the total TDP mass exported to the river reach is calculated by summing totals from each landuse
class within each subcatchment:

LU classes
_ LU%
MTDPtotal - Ca 100 MTDPclass Eqn 65

1.3.4.2 Particulate phosphorus

The mass of particulate phosphorus (PP) carried in the quickflow compartment is characterized from the
mass of sediment, labile phosphorus and inactive phosphorus eroded from the soil water (equation 39).
As fine-grained particles will typically hold higher quantities of P than coarse grained ones, an
‘enrichment’ factor allows the user to characterize their PP concentrations by soil type. Within each
landuse class, the flux of particulate phosphorus (kg km™ day?) is calculated as:

(Migpite + Minactive)
labile inactive Eqn 66
Mgoil

Mppciass = Rer X Mseqout

The total mass of PP exported from the land to the stream is calculated by summing the total sediment
exported from each landuse class:

LU classes
_ LU%
MPPtotal - Ca 100 MPPclass Eqn 67

SI 1.4 Biological oxygen demand

A key new feature of INCA-PEco is the ability to simulate both biochemical oxygen demand (BOD) and
dissolved oxygen (DO) in terrestrial and aquatic phases. For each landuse category, the user enters an
initial soil water BOD concentration (mg/l). The soil water BOD concentration can be reduced by a user-
specified daily decay rate, and through inputs of organic material onto the land, e.g., manure and plant
residue, at user specified times and durations throughout the year.

Change in soil water BOD mass (Msop_sw, & km™) is therefore calculated as BOD additions associated with
organic material, fertiliser (Rsoprert, g km d?), a BOD decay rate, and advective transport out of the soil
water box:

am M
—L2% = Rpopfert = (Rsw_sopdecay X T'T X Mpop_sw) = 86400 X Qsw our X (%) Eqn 68



Where rT is a soil temperature factor, similar to that in equation 51; which increases the rate of BOD
decay under higher temperatures:

rT = 1.07(TemPsoi—20) Eqn 69

Similarly, in the groundwater store, initial conditions are specified by the user. Change in groundwater
BOD mass (Msop_ew, g km? day™?) is equal to BOD additions from percolation of soil water, decay of BOD
and advective transport out of the groundwater phase. Where BOD percolating from the soilwater is
calculated as:

MBODPETC = BFI X QSWx MBOD_SW X 86400 Eqn 70

And BOD groundwater flux from each landuse category:

dMpop ¢w _ MBobDperc
dt Vsw

QGWXMBOD_GWx864OO) Eqn 71

— (Rew_Bobaecay X T X Mpop cw) — ( Vew

Biological oxygen demand is not simulated in direct runoff as it is assumed that any surface runoff will
be sufficiently aerated to have a BOD of zero.

Fluxes of BOD exported to the river from each landuse class (kg km) are calculated by summing exports
from soilwater and groundwater:

MsopLuciass = 86400 (QSW XMpop_sw + Qew X MBOD_GW) Eqn 72
Vsw Vew

And the total BOD mass exported to the river reach calculated by summing totals from each landuse

class within each subcatchment:

LU classes
_ LU%
Mgoptotar = Ca -5 MpopLuctass Eqn 73

SI 1.5 Dissolved oxygen

Unlike for phosphorus and BOD, the user simply specifies a ‘DO concentration constant’ for soil water
(Rpo_sw), groundwater (Roo_sw) and quickflow (Roo_ar) boxes. Daily flux within a landuse class is therefore
associated with advective flow:

dMZ% = Rpo_sw X 86400 X Qsw out X (M.‘;z—;vm) Eqn 74
TEDOGW — Rpp ow X 86400 X Qg X (2 Eqn 75

- aw
am M

The flux of DO exported to the river from each landuse class (kg km) is calculated by summing exports
from soilwater, groundwater and quickflow:



M M M
MpoLyeiass = 86400 (QSW XMpo_sw + Qew X Mpo cw + QgF X DO_QF> Eqn 77
sw Vew Vor

And the total DO mass exported to the river reach calculated by summing totals from each landuse class
within each subcatchment:

LU%

LU classes
Mpototar = Z Ca 100 MpoLuciass Eqn 78

Aguatic equations

S1 1.6 in-stream hydrology

Within each reach, the change in flow, volume, depth and width of a water body are tracked using a
version of the Manning’s equation. The use of this method in the INCA suite of models is unique to
INCA-PEco and INCA (ON)-THE and is adapted from recent changes made to the PERSIST model (Futter
et al,, this issue).

v=n"1xHR3 x 52 Eqn 79

Where n (Manning’s roughness) and S (stream bed slope) are user defined parameters, and HR
(hydraulic radius) is calculated as reach cross sectional area (A;) divided by reach wetted perimeter (P;).
The cross sectional area is determined using the stream depth (D), and average width of the channel
taken at the stream bed (W.ed) and at the stream surface (Wsur)

A-=D (W) Egn 80

And reach Pr is calculated as a function of Wseq, Wsur, and D:

1

_ 2 2
Po= Wipq +2 ((%) + DZ)Z Eqn 81

A constant relationship between channel depth and Qreachout is determined through user-defined values
of ‘¢’ and ‘f":

D=c X Qreachoutf Eqn 82

And similarly between Qreachout and stream surface width using constants a and b:

b

Wesur = a X Qreachout Eqn 83

Present day in-stream water storage (Sreach) is calculated using the previous day’s volume (Sreacho), and
net infow (Qreachin), accounting for reach residence time. Qqeachin is the sum of upstream inputs, terrestrial
inputs from quickflow, groundwater and the soilzone; and effluent discharge minus abstraction:

—86400 XV —86400 Xv)

Sreach = Sreachoe L + RTreach X Qreachln X (1 —e€ L Eqn 84

L

Where RT, = —
reach ™ gg400 xv

Eqn 85



Reach outflow (Qout) is therefore calculated as:

_ Sreach—-171 Qreachin—Sreach
Qreachout = 86400 Eqn 86

S1 1.7 In-stream sediment

Inputs of suspended sediment to the river reach include surface runoff (eqn 34), from direct point-
source inputs such as sewage treatment works, or from optional additional bank erosion (termed
‘background sediment release’ in the model). Depending on the balance between stream bed
entrainment factors, shear velocity and the grain size of the available sediments; suspended sediments
may settle out and accumulate on the stream bed, or be entrained from the bed into the water column.
Previous versions of INCA made assumptions that flow was governed only by gravity (i.e. slope); that the
channel cross section was rectangular, and that river reaches were uniformly mixed. With the
integration of the new Manning’s formula, the model is no longer reliant upon this first assumption.

S11.7.1 bed sediment entrainment

Sediment within the river is tracked independently by grain size (clay, silt and fine-, medium-, and
coarse- sand). First the maximum grain size which can be entrained (Gmax) is determined, using the reach
shear velocity (Vshear), Which is determined by acceleration through gravity (g), water depth (D), channel
slope (S), and a user-specified deviation from the ‘ideal’ channel characteristic (Vgev).

Where Gpgy = 9.9941 (Vopoqr)?°208 Eqn 87

And Vepear = 9DVierS Eqn 88

The Gmax is used to calculate the proportion of each size class that can be entrained for a given shear
velocity. Entrainment is considered impossible where Gmay is less than the smallest diameter of a
particular size class (Enty = 0). If Gmax > the largest grain diameter of the class, all sediment of that class is
movable (Enty = 1). The grain size distributions within a class are assumed to be uniform; and where
Gmax is between the smallest and largest grain size, proportional entrainment within that class range is
calculated. The moveable bed sediment mass (Mmoy) is therefore determined as:

Moy = Mpeq X Enty, Eqgn 89
Where Mpeq is the total bed sediment mass (kg) available on that particular day.

Moveable bed mass and the amount of sediment which is entrained are not however the same thing.
Calculations of entrainment additionally take into consideration stream power (S, m2) and bed friction

(re):
Ment = Rentsf X Mmov X Sp X Tf X 864’00 Eqn 90

Where Sp is calculated as a function of water density, acceleration due to gravity, stream depth, velocity
and slope:

Sp = Densityy,o X g XD XvXS§ Egn 91

Where Rents is a user defined scaling factor, designed to enable the scaling up of processes, and bed
friction (r¢) is a function of stream hydraulic radius , compared to that of a perfect pipe



__ HRsed

= HRer Eqn 92
Where hydraulic radius used in the bed friction equation (HRsed) is defined as:
2XW.
HRsed sed
2D X Wyeq
(VVsed)z
And where HR,,, 4, = . Egn 93

Wsed

S11.7.2 bed sediment deposition

A terminal settling velocity (vierm) determines the point at which suspended sediment settles from the
water column to the river bed. This velocity is dependent upon gravity, density of sediment (2650 kg m"
3) the median particle diameter of suspended sediment (Gmed) and fluid viscosity (f.):

__ (Densityseq—Densityyz0)XgXGmea®
Vierm = 167, Eqn 94

A combination of the terminal settling velocity and the total mass of suspended sediment available are
used to calculate the mass of sediment deposited (Msedpep)-

Where Mgeapep = Veerm X SMi X 86400 Egn 95

reach

Where My is the mass of sediment available at the start of the time-step.
S11.7.3 Background sediment release

During low flow conditions, trapped sediment may still be released from vegetation patches, from
between larger pebbles and boulders, and from depressions in the stream bed. The INCA-PEco model
has a ‘background sediment release’ function to allow the user to simulate such release of sustained
suspended sediment concentrations during low flow conditions. As this function is designed to
characterize fine grained sediments observed during baseflow, it releases only particles within the clay
grain-size fraction. Two user-defined parameters, termed ‘background scaling factor’ (Bsf) and
‘background non-linear coefficient’ (Bnl) are used to release clay as a function of reach flow:

— Bnl
Mbackground - BSf X QreachOut Eqn 96

Concurrent mass balance accounting is performed for each grain size category at each time step, by
considering the entrainment and deposition of each grain size class; so that the bed sediment flux is:

d Mpea __
dt _ ~'sedDep - Ment Eqn 97

And the total flux in suspended sediment is dependent on inputs into and out of the reach, entrainment,
sedimentation, background sediment release, point source effluent, and reach residence time:

d Mgys
dt

QreachOut x 86400

M.
= Mrotaiseaout + Mps + ((L X Weea)Ment — Mseapep + Mbackground) + My, — =X

Sreach

Eqn 98



SI 1.8 Instream Phosphorus

In the aquatic phase, phosphorus is represented as TDP and PP, and is simulated separately in the water
column (WC) and the stream bed (SB). Exchange may occur between the two stores (stream bed and
water column) either through direct movement of TDP from bed sediment pore-water into the overlying
water column (pore-water flushing); or through mobilization and settling of PP between stream bed
sediments and the water column (particle suspension and deposition). Within each store, phosphorus
may also transform between TDP and PP using Freundlich isotherms. Equations are solved
independently for each reach.

S11.8.1 Phosphorus in the water column
a) Dissolved phosphorus

TDP is added to a reach from upstream and terrestrial and inputs (eqn 65), and from user-defined
sewage effluent. Outputs occur via abstractions and reach outflow.

d Mtppwc

_ dMsorb,WC
. Mrpp ys + Mrpptotar + Mrppesr + Mrppex = Mrppaps — Mrppour — —,——  EQn99

dat

A user defined saturation threshold is included however (Cpsatwc), to prevent P from adsorbing to
suspended sediment ad infinitum. Should the concentration of PP in the water column (as a fraction of
total suspended sediment mass) exceed this threshold, then the excess P is added to the water column
as:

d Mtppwc _

— = Mrppwc) + (MPP_WC — (Cpsat we % Msus)) Eqn
100

The concentration of TDP in the water column (mg/l) is expressed as:

CTDP wec = 103 X M Eqn 101
- Sreach

Where TDP outflow from the reach (Mppout) is calculated as a function of advection:

Myppous = 86400 X Mtpp_ wcXQreachout Eqn 102

Sreach

The change in mass of P adsorbed to suspended sediments in the water column is calculated in a similar
manner to that in the terrestrial phase (Eqn 47). The theory applied is that change in mass of P sorbed to
suspended sediments over time (Msor_wc), is proportional to the difference between the water column
TDP concentration and the water column EPCO value.

1 1

W =107 X Rsr wc (CTDP_WCTWC — EPCoyycFiwe )Sreach Eqn 103

And where if the Mgys>0 and Mpp_wc >0 and the water column P sorption coefficient (Rsr wc) is >0

6 Flyc
EPCowe = ( = X MPP’WC) Egn 104

Rscwc Mgy

Otherwise EPCy . = Crpp wc Egn 105



Finally, the exchange of TDP between the water column and stream bed pore waters (Mrppex) is
calculated as:

Mrppex = 1073 X Rgyop X Sreacn (CTDP_SB - CTDP_WC) Egn 106
b) Particulate phosphorus

PP is input to a river reach from the terrestrial phase (Eqn 65), upstream reaches, sewage effluent, and
entrainment from stream bed PP (Eqn 84). It is removed via abstraction, particle settling, de-sorption,
abstraction and through outflow from the reach.

d Mpp wc
dat

dMsorb_wc

FTEE Mppent — Mppaep — Mppans — Mppous EQn 107

= Mpp_ys + Mpptotar + Mppess +

Again, that saturation threshold (Cpsatwc) for PP cannot be exceeded however, and therefore:

. Mpp wc
if —EPWC

Y Cpsat. we: Mpp we = Cpsac we X Msys Eqn 108

Both entrainment and deposition of PP are controlled by reach sediments, where entrainment and
deposition are assumed to be zero where the mass of bed sediment and suspended sediment
(respectively) are nil. Otherwise:

Mpp sp

Mppent = Ment " L X Wpeq Eqn 109
And MPPdep = Msedpep % L X Wpeq Eqn 110

sus
The mass of PP output from the reach is calculated as:

86400 XMpp wcXQreachout

MPPout = Eqn 111
Sreach

And the final concentration of PP in the water column is expressed as:

Copye = 103 ZpEwe Eqn 112

Sreach

S11.8.2 Phosphorus in the bed sediment
a) Dissolved phosphorus

TDP exchange between stream bed sediment (SB) and the water column (WC) may move in either
direction, depending on the concentration of pore water and concentrations in the overlying water
column (Egn 106). This exchange, in addition to the change in P sorbed to the stream bed determines
the bed sediment TDP concentration:

d Mtpp_sp

dt = _MTDPex - M Eqn 113

dt

And, as in the water column, if the mass of PP in the stream bed (as a fraction of total bed sediment
mass) is greater than the user-defined maximum allowable phosphorus: sediment in the stream bed (kg
P/kg sed), then:

Mrpp sg = Mrpp_sp(oy + (MPP_SB - (CPsat_SB X Mbed)) Eqgn 114



P sorption in the stream bed is calculated through Freundlich isotherms and EPCO concentrations, in an
identical fashion to that applied to the water column sorption reactions (Eqn 103-195):
1

1
—dMs;rtbbed =107 X Rgp sp (CTDP_SBFISB — EPCysp™ise )Sreach Ean 115

Where if the Mpes>0 and Mpp _sghed >0 and the stream bed P sorption scaling factor (Rse sg) is >0

6 Flsp
EPCosp = ( = —MPP*“’) Eqn 116
Rsc_sB Mpea
OtherW|se EPCO,SB = CTDP_SB Eqn 117

The concentration of TDP in the porewater (Crop_ss) is calculated taking into account the porewater
volume (Vow), where:

pr = Wgeq X L X RbedDepth X Rpeap Egn 118

So that:

CTDP_SB = 103 X M Eqn 119
pw

b) Particulate phosphorus

In the stream bed, PP may be lost through entrainment or de-sorption, and gained through deposition
or adsorption:

dMPP,SB _ dMsorbed
dt = dt + MPPdep — Mppent Eqn 120

Again here the saturation threshold limits the amount of P which can be adsorbed onto bed sediments:

Mpp_sB . —
Where —-="= = Cpsat_sp* Mpp_sg = Cpsat_sp X Mpea Eqn 121

S1 1.8.3 Soluble reactive phosphorus in the water column
While only two fractions of phosphorus are explicitly modelled in INCA (PP, TDP), and of course the sum
of their parts TP; INCA-PEco does have a function with which to derive a more bioavailable component,

soluble reactive phosphorus (SRP). Several options are available, although all assume a constant
relationship over time with another (proxy) parameter.

Either Csrp_we = Gradsgp.rpp X Crpp_wc + Ysrp.rpp Eqn 122
Or Csrp_wc = Crpp_wc + Ratsrp.poc X Obspoc Egn 123

Planned future improvements in INCA-PEco will explicitly model SRP, DHP, and organic matter, to
include time-varying relationships between TDP and SRP; mobilization of SRP from the stream bed
through microbial communities, and interactions between Fe and anoxia.



SI1 1.9 Instream biochemical oxygen demand:

Organic compounds which are present in the water column may reduce concentrations of dissolved
oxygen (DO) as they decay and oxidise. The demand that this decaying organic matter puts upon the DO
concentration is known as the biochemical oxygen demand. Determination of changes in BOD mass
within the water column (Mgop_wc) are therefore essential for determination of water column DO.
Essentially they represent the amount of oxygen used in respiration by micro-organisms during their
consumption of organic matter (Cox, 2002). The rate at which biochemical oxidation occurs is assumed
to be proportional to the amount of organic matter remaining in the water; therefore, BOD can be used
as a proxy for a waterbody’s organic matter content (Cox, 2002). In INCA-PEco inputs of BOD are from
upstream reaches, the land phase (Equation 70), wastewater treatment effluent (Mgopww) and
contribution of dead phytoplankton to BOD (BODyhyto). Reach outputs are via settling of BOD (BODsettie)
and advection:

d Mpop wc _ 86400 Mpop wc XQreachout
- MBODuS + MBODtotal + MBODWW + BODphyto - BODsettle -
dt Sreach
Eqgn 124

As phytoplankton die, the oxidation of their decaying matter takes up oxygen from the water column. In
INCA-PEco this mass of phytoplankton oxygen demand is included in the BOD as ‘phytoplankton BOD’ (g
BOD km). Where Rpnytosonp is a user defined parameter of the dead algae contribution to the BOD (mg O;
ug chl a* day™) and Cpnytopeatn is concentration of phytoplankton dying per day (ug chl a day™).

1000
BODphyto = RphytoBOD (CphytoDeath %) Egn 125

As organic matter settles and is buried within the bed sediment, it is deactivated as a source of oxygen
demand. It is possible however that the decaying organic matter could later be re-suspended, and re-
integrated as a BOD input. Therefore, in INCA-PEco, the amount of BOD which has been buried (g O, km-
2 day) is calculated using a net settling velocity (burial minus resuspension) of m day* which varies with
reach depth

BODsett1e = % Mgop we Eqgn 126

Where Ryety is a user defined parameter.
SI 1.10 Dissolved oxygen

Within the water column, changes in mass of DO (g km-2) are calculated by taking into consideration the
major sources and sinks of DO in rivers (Cox; 2002) including influx from upstream reaches (Mpous g km?)
and the land phase (Mpototal § km-2), phytoplankton oxygen contributions (DOphytox, § 02 km?day™?) , and
re-aeration (DOatmox, & O2 km™ day™). Outputs of DO are from uptake through BOD (Msop_decay_ wc, & km-?)
sediment oxygen demand (DOs.q, g O, km2day™), and advection. Temperature is perhaps the most
significant driver of DO concentration in water, and as such is a key factor in each equation.



Mpo wc _

dt - MDOus + MDOtotal + DOphytox - Dosod + Doatmox - MBOD_decay_WC -
(86400 X Mpo wc XQreachOut) Eqn 127
Sreach
And the concentration of dissolved oxygen expressed as
_ 3 Mpo wc
Cpo we = 10° X ——— Egn 128

Sreach

To ensure that BOD cannot cause the DO to become negative, oxygen loss is set to zero if there is
insufficient DO to satisfy the BOD requirements. DO is also limited to 300% of the DO saturation value
(Dosat%):

C X100
DOgqro = % Eqn 129
sat

Where the absolute concentration at which the water column becomes saturated with DO is dependent
upon the following relationship with water temperature (ref?):

Absgyr = 14.652 — 0.41022 x Temp,,. + 0.0079910 x Temp,,.> — 0.000077774 x Temp,, >
Eqn 130

S11.10.1 Atmospheric re-aeration

Inputs of DO through atmospheric re-aeration (DOatmox) can be calculated either by the model, or set
using a user-defined parameter. In both cases, re-aeration is a function of the rate that aeration occurs
(DOatmox/day), the total concentration of DO which the water column can hold (Abss.t) and the DO mass
currently within the water column (Mpowc):

DOgtmox = Doatmox/day X (Abssat - MDO_WC) Egn 131

Where the user defines parameters for input into re-aeration; the DOatmox/day parameter is defined as:

20

DOgtmox/day = Raer X 1.0247€mPWe" Eqn 132
The model calculated version is dependent upon water temperature, depth and velocity. Where Tempuc
is <30°C, the following equations are used:

E0.375 1

= 1.7535 (L) To

DOatmox/day s 12.0 Eqn 133
Dx(0.94Fr)L5 2.751XT gp XE-
) " tanh( (0.9f1§r)0-5 )
S
Where Fr = W Eqgn 134
And Ty = 9.68 + 0.054 (Temp,,. — 20) Eqn 135
AndE =S5 Xv X9.806 Eqn 136
And Ty, = 0.976 + 0.0137 X (30 — Temp,,)*> Eqn 137

In the event that water temperatures cross the 30°C threshold, equations from one of Owens et al
(1964), O’Connor and Dobbins (1958) or Churchill et al (1962) are implemented, dependent upon depth
and velocity as per Cox (2002). Where stream depth is less than or equal to 0.74m then :



DOgtmox/day = 5:3327 X %67 x D185 x 1.0241TemPwc=20 Eqn 138

Where stream depth is greater than 0.74m and reach velocity is less than or equal to 1.28m s then :

DOg¢mox/day = 3:952 X v%5 x D71° x 1.0167¢MPwe=20 Eqn 139
Otherwise :
DOgutmox/day = 5014 X p0-969  D=1673 » 1,0241T¢mPwc=20 Eqn 140

SI 1.10.2 Phytoplankton respiration and photosynthesis:

Oxygen contributions from algae (DOyhytox) are calculated as a function of O, supplied by photosynthesis
(DOptsyn, g 02 km? day™) and used up through respiration (DOptresp, g 02 km? day™?):

DOphtyox = DOptsyn - DOptresp Eqn 141

Thresholds rates of ‘low’ (DOjo,syn) and ‘high’ (DOy;syy ) rates of photosynthesis are applied,
determined by the phytoplankton concentrations and daylight hours (Solarnours); where

Conyto < % DOpesyn = S0laTours®”® X DOjowsyn X 0.0317 x (Cpnyo ) Eqn 142
Otherwise:
DOpisyn = Solareyrs"”” x (DOlowSynl.SSS + DOpisyn0.0317 X ((cphyw - 50)))
Eqn 143
Where DOjoysyn = Riowsyn1.08T¢MPwe=20 Eqn 144
And DOpisyn = Rpisyn1.08T€MPwe=20 Eqn 145

Removal of DO through phytoplankton respiration (DOptresp) is determined by phytoplankton
concentration (equation 140), and a user defined respiration slope and offset:

DOptResp = ((Rphytoffset +R phytoSlope X Cphyto)1-08tempwc_20) Eqn 146
SI1 1.10.3 Sediment respiration (sediment oxygen demand)

Chemical oxidation of compounds may occur within riverbed sediments where organic matter is
incorporated in the channel bed, exerting a significant oxygen demand and influencing the in-stream
DO. This ‘uptake’ of dissolved oxygen is expressed as:

= _Mpowc
DOgpq = Sed,, X (1.4+ MDo,wc) Eqn 147

Where Sed.x is determined by a user defined rate of oxidation (R.x) and by the temperature of the water
column:

Sedoyx = Roy X = 1.08%MPwe=20 Eqn 148

S11.10.4 Biochemical oxygen decay rate



Similarly in the water column, organic compounds may reduce DO concentrations as they decay and
oxidise. A key removal mechanism of DO from the watercolumn is therefore associated with the Mgop_wc
(Egn 124).

MBOD_decay_WC = BODdecayCoefficient X MBOD_WC Egn 149

The specific quantity of DO removed by the BOD is calculated as being positively related to stream depth
and temperature of the water column, where if the water depth is > 2.4m:

BODdecaycoefficient = Oxid X 1.0477¢™MPwe=20 Eqn 150

D><3.28084)‘0-434

p X 1.0477emPwc=20 Egn 151

Otherwise BODgecaycoefficient = 0xid (

Where ‘oxid’ is a user defined parameter, determining the speed at which organic matter is oxidized.
S11.11 Phytoplankton

The concentration of phytoplankton in the water column is critical to calculations of DO and BOD mass;
considering the influence of phytoplankton respiration, photosynthesis and death on instream processes
(Egns 127 and 141). In INCA-PEco, phytoplankton is represented in units of chlorophyll (g I?) :

AdCphyt

% = CPhytoAdv + CPhytoGrowth - CPhytoDeath Egn 152

Unique to the simulation of phytoplankton in INCA-PEco, but inherent to the aquatic nature of their
habitat, there are no direct land phase additions of phytoplankton to the watercolumn. Instead the
model is first balanced by calculating the change in phytoplankton inputs from the upstream, minus the
outputs from the downstream; referred to here as advection (Cphytoadv)-

C -C
_ phyto_US phyto
Cphytoadv = ( Sreach ) Eqn 153

Qoutflow x86400

Subsequently, inputs from phytoplankton growth, and outputs of phytoplankton death are then
calculated. Due to the lack of land additions of phytoplankton, it is important that at least one upstream
reach is set with an initial Conyto >0, in order for phytoplankton growth to proliferate throughout the
model.

SI 1.11.1 Phytoplankton growth

Response of phytoplankton to light, temperature and nutrient availability varies by species; e.g. diatoms
will flourish in relatively low temperature and light conditions, provided sufficient nutrients are
available. It would not be possible to account for this variability without simulating responses of
individual species, e.g. in methods such as those applied in PROTECH (Elliot et al 2007). It is not the
intention of the INCA-PEco to achieve simulations of the biomass of specific species of algae, but to
provide a model capable of providing the BOD and DO concentrations as a result of phytoplankton
community growth; as the former are currently the most critical concern regarding the health of
waterbodies. The phytoplankton growth (Cenytocrowth) €quation has therefore been designed to enable
the user to specify the extent to which a community of phytoplankton responds to each driver of light,
temperature, nutrients and self-shading; and user-defined thresholds can be set to instigate and cut-off



specific drivers. This makes the phytoplankton component of the model particularly adaptable to
environments with seasonal blooms, ice-on and ice-off events, extreme light reductions, or extreme
heat changes, and particular dominant blooms of specific species. This enables the user to specify where
the phytoplankton community within each reach may be particularly sensitive, or not, to the availability
of nutrients

Csrp % RphytoShade

CPhytoGrowth = Rgrowth X Cphyto X1rT XrSR X Eqn 154

RsrPmax RphytoShade+CPhyto

Where rT and rSR are designed to activate a threshold below which temperature and light become a
limiting factor on algal growth; where:

when Tempg;, < RTempg;; 1T = 1.066t6MPwc=20 Eqn 155

OtherwiserT =1

SolarRad | _ SolarRad
SolarRad max " SolarRad max

And when Rgyp0r < Egn 156

Otherwise rSR = 1

Where Rsolar is a user-defined threshold of light required for growth, expressed as a fraction of annual
maximum solar radiation (0-1); and where SolarRad, and SolarRadMax are parameters calculated by
INCA-PEco (Egn 157 - 162). Rsrpmaxis a user defined threshold concentration of SRP at which
phytoplankton growth is uninhibited by nutrient availability; where Rgrowtn is a user defined rate of
phytoplankton growth, and Rphytoshade is the user-defined concentration of chl-a at which phytoplankton
growth becomes self-limiting.

Solar radiation is calculated using reach latitude and longitude, using equations from Cox, 2002:
Elevationg,q, = (sin(lat) X sin(dec)) — (cos(lat) X cos(dec) X cos(time)) Eqn 157
Where dec is a measure of solar declination, calculated as:

dec = 0.39637 — 22.9133 X cos(decl) + 4.02543 X sin(decl) — 0.3872 X cos(2 x decl) +
0.052 X sin(2 x decl) Eqgn 158

And where decl = 360 x —2 Egn 159

days in year
The solar elevation (Elevationsoar) can then be used to calculate the photosynthetically active radiation:
Solarradsy = Solar.onstant X Raaas X (sin Elevationgyq,) Eqgn 160

Where Raags is an atmospheric adsorption factor, calculated from Bras, 1990 as:

Elevationgeiqr

Raaas = exp (—3 X <0.12 —0.054 xlog10 (;D) Eqn 161

The 30 minute solar radiation values are then re-sampled to generate average daily solar radiation
(Solarrad), using the formula:

Solarrad = Mean (Solarrad;g) Egn 162



SI 1.11.2 Phytoplankton death

Death of phytoplankton (Cenytopeatn) is controlled by a user defined rate (day):

CPhytoDeath = CPhyto X RphytoDeath Eqgn 163



SI2: Parameter table

Location Parameter Description Units Type
name
SMD Soil moisture deficit mm input
SMDmax Maximum value in SMD input time series (must be set slightly higher) mm User def
HER Hydrologically effective rainfall mm day’? input
PPTN Precipitation mm day’? input
Tempair Air temperature °C input
HERf Flux of hydrologically effective rainfall m3stkm calc
PPTNyss Rainfall flux + snowmelt m3stkm calc
Snowppt Precipitation falling as snow mm day? calc
Rreorrect rainfall correction factor Unitless user defined
Meteorology Rscorrect Snowfall correction factor Unitless user defined
SM Snowmelt mm day’? calc
Rrtemp Temp above which all precipitation falls as rain °C user defined
Rstemp Temp below which all precipitation falls as snow °C user defined
Rsdeg Degree day factor for snowmelt mm °C? day? user defined
Rmelt Snow melt temperature °C user defined
SNOWpequ Snow depth water equivalent mm calc
SNOWpeqvo Snow depth water equivalent from previous day mm calc
SNOWEvap Water lost to evaporation from snow mm day? calc
Reotevap Potential snow evaporation rate mm day? user defined
Qsw_and Total soil water flow to stream m?3 sec?
LUclasses Class of landuse to which equation is applied unitless Categorical
Ca Subcatchment area km? User defined
LU% Area of landscape in a subcatchment % User defined
Terrestrial hydrology | BFI Baseflow index Unitless User defined
General Qsw Soil water flow (without saturation excess) m?3 sectkm? calc
Q 6w _land Total groundwater flow to stream m?3 sec’ Calc
Q 6w Groundwater flow m3 sectkm? Calc
Q oF jand Total quickzone flow to stream m3 sec™? Calc
Qar Quickflow m3 sectkm™ Calc




Q sw out Soil water flow and saturation excess m3 sec’t km™ Calc

Tsw Soil water characteristic time constant days User defined

Sustsy Sustainable soil water flow m3 sec’t km™ User defined
Soil water Vsw_drain Soil water drainage volume m?3 km calc

Satmax threshold soil water flow for saturation excess m3 sectkm? User defined

Vsw_retention Soil water retention volume m?3km™ calc

Rswretention Soil water retention volume constant Unitless User defined

Vsw Total soil water volume m3 km2 calc

Qse Saturation excess flow m3 sectkm? calc

Qe Infiltration excess m? sectkm? calc

Tar Quickflow characteristic time constant days User defined
Quick flow Var Quick flow volume m3 km2 calc

IE% IE proportion to quickflow Unitless User defined

Qunfiltration Infiltration rate m3 sectkm? calc

Imax Max infiltration rate mm day? User def

Tew Groundwater residence time days User defined

Groundwater . 3 el -2 :

Sustew Sustainable groundwater flow m?> sec™ km User defined

MiplashDet Mass of sediment mobilised by splash detachment kg m?2 day? Calc

Rssp Splash detachment scaling parameter sm? User defined

Rsplashpot soil splash erosion potential kg m2s? User defined

Rvegetation Vegetation cover coefficient Unitless User defined

Mrc Sediment transport capacity kg km2 day? Calc

Rrcsf Transport capacity scaling factor (a4) kg m?2day? User defined

Rrcmax Transport capacity Direct runoff threshold (a5) m? sec? User defined

. ) Rrccoef Transport capacity non linear coefficient (a6) unitless User defined

Soil erosion -

L Reach length m input

M ftowErosion Mass of sediment mobilised by flow erosion kg km2 day? Calc

Reest Flow erosion scaling factor (al) sm™ User defined

Rerepot Soil type dependent flow erosion potential kg km2st User defined

Rremax Flow erosion direct runoff threshold (a2) m3s? User defined

Rrecoeff Flow erosion non linear coefficient (a3) Unitless User defined

Msedout Mass of sediment transported to the stream (per landuse type) kg km2 day? calc

Misedstore Store of detached sediment kg km? calc




Miotalsedout Total mass of sediment transported to the stream from subcatchment kg day* calc

Fstart Start date of fertiliser addition Julian Day User defined

Faur Duration of fertilizer addition Days User defined

Msolp Sum of solid P inputs kg ha day? calc

Rsman Solid P manure inputs kg hal day? User

RsFert Solid P fertiliser inputs kg ha? day? User

RRes Plant residue solid inputs kg hal day? user
Phosphorus (general) | Rspep Annual atmospheric dry P deposition kg ha! year? user

Muigp Sum of liquid P inputs kg ha day? Calc

Riman Liquid P manure inputs kg ha day? User

Rifert Liquid P fertiliser inputs kg ha day? user

Mwbep Daily atmospheric wet P deposition kg hat day? Calc

HERfannual Annual total hydrologically effective rainfall flux m3km year? Calc

Rwdepannual Annual atmospheric wet P deposition kg ha? year? user

Miabile Total labile P mass in soil kg km™ Calc

Msorbed Mass of P sorbed as labile soil P kg km2 Calc

Rweather Weathering factor Day! User specified

Ct Temperature factor unitless Calc

Minactive Inactive P mass in the soil kg km™ Calc

Rimmob Immobilisation factor Day? User specified

Misoil Soil mass kg km™ User defined?

Riabsat Maximum soil labile P content kg P kg?! sed™ User defined

Mrop_sw Mass of TDP in soil water kg km™ Calc

Phosphorus in soil Mrpp_sw(0) Mass of TDP in soil water from the previous day kg km™ Calc

Ruptake Plant P uptake factor m day? User specified

Puptake Plant uptake of P from the soil water kg km? day™? Calc

Crop_sw TDP concentration in soil water mg I calc

Rssc Soil sorption scaling factor Day’! User defined

Flsw Soil Freundlich isotherm constant unitless User defined

EPCosw Soil EPCo mg I Calculated

Rsc sw Soil P sorption coefficient kg™ soil User defined

lgrowth Seasonal Plant growth index unitless Calculated

Rmaxup Maximum daily plant P uptake kg hat day? User specified




Roffset Plant growth curve vertical offset Unitless User defined

Ramp Plant growth curve amplitude Unitless User defined

DOY Day of year Julian day User defined

Gstart Start date of plant growth period Julian day User defined

Tempaio Change in rate with a 10° C change in temperature Unitless User defined

Tempaqioa Temperature at which the rate response is 1 °C User defined

Rtherm Soil thermal conductivity W mtect user defined

Tempsoi Current soil temperature °C Calc

Tempsoio Soil temperature from the previous time step °C Calc

Tempairo Air temperature from the previous time step °C calc

Rdamp Empirical damping parameter cm? user

dsnow Snow depth cm calculated

Heatcap combined specific heat capacity from freezing, thawing and soil 108Jm3°C? Calc

Ksoil Specific heat capacity of soil 108)m3ec? Calc

Rreeze Specific heat capacity due to freeing and thawing of soil 108)m3°c? User specified

dsoilTemp Depth at which soil temperature is calculated meters Calculated

Rweav Water equivalent factor Unitless User defined

Maguifer Aquifer mass kg km2 Calc

RMaquifer Aquifer mass per m? (depth x density) 10% kg m? User def

Rew ssc Soil sorption scaling factor day? User defined

Crop_ow TDP concentration in groundwater mg I calc

EPCo ow Groundwater EPCy mg I Calculated
Phosphorus in Flow Groundwater Freundlich isotherm constant Unitless User defined
groundwater Rewcoeff Groundwater P sorption coefficient kg soil User defined

Misorbedaw Mass of P sorbed as labile groundwater P kg km2 Calc

Ragsat Maximum aquifer solid P content kg P kg sed User defined

Mrop_cw TDP mass in groundwater kg km2 Calc

Mrop_cwio) TDP mass in groundwater of previous day kg km™ Calc

Crop_ow Concentration of TDP in groundwater mg I calc

Mrop_ar TDP mass in quick flow kg km™ Calc
Phosphorus in Crop_oF TDP concentration in quick flow mg I calc

quickflow Mrbpelass Total TDP mass per landuse class kg km calc
Mpptotal Total TDP mass exported to river reach kg day* calc




Mppciass Mass of PP exported to river reach per landuse class kg km2day™ calc
Rer Soil P enrichment factor unitless User defined
Mppiotal Total PP mass exported to river reach kg day* calc
Mgop_sw Mass of BOD in Soil water g km™ Calc
Reobfert Mass of BOD in organic materials g km™ User defined
Rsw_sopdecay BOD soil decay rate g day? User defined
Biochemical oxygen rT BOD Temperature factor Unitless calc
demand Mgop_cw Mass of BOD in the groundwater g km™ Calc
Maobperc Mass of BOD percolating to the GW zone g km?? Calc
Rew_BoDdecay BOD groundwater decay rate g day? User defined
MBobLudlass Total mass of BOD exported river per landuse class kg day ™t km™ Calc
Meoptotal Total mass of BOD exported to river reach kg day* Calc
Roo_sw Initial DO soilwater concentration gl User defined
Mbo_sw Mass of DO in Soil water g km™ Calc
Mpo_ew Mass of DO in groundwater g km? Calc
Dissolved oxygen Roo_cw Initial DO groundwater concentration gl? User defined
Moo _ar Mass of DO in quickflow g km? Calc
Roo_ar Initial DO quickflow concentration gl? User defined
MbpoLuclass Total mass of DO exported river per landuse class g day*km™ Calc
Mobototal Total mass of DO exported to river reach g day? calc
Vv Reach velocity m sec’? Calc
N Manning’s roughness coefficient unitless User defined
HR Hydraulic radius m calc
S River bed slope mm? User defined
A, Reach cross sectional area m? Calc
D Reach depth m calc
Hydrology Weyr Reach width at the surface m Calc
Weed Reach width at the bed sediment m calc
P, Reach wetted perimeter m calc
C cQf Unitless User defined
F cQf Unitless User defined
A aQ’ Unitless User defined
B aQ® unitless User defined




Sreach Current day’s volume m3 Calc
Sreacho Previous day’s reach storage m3 Calc
RTreach Reach residence time days calc
Qreachin Net reach inflow m3 day? calc
Qvreachout Reach outflow m? st calc
Gmax Maximum entrainable grainsize m Calc
Vshear Reach shear velocity ms? calc
G Acceleration due to gravity (9.9941) m s constant
Vev Deviation from ideal channel characteristics unitless User defined
Mimov Moveable bed mass kg m3? Or per day? Calc
Mbed Total bed sediment mass kg m3? Or per day? calc
Entsy Proportion of bed mass which is entrained fraction calc
Ment Entrainable sediment mass kg m3? Or per day? Calc
Rentsf Entrainment Scaling factor (a8 in model) s? kg User defined
Sp Stream power per unit area of stream bed Jsim? Calc
re Bed friction m calc
HRsed Hydraulic radius used in bed friction equation m calc
Instream sediment Densityuao Density of water (1000) kg m3 constant
HRmax Hydraulic radius of a pipe m Calc
Vierm Terminal velocity ms? Calc
Densitysed Density of sediment (2650) kg m3 constant
Gmed Medium particle diameter m Calc
Fv Fluid viscosity ms? Calc
Miedpep Mass of suspended sediment deposited kg m? day? Calc
Msus Mass of suspended sediment available kg Calc
Mbpackground Background sediment released within a channel kg m2 day? calc
Bsf Background sediment scaling factor kg m2m?3 User defined
Bnl Background sediment nonlinear coefficient unitless User defined
Mps Sediment from a point source kg day? User defined
Mup Mass of suspended sediment from upstream kg day? Calc
In-stream phosphorus Mrop_wc Mass of TDP in the water column kg calc
Mt us Mass of TDP input from upstream reach kg day? Calc
(water column) = - -
Mppef Mass of TDP effluent kg day? User defined




Mippex Mass of TDP exchanged between pore water and water column kg day* calc
Mippabs Mass of TDP abstraction kg day? User defined
M1ppout Mass of TDP output from reach kg day* Calc
dMsorbwe/dt Change in mass of P adsorbed to suspended sediment kg day? Calc
Mrop_wc(o) Mass of TDP in the water column on previous day kg Calc
Mpp wc Mass of PP in the water column kg Calc
Crsat_wc Maximum P:sed ratio in suspended material kg P kg sed User defined
Crop_we Concentration of TDP in the water column mg I Calc
Rsr_we Water column sorption scaling factor day? User defined
Flwe Water column Freundlich isotherm Unitless User defined
EPCo wc Water column equilibrium phosphorus coefficient mg I calculated
Rsc_we Water column sorption coefficient kg! day? User defined
Mrppex Exchange of TDP between water column and bed porewater Unitless calc
Rexo% Fraction exchanged between the water column and stream bed day? User defined
Crop_ss Concentration of TDP in the stream bed porewater mg I Calc
Mep_us Mass of PP input from upstream kg day? calc
Mppet Mass of PP input from effluent kg day* User defined
Mppent Mass of PP entrained from the stream bed kg day? Calc
Mppdep Mass of PP deposited on the stream bed kg day* calc
Mepabs Mass of PP abstraction kg day? User defined
Mepout Mass of PP output from reach kg day? Calc
Mpp s Mass of PP in the stream bed kg Calc
Cep_wc Concentration of PP in the water column mg I Calc
Mrop_ss TDP mass in stream bed porewater kg Calc
Mrop_sg(0) Mass of TDP in bed porewater on previous day kg Calc
Cpsat_sB Maximum P:sed ratio in bed material kg P kg! sed User defined
dMsorbbed/dt Change in mass of P adsorbed to bed sediment kg day? Calc
Instream phosphorus | Rsr sg Stream bed sorption scaling factor day? User defined
(stream-bed) Flsg Stream bed Freundlich isotherm Unitless User defined
Rsc_ss Stream bed sorption coefficient kg day? User defined
EPCoss Stream bed equilibrium phosphorus coefficient mg I calculated
Cror_ss Concentration of TDP in the stream bed porewater mg I Calc
Vow Porewater volume m? calc




Rbeddepth Bed depth m User defined
Rbedo Bed sediment porosity Unitless User defined
Csrp_wc Concentration of SRP in the water column mg I Calc
Gradsgp:p Gradient of the user-defined regression line between SRP and TDP Unitless User defined
SRP Ysre:ToP Y-intercept of the regression relationship between SRP and TDP Unitless User-defined
Ratsgrp:ppc Ratio of dissolved hydrolysable P to DO Unitless User defined
Obspoc Mean water column DOC concentration mg I User-defined
Msob_wc Mass of BOD in water column g 0; km™ calc
Maobus Mass of BOD from upstream g 0, km™ Calc
Masopbww Mass of BOD from wastewater effluent g 0; km™ User-defined
BODgphyto BOD contribution from algae g 0, km? Calc
Instream BOD BODsettle Rate of settling BOD g km?day* calc
RphytoBOD Contribution of dead phytoplankton to BOD mg O, (ug Chla) day? | User-defined
CphytoDeath Death rate of phytoplankton ug Chla It day™ calc
Rnetv Net settling velocity of BOD m day? User-defined
Mbo_wc Mass of DO in water column g km™ calc
Mbous Mass of DO from upstream g km™ Calc
DOphytox Rate of phytoplankton oxygen contribution g 0, km? day™? Calc
DOsoq Rate of chemical oxidation by bed sediments g 0, km? day™? calc
DOatmox Rate of oxygen supply from re-aeration g 0, km? day™? calc
Mbod_decay wc BOD water column decay (quantity of BOD from decaying matter) g km™ calc
Coo_wc Concentration of DO in the water column mg O It calc
Tempuwc Water column temperature °C calc
Instream DO Abssat Concentration at which DO becomes saturated in the WC mg 0, I calc
DOatmox/day Rate that atmospheric re-aeration occurs day? Calc (or user
defined)
DOsat% % saturation value for WC DO Unitless Calc
Raer Rearation rate day? User defined
DOptsyn Phytoplankton photosynthesis g 0, km? day? Calc
DOptrep Phytoplankton respiration g 0, km? day? calc
Solarhours Daylight hours Hours calc
DOjowsyn Low rate of photosynthesis, when Chla < 50 mg I kg O, day* calc
DOhisyn High rate of photosynthesis, when Chla >= 50 mg I kg 0, day* calc




Riowsyn Algal photosynthesis rate (low Chla) mg O, (ug Chla)* day? | User defined
Rhisyn Algal photosynthesis rate (high Chla) mg O (ug Chla) day? | User defined
Rphytoffset Phytoplankton respiration offset g 0, km? day™? User defined
Rphytosiope Phytoplankton respiration slope mg O, (ug Chla) day? | User defined
Sedox Proportion of DO oxidised unitless Calc

Rox Sediment oxidation rate g m?day? User defined
BODgecay coefiicient | Rate of water column BOD decay g 0, km? day? calc

Oxid Speed of oxidation day? User defined
Cphytoadv Advection of phytoplankton pg It day* (Chl-a) Calc
CohytoGrowth Growth rate of phytoplankton pg It day* (Chl-a) Calc

Cphyto_Us Phytoplankton concentration from upstream reach pgl (Chl-a) Calc

Rgrowth Rate of phytoplankton growth day? User defined
rT Phytoplankton growth temperature adjustment factor Unitless Calc

rSR Phytoplankton growth light adjustment factor unitless Calc

Rsrpmax Threshold concentration of SRP at which phytoplankton growth is pg It User defined

uninhibited by nutrient availability
Rphytoshade Concentration of phytoplankton at which self-shading occurs pg It User defined
Rtempair Air temperature below which algal growth is limited °C User defined
Rsolar Fraction of maximum annual solar radiation required for initiation of unitless User defined
Phytoplankton algal growth (between 0 and 1)

Solarrag Daily solar radiation lux calc

Solar admax Maximum annual solar radiation lux calc
Rphytobeath Rate of phytoplankton death day? User defined
Elevationsejar Solar elevation degrees calc
Solarrad30 Solar radiation in 30 minute intervals lux calc

Lat latitude degrees Input parameter
Dec Solar declination degrees Calc

decl Solar declination parameter unitless calc

Time Time of day angle Calc
Solarconstant Solar constant (1378) W m? Calc

Raads Atmospheric solar radiation adsorption factor — Bras 1990 unitless Calc




Sl 3: Site map of a) Beaver River catchment boundaries, Ontario and b) Trent River catchment
boundaries, UK. The black dot indicates the location of INCA PEco application.
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SI.4. Kling and Gupta Efficiency statistics (sensitivity analysis)

Sl 4.1 Beaver Land phase analyses
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Sl 4.2 Beaver River Reach analyses

1.00
0.75 5 g
z - 2t 22 &g 2§
= =5 =E =c =
22 0501 22 2 B4 =4 23
o= om o5 o8 E=5-4
S 58 o2 3] 52
& 0.254 &= <z & 24 Q_E_
-~ -
0.00 Ly ; . . ; e - . ; : : : : . —~ . : ; ; i : - ; -
0.75 1.00 125 150 1.75 0.75 1.00 1.25 1.50 1.75 075 100 1.25 1.50 1.95 075 1.00 125 150 1.75 0.75 100 1.25 1.50 1.7
flow ¢ Mow flow ¢ Tow ¢ fow ¢
1.00 o e
0 c 5
z *7 2t 2] 22| 28]
= | = 53| L E 5 =2
32 050 25 28 e =4 2%
=) k-] a 2 - / g g 2%
& 025 €3] £2 ' ] B
o
0.00 T T T T T T T
0.15 0.20 0.15 0.20 0.10 0.15 0.20
flow f Flow f flow £
1.00 —
z 077 2] 28] 25 By
= =5 = =¥ =3
3% 050 38 25 i 23 -
£= 32 25 £8 82 -
£ = -~ £E £ £a
] 4 - 4 - £/ al
0.25 // A L] =
0.00 . ! . | | . - | | | | :
0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8
mannings n mannings n mannings n mannings n
1.00 —
- c f
z 077 ,// sE] 28] 2] 28] ﬁ,_f’
35 050 - 35 38 B 331
£ - 34 8z T E2 B2
035 5 3 o ’ 5::_ &%_
= i
. - o uil
0.00 == - . — . . — . s . - - — . .
0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8
Base Flow Index Base Flow Index Base Flow Index Base Flow Index Base Flow Index
1.00
c
4 d d = o]
5 075 oy 28 =2 =
H =5 —=1= ET = "
32 0501 3 E) A
] 23 5% ) £ el
@ 0.25 iz | / [ n_ﬁ_ / a_.ﬂ_ '}4/
e - 3|
0.00 T T T T T T T T T T T T T T T
0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06

a7 ad a7 at a7



Probalility
flow

Probabilicy
Tl

Probability
flow

Probability
flow

Probability
Naw

0.75 4

0.50 A

0.25 1

0.00

1.00

0.00002 0.00004 0.00006
ab

0.75 1
0.50
0.25 1

0.00

1.00
0.75
0.50 1

0.25

0.00

1.00

0.55

0.60

0.75 A
0.50 +
0.25 1

0.00

1.00

o7 0.8

Porosity

0.6

0.75 1
0.50

0.25 1

0.00

2 4 6 8

Water column Freundlich isotherm constant

Probalility

Prabability

Probability

Probability

Probability

e
3 o
£ e
£ =
z | 7
E_
g
B
2]
2
o
0.02 0.04 006 0.08 0.10
a9
o
E
a
b
a
H
T T T
0.45 050 055 0.60
Bed depth
E_
£
g
2]
0.6 0.7 0.8
Porosity
_ Pas
& s
a
g /,/

2 4 6 8

Water column Freundlich isatherm constant

1 L

watercolTDP

Probability

Prabability
water\?olTDP

'

Frobability
watercolTDP

0.55 0.60

T
045 050

Bed depth

L

Probability
waterfoITDP

b

0.8

Prabability
watercol TDP

Water column Freundlich isotherm constant

Probability

Prabahility

Probability

Probability

Probability

‘(’_‘_.,
£ ﬁ’ E’r
= e Zz
5] " 234
5 7 52
ﬁ_/ ?]
0.00002 0.00004 0.00006
EL
o

= L - 5
. - 3
5 | =
H i 58
-1 o £3
= o
= g
=1 o]

# &z
3 A =
= R
g / E 2
= -~ 3
=4 f:rf' g

- T T T T T T
0.45 050 055 0860 0.45 050 055 060
Bad depth Bed depth
-
c s g
£ e .-
= ey =z -~
=R & =48]
g 4-,-:*’"6 22 ,g.«""/
2 s S I
= .r_:«"*'ﬁ I
L] ' . Pl : .
0.6 0.7 0.8 0.6 0.7 0.8
Parasity Porosity
T =
iy c /’
5] e >8] /
e . 8 4 7/
= 235
g s HIZ
£ / S i
2 4 6 8 2 4 6 8

Water column Freundlich isotherm constant

Water column Freundlich isotherm constant



Prabability
flew

Probability Probability
flew flaw flaw

Probability

Probability
LG

1.00

o ot f.,f
L c
0.75 4 o ad £ A B
_ Bt 28 zi - 2
L = e = = =0
0.50 - P 25 28 25 /,-/ 2%
o [==1 o=
0.25 1 ,ﬁ‘f/ 2] # = 2] £ A <4
‘ o 7 s 4
o el
0.00 T T T T T T T T T T T T T T T T T T T T T T T T T
0.06 0.08 0.10 0.12 014 0.06 0.08 010 012 0.14 006 008 010 012 014 0.06 0.08 0.10 0.12 0.14 0.06 008 010 012 014
Water column sorplion scaling Factor Water colurmn serplion scaling factor Water column sorption scaling factor Walter column sorption scaling factor Water colurmn serplion scaling factor
1.00
0.75 A e oA £ g
£t g £ £t
0.50 = =5 55 - 53] -
- 25 3E Eg P =% Vo
£ 28 3 £
0.25 4 2 2 2 & s
0.00 “— T T T T T T T T T T T
1 2 3 4 1 2 3 4 1 2 3 4
stream bed Freundlich isatherm constant Stream bed Freundlich isotherm constant Stream bed Freundlich isotherm constant S Stream bed Freundlich isotherm constant
1.00
”/
- = g ,W‘/
0.75 1 P zE | =81 e 22 = =2 L
=5 =E - =E 2 =x o
- 28 oo 5 g . 25
0.25 / &= =2 )p.;i s 2 P £5 /
e e W . P
0.00 T T T T T T 1 T T T T T T T T T T T T T
06 0.8 1.0 1.2 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2
Stream bed sorption scaling factor Stream bed sorption scaling factor Stream bed sorption scaling facter Stream bed sorption scaling factor Stream bed sorption scaling factor
1.00 —
o
=
0.75 1 B 1 - 51 A
2t zh v zf P 4
=% =3 e =& Pt - =5
0501 35 i B
£ g5 7 £2 g5
0.25 1 1. 7 ] 21,
"
0.00 T T T T T T T T T T T T
2 4 ] 2 4 6 2 a4 6 2 4 6
P exchange P exchange P exchange P exchange

1.00
0754 g | _ 7 ~~
0.50 e :
0.25 1 .,// o

0.00 =~ L~ -

o
# ,.ﬁ"
0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2
BOD decay [oxydation] in reach BOD decay (oxydation) in reach 300 decay (oxydation) in reach BOD decay (oxydation] in reach BOD decay (oxydation) in reach

Probability
waterlcal'I'P

Probability
watercloITUP
Probability
phytoplla nkton
Probability
dissolvedoxygen

\
%
%

-~




Probability
flow

Probability Probability
flaw flow flaw

Probability

Probability
lews

1.00

i P -
0.75 1 2E | //.« =1 25 // 22
=5 ” =E =t i =x
87
0.25 1 w3l | <L <E /,,f{ &5
/ e =
0.00075.00100.00125.00150 0.00075.00100.00125.00150 0.00075.00100.00128.00150 0.00075.00100.00126.00150 0.00075.00100.00125.00150
net settling velocity of BOD net settling velocity of BOD net settling velocity of BOD net settling velocity of BOD net settling velocity of BOD
1.00
s 55 =1 53
0-50 25 557 FEy 2%
23 ] g2 £
0.25 1 &= = =B <
Ps =
0.00 L2 — : ;
10 15 20
atmospheric reaeration atrnospheric reaeration
1.00 .
s A c
0.75 4 v 8 - 4 £ @
o 2k A 23 24 2% o
] - E6] e = 25 25
0.50 fa § 5 L 3 % § B :ég /
021 N £
g o #
0.00 2, ! | | . | | . . . . ! v | |
0.000080.0000%0.000100.000110.00012 0.00008).000090.000100.000110.00012 0.000080.000090.000100.000110.00012 0.000080.000090.000100.000110.00012 0.00008).000090.000100.000110,00012
caontribution of dead algae ta BOD contribution of dead algae to BOD contribution of dead algae to BOD cantribution of dead algae to BOD contribution of dead algae to BOD
1.00 T
I o
| | L ] c ] Pl L
o ﬁ/g g% Kfﬁ/ Eé E&E _%\ ? - > o
0.50 - 21 - 28 Za 281 / e
e 8% e ik £5 52 -
2 oe 2 25 »
0.25 / == -~ =g £ £3 4
S S|/
R e ] . . | | ] . | | .
3 4 5 G 7 3 4 5 G 7 3 4 5 5] 7
algae growth rate algae growth rate algae growth rate
1.00 W)/ —
1=
0.75 1 s - // =3 =5 =7 &
o’ £ o e g2 £x
0.50 1 ’ 25 L 52 35 33
23 28 34 EH A
4 a = | az] a« 71 = a | et -
0.25 / £ £ i ot
0.00 . — : : :

06 08 10 12 14 06 08 10 12 14 06 08 10 12 14 06 08 10 12 14 08 10 1z 14

algae death rate algae death rate algae death rate algae death rate algae death rate



Probability
flow

Probability
Tl flow

Probabilicy

flow

Probability

1.00 / T ra
e P ol c
0.75 A o o i a- 54 24
P 2t 28 22 22
0.50 3E - 33 o BE 23
oM /‘ o0 it o2 k=R
025 EE - it s £z 23
e ~ 1 =1 /_.»"Jw | Ly "
= . =1 ~
000 ket - - - : ; : . ; ; : : ; ; - - - - . ; : -
0.06 0.08 010 0.12 0.14 0.06 0.08 010 012 014 0.06 0.08 010 012 0.14 0.06 0.08 0,10 0,12 0.14 0.06 0.08 010 012 014
self shading for algae self shading for algas self shading for algae self shading for algas self shading for algae
1.00
/’ =3
4 4 o 07 p (= o
o 2t pZdl 23 2! 22
0.50 4 = ER E5] 52|
' - i 5
£2 b £ £7
0.25 1 i = ] 4 |
0,00 e
"0.0010 0.0015 0.0020 0.0025 0.0030  0.0010 0.0015 0.0020 0.0025 0.0030  0.0010 0.0015 0.0020 0.0025 0.0030  0.0010 0.0015 0.0020 0.0025 0.0030  0.0010 0.0015 0.0020 0.0025 0.0030
maximum SRP for algal growth maximum SRP far algal growth maximum SRP for algal growth maximum SRP for algal growth maximum SRP for algal growth
1.00
- o
i i i P c | 5] i
0.75 2f 28 o 22 £z
=0 = = =E =
0.50 85 8 £ l,/’ 3 281
F-1 I o =] =
=31 25 L =3 . 25
0251 &= =z e &z E & h
. e g ® -
0.00 : . . ; ; . | : | . — e ] | | | = — .
0.2 04 06 08 02 04 06 08 0.2 04 06 0.8 0.2 04 06 08 02 04 06 08
salar radiation threshold fer algal growth salar radiation threshald for algal growth solar radiation threshold for algal growth solar radiation thresheld for algal growth solar radiation threshald for algal growth
1.00
e P c
0.75 4 b - a E 4
zt P 2B P £g 2z
i 9] el = E5 | 58]
0.50 35 ad 3¢ 40/‘/ Zg 23
a o : - =
0.25 4 &= | T i g éﬁ.—r--‘ Efa-_ £ 3
=~ o =
-
0.00 T T T T T T
5 10 5 10 5 10

temperature threshold for algal growth temperature threshold for algal growth temperature threshold for algal growth termperature threshold for algal growth temperature threshold for algal growth



Sl 4.3 Trent Land Phase analysis

1.00 2
<"‘"&/ c g / -~
5 0751 e 257 A = :
= w/ £x /;r'-"'" £z g
=1 =R =
glg 0.50 4 » /.-n"r‘:' ET;_ ’I, gg_ P,..-"”g‘j
” = » L
T 0251 ﬂ,,,ﬂ/ <E o~ né_ L
0.00 el T : . - : " T : . - . T
160 180 200 160 180 200 160 180 200 160 180 200
plant growth period plant growth period plant growth period plant growth period
1.00
e
" c
= 0.75 1 // Eé' 'L(g.-"'& ;%‘ ’,/
3 0.504 - 2% 35 -
2= L 85 2z e
- = =&
® 0239 - By " & | .a"/
0.00 : : . : = : :
70 80 70 80 70 80
plant growth start day plant growth starl day plank growth start day plant growth starl day
1.00
-
] wr” ¢ 5l il
2 0.75 ! Py 22 f)g/‘
88 0501 ey 25 -~
2 23 B e
T 0251 &£ né_ ,,/
0.00 T T T T T T T T r T T T
18 2.0 2.2 2.4 1.8 20 2.2 2.4 18 2.0 2.2 2.4 1.8 2.0 2.2 2.
splash detachment a parameler splash detachment a parameter splash detechment & parameter splash detachment a parameter
1.00 /
e e -
4 [ L w
z 07° 55 o 28 o
= =i 3 =x v
25050+ B . L 351 -
£ 24 e == -
£ .25 £ =] i £ ul
: = 8 //
0.00 T T T T T T T T T T T T T T T T T T T T
1150 1200 1250 1300 1350 1150 1200 1250 1300 1350 1150 1200 1250 1300 1350 1150 1200 1250 1300 1350
bulk density of the sail Bulk density of the soil bulk dengity of the soil bulk density of the sojl
1.00 =
s L
o - N
0.75 o a / £ - £
= s . P;'“I'é /" zE
= o = ! =g
B 050 f 847 - it
c o0& -
= 0254 = 7 =i
' - = 8
0.00 T T T T T T = T T T T T T
1000 1500 2000 1000 1500 2000 100 1500 2000 10400 1500 2000

sorption coefficient for the soil matrix sorption coefficient for the scil matrix sorptien coefficient for the soil matrix sorption coefficient for the soil matrix



Frobability
flowi

Probability
flow

Frobakbility
flow

1.00

-~ a
-~ o
0.75 - - £ j»"“'f/ 5 i
e z3 - £5 .
0.50 - e 331 A 381 (J;ﬂ"""
g =R o= e -
J il &7 & -
0251 = ﬁ.r‘/ oo
0.00 L7 il Pt
0.1 0.2 0.3 0.1 0.2 0.2 0.1 0.2 0.3 0.1 0.2 0.3
sorptionscaling factor sorptionscaling fector sorpticnscaling factor sorptionscaling factor
1.00
- s
. -
0.75 - e LE o L&
0.50 - EH e =l
. -§ 5 -~ g =
£ -~ i
0.25 A = /,- £
0.00 T T r T T T T T T T T T
0006 0.0o7 0.008 0,006 0,007 0.008 0D 0.007 0.008 0006 0.007 0.008
BOD decay in soil BOD decay in soil BOD decay in soil BOD decay in soil
1.00 ”,—
> - &=
0.75 4 )-}'f"’/ 55_ . §_ //
o = = =
0.50 1 2 55 - -
rd g5 3z ~
e £x Eg ’
0.25 - i = Lg o
0.00 . - . . : . . - . . . . . - . / . : . -
400 600 800 1000 1200 400 ¢0D B0O0 1000 1200 400 600 300 1000 1200 400 600 800 1000 1200

maximum infilcrabion rate

maximum infiltration rate

maximum infiltration rate

maximum infilration rate
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