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Abstract

INCA-P is a dynamic, catchment-scale phosphorus model which has been widely applied during the last
decade. Since its original release in 2002, the model structure and equations have been significantly altered
during several development phases. Here, we provide the first full model description since 2002 and then test
the latest version of the model (v1.4.4) in a small rural catchment in northeast Scotland. The particulate
phosphorus simulation was much improved compared to previous model versions, whilst the latest sorption
equations allowed us to explore the potential time lags between reductions in terrestrial inputs and
improvements in surface water quality, an issue of key policy relevance. The model is particularly suitable for
use as a research tool, but should only be used to inform policy and land management in data-rich areas,
where parameters and processes can be well-constrained. More long-term data is needed to parameterise
dynamic models and test their predictions.

Keywords: phosphorus, process-based; model; catchment; watershed; water quality

1. Introduction

Eutrophication of freshwaters due to excessive anthropogenic inputs of nitrogen and phosphorus (P) is a
global problem (e.g. Elser et al., 2007), and reducing P concentrations in surface waters has become a top
priority in many areas. Across Europe, marked decreases in dissolved P concentrations in rivers have been
seen during the last two decades (around 3 pg 1" per year), driven largely by improvements in wastewater
treatment and reductions in detergent P content (EEA, 2015). However, many surface waters still suffer from
P-related eutrophication due to both sewage effluent and agricultural P inputs. Across Europe, for example,
diffuse P inputs from agriculture are a significant pressure in 50% of surface water bodies (EEA, 2012). To
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achieve further reductions in surface water P concentrations, reductions in both point and diffuse P inputs are
therefore needed. Effective management of diffuse P sources is particularly difficult: in-stream P concentration
is the result of a variety of input fluxes and processes, many of which are highly variable spatially and
temporally, meaning there is often no straightforward link between P inputs on land and in-stream P
concentrations. In particular, the long-term accumulation of P in catchment soils, groundwater and stream bed
sediments may continue to affect freshwater ecology long after farm or effluent-based remediation has been
implemented (Jarvie et al., 2013; Meals et al., 2010; Sharpley et al., 2013).

Dynamic, process-based integrated catchment models provide a means of formalising current knowledge of
complex catchment systems, and can therefore be useful catchment management tools. Models can be used to
highlight knowledge and data gaps and to help design monitoring strategies (e.g. Jackson-Blake and Starrfelt,
2015; Mclntyre and Wheater, 2004). Once shown to capture the dominant modes of behaviour in a system,
models can provide scientifically-based evidence to support decision-making; for example, to help set
appropriate water quality and load reduction goals, to advise on the best means of achieving those goals, to
predict time lags and trade-offs in the system, and to explore potential system responses to future

environmental change.

Many catchment-scale P models have been developed during the last few decades. Here, we describe the latest
version of the INtegrated CAtchment model of Phosphorus dynamics (INCA-P) which, together with SWAT,
AGNPS/AnnAGNPS, HSPF and HBV-NP (now superseded by HYPE), is one of the most popular catchment
water quality models used worldwide (Wellen et al., 2015). INCA-P is a semi-distributed, process-based,
mass-balance model that simulates the daily dynamics of P transport in catchments. During the last decade,
INCA-P has been applied to catchments throughout Europe (e.g. Couture et al., 2014; Farkas et al., 2013;
Martin-Ortega et al., 2015; Starrfelt and Kaste, 2014; Wade et al., 2007; Wade et al., 2002b; Whitehead et al.,
2013), Canada (Baulch et al., 2013; Crossman et al., 2013; Jin et al., 2013) and more recently India (Jin et al.,

2015), to explore how P dynamics may respond to changes in land use, land management and climate.

The original version of INCA-P (Wade et al., 2002a) used the same conceptual structure as the nitrogen
version of the model, INCA-N (Wade et al., 1999; Whitehead et al., 1998), incorporating the in-stream P
dynamics of the Kennet model (Wade et al., 2002b). The model was then tested across a range of European
catchments as part of the EU Eurolimpacs project (http://www.refresh.ucl.ac.uk/eurolimpacs). These
applications highlighted the need for a number of improvements, and major revisions to the model structure
were undertaken. Key changes included: (1) the incorporation of physically-based soil erosion, sediment
delivery and in-stream transport processes, based on INCA-sed (Jarritt and Lawrence, 2007; Lazar et al.,
2010); (2) the separation of total P into particulate and dissolved forms, to better describe P loss and transport
mechanisms and potential bioavailability; (3) the adoption of adsorption isotherms to describe the interaction
between solid and dissolved P; and (4) removal of the separation of TP into inorganic and organic fractions,
primarily motivated by a lack of monitoring data to parameterise the two phases separately. The model was
later adapted to allow for the simulation of fully branched river networks (Whitehead et al., 2011). The most
recent phase of model development included addressing a number of issues identified by Jackson-Blake et al.
(2015). Key improvements included: (1) a reformulation of the equations governing particulate P (PP)
delivery to the water course and subsequent in-stream processing, so that PP dynamics are better linked to
suspended sediment dynamics, and (2) replacing the constant equilibrium P concentration of zero sorption
parameter (EPC,) with a dynamic variable, calculated as a function of adsorbed P.



In this paper we describe the equations under-pinning INCA-P v1.4.4 (Section 2), providing the first full
model description paper since Wade et al. (2002a). We then present a test application to the Tarland Burn
catchment, in northeast Scotland (Section 3). This application is used to demonstrate the improved PP
simulation and ability to simulate long-term soil P dynamics in the latest version of the model. Finally, we
discuss model applicability and limitations (Section 4).

2. Description of INCA-P v1.4.4
2.1 Model overview and conceptual framework

INCA-P operates at a daily time step, tracking the stores and fluxes of water, sediment, dissolved and
particulate P in both the land and in-stream phases of a river catchment. The model is spatially ‘semi-
distributed’ (Figure 1): the water course is split into reaches with associated sub-catchments. Two spatial set-
ups are possible — the traditional set-up, in which there is a single main stem, or a branched set-up (Whitehead
et al., 2011). The branched version allows in-stream processes and effluent inputs in tributaries to be
simulated, and can be useful in larger catchments or complex river networks. Each sub-catchment is split into
landscape classes, as many as are desired or warranted by the data resolution or needs of the study. Landscape
classes are “functional units”: within each class, P inputs, plant uptake, soils and flow pathways should be
similar, although classes are often based on land use and/or soil type, for convenience. All land-based
processes are calculated for a generic 1 km? cell for each landscape class within each sub-catchment. Water,
sediment, total dissolved P (TDP) and particulate P (PP) outputs from the 1 km?” cell for each land class are
multiplied by the land class area, and summed to provide total inputs from the sub-catchment to the reach.
These inputs are assumed to enter the stream reach directly, rather than being routed spatially from one land

class to another. Reach inputs are therefore from the land phase and from any upstream reaches.

Level 3: Input

Cell model gsmre
. - Output

Level 2: Sub-catchment,
split into land use types

Figure 1: The three-tiered semi-distributed spatial set-up used by INCA. After (Wade et al., 2002a). When using the
branched version of the model, tributaries may also be split into reaches with associated sub-catchments.

The main stores, processes and pathways in INCA-P are summarised in Figure 2. The model has six main
modules:

1) Hydrological module: calculates the flow of water through terrestrial flow paths and the water course.
Three terrestrial flow pathways are simulated: quick flow, soil water flow and groundwater flow. Quick

flow drives terrestrial erosion and sediment transport to the stream and is primarily conceptualised as



being made up of infiltration and saturation excess overland flow; in practice it is also likely to include
drain and ditch flow and preferential flow through soil cracks and macropores. Soil water flow does not
affect erosion rates, and travels along slower flow paths than quick flow. Groundwater flow is slower still,
sustaining stream flows during baseflow. A more detailed description of the hydrology model and
associated equations, variables and parameters is provided in Appendix A;

2) Sediment module: based on INCA-sed (Jarritt and Lawrence, 2007; Lazar et al., 2010), which describes
erosion, sediment transport to the stream and subsequent entrainment and deposition. Erosion is by splash
detachment and flow erosion of bulk sediment, whilst five grain size classes are considered separately for
in-stream processes. A full description of the sediment-related processes and equations is provided in
Appendix B;

3) Snow accumulation and melt module (Appendix C): describes snow depth and snow melt calculations.
Snow depth is used in the soil temperature calculations and snow melt may be used in the infiltration
equations. Appendix C also describes the soil temperature equation used;

4) Land phase P module (Section 2.3): simulates P storage, transformations and fluxes in catchment soils,
soil water, quick flow and groundwater;

5) In-stream P module (Section 2.4): simulates in-stream P storage, transformations and fluxes;

6) In-stream biomass: describes the growth and death of epiphytic algae and macrophytes, which affect in-
stream TDP. A full description of the processes and associated equations is provided in Appendix D.

Ordinary differential equations (ODEs) are used to describe the rate of change in volume or mass of model
state variables with respect to time. These are all simple mass balance calculations of the form: change in
store « (input flux — output flux). Initial conditions must be provided for each state variable, and these are
either user-supplied or calculated within the model; full details are given in Appendix E.
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Figure 2: Schematic of the main stores, processes and pathways in INCA-P vi1.4.4. Grey boxes show the various
compartments simulated. Within these, white boxes show the state variables whose volume (water) or mass (sediment, P



species, in-stream biota) are tracked through the simulation. Arrows show fluxes within and between compartments. P:
phosphorus, SS: suspended sediment, TDP: total dissolved P, PP: particulate P, FYM: manure, HER: hydrologically
effective rainfall. Modified from Jackson-Blake et al. (2015).

2.2 Data requirements and model outputs

The model requires input daily time series of hydrologically effective rainfall (HER), soil moisture deficit
(SMD), precipitation and mean air temperature. HER is the rainfall that contributes to in-stream flow, after
accounting for evapotranspiration losses and replenishment of the soil moisture deficit. Where available,
multiple hydrological time series can be used to account for spatial variations within a catchment. Both HER
and SMD must be generated using an external hydrological model, e.g. PERSIST (Futter et al., 2014),
although there are plans for hydrological inputs and soil water levels to be calculated internally in future
versions of the model.

Data required for model parameterisation are summarised in Table 1, whilst Appendix F provides a list of
user-supplied model parameters, together with an indication of which may be based on data and which must
be calibrated. Soil and quick flow equations are land class specific, so associated parameters are specified for
each land class. Groundwater equations are sub-catchment specific, to simulate variations in aquifer behaviour
in response to larger-scale changes in geology along a river system. Groundwater parameters are therefore
specified for each sub-catchment.

A number of datasets are required for robust model calibration. As a minimum, in-stream discharge and water
chemistry data are needed, with the exact requirements depending on the complexity of the catchment and the
purposes of the model application. If the emphasis is on simulating dissolved P, then in-stream dissolved P
concentration data may suffice. If however the aim is to look at total or particulate P, then in-stream
suspended sediment data should be available, ideally also PP data. If multiple reaches are simulated, one or
both of discharge and water chemistry data should be available for the bottom of each reach. The frequency of
the observed data used for model calibration is also very important. In many areas, a large proportion of P
transport occurs during flow peaks, which may be missed by low frequency sampling (Cassidy and Jordan,
2011). Unless baseflow P concentrations are the main focus of the modelling study, lower frequency data
should therefore be supplemented wherever possible by event sampling, to reduce the risk of obtaining
unrealistic model output (Jackson-Blake and Starrfelt, 2015). Finally, to help ensure that the right processes
are operating, data to help constrain soil water and groundwater P inputs are highly recommended, such as soil
and groundwater TDP concentrations and fluxes, edge-of-field discharge and chemistry data, and data to
constrain effluent inputs.



Key data required for model parameterisation Data required per

Land use and soil types in the sub-catchment, to define landscape classes Landscape class
Annual fertilizer and manure application rates

Maximum annual plant P uptake rates

Soil properties: total soil P, bulk density

Sub-catchment area Sub-catchment
Baseflow index
Initial groundwater TDP concentration

Likely range in soil water TDP concentration (see Section 2.3.1)

Paired discharge and stream velocity data (to parameterise Equation A-21) Reach
Reach geometry (length, average slope and width)

Effluent P inputs (ideally TDP, PP and SS), as a mean flow and

concentration or a time series

Abstraction rate (mean flow or a time series)

Table 1: Key datasets required to parameterise INCA-P

Model outputs include: (1) daily and annual land class-specific water, sediment and P fluxes for all processes
and stores; (2) daily time series of land class-specific flows and P concentrations in soil water, groundwater
and quick flow; (3) daily time series of flows and concentration of TDP, soluble reactive P (SRP), PP, total P
(TP) and suspended sediment (SS) in the water column in each reach. SRP is calculated empirically from TDP
(Section 2.4.1), and so is not specifically included in Figure 2; and (4) daily time series of macrophyte and
epiphytic algae biomass.

2.3 Land phase phosphorus model

Within the model, P is transported from the land phase to the stream via the three flow pathways: soil water
flow, groundwater flow and quick flow (Figure 2). All variables in the land phase P equations are defined in
Table 2, together with their units and how they are determined. Constants within equations which have not
been assigned a variable name are unit conversions (e.g. 86400 s day™). Within the model code, guards are
present to prevent ‘divide by zero’ errors and to minimize the likelihood of floating point errors; these are not
detailed below.



Variable Description Units Source
Ay Area of landscape class in sub-catchment % Input parameter
Asc Sub-catchment area km? Input parameter
s Base flow index - Input parameter
Cinmob Chemical immobilisation factor day‘1 Input parameter
Cat.aquiter P saturation for aquifer matrix kg P kg sed™ Input parameter
Catlabite Maximum soil labile P content kg P kg sed! Input parameter
Cremp Temperature factor - Equation 13
Coptake Plant P uptake factor m day’! Input parameter
Clreathering Weathering factor day! Input parameter
day,ear Day of the year - Model calculates
APorped soil/dt Rate of change in soil P sorption kg km? day’1 Equation 5
Epp PP enrichment factor - Input parameter
EPC gy Groundwater EPC, mg 1! Equation 17
EPCy i1 Soil EPC, mg It Equation 6
Foeriod Fertilizer addition period days Input parameter
Foune Day number when fertilizer addition starts - Input parameter
Gump Plant growth curve amplitude - Input parameter
Goffser Plant growth curve vertical offset - Input parameter
Gperiod Growing season length days Input parameter
Gyare Start of the growing season (day of year) - Input parameter
Krow Groundwater P sorption coefficient 1 kg soil! Input parameter
Krooir Soil P sorption coefficient 1 kg soil! Input parameter
K, Groundwater sorption scaling factor day™ Input parameter
Ko Soil sorption scaling factor day™! Input parameter
Mquiter Aquifer mass kg km? Equation 18
Maguifer,areal Aquifer mass per m? (depth x density) 10° kg m 2 Input parameter
Migng Reach sediment input per unit area kg km? day! Equation B-5
Miand toral Reach sediment input kg day Equation B-6
oil Soil mass kg km™ Equation B-8
Ny Groundwater Freundlich isotherm constant - Input parameter
Nyoil Soil Freundlich isotherm constant - Input parameter
P ey soli Annual atmospheric dry P deposition kg ha™ yr! Input parameter/time series
Piep et Daily atmospheric wet P deposition kg ha™! day’! Equation 4
P e wet.annuat Annual atmospheric wet P deposition kg ha’! yr'1 Input parameter/time series
Pivactive,soil Inactive P mass in the soil kg km™ Equation 11
Praite.soit Labile P mass in the soil kg km™ Equation 9
Piigfert Liquid fertilizer P inputs kg ha! day™! Input parameter/time series
Piigin Sum of liquid P inputs to the soil kg ha! day™! Equation 3
P manure Liquid manure P inputs kg ha'! day ! Input parameter/time series
P xUptake.day Maximum daily plant P uptake kg ha™' day’! Input parameter
Praxtptake,pr Maximum annual plant P uptake kg ha’! yr'1 Input parameter
Prpjana Reach PP input from the land phase kg day'1 Equation 21
Pesidue Plant residue soil P inputs kg ha’! day™ Input parameter/time series
Pootia fere Solid fertilizer P inputs kg ha! day™! Input parameter/time series
Pooiidin Sum of solid P inputs to the soil kg ha! day™! Equation 10
P otidmanure Solid manure P inputs kg ha! day™! Input parameter/time series
Psorbed o P mass in the aquifer matrix kg km? Equation 16
Prpp o TDP mass in groundwater kg km™ Equation 14
Propiand Reach TDP input from the land phase kg day'1 Equation 22
Prpp guick TDP mass in quick flow kg km? Equation 19
Prpp soir TDP mass in soil water kg km? Equation 1
Ppake Plant uptake of P from the soil water kg km™ day'1 Equation 7
ow Groundwater flow m’ s km™ Equation A-13
Gauick Quick flow m’ s km? Equation A-11
GsatExcess Saturation excess flow m’ s km? Equation A-8
Gsoil Soil water flow m’ s km? Equation A-5
Gsoil out Soil water flow and saturation excess m’ s km? Equation A-3
Ry Hydrologically effective precipitation flux m’ s km? Equation A-1
Spar Seasonal plant growth index - Equation 8
Ssup Soil moisture factor - Equation 12
SMD Soil moisture deficit mm Input time series
SMD, . Maximum soil moisture deficit mm Input parameter
T Air temperature °C Input time series
Tmmob.0 Lower temperature threshold for immobilisation °C Input parameter
to10 Change in rate with a 10°C change in temperature - Input parameter
1010.base Temperature at which the rate response is 1 °C Input parameter
Tooit Soil temperature °C Equation C-6
TDP,, Groundwater TDP concentration mg 1" Equation 15




Variable Description Units Source

TDP ,ick Quick flow TDP concentration mg ' Equation 20

TDP,,invater Soil water TDP concentration mg I Equation 2

Vew Groundwater volume m’ km? Equation A-14

V quick Quick flow volume m> km? Equation A-12

Vioitwater Soil water volume m® km™ Equation A-7

Table 2: Variables and parameters in terrestrial process equations. Units of ‘-’: dimensionless. Equation numbers

preceded by a letter are in the Appendices.

2.3.1 Soil processes

The soil compartment is composed of soil water, which contains dissolved P as TDP, and the soil matrix,
which contains P adsorbed to or fixed in soil particles (Figure 2). This soil compartment is assumed to broadly
equate to the soil O/A horizon or the plough layer (if present).

a) Dissolved phosphorus

The rate of change in soil water TDP mass with time is given by Equation 1 and the associated soil water TDP
concentration by Equation 2. Phosphorus inputs to the soil water include any liquid inputs, usually primarily
from inorganic fertilizer and manure (Equation 3) but also potentially from wet atmospheric deposition
(Equation 4) and any P desorbed from the soil matrix (Equation 5).

Equation 1: Change in mass of TDP in the soil water, Prpp.i, with time (kg km™ day™). Superscript ¢ is the
current time step, #-/ the previous time step

IfV. 0: dPTDP,soil — 100P dPsorbed,soil 86400 qsoil_outPTDP,soil

soitwater = U: dt - lig,in — dt — Tuptake — Vv

soilwater
dPTDP soil dPsorbed soil
Otherwise: ————— = 100P;;, ;y ———m————— —
dt lig,in dt uptake
IfPlabile,soil >C 'Pt _ Pt_l p C M
M = ULsat,labile ' TDP,soil — ' TDP,soil + ( labile,soil — “sat,labile soil)
soil

Equation 2: Soil water TDP concentration, TDPg,narer (Mg 1'1)

P. .
_ 3 {TDP,soil
TDPsoilwater =10

Vsoilwater

Equation 3: Liquid P inputs to the soil water, P, (kg ha™' day™)

If dayyear is in the range (Fstartr Fstart + Fperiod): Pliq,in = Pliq,manure + Pliq,fert + Pdep,wet

Otherwise: Piigin = Paepwet

Equation 4: Wet deposition to the soil water, Py e (kg ha™' day™), where subscript d is the Julian day

Reyy
dayyear
Ygay=1 Refra

Pdep,wet = Pdep,wet,annual

The change in mass of P adsorbed to or desorbed from the soil (Equation 5) is calculated using a form of the
Freundlich isotherm (House and Denison, 2000), where the change in mass adsorbed is proportional to the
difference between the soil water TDP concentration and the equilibrium TDP concentration at which no




adsorption or desorption occurs (EPCy.;). In earlier versions of the model EPC,,; was a constant user-
supplied parameter, but it is now a dynamic variable, dependent on the mass of P in the labile soil store
(Equation 6). This allows for the simulation of longer term soil P dynamics and fits with monitoring data
showing EPC,,; increasing as soil P enrichment increases (e.g. Lin and Banin, 2005).

Equation 5: Change in mass of P sorbed as labile soil P with time, dPyypeqs0i/dt (kg km™ day™)

dP. ] : 1
M = 10_3Ksoil <TDP Mtsoil — EPC nso”) Vsoilwater

dt soilwater 0,soil

Equation 6: The soil equilibrium TDP concentration of zero sorption, EPC,,; (mg 1)

6 Nsoil
10 Plabile,soil >
Kf,soil Msoil

If Msp;; > 0 and Plabile,soil > 0 and Kf,soil > 0: EPCO,soil = (

Otherwise: EPCy 501 = TDPsoiiwater

The Freundlich isotherm parameters Kj,,; and ny,; are measurable, but it is a time-consuming process and in
practice data for a given study area are rarely available, particularly given that parameter values are needed on
a soil-by-soil basis, as adsorption depends on soil Fe and Al oxyhydroxide content, organic matter content, etc.
There are also issues with the transferability of lab measurements to field situations, as shaking in the lab
results in an overestimation of reaction rates, without taking into account the effects of high concentrations
and redox conditions in pore waters (House and Denison, 2002; Stutter et al., 2010). Perhaps more
importantly, model processes reflect an averaged response of both organic and inorganic transfers happening
in reality. These parameters are therefore usually calibrated, ideally informed by measured soil water TDP
concentration and labile P content across a gradient of values for a given soil type (e.g. Section 3.2.3, point 6),
and may have little physical meaning.

TDP outputs from the soil water are via plant uptake (Equation 7), adsorption (Equation 5) and soil water
drainage (the final term in Equation 1). Plant uptake is limited so that it cannot exceed user-supplied
maximum daily or annual values (Equation 7), and varies seasonally (Equation 8). Finally, if the labile soil P
content has reached an optional user-specified P saturation threshold, any additional inputs to the labile P store
are converted to soil water TDP (second part of Equation 1).

Equation 7: Plant uptake of P from the soil water, P, (kg km? day'l)

If dayyear is outside the range Gstart: (Gstart + Gperiod) or if Pup,cumulative > PmaxUptake,yr' then Puptake

=0

1y 1 current day
(Where Pup,cumulative (kg ha ) - Ezdayzl Puptake)

P TDP,soil

. _ . . 6
OtherWISer Puptake - mlmmum{lo Cuptake CtempSSMDSPGI , loopmaxUptake,day}

Vsoilwater
Equation 8: Seasonal plant growth index, Spg;

(27
SPGI = Goffset + Gamp sin (ﬁ (daerar - Gstart))



b) Soil phosphorus

Phosphorus in the soil is split into a ‘labile’ store of water-soluble P, which can take part in sorption reactions,
and an ‘inactive’ store of insoluble P (e.g. inactive mineral P or recalcitrant organic material), which does not
(Figure 2). The rate of change in labile soil P mass over time is given by Equation 9. Inputs include solid P
inputs, usually primarily from fertilizer and manure (Equation 10), any P adsorption from the soil water
(Equation 5) and breakdown of inactive soil P (e.g. by chemical weathering or mineralization of stable
phases). Outputs are via erosion and immobilisation in inactive soil P. The resulting soil labile P mass may be
limited by P saturation (Equation 9).

Equation 9: Change in mass of labile soil P, P i, With time (kg km™ day'l)

dPlabile,soil — 100P. dPsorbed,soil C C p Plabile,soil
dt - solid,in + dt + weathering “templinactive,soil — Mygna M
soil

- Cimmob Ctempplabile,soil

If Piabile,soil > Cs

soil at,labile: Plabile,soil = Csat,labileMsoil

Equation 10: Solid P inputs to the soil, Py, (kg ha'! day'l)

i — Pdep,solid
If dayyear In range (Fstart: Fstart + Fperiod): Psolid,in — Isolid,manure + Psolid,fert + Presidue + 365

P dep,solid

Otherwise: Py 14 in = : +
solid,in residue 365

The inactive store represents firmly-bound P, so the only inputs are from immobilisation of labile soil P and
outputs are through erosion and weathering (Equation 11).

Equation 11: Change in the mass of inactive soil P, Pj,ucsive.soi, With time (kg km™ day'l)

dPinactive,soil -C C P Pinactive,soil C P
dt — LYimmob“tempinactive,soil ~— Mignd M — Lweathering “temp ! labile,soil
soil

This representation of soil P processes is highly simplified. In reality, soil P is present in a continuum of
interlinked organic and inorganic states of varying extractability, hysteresis effects are common in P transfers
between the states, and organic and inorganic soil P fractions are affected by different processes. However, the
understanding of how detailed soil chemical and biological processes upscale to the catchment-scale is
arguably not yet advanced enough to be usefully incorporated into a catchment-scale model, and there is
certainly a lack of data to constrain such processes at a catchment scale. Although these simplifications reduce
the input data requirements, they make it difficult to base initial soil P mass in the two stores on measured
data, such as soil test P data. Instead, an estimate of total P data is needed, which is less commonly available
(Section 3.2.3).

¢) Reaction rates: moisture and temperature dependency

A number of reaction rates are dependent on soil moisture and temperature. The soil moisture factor in
Equation 7 results in slower plant uptake of P in drier soils, tending to zero as the SMD approaches a
maximum value such as the permanent wilting point (Equation 12). The temperature factor in Equations 7, 9
and 11 is based on a Qo temperature coefficient, i.e. the rate of change as a consequence of increasing the
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temperature by 10°C, with faster uptake, immobilisation and weathering at higher temperatures (Equation 13).
The temperature factor calculation requires a time series of soil temperature, which is calculated from air
temperature using a model developed by Rankinen et al. (2004a), taking the insulating effect of snow cover
into account (Appendix C, Equation C-6).

Equation 12: Soil moisture factor, Ssyp

o _ SMDygy = SMD
SMD — SMDmax

Equation 13: Temperature factor, Cepp

) ) Tsoil~tQ10,base
For plant uptake and chemical weathering: Ctemp = to10 10

. . e Tsoit—tQio,base .
For chemical immobilisation: If Tgir > Timmon,0: Cremp = to10 10 , otherwise Cyopp = 0

Although daily plant uptake varies with temperature and soil moisture, the daily or annual maximum uptake
values are constant user-supplied parameters, and therefore do not vary according to climatic conditions. A
potential future improvement would be for these additional parameters to also be climate-dependent, to help
simulate e.g. the greater crop yield and therefore P uptake that might be expected in some areas under a
warmer, wetter climate.

2.3.2 Groundwater processes

Groundwater is considered to be water in the soil B/C horizons or deeper. Phosphorus processes in the
groundwater compartment are similar conceptually to the soil compartment, with a water volume with
associated TDP and a solid P store in the aquifer matrix (Figure 2). The rate of change in the mass of TDP in
the groundwater with time is given by Equation 14 and the groundwater TDP concentration by Equation 15.
TDP inputs to the groundwater are via percolation of soil water and any desorption from the aquifer matrix
(Equation 16); outputs are via adsorption (Equation 16) and drainage to the stream. As in the soil, EPCyg, is
dynamic, dependent on the mass of P in the aquifer matrix (Equation 17). Estimating this requires an estimate
of the sediment mass in the aquifer involved in P exchange reactions (Equation 18).

Equation 14: Change in groundwater TDP mass, Prpp g, with time (kg km™ day™), where superscript ¢ is the

current time step, #-/ the previous time step

dPTDP,gw _ 86400 BqsoiiPrpp soit _ dPsorbed,gw _ 86400 ngPTDP,gw

dt Vsoilwater dt ng

P, sorbed,gw

If

. pt — pt—1
2 Csat,aquifer- PTDP,gw - PTDP,gw + (Psorbed,gw sat,aquiferMaquifer)

aquifer
Equation 15: Groundwater TDP concentration, 7DP,,, (mg )

Prpp.gw
TDP,,, = 103 —"9%

Vow
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Equation 16: Change in mass of P sorbed in the groundwater, P, cq g, With time (kg km™ day™)

P 1 1
sorbed,gw _ -3 Ngw Ngw
— T = 107Ky, (TDPgWg — EPC, ;W> Vow

Psorbed,gw

If

= Csat,aquifer: Psorbed,gw sat,aquiferMaquifer

aquifer

Equation 17: The groundwater equilibrium P concentration of zero sorption, EPC) g, (mg 1™

n
106 Psorbed,gw > av
Kf,gw Maquifer

If Psorpea,gw > 0 and K¢ g, > 0: EPCy g, = (

Else: EPCy gy, = TDP,,

Equation 18: Aquifer mass involved in P sorption reactions, M gr (kg km'z)

— 9
Maquifer =10 maquifer,areal

Including adsorption processes in the groundwater compartment in theory allows legacy groundwater P to be
simulated, for example due to historic prolonged inputs to groundwater from sewage effluent or septic tanks.
However, in practice the parameterisation of these equations requires more detailed knowledge of
groundwater and aquifer geometry, P content and sorption characteristics than is available in many areas.
There are also questions as to how representative these equations can be of groundwater P processes, as the
influence of the wider geochemical environment on P mobility is not taken into account (discussed further in
Section 4).

2.3.3  Quick flow processes

Water, sediment and dissolved and particulate P are stored in the quick flow compartment and transported to
the watercourse via quick flow (Figure 2). Unlike in the soil compartment, no transformations between
dissolved and particulate P are included in the model.

The rate of change in mass of TDP stored in the quick flow compartment is given by Equation 19 and the
quick flow TDP concentration by Equation 20. Inputs are from saturation excess flow, and the simplifying
assumption is made that saturation excess flow has the same TDP concentration as soil water; outputs are via
runoff to the stream. Infiltration excess flow only provides an input of water to quick flow, not of P, and is
therefore not included in Equation 19. Infiltration excess events may therefore result in a dilution of quick

flow TDP concentrations, as they cause an increase in quick flow water volume.

Equation 19: Change in mass of TDP in quick flow, Prpp guick, With time (kg km™ day'l)

dp TDP,quick
dt

= 86400 < atprcess Propsoit_ Sauit PTDP,quick>

soilwater unick
Equation 20: TDP concentration in quick flow, TDP,;c; (mg 1™

PTDP, ick
TDPquiCk = 103V—quw
quick
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Particulate P is only transported to the stream via quick flow, and the PP mass transported is linearly related to
the mass of soil transported. For a full description of the terrestrial sediment equations see Appendix B.1; in
short, simulated erosion occurs via splash detachment and flow erosion, and sediment yield to the stream is
dependent on the transport capacity of quick flow. Eroded material is frequently enriched in P relative to
parent soils due to the selective transport of finer-grained, P-rich particles (Sharpley, 1980). To take this into
account, there is the option to include an enrichment factor, Epp, in Equation 21. In reality, P enrichment
decreases as the size of the rainfall event increases, and so the simple constant, user-supplied enrichment
factor should be considered a longer-term average.

Equation 21: Reach PP input from the land phase, Ppp,une (kg day™), where superscript j denotes the landscape
class and P/ pr.lana 18 the flux per km?

Pj = E.oM (Plabile,soil + Pinactive,soil)
PP land — “PPland,total
’ Moy

n land use classes j
P = dsp 1w pJ
PP,land — SC 100 PP,land
land use class j=1

A number of potentially important inputs to quick flow TDP and PP, such as runoff from farm yards or
washoff of freshly-applied fertilizers or manures, are not explicitly accounted for in the model (discussed
further in Section 4).

2.3.4 Inputs from the land phase to the stream

Inputs of TDP from the terrestrial compartment to the stream are calculated by summing the contributions
from soil water flow, quick flow and groundwater flow, taking into account how these vary between land
classes and sub-catchments (Equation 22). As PP only enters the stream via quick flow, the PP input to the
stream is equivalent to Equation 21.

Equation 22: Reach TDP input from the land phase, Prpp e (kg day™), where superscript j denotes the
landscape class

dp’

TDP,land

dt

n land use classes 1
Al ;
P = Asc | 22 | P}
TDP,land — SC TDP,land

land use class j=1

= 86400 <q$0ilPTDP,soil + ngPTDP,gW n qquickPTDP,quick>

soilwater ng unick

2.4 In-stream phosphorus model

In-stream, water column and stream bed processes are simulated separately (Figure 2). In the water column, P
may be present as TDP or PP, whilst P in the stream bed is present as TDP within porewaters and as PP in bed
sediments. TDP exchange between the water column and the stream bed occurs via porewater flushing, whilst
PP exchange occurs via particle deposition and resuspension.
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In-stream equations described below are solved for each reach; all variables are defined in Table 3. Guards are
present in the code to prevent ‘divide by zero’ errors and to minimize the likelihood of floating point errors;

these are not detailed below.

Variable Description Units Source
Borowthepi Growth of epiphyte biomass gC m? day'1 Equation D-2
Borowinmac Growth of macrophyte biomass gC m? day'1 Equation D-5
Chpopi Proportion of P in epiphytes gPgC! Input parameter
Cpmac Proportion of P in macrophytes gPgC! Input parameter
Ciatbed Maximum P:sed ratio in the stream bed kg P kg sed’! Input parameter
atwe Maximum P:sed ratio in suspended material kg P kg sed! Input parameter
Csrp Regression between TDP and SRP (y-intercept) mg 1! Input parameter
dpeq Bed sediment depth m Input parameter
AP orbed pea/ At Change in mass of P adsorbed in the stream bed kg day-1 Equation 32
APsorbedwd/dt Change in mass of P adsorbed to suspended sediment kg day-1 Equation 27
DOC,,. Mean water column DOC concentration mg I Input parameter
E, e Fraction exchanged (water column and stream bed) day'1 Input parameter
EPCy Stream bed porewater EPC, mg 1! Equation 33
EPCy,. Water column EPC, mg 1! Equation 29
Ky Porewater sorption coefficient 1kg sed”’ Input parameter
Kpe Water column sorption coefficient 1 kg soil! Input parameter
K,, Stream bed porewater sorption scaling factor day™ Input parameter
K, Water column sorption scaling factor day™! Input parameter
Lyoacn Reach length m Input parameter
Mpeq Reach bed sediment mass kg Equation B-24
Mep Mass of sediment deposited on the stream bed kg m? day™! Equation B-20
Mpoc Ratio of dissolved hydrolysable P to DOC - Input parameter
Mo Mass of sediment entrained from the stream bed kg m? day™! Equation B-14
Msgrp Regression between TDP and SRP (gradient) - Input parameter
Mg Reach suspended sediment mass kg Equation B-9
My Porewater Freundlich isotherm constant - Input parameter
Myye Water column Freundlich isotherm constant - Input parameter
Ppp ped PP mass in the stream bed kg Equation 42
Prp.iey PP mass deposited to the stream bed kg day™! Equation 40
Ppp.ps PP output from the bottom of the reach kg day™! Equation 41
Prpens PP mass entrained from the stream bed kg day™! Equation 39
Prpjana PP output from the terrestrial compartment kg day'1 Equation 21
Pppus PP input from the upstream reach kg day™ Model calculates
Ppp e PP mass in the water column kg Equation 37
Prppps TDP output downstream from reach kg day ! Equation 26
Prppexchange TDP exchange (water column and stream bed) kg day™ Equation 28
Prppiana Reach TDP input from the land phase kg day™! Equation 22
Prppp TDP mass in the stream bed porewaters kg Equation 31
Prppus TDP input from the upstream reach kg day™! Model calculates
Prpp e TDP mass in the water column kg Equation 23
P i TDP uptake by epiphytes kg day Equation 25
Pupmac TDP uptake by macrophytes kg day Equation 34
PP Effluent PP concentration mg 1! Input parameter/time series
PP, Water column PP concentration mg I Equation 38
Gabs Abstraction rate m’ s’ Input parameter
qefr Effluent discharge m’ s Input parameter/time series
Greachout Reach outflow m’ s Equation A-18
SRP,,. In-stream SRP concentration mg 1! Equation 30
TDP Effluent TDP concentration mg I Input parameter/time series
TDP,,, Stream bed porewater TDP concentration mg 1! Equation 35
TDP,,. Water column TDP concentration mg 1! Equation 24
Opea Bed sediment porosity - Input parameter
Vo Porewater volume m’ Equation 36
Vieach Reach water volume m’ Equation A-19
Weach Average reach width m Input parameter

Table 3: Variables and parameters in in-stream P equations (units -’ are dimensionless)
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2.4.1 Dissolved phosphorus in the water column

The rate of change in water column TDP mass with time is given by Equation 23 and the TDP concentration
by Equation 24. Reach TDP inputs are from upstream reaches, the land phase (Equation 22) and sewage
effluent. Outputs are via abstractions, uptake by epiphytic algae (Equation 25) and reach outflow (Equation
26). TDP uptake depends on the epiphyte growth rate; the equations underpinning this are given in Appendix
D and a description of the underlying scientific basis is provided in Wade et al. (2002a). Sorption reactions in
the water column can act as a source or a sink of TDP (Equation 27), as can exchange with stream bed
sediments (Equation 28). P saturation of suspended matter may result in additional dissolved P inputs to the
water column (second expression in Equation 23).

Equation 23: Change in mass of TDP in the water column, Prpp,.., with time (kg day™), where superscript ¢ is
the current time step, #-/ the previous time step

dPTDP
4t we = Prppus + Prppiana + 86.4 TDF.frq g+ PTDP,exchange — 86.4 TDR,¢ qaps _Pup,epi — Prppps
_ dPsorbed,wc
dt
PPP,WC -
If —/— 2= Csatwe: P7€DP,wc = P7L:D}1>,wc + (Pppwe = CsatweMss)

ss
Equation 24: TDP concentration in the water column, TDP,,. (mg 1)

P
TDP,. = 103 —22%¢

reach

Equation 25: Reach TDP uptake by epiphytic algae, P, (kg day™):

— -3
Pup,epi =10 CP,epiBgrowth,epiLreachWreach

Equation 26: Reach TDP output from the bottom of a reach to the downstream reach, P7pp ps (kg day™)

P
p TDPDS = 86400 TDPwc Yreach,out

Vreach

Equation 27: Change in mass of P adsorbed to suspended sediments in the water column with time,
dP Snrbed,wc/ dt (kg day-l)

dP ! —
b d' - wc wc
% =1073K,,, (TDPW"C - EPCO’TWC) Vyeach

Equation 28: In-stream TDP exchange between the water column and stream bed pore waters, Prpp exchange (Kg

day™), in terms of net input to the water column from porewaters

PTDP,exchange = 10_3Epw,chreach(TDPpw - TDPWC)

As in the land phase, the change in mass of water column adsorbed P during a given time step (Equation 27)
depends on the difference between the water column TDP concentration and the water column EPC,
(EPCy,). In the latest version of the model EPC),,. is a dynamic variable dependent on the PP:SS ratio in the

water column (Equation 29).
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Equation 29: The water column equilibrium P concentration of zero sorption, EPCy,. (mg ')

106 Ppp,wc>n“
Kf,wc MSS

IfMSS >0 and PPP,WC >0 and Kf,WC > 0: EPCO,WC = (

Otherwise: EPCy\,c = TDP,,.

Finally, SRP concentration is calculated from TDP (Equation 30). This calculation can be done in two ways:
(a) by assuming a linear relationship with TDP, or (b) by using observed average DOC concentration as a
proxy for dissolved hydrolysable P (DHP) and assuming that SRP = TDP — DHP. Either option is a
simplification, as the relationship with TDP is likely to vary in space and time and for different P sources.
Data from Scottish rivers (Anderson et al., 2010) and the River Kennet (UK) suggest it is broadly appropriate,
but this is an area for potential future improvement given that P standards for flowing waters are commonly
defined in terms of SRP, which is generally more bioavailable than TDP.

Equation 30: In-stream SRP concentration, SRP,,. (mg ')

Option 1: SRPWC = Mggrp TDPWC + Csrp
Option 2: SRP,,. = TDP,,. — mpoc DOC,,

2.4.2 Dissolved phosphorus in the stream bed

Within the stream bed, the rate of change in porewater TDP mass with time is given by Equation 31. TDP
exchange with the overlying water column can act as a source or a sink of porewater TDP (Equation 28), as
can P sorption reactions (Equation 32). P sorption is calculated using a dynamic EPC, (Equation 33), to allow
the influence of legacy bed sediment P to be explored, e.g. down-stream of sewage treatment works (Jarvie et
al., 2012). Uptake by macrophytes may be an additional TDP output from the stream bed (Equation 34), and
depends on the macrophyte growth rate (Appendix D).

Equation 31: Change in mass of TDP in the stream bed porewaters, Prpp,, with time (kg day™), where
superscript ¢ is the current time step and #-/ is the previous time step

dPTDP,pw = _p _ dPsorbed,bed P
dt TDP,exchange dt up,mac
Ppp pea 1

. pt — pt
If = Csat,bed- PTDP,pw - PTDP,pw + (PPP,bed - Csat,bedeed)

bed

Equation 32: Change in mass of P adsorbed to stream bed sediments with time, dPopeq sea/dt (kg day™)

1 1
dP pw mow
Ssorbedbed _ 10-3,, <TDPPT‘Z’W - EPCJ;:J) Vreacn

Equation 33: The stream bed equilibrium P concentration of zero sorption, EPCy,,, (mg I'")

108 Ppp pea )“”W

Ibeed > 0 and PPP,bed > 0 and Kf,pw > 0: EPCO,pW = (
Kf,pw Mbed

Otherwise: EPCq ,,y = TDP,,,
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Equation 34: Macrophyte TDP uptake from porewaters, P, mac (kg day™)

— -3
Pup,mac =10 CP,macBgrowth,macLreachWreach

Porewater TDP concentration (Equation 35) is calculated assuming that porewater volume is constant over
time in each reach (Equation 36).

Equation 35: Porewater TDP concentration, 7DP,,, (mg 1M

PTDP,pw
TDE,, = 103 ———

Vow

Equation 36: Porewater volume, V,, (m’):

pr = Wreach Lreach Qbed Oped

2.4.3 In-stream particulate phosphorus processes

The rate of change in water column PP mass with time is given by Equation 37 and the PP concentration by
Equation 38. PP inputs to the water column are from any upstream reaches, the land phase (Equation 21),
sewage effluent and entrainment of stream bed PP (Equation 39). Outputs are via particle settling and
deposition (Equation 40), abstraction and outflow from the bottom of the reach (Equation 41). The change in
mass of P adsorbed to SS in the water column (Equation 27) may act as an input or an output of PP, and P
saturation of suspended matter may limit the water column PP mass (second expression in Equation 37). PP
entrainment and settling rates are dependent on SS dynamics, which are described fully in Appendix B.2.

Equation 37: Change in mass of PP in the water column, Ppp,,., with time (kg day™)

dep, c Psorbed, 4
dtw = Pppys + Pppjana +86.4 PPesp Gepy +—— 1 ~=+ Ppp,ent = Pepdep — 864 PPuc daps
- PPP,DS
PPP,WC . —
If s > Csat,WC' PPP,wc - sat,WCMSS

Equation 38: Water column PP concentration, PP,,. (mg1")

PPR,. = 103 Tepawe.

Vreach

Equation 39: Mass of PP entrained from the stream bed, Ppp..., (kg day™)

Ppp bea

If Myea > 0: Ppp ent = Mene Moo
bed

LyeachWreacn; Otherwise: PPP,ent =0

Equation 40: Mass of PP deposited on the stream bed, Ppp 4, (kg day™)

PPP wc
If Mss > 0: Ppp gep = Maep ™Mo LyeacnWreacn; otherwise: Ppp gop = 0

sus
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Equation 41: Reach PP output downstream, Ppp ps (kg day™)

86400 PPP,WC Qreach,out
VReach

PPP,DS =

The rate of change in stream bed PP mass with time is given by Equation 42. PP may be lost through
entrainment (Equation 39) or gained through deposition (Equation 40), whilst P sorption may result in either a
loss or a gain (Equation 32). As in the water column, stream bed sediments may become P saturated, in which
case additional P is assumed to enter porewater as dissolved P (Equation 31).

Equation 42: Change in mass of PP in the stream bed, Ppp .4, With time (kg day'l)

dPPP,bed _ dPsorpbed,bed p p
dt - dt + PP, dep™ T'PPent

PPP,bed

If = Csat,bed: PPP,bed = Csat,bedeed

bed

2.5 Technical details and model availability

INCA-P is a 32-bit Microsoft Windows application written in C++. It is available as a command-line version
(1.27 MB) or with a graphical user interface (3.75 MB), and will run on Windows XP onwards. The RAM
required during simulation depends on the application set-up (number of reaches and landscape units) and
application period (number of time steps). A simple one year, single reach set-up requires 6.6 MB of RAM.

The in-stream suspended sediment ODEs are solved using the Backward Differentiation Formula method of
CVODE (Cohen and Hindmarsh, 1996); all other ODEs are solved using a 4™ order Runge-Kutta-Merson
method (Wambecq, 1978). Although this is an adaptive solver, it is not particularly well-suited to solving stiff
ODE systems, and is therefore an area for future improvement.

At the time of writing, INCA-P is freely available for non-commercial use and can be obtained under licence
for commercial applications. The executable can be requested from the Norwegian Institute for Water
Research (NIVA) at www.niva.no/inca/inca-phosphorus (last accessed May 2016).

3. Case study: model application to the Tarland Burn, northeast Scotland
3.1 Introduction to the case study

The latest version of INCA-P retains many of the same process representations as previous versions of the
model, meaning that existing studies still provide useful demonstrations of a number of model processes; these
are not therefore re-examined here. For example, previous studies have focused on soil erosion and sediment
transport (Lazar et al., 2010), in-stream macrophyte and epiphyte processes (Wade et al., 2001) and shorter
term TDP and PP dynamics (Jackson-Blake et al., 2015). In this case study application we therefore focus on
two of the processes which have changed in the latest version: (1) PP dynamics, comparing output from the
latest version of the model to output from v1.0.2, and (2) the longer-term soil P and soil water TDP

simulation, as the new dynamic EPC, calculation (e.g. Equation 6) makes it possible to simulate long-term
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soil and stream bed sediment P content and associated TDP concentrations. The focus here is on the soil
compartment, rather than in-stream processing, as net fluxes associated with the latter are thought to be minor
in this catchment (Jackson-Blake et al., 2015).

3.2 Methods
3.2.1 Study area and spatial set-up

The Tarland catchment (51 km?) is a rural sub-catchment of the River Dee in northeast Scotland (WGS84
57.11, -2.80). For the period 2000-2010, mean annual rainfall was 966 mm and mean stream discharge was
0.73 m’ s (451 mm yr"). The stream was split into four reaches and associated sub-catchments (Figure 3),
based on the location of monitoring points and effluent discharges. Landscape units were based solely on land
cover, as there is a reasonable correspondence between soil and land cover in the catchment: humus iron
podzols and cambisols (brown forest soils) predominate under all but semi-natural land, where peaty podzols
also become important on the hill tops fringing the catchment. Three land cover classes were used, merging
classes from the Land Cover Map of Scotland (LCM2007): (1) semi-natural, including upland heath, forestry
and rough grazing; (2) improved grassland (temporary and permanent) and (3) arable (primarily spring barley,
but also other crops and set-aside). Reach and sub-catchment properties are given in Table 4.

810

Key
= Stream
— Sub-catchment
m Reach number
& Effluent input

Monitoring points

805
1

O Chemistry, low freq Land cover

O Chemistry, daily freq [ Agricultural —

@ Discharge [] semi-natural 0 2
345 350

Figure 3: The Tarland catchment with reaches and associated sub-catchments used in the INCA-P set-up. Monitoring
data points and land use are also shown. Eastings and northings (km) are relative to the British National Grid.

Reach Sub- Land use (%) Soils (%0)
Reach | length | catchment Arable Improved Semi- Brown Humus Peaty  Alluvial
(km) area (km? grassland natural forest soil  iron podzol podzol & gleys
1 2.8 7.2 24.2 32.8 43.0 60 20 16 4
2 2.9 19.6 19.6 29.4 51.0 52 27 13 8
3 1.3 44 13.3 40.5 46.2 2 77 0 21
4 2.3 19.4 23.1 34.1 42.8 33 40 10 17

Table 4: Reach and sub-catchment properties.

3.2.2 Data for model parameterisation, calibration and testing

Discharge and water chemistry data are available from the catchment outflow for the period 2000 — 2010.
Sparser water chemistry data are also available from three other points along the main stem (Figure 3). At the
catchment outflow, weekly sampling took place between 2000 and the end of 2003, with some daily sampling
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during rainfall events. Daily samples were then collected between February 2004 and June 2005, providing 15
months of daily data. After June 2005, infrequent irregular sampling took place for the rest of the period.
Measured determinands include suspended sediment (SS), total dissolved P (TDP) and soluble reactive P
(SRP) concentration; the daily 2004-2005 samples were also analysed for total P (TP), allowing particulate P
(PP) to be calculated (as TP — TDP). For further details of monitoring and analytical methods, see Stutter et al.
(2008).

Input time series of air temperature and precipitation were derived from the Met Office 5 km gridded dataset;
HER and SMD were generated using a simple water balance model (Jackson-Blake et al., 2015). A
comprehensive set of additional data were compiled to help parameterise the model, including fertilizer and
manure application rates (Table 5), estimates of maximum annual plant uptake of P (Table 5), sewage effluent
inputs (Table 5), one-off measurements of soil solution TDP concentration from soil core leachate (Stutter et
al., 2009a), observed regional groundwater TDP concentrations (Smedley et al., 2009) and soils data,
including soil TP content and bulk density from the Scottish Soils Knowledge and Information Base (SSKIB;
Lilly et al., 2004). See Jackson-Blake et al. (2015) for a full description of these data sets.

a) Terrestrial annual P inputs and outputs via plant uptake (kg ha™ yr™):

Land use class Fertilizer & manure Maximum net plant Annual
inputs uptake excess
Arable 23 13 10
Improved grassland 26 15 11
Semi-natural 0 0 0

b) Sewage effluent inputs to the study reaches:

Reach P concentration (mg I Discharge (m’s™)
1 6.2 2.8x107
2 6.2 7.5%107
3 3.0 1.3x107
4 6.2 7.5%107

Table 5: a) Assumed annual P inputs to the land phase from fertilizer and manure and annual net plant uptake. The
resulting annual balance is also provided. b) Sewage inputs, combining inputs from septic tanks and a sewage treatment
works.

3.2.3  Simplified model set-up and associated assumptions

Within a given catchment, many of the processes in INCA-P are likely to be either relatively unimportant, or
there may be insufficient data for the processes to be included in a meaningful way. To reduce model
complexity and data requirements, simplifying assumptions can often therefore be made. Here, the following
assumptions were made:

1) The labile and inactive soil P stores were assumed to be independent over the relatively short time
period of interest, and therefore chemical immobilization and weathering rates were set to zero.

2) In semi-natural Scottish uplands, plant communities are P limited or N and P co-limited (Britton and
Fisher, 2007) and soil and associated surface waters have very low dissolved P concentrations
throughout the year (Q75<5 pg 1"'; unpublished James Hutton Institute data). This implies tight
biological cycling, so in the semi-natural land class net uptake, plant residue inputs, deposition inputs
and leaching outputs were assumed to be in balance and were set to zero. Soil water TDP
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3)

4)

S)

6)

7)

8)

concentrations were assumed to be around zero and all soil P in semi-natural land was assumed to be
in the inactive store.

In agricultural land, the inactive soil P store was assumed to be the same as in semi-natural land, and
the difference between cultivated and semi-natural total P content (SSKIB data) was assumed to be
labile P. This assumption means that simulated soil water TDP concentration in agricultural soils will
decrease to semi-natural values (i.e. near zero) as total soil P approaches the value in semi-natural
land and soil labile P drops to zero. This assumption is only valid if soils under the two land classes
are of the same type and in the same pedological development stage. This is likely here, as the
difference between semi-natural and agricultural soil P was calculated for two soil series which are
widespread under both cultivated and semi-natural land in the catchment (Countesswells and Tarves).
SSKIB reports soil P content for both cultivated and semi-natural soil profiles for both series, and it
was assumed that within-series differences are due to human factors. The final inactive soil P value
used (873 mg kg') is an average of this difference for the two series, giving an initial labile soil P
content on agricultural land of 585 mg kg™

Literature-derived estimates of P inputs and plant uptake values were very similar for improved
grassland and arable land use classes, and there was no data to distinguish between the soil total P
content in the two classes. They were therefore identically parameterised using average values, apart
from the soil erodibility parameter (to allow for a difference in the SS and PP flux from the two
classes).

Daily or seasonal variations in soil water TDP concentration in response to fertilizer and manure
inputs and plant uptake did not result in improved model performance compared to a model set-up
with a relatively constant soil water TDP concentration (over sub-annual time scales). This is not
surprising, as P applied in fertilizer and manure is rapidly incorporated into the soil structure and then
re-released throughout the year as plant uptake and leaching remove P from the soil solution (e.g.
Sisak, 2009). For simplicity, it was therefore assumed that fertilizer and manure applications and plant
uptake occurred at a constant rate throughout the year, with inputs in liquid form. This satisfies the
annual P balance and results in a relatively constant soil water TDP concentration (at a sub-annual
time scale). An alternative approach would be to set the sorption scaling factor, Ky, to a large value
to simulate the rapid sorption of much larger pulses of fertilizer and manure P (in this set-up it was
assumed to equal one).

Sorption reactions control TDP concentrations in soil waters, so the sorption equations (Equation 5
and Equation 6) must be carefully parameterised. A simple linear relationship between adsorbed P
mass in the soil (mg kg'l) and the soil water EPC, (EPC,,;) was assumed, as recommended by
McCray et al. (2005). Practically, this involves setting the Freundlich isotherm constant, 7y, to 1.
The gradient of the line (K., the sorption coefficient) can then be estimated if two points on the line
are known. These two points were obtained by assuming that when soil labile P content = 585 mg kg™
(agricultural land), EPCy,; = 0.1 mg I (calibrated from within the likely range in the catchment), and
that the line passes through the origin (semi-natural land). This gives a Kj,; of 5850 1 kg soil! for the
calibrated soil depth (Section 3.2.4).

Groundwater was assumed to have a constant TDP concentration of 0.01 mg 1", fitting with regional
observations (Smedley et al., 2009).

Sediment generation on land was simplified to just occur via flow erosion; splash detachment was not
considered. The soil grain size distribution was also simplified to just one size class, silt (2 — 60 um),
which most closely corresponds to the effective particle size distribution of suspended sediment
measured across a suite of rivers (Marttila and Kleve, 2015; Walling and Woodward, 2000).
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9) In this catchment, in-stream TDP concentrations are primarily controlled by delivery from the land
phase and effluent inputs, rather than by in-stream processing (Jackson-Blake et al., 2015). The only
in-stream processes included were therefore entrainment and deposition of sediment and associated
PP.

10) The majority of parameters were assumed to be the same across land use types, sub-catchments or
reaches, the main exceptions being GIS or measurement-derived parameters and terrestrial parameters
responsible for controlling the differences in simulated nutrient or sediment fluxes between the

different land use classes.
3.2.4 Model calibration and validation

The model was calibrated for the period 2004-2005, using 15 months of daily discharge and surface chemistry
data from reach 4. The model was then tested against daily discharge data and sparser water chemistry data for
the 11 year period 2000-2010, excluding 2004-2005.

The model was calibrated manually rather than using an auto-calibration algorithm. Auto-calibration is time-
consuming, and in the case of complex models like INCA-P it is questionable whether better or more robust
results are obtained than when manual calibration is used (discussed more fully in Jackson-Blake and Starrfelt,
2015). Calibration was first carried out for the two year calibration period. This was done in a step-wise
manner: hydrology-related parameters were adjusted until an acceptable discharge calibration was obtained,
then sediment-related parameters and finally P-related parameters, with smaller iterations of altering the
hydrology and sediment parameters to improve the P simulation. Additional data taken into account in model
calibration included likely soil solution TDP concentrations in the catchment. There are no widely-accepted
criteria for determining whether P model performance is acceptable, and so a combination of model evaluation
measures were used (Jackson-Blake et al., 2015), including: (1) visual assessment of time series, (2)
comparison of distributions of observed and simulated data using Q-Q plots, and (3) model performance
statistics, including Spearman’s Rank correlation coefficient and model bias (%). Nash Sutcliffe efficiency
(NS) and R* (Pearson’s product moment correlation coefficient squared) were also used for discharge, with a
requirement for NS > 0.65 for model performance to be classed as acceptable (Moriasi et al., 2007). In
addition, the calibration procedure included checking for plausible changes in groundwater volume, soil P
mass and stream bed sediment and PP mass during the course of the model run.

The calibration procedure then involved adjusting several parameters which do not affect the shorter term
simulation, but do affect the longer term behaviour of soil P. Elevated stores of soil P can undermine attempts
to reduce in-stream P concentrations potentially for decades after reductions in P inputs to land (Sharpley et
al., 2013). To simulate this legacy P effect, soil P status must change in response to changing P inputs at a
sensible rate. This rate was determined from long-term monitoring experiments, which have shown that when
P fertilization of agricultural land ceases, soil P content appears to decay exponentially with a half-life of 7 to
9 years (e.g. McCollum, 1991; Syers et al., 2008). Within the model, the simulated rate of change in soil labile
P depends on the initial soil labile P store, sorption reaction rates and plant uptake rates. The initial labile P
mass is controlled by soil depth, bulk density and initial labile P concentration. Soil depth was considered to
be the most uncertain of these, and so to ensure a sensible result from scenario analyses, soil depth was
calibrated to ensure that, in the absence of P inputs and with plant uptake rates set at values typical for semi-
natural land, soil labile P in agricultural land dropped to near zero within 35 years (assuming the more
conservative half-life of 9 years). The result was an effective soil depth of 7 cm; 14 cm taking soil porosity
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into account. This is plausible, given that soil P content decreases with depth and is highest in the top 20 cm in
agricultural soils (Syers et al., 2008).

3.2.5 Scenario analysis

The calibrated model was run for a 30-year period to provide a baseline dataset: initial conditions were set
equal to the calibration run (i.e. for 2004), then the model was run using input data for the period 1981-2010.
Simple fertilizer/manure reduction measures were then simulated, including 25%, 50% and 100% reductions
in P inputs. A 25% reduction in P inputs is a potentially realistic management option for the catchment, whilst
the 50% and 100% reduction options are unlikely to be implemented in reality, and serve as sensitivity tests
for the model. Soil P content and soil water and in-stream TDP concentrations were then compared for the

baseline and scenario runs.

3.3 Case study results and discussion
3.3.1 Model calibration and validation results

Catchment P models tend to perform well in areas where point sources provide the dominant P input, but
struggle in rural areas where inputs are more diffuse (Jackson-Blake et al., 2015; Wade et al., 2007). Given the
rural setting of the Tarland, model performance statistics for TDP and PP (Table 6) were therefore reasonable,
with significant positive correlations between observed and simulated data and percent bias <45% for all
variables in both the calibration and validation periods (Moriasi et al., 2007). NS statistics are reported due to
their prevalence in the literature, but are poor at discriminating between plausible and implausible TDP and
PP simulations in rural areas (discussed further in Jackson-Blake et al., 2015), and are therefore not
considered further here.

As mentioned in Section 3.1, model performance in the study catchment with respect to TDP was examined in
Jackson-Blake et al. (2015), so only a brief description is given here. Simulated TDP concentrations were
generally of the right magnitude during baseflow, increasing by the right order around rainfall events (Figure
4 and Figure 5). Simulated concentrations were not as responsive to small rainfall events as observed data,
resulting in fewer peaks, and the peaks that were simulated tend to be broader than observed. This is thought
to be because of issues with the driving HER time series, the lack of TDP in quick flow generated via
infiltration excess, and more generally because of the limitations of using a semi-distributed model.
Meanwhile, the model over-estimated the lowest TDP concentrations (Figure 6). This may be partly due to the
lack of a snow module in the hydrology model used to generate the input HER time series.

For PP, the issue of under-simulated peaks was more pronounced, likely due to the more diffuse and sporadic
nature of PP (and associated SS) inputs. However, the simulated PP dynamics were closely linked to
simulated SS dynamics and in-stream discharge, in contrast to the model application in this catchment using
v1.0.2 (Jackson-Blake et al., 2015). Simulated increases in discharge and SS concentration were accompanied
by increases in PP concentration, as expected (Figure 4); in the previous application this was not the case
(dashed line on Figure 4). This more realistic PP behaviour is reflected in the improved correlation coefficient
(Table 6); in the previous application there was no significant correlation between observed and simulated
data (bracketed values in Table 6). This new model version therefore represents a substantial improvement
over previous versions. Simulated summer PP concentrations are still however problematic, with under-
estimation of PP between ~3 and 20 ug I (Figure 6). This may be because organic matter generated in-

stream, such as sloughed biofilms, may make up an important amount of PP during summer (Stutter et al.,
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2009b), and is not accounted for in the model. This may be something to consider adding in the future,
although more summer PP data would be needed to confirm that this is an issue.

Whilst the model produces plausible TDP and PP simulations in the study catchment, there is a need for
further testing in a variety of areas and with applications at different scales. A particularly useful test would be
to compare model output to edge-of-field PP and TDP monitoring data, to determine whether the simulated

soil P processes are reasonable in agricultural areas.

Calibration Validation
Var Bias Spearman's NS Bias Spearman's NS
N NS N NS

(%) Rank (logs) (%) Rank (logs)
Q 716 0.0  0.91%* 0.73 0.79 | 3213 12  0.87* 0.55 0.72
SS 448 -16 0.46* 0.02 034 | 189 -43 0.31%* 0.05 0.33
TP | 428 -14 0.37* 0.07 0.13
PP | 428 -43  0.28* 0.01 -0.06

(-27) (0.07) (-0.04)
TDP | 449 9.1 0.34* -0.24  -0.14 | 105 6.5 0.44* 0.10 0.17

*: significant, p<0.001. Otherwise not significant (p>0.05). N: number of observations; NS: Nash Sutcliffe efficiency

Table 6: performance statistics for INCA-P vi.4.4 for the calibration and validation periods, reach 4. Bracketed values
for PP relate to results from INCA-P v1.0.2.
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3.3.2  Scenario analysis results

Under the baseline scenario, the continuing P surplus on agricultural land resulted in an increase in soil P
content during the 30-year period, with a corresponding increase in EPC, (Table 7). This lead to an increase in
simulated soil water TDP concentration (Figure 7) and therefore an increase in peak TDP concentrations in the
stream (Figure 7), resulting in an increase in annual mean TDP concentration of 6.4 pg "' over the 30 year
period (Table 8). Of the three fertilizer and manure reduction options, the smallest 25% reduction still resulted
in a net annual P surplus on agricultural land, with an accompanying increase over the 30-year period in soil
labile P content and soil EPC, (Table 7), soil water TDP concentration and in-stream TDP concentration
(Figure 7). Only by the 50% P reduction option did simulated soil P content decrease over the study period,

with a corresponding decrease in soil water and in-stream TDP concentration.

The model provides an indication of the time required for improvements to be noticeable. During the first five
years, mean annual in-stream TDP concentrations were reduced by less than 15% compared to the baseline,
even for the 100% P input reduction option (Table 8). However, by the end of the simulation period the soil-
water system had re-equilibrated to the new P input values, resulting in much greater reductions in in-stream
TDP concentrations. For example, the 100% reduction option resulted in a 50% reduction in mean annual in-
stream TDP concentration (Table 8), with agricultural soil water TDP concentrations close to semi-natural
values and stream P inputs primarily from sewage effluent and groundwater. This kind of information could
be useful for helping manage expectations for when returns on investments might be achieved, or for deciding
which measures to implement (e.g. measures with a faster response time might be preferred).

The simulated reductions in terrestrial P inputs bring about reductions in soil water TDP concentrations, and
therefore only reduced in-stream TDP concentrations during flow peaks; baseflow concentrations were largely
unaffected (Figure 7). In-stream ecology is more affected by summer baseflow P concentrations than by short-
lived peaks and concentrations outside the growing season (Stamm et al., 2013), so these results suggest little

26



improvement in in-stream ecological status would be expected, even under the most extreme fertilizer
reduction scenario. However, the associated reduction in loading from the Tarland Burn to the more
ecologically-sensitive River Dee could be beneficial.

Several issues need to be kept in mind when interpreting these results. Firstly, plant P uptake is not linked to
soil P content, so results assume that P uptake remains unchanged despite decreasing inputs. This is likely to
be the case until soil P becomes limiting, when we might expect plant yield and P uptake to start to decrease;
further work is required to determine whether this effect should be included in the model, and if so how to link
critical soil test P values with total or labile soil P content simulated by the model. Secondly, the simulated soil
P response times are controlled by the choice of model parameters, which were in turn chosen to provide a
realistic response time based on available monitoring data (Section 3.2.5). The robustness of the results
therefore depends on the quality of the data used to help inform model parameterisation, and the
transferability of this data to the study catchment. Finally, reductions in fertilizer and manure application rates
may have a greater impact than simulated, through a reduction in wash-off of freshly-applied fertilizer and
manure, which is not simulated in the model at present (see Section 4).

Variable Reduction in terrestrial Value, Value, Total Annual
P inputs (%) year 1 year 30 change change
0 100 157 57 1.9
EPC, 25 100 122 22 0.7
(ug 1) 50 100 89 -11 -0.4
100 100 21 -79 -2.6
0 585 917 332 11.1
Soil labile 25 585 712 127 42
P (mg kg™) 50 585 519 -66 22
100 585 125 -460 -15.3

Table 7: Results from the 30 year simulations in terms of EPC, and soil labile P content in agricultural soils

.. .. Years 1 — 5 Years 25 - 30
Reduction in fertilizer . .
) Syr Difference Syr Difference
& manure P inputs . .
%) mean to baseline mean to baseline
0 _ -

(ng 1 (%) (ng 1) (%)

0 (baseline) 33.4 NA 39.8 NA

25 32.4 -3 34.6 -13

50 31.5 -6 29.8 -25

100 29.6 -12 20.1 -50

Table 8: Effectiveness of mitigation measures in terms of mean annual concentrations of TDP at the catchment outlet
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panel, to provide an envelope for the likely response.

4. Model applicability and limitations

The model aims to include the key processes that could affect catchment-scale P mobilisation, transport and
retention within a given area. This approach results in a flexible model which can be applied at a broad range
of spatial and temporal scales, making it particularly suitable for use as a research tool. It could be used, for
example, to formulate hypotheses about the dominant processes and pathways within a catchment, to highlight
data gaps that could help differentiate between hypotheses, or to examine how water quality might vary
spatially and temporally, for example in response to climate, land use, demographic change or longer-term
changes in the terrestrial P balance. One of the main advantages of the model is that it can be used to simulate
both short-term, event-based dynamics, and longer-term dynamics (as demonstrated in the case study).

The downside of the flexible model structure is a relatively complex model, although it is comparable in
complexity to similar models (e.g. SWAT and AnnAGNPS) and is simpler than fully distributed approaches
such as MIKE-SHE (Refsgaard et al., 1995). Within a given system it is very likely that the model will be
insensitive to many of the simulated processes. A certain amount of model simplification is therefore likely to
be possible and indeed desirable (e.g. Section 3.2.3), but must be carried out with full awareness of model
processes and assumptions. In this application, even a simplified set-up still required a large number of
parameter values to be supplied, and a high level of familiarity with the model. As discussed in Jackson-Blake
and Starrfelt (2015), the large number of model parameters means that a thorough exploration of the
parameter space is infeasible, and therefore further simplification is required before full sensitivity and
uncertainty analyses and automated calibration can be carried out in a reasonable time frame.

Despite its relative complexity compared to data availability in many areas, the model still takes a simple
approach to P chemistry, ignoring the influence that the wider biogeochemical environment can have on P
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mobilisation, cycling and transport. For example, the role that carbon and other nutrients play in mediating
biological P uptake and in controlling mineralization and immobilisation rates (Reddy et al., 1999) is not
included, inorganic and organic P processes are lumped together, soil biotic and abiotic processes are grouped,
a constant SRP:TDP ratio is assumed, and the important effect redox, pH and soil and sediment texture and
mineralogy may exert on P mobility are omitted. These simplifications mean that it becomes difficult to assign
physical meaning to model parameters such as Freundlich sorption parameters, or to simulated variables such
as soil labile P content. Further model testing, for example using edge-of-field monitoring data spanning
changing soil P conditions, is required to determine whether these simplifications are justified, and further
model development may be required to improve the compatibility of model parameters and output with more
widely-available or agronomically-relevant data (e.g. soil test P data and SRP concentrations).

Other more specific issues which might limit model applicability in certain circumstances include:

o The semi-distributed spatial conceptualisation of a catchment requires the assumption that initial
conditions, P inputs, transformations and output fluxes are the same within a given landscape class,
irrespective of location within the catchment. This reduces model complexity and run times and is
often proportionate to the amount of data available, but results in the spatial averaging of often highly
disparate biogeochemical processes, flow pathways and farming practices. In addition, the
hydrological connectivity of the landscape is not modelled as it is in fully distributed approaches. This
means that the model is not particularly well suited to looking at critical source areas, for example, or
the effectiveness of edge-of-field measures aimed at reducing diffuse pollution.

e Rainfall events may wash freshly applied fertilizers or manures from the soil surface to water courses.
Such ‘incidental’ P losses from the land surface may be very important in some areas (e.g. Withers et
al., 2003), but a lack of data means they are difficult to include in a catchment-scale model in a
meaningful way. They are not therefore explicitly accounted for in INCA-P at present, as it is
assumed that all P inputs to the land are incorporated into the soil. This means that the model cannot
easily simulate the effectiveness of measures aimed at reducing incidental losses. Several models have
been developed in recent years to simulate incidental P losses (e.g. Vadas et al., 2011; Vadas et al.,
2008), which could form the basis of future improvements to INCA-P.

e Catchment water quality models such as INCA are frequently required to simulate the effect of water
protection measures. Aside from issues with simulating measures to reduce edge-of-field and
incidental losses (mentioned above), this is possible provided that data or knowledge is available on
how much a certain measure will affect a process or flux already included in INCA-P. The model is
therefore best suited to examining the impact of broad-scale measures such as land use change and
changing terrestrial P inputs. Other processes may be simulated, but are likely to be much more
uncertain due to both a lack of knowledge of the true effectiveness of a measure in a given location,
combined with the spatial averaging brought about by using a semi-distributed set-up. The difficulties
in simulating more detailed land management measures limits the model’s utility for informing land
management directly, as decisions are often made at scales which are too fine for the model (i.e. field
and farm scale). However, catchment models like INCA are useful for integrating the effectiveness of
measures over larger catchment scales of ecological interest, e.g. to predict whether reductions in
inputs in one sub-catchment are likely to bring about desired changes down-stream given the other
hydrological and P inputs, as well as the potential time to see improvements. The model may also
inform management measures by profiling the dominant processes or pathways in the catchment,
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which in turn provides information on the kinds of measures to prioritise in an area; more spatially-
explicit GIS or field/farm-scale modelling could then be used to develop management plans.

e To date, the model has been applied in a range of catchments across northern Europe, Canada and in
northern India, and is expected to be applicable across a range of environmental conditions. However,
the model equations assume fairly temperate conditions and uncomplicated hydrology. Poor
performance would therefore be expected in areas where this is not the case, such as karstic terrain or

ephemeral water courses.

e Because the impact of redox and pH on P mobility are not taken into account in the model, it is
unlikely to perform well in catchments fed by anaerobic, Fe-rich groundwater. For example, in many
delta systems, the strong redox and pH gradient at the groundwater-surface water interface leads to
rapid oxidisation of Fe*", resulting in the precipitation of iron oxyhydroxides with co-precipitation of
phosphate, and a corresponding reduction in P availability in surface waters (Baken et al., 2015; Van
der Grift et al., 2014).

e The in-stream biological equations were developed for application in chalk streams in southern
England, where macrophytes abound and are the primary substrate for epiphytic algae. The in-stream
biological equations cannot account for P uptake by benthic algal mats, which may be significant
(Reddy et al., 1999), and there is no subsequent mineralization of P sequestered in biomass. The in-
stream biological response is only controlled by temperature and P concentration, ignoring the effect
of discharge and concentrations of other nutrients. This is a future model development need, and could
for example help in improving the summer PP simulation in areas where sloughed biofilms make up a
significant proportion of the in-stream PP (Section 3.3.1).

For the model to produce realistic results, good quality data must be available for model calibration and
validation. Indeed, as with all mechanistic models, INCA-P should only be used to advise policy and land
management if internal processes and parameters are sufficiently well-constrained that the modeller can be
confident that the right processes are being captured. This requires data to constrain parameter values and
internal fluxes within the catchment, as well as standard ‘end-of-pipe’ water quality data. Without good data
and process understanding, there is a real risk of obtaining results which appear reasonable but have little
predictive value. Finally, long-term monitoring datasets provide the only means of parameterising and testing
longer term predictions from dynamic models. Such monitoring data is relatively uncommon, and more effort
is required in this area. More testing of longer term model predictions is crucial in building confidence that
model output is reliable, which in turn is required for model results to be used to advise policy and land
management.
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Appendix A Hydrology equations

Water is stored in the landscape in three compartments: soil water, quick flow (primarily overland flow and
tile drainage) and groundwater (Figure 2). Flow out of each store is proportional to the volume in the store,
with a constant of proportionality 1/T where T is the time constant. In each store, the rate of change in volume
with time is proportional to inputs minus outputs.

A.1l  Terrestrial hydrology

All parameters and variables used in the terrestrial hydrology equations are defined in Table A.1.

Variable Description Units Source
ALy Area of landscape class in sub-catchment % Input parameter
Asc Sub-catchment area km? Input parameter
s Base flow index - Input parameter
Clxcess Infiltration excess proportion to quick flow - Input parameter
Cret Soil water retention volume constant - Input parameter
Cr Rainfall correction factor - Constant (1.08)
1 Infiltration rate m’ s km™ Equation A-10
L Maximum infiltration rate mm day’l Input parameter
Gow Groundwater flow m’ s km™ Equation A-13
ew,land Groundwater flow to reach m’s! Equation A-16
G ew,sus Groundwater sustainable flow m’s! km? Input parameter
G lExcess Infiltration excess quick flow mz s'i km'z Equation A-9
Gauick Quick flow m’s km Equation A-11
Gauick Jand Quick flow to reach m’s?! Equation A-17
GsatExcess Saturation excess quick flow m’ s km? Equation A-8
Gsoil Soil water flow m’ s km? Equation A-5
Gsoil land Soil water flow to reach m’s! Equation A-15
Gsoil,max Threshold soil water flow for saturation excess m’ s km™ Input parameter
Gsoil.sus Sustainable soil water flow m’ s km? Input parameter
Gsoil out Soil water flow and saturation excess m’ s km? Equation A-3
Rctval Measured actual precipitation mm day'1 Input time series
Ry Hydrologically effective precipitation mm day User input timeseries
Regy Hydrologically effective precipitation flux m’ 5™ km™ Equation A-1
Rovinmelta Flux of rainfall plus snowmelt m’ s km? Equation A-2
Row Precipitation falling as snow mm day™ Equation C-3
Vuser Input precipitation flux for infiltration m’ s km? User choice between: R,
calculation R ginmeirg OF @ hybrid of Ry, and
Rerq
Shtelr Snow melt mm day'l Equation C-4
SMD Soil moisture deficit mm Input time series
SMD.,,qx Maximum soil moisture deficit mm Input parameter
Tow Groundwater time constant days Input parameter
T ik Quick flow time constant days Input parameter
Teoil Soil water time constant days Input parameter
Vw Groundwater volume m’ km™ Equation A-14
Vouick Quick flow volume m’ km? Equation A-12
Vioil drainage Soil water drainage volume m> km? Equation A-4
Voit retention Soil water retention volume m’ km™ Equation A-6
Vsoitwater Soil water volume m’ km” Equation A-7

Table A.1: Parameters and variables used in terrestrial hydrology equations

A.1.1 Hydrological inputs

Hydrological processes are driven by a time series of hydrologically effective precipitation (HER), R, which
must be derived, together with soil moisture deficit (SMD), from a rainfall-runoff model (e.g. PERSiST). The
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user-input HER series is converted to a flux in m® s™' km™, Req (Equation A-1). To calculate infiltration
excess, a time series of actual precipitation and snow melt is also calculated (Equation A-2).

Equation A-1: Hydrologically effective precipitation flux, R.z, (m’ s km™)

103
Rerr.a = gea00 er”

Equation A-2: Flux of rainfall plus snowmelt, R, qinmeirq (m3 st km'z)

103
rainmelt,q = azinn \UR\actual — Rsnow Melt
R 86400 (Cr(R R )+ S )

A.1.2 Soil water

Soil water is split into a ‘drainage volume’, soil water above field capacity, and a ‘retention volume’, soil
water below field capacity. The drainage volume is water which may run off to the stream, whilst the retention
volume contributes to the overall volume of water in the soil, and is therefore important in calculating
concentrations in the soil water.

The rate of change in flow from the O/A soil horizon, including saturation excess (Equation A-3), and the
change in drainage volume (Equation A-4) are dependent on the amount of incoming effective precipitation
minus outflow from the soil box. For soil water flow, the user has the option of setting a minimum threshold.
The flux of water from the soil box is then corrected to take any saturation excess into account (Equation A-
5), for use when calculating fluxes to groundwater. The soil water retention volume is calculated using the
user-supplied soil moisture deficit (SMD) time series (Equation A-6), and the total soil water volume is then
the sum of the drainage and retention volumes (Equation A-7).

Equation A-3: Change in soil water flow and saturation excess, g our, With time (m® s km™ day™)

dqsoil_out _ Reﬂfq — Ysoil_out
dt Tsoir

) where soil_out = maxlmum{q_soil,sus' qsoil_out}

Equation A-4: The change in soil drainage volume, Vi drainage» With time (m3 km™ day™)

stoil_drainage

dt = 86400(Reff,q - QSoil_out)

Equation A-5: Corrected soil water flow, g (m3 s! km'z), taking saturation excess into account
dsoil = minimum{QSoil_oub qsoil,max}

Equation A-6: Soil water retention volume, Vi retention (m3 km'z). SMD,,,. must be set by the user to be greater

than the maximum SMD value in the input time series.

Vsoil_ret = 103Cret(SMDmax - SMD)

Equation A-7: Volume of water in the soil, Vinarer (m3 km'z)

Vsoilwater soil_drainage + Vsoil_retention
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A.1.3 Quick flow

The quick flow store has two inputs: saturation excess (Equation A-8) and infiltration excess (Equation A-9).
The first step in calculating infiltration excess is to calculate the infiltration rate (Equation A-10). For this, the
user may choose between using various input precipitation time series: the default is the effective precipitation
flux, R4, but alternatives include actual precipitation falling as rain plus snowmelt, R,nmer,g, OF @ hybrid of
actual rainfall, R,..., and effective precipitation (see Lazar et al., 2010 for details). The rate of change in
quick flow and volume with time are then calculated as inputs minus outputs (Equation A-11, Equation A-12).

Equation A-8: Saturation excess flow, ¢sugxcess (M° 8~ km™)

QsatExcess — maximum{(qsoil_out - qsoil,max): 0}

Equation A-9: Infiltration excess, ¢gxcess (m3 st km'z)

QIExcess = CIExcess (ruser - minimum{], Tuser})

Equation A-10: Infiltration rate, / (m® s™' km™)

1000 864 Tuser
— —_— —_ Imax
fmax 200 (1 ¢ >

Equation A-11: The change in quick flow, gguict, With time (m’ s km™ day™)

quuick _ 9satExcess + Qi1Excess — Qquick
dt Tquick

Equation A-12: Change in quick flow volume, Ve , with time (m® km™ day™)

dV, i
quick
d—tl = 86400(qsatExcess + QiExcess — qquick)

A.1.4 Groundwater

The rate of change in groundwater flow (Equation A-13) and groundwater volume (Equation A-14) with time
are dependent on inputs from the soil water store (O/A soil horizons) via vertical percolation to the
groundwater (B/C horizons and deeper) minus outputs to the stream. An additional optional parameter ensures
groundwater flow doesn’t drop below a user-specified threshold.

Equation A-13: Change in groundwater flow, g, with time (m’ s km? day™)

d L o—
dgw _ Bsoir qgw,whe’r‘e qgw = maximum{qgy, sus» dgw}

dt Tow

Equation A-14: Change in groundwater volume, V,,,, with time (m® km™ day™")

dv,
% = 86400(,8(150il - ng)
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A.1.5 Terrestrial inputs to the stream

Flows from the terrestrial compartment to the stream reach are calculated by multiplying flows for a 1km? cell
by the sub-catchment area, taking into account how flows vary between land classes.

Equation A-15: Soil water inputs to the reach, g jana (m3 s'l), where superscript j denotes the landscape class
j=nland classes

Al -
Gsoilland = Z Agc (W%) (1 - ﬁ)qzoil

j=1

Equation A-16: Groundwater inputs to the reach, gy /g (m3 s'l), where superscript j denotes the landscape

class

n land classes Aj
ng,land = z ASC (ﬁ) qéw
j=1

Equation A-17: Quick flow inputs to the reach, qguickiana (m® s™), where superscript j denotes the landscape
class

n land classes i
Al ;
_ A LU j
Aquick,land = SC 100 qquick

j=1

A.2  In-stream hydrology

For each reach, the flow and volume of water in the reach are tracked (Equation A-18 and Equation A-19).
Within a reach, the rate of change in water volume is proportional to inputs minus outputs and the flow out of
the reach is proportional to the reach volume. The constant of proportionality iS 1/Tieucn, Where Tieaen 18 the
reach time constant. Ty, 1S not however constant as it is in terrestrial stores, but varies according to water
velocity (Equation A-20). Water velocity is in turn determined using an empirical relationship between
velocity and discharge (Equation A-21). Finally, reach depth is calculated assuming a rectangular channel
cross section (Equation A-22), for use in the in-stream sediment module. Parameters and variables used in the
in-stream hydrology equations are defined in Table A.2.

Equation A-18: The change in reach outflow, g, .qch o, With time (m3 st day'l)

ereach out 1
d = —b (Qreach,US + Qquick,land + CIsoil,land + CIgw,land + Qeff — qabs — CIreach,out)
t (1 )Treach

Equation A-19: The change in reach volume, V..., with time (m3 day'l)

Vreach

dt = 86400(qreach,U5 + qquick,land + qsoil,land + qgw,land + qeff —YGabs — qreach,out)
Equation A-20: Reach time constant, 7T, (days)

_ Lreach
Treach = ge200
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Equation A-21: In-stream flow velocity, v (m s™)

Equation A-22: Reach depth, d,cqc, (M)

d

— b
v = aQreach,out

_ qreach,out

reach —

U Wreach

Variable Description Units Source

a Velocity-discharge a parameter m”  Input parameter

b Velocity-discharge b parameter - Input parameter

dreach Reach depth m Equation A-22

Lyeach Reach length m Input parameter

qabs Reach flow abstraction m’ s Input parameter/time series
qefr Reach effluent flow input m’ s Input parameter/time series
Qo land Groundwater flow to reach m’ s Equation A-16

Qquickiana  Quick flow to reach m’ s Equation A-17

Greachowr  Reach outflow m’ s Equation A-18

Greach,Us Inflow from upstream m’ s Model calculates

Gsoil,land Soil water flow to reach m’ s Equation A-15

Treach Reach time constant days Equation A-20

v In-stream flow velocity ms” Equation A-21

Vreach Reach volume m’  Equation A-19

Wreach Reach width m Input parameter

Table A.2: Parameters and variables used in in-stream hydrology equations
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Appendix B Erosion and sediment transport equations

Sediment generation, delivery to the stream and subsequent in-stream transport and deposition are simulated
as in INCA-sed with only minor alterations. The sediment equations as implemented in the INCA-P code are
provided below with just a brief outline of the underlying concepts; for a full description see Jarritt and
Lawrence (2007) and Lazar et al. (2010).

B.1  Terrestrial erosion and sediment delivery to the stream

All parameters and variables used in the terrestrial sediment equations are defined in Table B.1.

Variable Description Units Source

a; Flow erosion scaling factor sm” Input parameter
a, Flow erosion direct runoff threshold m’ s km™ Input parameter
a;s Flow erosion nonlinear coefficient - Input parameter
ay Transport capacity scaling factor kg m” km™ Input parameter
as Transport capacity direct runoff threshold m’ s km™ Input parameter
ag Transport capacity nonlinear coefficient - Input parameter
Ary Area of landscape class in the sub-catchment % Input parameter
Asc Sub-catchment area km? Input parameter

1

Csp Splash detachment scaling factor sm’ Input parameter
Erg Flow erosion potential kg km? s Input parameter
Esp Splash detachment soil erodibility kgm?s Input parameter
F, Percentage of sediment in grain size class z % 5 input parameters
Kpg Flow erosion K factor kg km™ day™ Equation B-2

Ly each Reach length m Input parameter
Mignd Sediment delivery to the reach per unit area kg km™ day™ Equation B-5
Miand total Sediment delivery to the reach kg day'l Equation B-6
Miand total 2 Sediment delivery to the reach per size class,z kg day'l Equation B-7
My Soil mass in the O/A horizon kg km™ Equation B-8
Gquick Quick flow m’ s km? Equation A-11
Regy Precipitation flux m’s™ km™ Equation A-1
SrE Flow erosion kg km™ day! Equation B-2
Ssp Splash detachment kg km™ day’! Equation B-1
Sstore Surface sediment store kg km? Equation B-3
St Sediment transport capacity kg km? day™ Equation B-4
Vindex Vegetation index - Input parameter

Table B.1: Variables and parameters used in terrestrial sediment equations

B.1.1 Sediment generation

In the terrestrial compartment, sediment may be generated by splash detachment (Equation B-1) and/or by
flow erosion (Equation B-2). Material generated by splash detachment enters a store of sediment on the land
surface, whose mass is tracked (Equation B-3). The subsequent transport of this sediment to the stream
depends on the transport capacity of overland flow (Equation B-4). Flow erosion only occurs when there is
sufficient transport capacity remaining after accounting for the removal of material from the surface store.

Equation B-1: Mass of sediment mobilised via splash detachment, Ssp (kg km™ day™)

10
SSD = 86400 CSDREff"qESD(lo_VinEX)
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Equation B-2: Sediment mobilisation via flow erosion, Sy (kg km™ day™)

S = Krg(St¢ — Ssp)
FE (Src + Krg)

as
_ Agc
where Ky = 84600 a; By | 7—— (qquick — a2)
reac

Equation B-3: Rate of change in mass of sediment available for transport to the stream, Sy,,., with time (kg
km? day™)

dSs:
If (Sstore > 0) or (Ssgore = 0 and Ssp > Sr¢): (Sitore = Ssp — Miana
S
Otherwise: —2¢ =
dt

Equation B-4: Sediment transport capacity, Sz (kg km™ day™)

Qe
Asc
Src = 86400 a, (—L (Gquick — a5)>

reach

B.1.2 Sediment transport to the reach

The mass of sediment transported to the reach depends on the interplay between sediment generation and
transport capacity, meaning that sediment transfer to the reach may be transport or source limited (Equation
B-5). The overall mass of sediment transported to the reach is then calculated by summing inputs over
different landscape classes and sub-catchments (Equation B-6), and finally by apportioning this total mass into
the five grain sizes classes considered by the in-stream sediment model (Equation B-7). The soil mass is used
in the terrestrial P sorption equations, and changes throughout the model run due to outputs via erosion
(Equation B-8).

Equation B-5: Mass of bulk sediment transported to the reach per unit area, m,,; (kg km™ day™)

If (Sstore > 0) or (Sstore = 0and Sgp > Sr¢): Mygng = Stc
Otherwise: mygng = Ssp + Srg

Equation B-6: Mass of bulk sediment transported to each reach, Mo (kg day™; superscript j denotes the

j=nLU classes Aj ,
M _ A LU J
land,total — . SC 100 mland
j=1

Equation B-7: Mass of sediment transported to the reach within each grain size class, z, M4 011- (Kg day'l)

F,
Mland,total,z = 100 Mland,total

landscape class)
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Equation B-8: Change in the soil mass, M,,;, with time (kg km™ day™)

B.2

Within the in-stream sediment module, five grain size classes are considered: coarse, medium and fine sand,
silt and clay. All the mass balance equations described below are calculated for each of these five grain sizes.
The two key processes affecting sediment within the stream are particle deposition and resuspension, and the
masses of sediment suspended in the water column and in the stream bed are tracked. All parameters and

dMsoil _
dt

In-stream

= —Mgnd

variables in the in-stream sediment equations are defined in Table B.2.

Variable Description Units Source
a; Shear velocity coefficient - Input parameter
as Entrainment coefficient s’ kg Input parameter
ag Bank erosion scaling factor kg m?m~sday' Input parameter
ap Bank erosion nonlinear coefficient - Input parameter
ap Gradient (grain size vs velocity) s Constant (9.99)
bp Power (grain size vs velocity) - Constant (2.52)
Dy, Smallest diameter of the sediment class m Clay: 0
Silt: 2x10°°
Fine sand: 6x107
Medium sand: 2x10™*
Coarse sand: 6x10™
D, Maximum entrainable grain size m Equation B-16
D yed Median grain size of the sediment class m Equation B-22
dreach Reach depth m Equation A-22
Dy, Largest diameter of the sediment class m Clay: 2x10°
Silt: 6x10-5
Fine sand: 2x10™*
Medium sand: 6x10™
Coarse sand: 2x107
f Friction factor - Equation B-19
g Gravitational acceleration ms? Constant (9.8)
Lieaen Reach length m Input parameter
Mpeaarear  Mass of bed sediment per unit area kg m> Equation B-23
Mpeq Mass of bed sediment in the reach kg Equation B-24
Mep Mass of sediment deposited on the stream bed kg m™ day™ Equation B-20
My Sediment mass discharged by point sources kg day™ Equation B-10
Mot Mass of sediment entrained per unit area kg m? day"1 Equation B-14
Migna. Sediment entering the reach per grain size class kg day™ Equation B-7
Mprop Proportion of sediment that can be entrained - Equation B-17
Myl Clay release from channel banks kg m? day™ Equation B-11
Mg Mass of suspended sediment in the reach kg Equation B-9
Ms ou Mass of sediment transported from the reach kg day'l Equation B-13
Muys Mass of sediment delivered from upstream kg day’ Equation B-12
u Fluid viscosity kgm's Constant (0.001)
@ Stream power per unit area Js'm? Equation B-18
qesr Effluent flow rate m’ s Input time series/parameter
Greachout Reach discharge m’s’! Equation A-18
Ps Sediment density kg m Constant (2650)
P Density of water kg m Constant (1000)
Sesr Suspended sediment concentration in effluent ~ mg 1" Input time series/parameter
Sreach Energy slope = mean channel slope - Input parameter
ur Settling velocity ms’ Equation B-21
v In-stream flow velocity ms’ Equation A-21
v* Shear velocity ms’ Equation B-15
Vyeach Reach water volume m’ Equation A-19
Wreach Reach width m Input parameter

Table B.2: Variables used in in-stream sediment equations
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B.2.1 Suspended sediment

For each grain size class, the change in suspended sediment mass with time (Equation B-9) depends on the
difference between sediment inputs and outputs. Inputs are from the terrestrial compartment (Equation B-7),
sewage or industrial effluent (Equation B-10), clay erosion from channel banks (Equation B-11), any upstream
reaches (Equation B-12), and entrainment from the stream bed (Equation B-14); outputs are via outflow from
the reach (Equation B-13) and sediment deposition (Equation B-20).

Equation B-9: Change in suspended sediment mass, Mg, with time (kg day™)

dt = Mland,z + Meff+ MUS - MSS,out + Lreach Wreach (ment + Myep — mdep)

Equation B-10: Reach sediment inputs from point sources, M.y (kg day™)

M pir= 86.4 qopSerr

Equation B-11: Clay release from channel banks per unit area, m,.; (kg m™ day™)
Q1o

Myep = Qg (Qreach,out)

Equation B-12: Mass of sediment delivered from upstream, My (kg day™)

Ifreach=1: Mys=0

: oe NqTEach=i _ psreach=(i-1)
Otherwise: M{$ = Mg out

Equation B-13: Reach suspended sediment outflow, Mg ., (kg day'l)

_ MSS
MSS,out = 86400 qreach,out
reach

B.2.2 Sediment entrainment

Sediment entrainment is given by Equation B-14. The first step in this calculation is to estimate shear velocity
(Equation B-15), which is then used to estimate the maximum entrainable grain size using an empirical
relationship (Equation B-16). The maximum entrainable grain size is then used to determine the proportion of
the stream bed sediment that can be entrained for the given shear velocity (Equation B-17). Entrainment also
depends on stream power, assuming a rectangular cross-section (Equation B-18), and a friction factor
(Equation B-19), which represents the hydraulic characteristics of the channel.

Equation B-14: Mass of sediment entrained per unit area, m,,, (kg m™ day™) (N.B. for unit balance: 1 J =1 kg
2 2
m-s”)

Mene = 86400 ag Mpeq greal Mprop wf
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Equation B-15: Shear velocity, v* (m s™): v* = /g dreach @7 Sreach

Equation B-16: Maximum entrainable grain size, D, (m): Dy = ap(v*)P0

Equation B-17: Proportion of the sediment that can be entrained for a given shear velocity, m,,, (range 0-1)

If Dingx < Diow: Mprop = 0
If Dipax > Dypp: Mprop = 1

Dmax - Dlow
Otherwise: myyop = ————

Dupp - Dlow

Equation B-18: Stream power per unit area, o (J 8" m?): © = pygSreach? Areach
Equation B-19: The friction factor, f(dimensionless)

4'dreach

f=

2 dreach + Wreach

B.2.3 Sediment deposition

The rate of sediment deposition on the stream bed (Equation B-20) is calculated using the terminal settling
velocity, approximated using Stokes’ law (Equation B-21). Terminal settling velocity is specific for each
sediment size class, using median grain sizes for each class (Equation B-22).

Equation B-20: Mass of sediment deposited on the stream bed per unit area, mye, (kg m? day™)

M,
Myep = 86400 uT< 53 )

reach

Equation B-21: Terminal settling velocity, u7 (m s™)

U = (ps - pw)g Dmed2
T 18 u

Equation B-22: Median grain size, D,,.; (m)

(Dupp B DLOW)

Dmea = Diow + 2

B.2.4 Bed sediment

The change in bed sediment mass per unit area (Equation B-23) is controlled by deposition and entrainment of
sediment. The whole reach bed sediment mass is also calculated for use in the phosphorus model (Equation B-
24).

Equation B-23: Change in bed sediment mass per unit area, Mpeq area, With time (kg m” day’l)

dmbed,areal _
dt = Mgep — Ment

Equation B-24: Reach bed sediment mass, Myeqeach (K€): Mpeg = Lreach WreachMbed areal
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Appendix C Snow module and soil temperature

For regions with significant winter snow accumulation, a snow module provides an estimate of snow depth,
for use in soil temperature calculations, and of snow melt, which may be used when calculating infiltration
rate (Equation A-10). Snow module equations are described more fully in Rankinen et al. (2004b). Briefly,
snow depth in water equivalents is calculated as a function of inputs minus outputs (Equation C-1) and then
converted to actual snow depth (Equation C-2). Inputs are precipitation falling as snow (Equation C-3), which
is calculated by comparing air temperature to two temperature thresholds — the temperature at which rain starts
falling as snow, and the temperature at which all rain falls as snow. Outputs are snowmelt (Equation C-4) and
evaporation (Equation C-5). Parameters and variables in the snow equations are defined in Table C.1.

Equation C-1: Snow depth in water equivalents, d,w,we, (mm), where superscript ¢ denotes the current time

step, and -1 the previous time step

t — At—-1
dsnow,weq - dsnow,weq + Rsnow - SMelt - SEvap
On the first time step: diyow weq = Asnow,weq,o

Equation C-2: Snow depth, dj,., (cm)
d 1 dsnow,weq
Snow FW 10
Equation C-3: Precipitation falling as snow, Ry, (mm day'l)
if Tair = Train' Rsnow = 0
(Train - Tair)

if Tsnow < Tair < Traint Rsnow = CsRactual (Tooin — T, )
rain — Lsnow

lf Tair S TSTLOW: RSTLOW = CsRactual

Equation C-4: The depth of water lost from the snowpack through snowmelt, Sy, (mm day™)

Sueit = minimum{FM (Tair - Tmelt)' dsnow,weq}

Equation C-5: Evaporation from the snowpack, Sg,q, (mm day™)

SEvap = mmlmum{Rsnow'SPEvap}
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Variable Description Units Source

C, Snowfall correction factor - Constant (1.23)
dsnow Snow depth cm Equation C-2
snow,weq Snow depth (water equivalents) mm Equation C-1
Aspowweq,o  Initial snow depth (water equivalents) mm Input parameter
Fy Degree day factor for snowmelt mm °C"' day”'  Input parameter
Fy Water equivalent factor - Input parameter
Rcual Measured precipitation mm day'1 Input time series
Rpow Precipitation falling as snow mm day"1 Equation C-3
Sevap Water lost to evaporation mm day"1 Equation C-5
Shtelr Snowmelt mm day’1 Equation C-4
SpEvap Potential snow evaporation rate mm day'1 Constant (0.09)
Toir Air temperature °C Input time series
Toeir Snow melt temperature °C Constant (0.5)

T ain Temperature above which all precipitation falls as rain ~ °C Constant (1)
Tonow Temperature below which all precipitation falls as snow °C Constant (-1.5)

Table C.1: Variables and parameters used in the snow pack equations.

Soil temperature is calculated from air temperature using a model developed by Rankinen et al. (2004a),
taking the insulating effect of snow cover into account (Equation C-6; variables defined in Table C.2).

Equation C-6: Soil temperature at 20 cm depth, T5,; (°C), where superscript ¢ denotes the current time step, #-/

the previous time step, and At the time step (1 day)

B 86400 At K _ _

Tstoil = Tgoill + 6 2 (Téirl - Tstoil1
10 Ca(stoil,temp)

If Téoit > 0:Cq = Cyo; otherwise: Cg = Csoi + Crreeze

soi

e _fsnowdsnow

Variable Description Units Source
Chreezethaw Specific heat capacity due to freezing and thawing 10° T m> oC! Input parameter
Cioil Specific heat capacity of soil 10 m3 oC! Constant (1.1)
dgrow Snow depth cm Equation C-2
yoit tomp Depth at which soil temperature is calculated m Constant (0.2)
Jsnow Empirical damping parameter cm’! Input parameter
K, Soil thermal conductivity Wm'ec! Input parameter
Toir Air temperature °C Input time series
Tsoit Soil temperature °C Equation C-6

Table C.2: Variables and parameters used in the soil temperature calculation.
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Appendix D In-stream biomass equations

A full description of the underlying scientific basis for the in-stream biological equations in INCA-P is
provided by Wade et al. (2002a). Briefly, epiphytic algac may remove TDP from the water column, whilst
macrophytes may remove TDP from stream bed porewaters. TDP uptake by epiphytic algae depends on the
epiphyte growth rate, which in turn depends on the biomass of epiphytic algae (Equation D-1). The change in
epiphyte biomass with time is therefore tracked, and is a function of the growth rate (Equation D-2) and the
death rate (Equation D-3). Epiphytic algae use macrophytes as their substrate, so epiphyte growth rate also
depends on macrophyte biomass (Equation D-4). As with epiphytes, the change in macrophyte biomass with
time depends on the growth rate (Equation D-5) and the death rate (Equation D-6). All parameters and
variables in the in-stream biomass equations are defined in Table D.1.

Equation D-I: Change in epiphyte biomass, Mz, with time (g C m™ day™)

dMg
dt = Bgrowth,epi - Bdeath,epi

Equation D-2: Epiphyte growth rate, Bg, oy epi (g C m> day'l)

Twater—20
5 _ Cis 05" MMy Rootar TDRyc
growth,epi (Cl6 + TDPWC)

Equation D-3: Epiphyte death rate, Beasm,epi (g C m? day™)

Bdeath,epi = C17;Mg Qreach,out

Equation D-4: The change in macrophyte biomass, M, with time (g C m™ day™)
dMy
7 = Bgrowth,mac — Baeathmac

Equation D-5: Macrophyte growth rate, Bg,ouimac (& C m day'l)

Twater—20
C1105"%*Y My Rsoiqr C12 TDPypy
(Ci3 + TDPyy, ) (C1z + My)

Bgrowth,mac =

Equation D-6: Macrophyte death rate, B eqnmac (g C m> day'l)

Bdeath,mac = C14MgMy Qreach,out

Growth rates of both epiphytes and macrophytes are dependent on stream temperature (Equation D-7), which
is calculated as a function of air temperature as in Salthun (1996), and on solar radiation (Equation D-8).
Daily mean photosynthetically available solar radiation is calculated based on reach latitude and longitude,
using equations originally sourced for B. Cox’s PhD thesis (University of Reading). Solar radiation is initially
calculated as a 30 minute time series using an equation simplified from Coulson (1975). This is then re-
sampled to a daily mean value for use in INCA-P’s in-stream biomass equations. The solar radiation equation
requires the calculation of an atmospheric adsorption factor, derived using equations described in Bras (1990).
It also requires an estimate of solar elevation throughout the day (Equation D-8). This varies throughout the
year as solar declination changes (the angle of the Earth’s tilt relative to the sun). Solar declination is
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calculated using equations from Kirk (1994). Finally, solar radiation is set to zero outside daylight hours
through the use of a daylight hours factor, fi,ign set to 1 during daylight hours. Daylight hours are calculated
from the times of sunrise and sunset, in turn calculated using equations from Meeus (1998) using reach
latitude and longitude.

Equation D-7: In-stream water temperature, 7,.. (°C). Superscript ¢ denotes the current time step, ¢-/ the
previous time step. The temperature on the first day is a user-supplied parameter.

t=0 —
Twater = Twater,o

TE>0 Clag -1

1
t—1 . t
water — Twater + maxlmum{Tair' Twater,min}

Clag Clag

Equation D-8: Photosynthetically available solar radiation as a daily mean, Rqardairy (W m'z), expressed in
pseudo-code

Rsolar,daily = resample(Rso,ar,g,Omins; frequency = daily, how = mean),

where Rso1ar,30mins = SoAads Sin Bsotar fdaylight

Equation D-9: Solar elevation, S (°): sin Bsp1ar = SiNYiqe SINJ — €COS ¥4 COS S COS T

Variable Description Units Source

Agas Atmospheric solar radiation adsorption factor - Model calculates
Botar Solar elevation ° Equation D-9
Bieathepi Epiphyte death rate gC m? day'1 Equation D-3
Bieanmac ~ Macrophyte death rate gC m? day'l Equation D-6
Beowmeri  Epiphyte growth rate g Cm” day” Equation D-2
Borownmee Macrophyte growth rate g Cm™ day” Equation D-5
Cn Macrophyte growth rate coefficient day™ Input parameter
Cp Self-shading for macrophytes gCm? Input parameter
Ci; Half saturation of P for macrophyte growth mg I Input parameter
Cu Macrophyte death rate coefficient sm' gC'day' Inputparameter
Cis Epiphyte growth rate coefficient m’ g C' day” Input parameter
Cis Half saturation of P for epiphyte growth mg I Input parameter
Ci; Epiphyte death rate coefficient sm” day” Input parameter
(o Water temperature lag factor - Input parameter
0 Solar declination ° Model calculates
Stayiiaht Daylight hours factor (0 or 1) - Model calculates
Viar Latitude ° Input parameter
Mg Epiphyte biomass gCm? Equation D-1
My, Macrophyte biomass gCm? Equation D-4
Qreach,out Reach outflow m’s! Equation A-18
Rotar Normalised solar radiation - Equation D-8

So Solar constant W m-2 Constant (1378)
Tair Air temperature °C Input time series
Tvater Water temperature °C Equation D-7
Tyatero Initial water temperature °C Input parameter
Twatermn ~ Minimum water temperature °C Input parameter
TDP,, Porewater TDP concentration mg 1" Equation 35
TDP,,. Water column TDP concentration mg 1" Equation 24

Or Epiphyte temperature dependency - Input parameter
Oy Macrophyte temperature dependency - Input parameter
T Time of day expressed as an angle ° Model calculates

Table D.1: Variables and parameters used in in-stream biomass equations.
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Appendix E Initial conditions

Ordinary differential equations (ODEs) are used to describe the rate of change in volume or mass of model
state variables with respect to time. These ODEs are then solved numerically. To do this, initial conditions
must be provided for each state variable. A summary of the state variables in the model with associated ODEs
is provided in Table E.1, together an explanation for how initial conditions are derived. Where initial

conditions are calculated by the model using additional parameters, these are defined in Table E.2.

Type  Variable Description Source of initial conditions
P Prpp soir Soil water TDP mass Propson = 1073 (Voo dramage + Vsoirre) TDPsoizo
Puapitesoit Labile soil P mass Ppaitesoir = 107 Miosy Peong tabite.0
Pinactive,soil Inactive soil P mass Pinactivesoit = 107 Mo Peonginactiveo
Prpp.gw Groundwater TDP mass Prppgy = 1072V, TDPy,,
Pyorbed gw Aquifer sorbed P mass Psorbed = 103 M aguiterareas Peoncgw,o
Prop quick Quick flow TDP mass Propquick = 107*Vuice TDPguicio
Prppiand TDP delivery to the reach _ < soil out Propsoil dgw Prorgw | Qquick P TDP,quiCk)
Prppiana = 86400 +
’ Vsoit drainage + Vsoil ret Vow Vquick
Prppwe Water column TDP mass Prppuwe = 10"3TDP,,.0 Vyeach
Pyorbedwe Water column adsorbed P Peorpedqwe = Prpwe = 1073 PPyo Vigach
mass
Prppp Stream bed pore water TDP Prpppw = 1073 TDPyy, 0 Wreach Lreach Aped Opea
mass
Ppp e Water column PP mass Psorvedwe = Prowe = 1073PPy o Vyaen
Pppped Stream bed sediment PP mass Prpsed = Lysach WreachPPbed,Uz  Miegaren
z=grain size
where superscript z is one of 5 grain size classes
H Gsoil_out Soil water flow Input parameter
Vsoit_drainage Soil water drainage volume Vsoir drainage = 864004 07 our Tsoir
Gquick Quick flow Input parameter
Vauick Quick flow volume Vauick = 86400 qquicie Tquick
Gaw Groundwater flow Input parameter
Vew Groundwater volume Vow = 10°d 1, C
Greach out Reach flow Reach 1: Input parameter
Reach >1: Equivalent to the simulated outflow from the reach upstream at
the end of the first time step
Vroach Reach volume Vieacn = 86400 Treach Qreach,out
where Tyogen = WZ’;EW
S Sstore Surface sediment store Input parameter
Mo Soil mass Mo = 10%ds0y Phbulk,soil
Mg Water column SS mass For each grain size class: Mgg = 1073(5S50)Vreach
Myed.areal Stream bed sediment mass Five input parameters (one per grain size class)
B Mg Epiphyte biomass Input parameter
My, Macrophyte biomass Input parameter

Table E.1: Source of initial conditions for ordinary differential equations solved in INCA-P. The ‘type’ column refers to

phosphorus (P), hydrology (H), sediment (S) or biology (B).
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Variable Description Units Source
a Velocity-discharge a parameter m? Input parameter
b Velocity-discharge b parameter - Input parameter
C, Aquifer proportion of pore-filled spaces - Input parameter
aquifer Aquifer depth X porosity m Input parameter
dpeq Bed sediment depth m Input parameter
dyoil Average depth of the soil in the O/A m Input parameter
horizon
Ly each Reach length m Input parameter
Maguifer.areal Aquifer mass per m? (depth x density) 10* kg m? Input parameter
Pone,gw,0 Initial aquifer P ratio mg P kg Input parameter
soil!
P oone.inaciive,o Initial soil inactive P ratio mg P kg Input parameter
soil!
P onc.iabite,0 Initial soil labile P ratio mg P kg Input parameter
soil!
PPyeyo Initial stream bed P: sediment ratio kg P kg Input parameter
sed!
PP icko Initial quick flow PP concentration mg 1! Input parameter
PP, Initial in-stream PP concentration mg 1! Reach 1: Input parameter
Downstream reaches: set equal to the simulated
concentration for the upstream reach at the end of the first
time step
Pbulk.soil Soil bulk density kg m?> Input parameter
SSy Initial in-stream SS concentration mg 1! Five input parameters (one per grain size class)
Opea Bed sediment porosity - Input parameter
Tuick Quick flow time constant days Input parameter
Teoit Soil water time constant days Input parameter
TDP,,, o Initial groundwater TDP concentration mg 1" Input parameter
TDP,,,o Initial stream bed porewater TDP mg I Input parameter
concentration
TDP yick0 Initial quick flow TDP concentration mg 1! Input parameter
TDP,,i10 Initial soil water TDP concentration mg It Input parameter
TDP,,.o Initial water column TDP concentration mg 1! Reach 1: Input parameter
Downstream reaches: set equal to the simulated
concentration for the upstream reach at the end of the first
time step
Vioit_ret Soil water retention volume m® km™ Equation A-6
Wyeach Reach width m Input parameter

Table E.2: Parameters and variables used to calculate initial conditions.
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Appendix F Input parameters

User input parameters are described below (Table F.2 to Table F.5), grouping parameters into separate tables
according to whether they are supplied by landscape class, sub-catchment or reach, in which case separate
parameter values must be supplied for each landscape class, sub-catchment or reach, respectively. There are

also input parameters which affect in-stream processes which are not supplied by reach.

Within each table, parameters are grouped by the processes they relate to as follows: H: hydrology processes,
P: phosphorus processes, S: sediment processes, B: in-stream biomass processes, G: general parameters
(relating to numerous processes) and snow processes.

For each parameter, an indication is provided of the potential sensitivity of the model to the parameter (the
‘Importance’ column). This is subjectively derived from experience of the model and knowledge of the model
equations. It may however serve to help highlight the key parameters for which particular care is required
during model set-up. Parameters are also classed according to ‘Data availability’, to give an indication of
whether parameter values may be based on observations or literature-derived values, or whether they need to
be determined purely through calibration. A key to the ‘Importance’ and ‘Data availability’ columns is given
in Table F.1.

Value | ‘Importance’ column ‘Data availability’ column
0 Likely to exert little influence on model | Not measurable; value determined through calibration alone
output
1 Important in some situations/set-ups Measurable in principle, but data not generally routinely available
2 Usually important Measurable and data routinely available

Table F.1: Key to the values used in the parameter ‘Importance’ and ‘Data availability’ columns in Tables F.2 to F.5.
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Process Parameter | Description Units TPEERES | DR EVENlEa iy
(0-2) (0-2)
Initial (H) | Gouieko Initial quick flow m’ s km™ 0 0
Initial (H) Gsoil,0 Initial soil water flow m’ s km? 1 0
Initial (P) P oonc.inaciiveo | Initial soil inactive P ratio mg P kg soil ! 1 2
Initial (P) P eonelavite,0 Initial soil labile P ratio mg P kg soil! 2 2
Initial (P) PPicko Initial quick flow PP concentration mg I 0 1
Initial (P) TDP ick0 Initial quick flow TDP concentration mg It 0 1
Initial (P) TDP;pi10 Initial soil water TDP concentration mg 1! 1 1
Initial (P,S) | pouiksoir Bulk density of the soil kg m 1 2
Initial (S) Ssiore.0 Initial store of sediment available for transport kg km™ 1 0
G(H,P,S) | 4 Area of landscape in sub-catchment % 2 2
H Cror Soil water retention volume constant - 1 0
H L Maximum infiltration rate mm day‘1 2 1
H Gsoil,sus Sustainable soil water flow m’ s km? 1 0
H Touick Quick flow time constant days 2 0
H Tson Soil water time constant days 2 0
H, P SMDax Maximum soil moisture deficit mm 1 2
P Clreeze Specific heat capacity due to freeze thaw 10°Tm™°C?! 0 1
P Cinmob Chemical immobilisation factor day'1 1 0
P Ciat labite Maximum soil labile P content kg P kg sed™! 1 1
P Cuptake Plant P uptake factor m day‘1 2 0
P Creathering Weathering factor day™ 1 0
P dyoiy Soil depth in the O/A horizon m 2 2
P Epp PP enrichment factor - 2 1
P Feriod Fertilizer addition period days 2 2
P Ssnow Empirical damping parameter cm’! 0 0
P Four Day number when fertilizer addition starts - 2 2
P amp Plant growth curve amplitude - 1 0
P Goffser Plant growth curve vertical offset - 1 0
P Goeriod Growing season length days 2 2
P G Start of the growing season (day of year) - 2 2
P K soil Soil P sorption coefficient 1 kg soil! 2 1
P Ko Soil sorption scaling factor day’! 2 0
P K, Soil thermal conductivity Wm'ec! 0 1
P Ngoil Soil Freundlich isotherm constant - 2 1
P Piigfore Liquid fertilizer P inputs kg ha’l day'1 2 2
P Piigmanure Liquid manure P inputs kg ha’l day‘1 2 2
P Praxtptake,day | Maximum daily plant P uptake kg ha’! day‘1 2 1
P PaxUptake.pr Maximum annual plant P uptake kg ha™! yr'1 2 2
P Pesiue Plant residue soil P inputs kg ha’! day'1 1 1
P Pootid fere Solid fertilizer P inputs kg ha! day™! 2 2
P Pootid manure Solid manure P inputs kg ha! day™! 2 2
P Timmob.0 Lower temperature threshold for immobilisation °C 0 1
P 010 Change in rate with a 10°C change in temperature | - 1 1
P 1010.base Temperature at which the rate response is 1 °C 1 1
S Csp Splash detachment scaling factor sm’ 1 0
S Epg Flow erosion potential kg km? s’ 2 1
S Esp Splash detachment soil erodibility kgm?s! 1 1
S Fq Clay fraction % 1 2
S Fes Coarse sand soil fraction % 1 2
S Frg Fine sand fraction % 1 2
S Fuys Medium sand soil fraction % 1 2
S F; Silt fraction % 1 2
S Vindex Vegetation index - 1 0
Snow Asnow,wea,0 Initial snow depth (water equivalents) mm 0 2
Snow Fy Degree day-factor for snowmelt mm °C! day™ 0 2
Snow Fy Water equivalent factor - 0 2

Table F.2: User input parameters supplied for each landscape class.
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Data

Variable | Parameter | Description Units Imp(grgnce availability (O-

2)
Initial (H) | C; Aquifer proportion of pore-filled spaces - 1 1
Initial (H) | daguiter Aquifer depth x porosity m 2 1
Initial (H) | gowo Initial groundwater flow m’ 5™ km? 2 1
Initial (P) Peoneawo Initial aquifer P ratio mg P kg sed! 1 1
Initial (P) TDPy,.0 Initial groundwater TDP concentration mg 1" 2 1
G(H,P,S) | Asc Sub-catchment area km? 2 2
H,P p Base flow index - 2 2
H Clixcess Infiltration excess proportion to quick flow - 1 0
H Gow,sus Groundwater sustainable flow m’ s km? 1 0
H Gsoilmax Threshold soil water flow for saturation excess m’ s km? 2 0
H Tow Groundwater time constant days 2 0
P Ciaraquifer Maximum aquifer matrix P:sed ratio kg P kg sed? 1 1
P Kro Groundwater P sorption coefficient 1 kg soil”! 1 1
P K, Groundwater sorption scaling factor day™ 1 0
P Maquifer.areal Aquifer mass per m* (depth x density) 10° kg m™ 1 1
P Ny Groundwater Freundlich isotherm constant - 1 1
P P ey sotia Annual atmospheric dry P deposition kg ha! yr'1 1 2
P Piep werammual | Annual atmospheric wet P deposition kg ha'! yr'1 1 2
S a; Flow erosion scaling factor sm” 2 0
S a; Flow erosion direct runoff threshold m’ s km™? 1 0
S a; Flow erosion non-linear coefficient - 2 0
S ay Transport capacity scaling factor kg m? km™ 2 0
S as Transport capacity direct runoff threshold m’ s km™? 1 0
S as Transport capacity nonlinear coefficient - 2 0

Table F.3: User input parameters supplied for each sub-catchment.

Data
Variable Parameter | Description Units Litlz Trlles availability
(0-2)
(0-2)

Initial (B) | Mg, Initial epiphyte biomass g Cm? 1 1
» Initial (B) | My Initial macrophyte biomass gCm? 1 1
£ Initial (P) | PPpeso Initial stream bed P ratio kg P kg sed? 2 1
g Initial (P) | TDP,, Initial porewater TDP concentration mg I 0 1
‘é B Clae Water temperature lag factor - 0 0
s | B Tovater0 Initial water temperature °C 0 2
S |B T ater min Minimum water temperature °C 0 1
@ | P Ciatbed Maximum P:sed ratio in the stream bed kg P kg sed? 1 1
E P Csatwe Maximum P:sed ratio in suspended material kg P kg sed™ 1 1
g P Csrp Regression between TDP and SRP (y-intercept) mg 1! 1 2
8 |P DOC,,. Mean water column DOC concentration mg I! 1 2
© P Mpoc Ratio of dissolved hydrolysable P to DOC - 1 1
P Mspp Regression between TDP and SRP (gradient) - 1 2
Initial (H) | Greach,our0 Initial flow out of the reach ms! 1 2
= Initial (P) | PP,co Initial water column PP concentration mg 1" 1 1
£ 2| Initial (P) | TDP,.o Initial water column TDP concentration mg I 1 2
'E g Initial (S) | SSocr Initial SS clay concentration mg I 1 1
< 2| Initial (S) | SSpcs Initial SS coarse sand concentration mg 1! 0 1
§ S| Initial (S) | SSors Initial SS fine sand concentration mg It 1 1
~ Initial (S) | SSoums Initial SS medium sand concentration mg 1" 0 1
Initial (S) | SSys Initial SS silt concentration mg ' 1 1

Table F.4: User input parameters supplied for the in-stream module (not varied by reach)
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Variable | Parameter | Description Units il litee SRRl
(0-2) (0-2)
Initial (S) Mped,areal,0,C1 Initial clay bed sediment mass kg m? 1 1
Initial (S) Mped areal 0,5i Initial silt bed sediment mass kg m” 2 1
Initial (S) Mped areal 0.FS Initial fine sand bed sediment mass kg m? 1 1
Initial (S) Mped areal,0.MS Initial medium sand bed sediment mass kg m? 1 1
Initial (S) Mped areal.0.CS Initial coarse sand bed sediment mass kg m? 1 1
GH,S) Lieach Reach length m 2 2
G (S, H, Wreach Average reach width m 2 1
B)
H a Velocity-discharge a parameter m” 2 2
H b Velocity-discharge b parameter - 2 2
H, P Gabs Abstraction rate m’s! 1 2
H,P, S qeir Effluent discharge m’ s’ 2 2
P dpeq Bed sediment depth m 1 1
P Epwe Fraction exchanged with stream bed day’! 1 0
P Ko Pore water sorption coefficient kg sed”’ 1 1
P Krye Water column sorption coefficient 1 kg soil ! 1 1
P K, Stream bed porewater sorption scaling day™! 1 0
factor
P K, Water column sorption scaling factor day™! 1 0
P My Pore water Freundlich isotherm constant - 1 1
P My Water column Freundlich isotherm constant | - 1 1
P PP Effluent PP concentration mg I 1 2
P TDP 4 Effluent TDP concentration mg 1! 2 2
P Oped Bed sediment porosity - 1 1
S ap Bank erosion nonlinear coefficient - 1 0
S a; Shear velocity coefficient - 2 0
S ag Entrainment coefficient s kg 2 0
S ag Bank erosion scaling factor kgm?m?s 1 0
day™
S Sercl Clay concentration in effluent mg 1! 1 2
S Sefrsi Silt concentration in effluent mg 1! 1 2
S Serrs Fine sand concentration in effluent mg I 1 1
S Sefims Medium sand concentration in effluent mg I 0 1
S Sefrcs Coarse sand concentration in effluent mg 1! 0 1
S Syeach Energy slope =~ mean channel slope - 2 2
B C Macrophyte growth rate coefficient day™ 1 0
B Cp, Self-shading for macrophytes g Cm? 1 0
B Ci; Half saturation of P for macrophyte growth | mg " 1 1
B Cu Macrophyte death rate coefficient sm’! g C' day’! 1 0
B Cis Epiphyte growth rate coefficient m* g C' day” 1 0
B Cis Half saturation of P for epiphyte growth mg I 1 1
B Ciy Epiphyte death rate coefficient sm” day™ 1 0
B Cp epi Proportion of P in epiphytes gPgC! 1 1
B Cpmac Proportion of P in macrophytes gPgC! 1 1
B Viat Latitude ° 0 2
B Viong Longitude ° 0 2
B O Epiphyte temperature dependency - 0 0
B Oy Macrophyte temperature dependency - 0 0
Table F.5: User input parameters supplied for each reach.
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