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Abstract. The Integrated Catchment model for Nitrogen a catchment scale model that simulates both hydrology and
(INCA-N) is a semi-distributed, process based model that hagnineral nitrogen processes (Wade et al., 2002; Whitehead
been used to model the impacts of land use, climate, and landt al., 1998). INCA-N has been applied to many European
management changes on hydrology and nitrogen loadingcatchments, but one problem has been the overestimation of
An observed problem with the INCA-N model is reproduc- nitrate—nitrogen (N@-N) concentrations during the summer
ing low nitrate—nitrogen concentrations during the summergrowing season (Jarvie et al., 2002; Rankinen et al., 2006).
growing season in some catchments. In this study, the currerit is assumed that the current equations used in INCA-N to
equation used to simulate the rate of in-stream denitrifica-model in-stream denitrification also take into account other
tion was replaced with an alternate equation that uses a magstention mechanisms (O’'Shea and Wade, 2009), but results
transfer coefficient and the stream bottom area. The resultsdicate that a retention process such as macrophyte uptake
of simulating in-stream denitrification using the two differ- is not accurately represented by the current equations for in-
ent methods were compared for a one year simulation periodtream denitrification (Jarvie et al., 2002; Rankinen et al.,
of the Ylaneenjoki catchment in Finland. The alternate equa2006, 2013). Other potential causes of the overestimation of
tion (Nash-Sutcliffe efficiency=0.61) simulated concentra-concentrations is too much NON being added from other
tions during the periods of the growing season with the low-sources such as groundwater (Wade et al., 2006, 2008) or the
est flow that were closer to the observed concentrations thasimulated volume of water in the stream being too low. With
the current equation (Nash—Sutcliffe efficiency =0.60), butsome simplification it can be shown that the current equation
the results were mixed during other portions of the year. Theused to simulate in-stream denitrification assumes that the
results of the calibration and validation of the model using mass of nitrogen removed via in-stream denitrification varies
the two equations show that the alternate equation will sim-linearly with the mass of N&-N in the stream (Sect. 2.1).
ulate lower nitrate—nitrogen concentrations during the grow-This approach does not take into account the impact of dilu-
ing season when compared to the current equation, but praion on the concentration gradient that drives the delivery of
mote investigation into other errors in the model that may beNO3z—N to the stream sediments where denitrification is most
causing inaccuracies in the modeled concentrations. likely to occur (Reddy et al., 1978).

Birgand et al. (2007) proposed the use of a mass trans-
fer coefficient p) to quantify in-stream N@-N retention in
their extensive review of in-stream denitrification in agricul-

1 Introduction tural catchments. The mass transfer coefficient multiplied by
the NO;—N concentration corresponds to the mass of nitro-
Catchment scale nutrient models can be used to predict thgen that would be removed from the water above a certain

effect of changing land use and climate on nutrient export.area of stream bed during a defined period of time. Birgand et
The Integrated Catchment model for Nitrogen (INCA-N) is
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al. (2007) recommended that the mass transfer coefficient bgyyca = Rpmy, 1 (4)
used in streams with N§&>N concentrations above 1 mgt

based on the premise that above this threshold, the concehailthou_gh‘_/ is not always equal .W"l' t_h|s 5|mpI|fy|_ng as-
tration gradient would be in a downward direction in accor- sumption is reasonable except immediately following a large

dance with the mass transfer coefficient theoretical applicap _reC|p|tat|0n event. .Be}sed on Eg. (4.)’ .t.he s_lmglated mass of
tion. The goal of this work was to test the equations proposedmrogen rem?"’ed. via m—str'eam den|tr|f|cat|oq in the I.NCA'
by Birgand et al. (2007) to determine their effectiveness inN model varies linearly with the mass of nitrogen in the
improving the simulation of in-stream NON concentra- stream assuming a constant water temperature.

tions as the first step inthe process of determining/addressing 5 |_stream mass balance of N@-N as implemented

the issue of errors in the simulation of low NEN concen- in the INCA-N model

trations during the growing season in the INCA-N model.

Equation (5) describes the in-stream mass balance calcula-
tions for NO;—N used in INCA-N:

2 Methods
dmr o ery[_]_ x 86400 RiCZ,;_]_V 5
2.1 Estimation of in-stream denitrification as 4 Min— % ~THINCA 1000 ®)
implemented in the INCA-N model wheremi, is the NG—N input mass from upstream and non-

The INCA-N model is a d . del th b Ipoint sources in the watershed (kg N day; O is the reach
€ -N modelis a dynamic model that uses a mass a'discharge (rhs~1), R; is the temperature adjusted in-stream

ance approach to track the movem_ent of mineral nitrogen in Ritrification rate (day?), andCz,_1 is the in-stream ammo-
catchment (Wade et al., 2002; Whitehead et al., 1998). Wadﬁium concentration on the pre§/ious day (Mg,
et al. (2002) described the equations for in-stream denitrifi-
cation that have been used in the model since version 1.62.3 Estimation of in-stream denitrification using the
INCA-N model version 1.11.10 was used in this study. mass transfer coefficient

Equation (1) shows how the mass of nitrogen removed
through in-stream denitrification is calculated in the INCA-N Equation (6) was used to calculate the mass of nitrogen re-
model: moved by denitrification using the mass transfer coefficient
RaCi, 1V and the stream bottom area. Equation (6) was adapteq from
W 1) Birgand et al. (2007). Thenca in Eq. (5) was replaced with

themgt value to model the in-stream NOSGN mass balance:
wheremnca is the total mass of nitrogen removed through onAC1L,-1
in-stream denitrification in a single reach (kgNday, R, Mait = ~1000 (6)
is the temperature adjusted in-stream denitrification rate

(day’l) C1,_1is the in-stream N@-N concentration on the where myi; is the total mass of nitrogen removed via in-
previou,s dé}? (mgtL), andV is the volume of water stored stream denitrification in a single reach calculated based on

; the mass transfer coefficient and the stream bottom area
in the reach (rf). Ko N dav. ! s the t ¢ diusted ¢
The denitrification rateR,,) is temperature dependent, so (kgNday™), pn is the temperature adjusted mass trans-

it varies daily. The relation between temperature and the denf_er(;:oeflfmen;;qr mtrogt;en retr)n(i:/al throug?tgenltnﬂ%atlon
itrification rate in the INCA-N model are shown in Eq. (2). (mday™), andA is the s ream botlom area ot the reac xm
The mass transfer coefficient is temperature dependent and

is adjusted to temperature variations using an equation sim-
R, = 1.047RT—20 2) ilar to Eqg. (2). The assumption that the water temperature

never drops below C was maintained for the mass transfer
where R is the process rate before temperature adjustmengoefficient.

(day!) andT is the in-stream water temperatuf€. The equation using the mass transfer coefficient is differ-
In the model, the water temperature is assumed to be thent from the equation currently used in the INCA-N model
same as the air temperature, but a minimum water temperaecause the mass of nitrogen removed via denitrification

ture is defined as a model input. In this simulation, the Watel’changes based on the NAN concentration instead of the

MINCA =

temperature was not allowed to drop belo® mass of NG-N in the stream. The stream bottom area is
The NG;—-N concentration(y) in the INCA-N model is  held constant in the model, which is discussed in Sect. 2.4.
calculated using Eq. (3): Basing the mass of N&N removed via in-stream denitri-
1000m, fication on the N@-N concentration instead of the mass of
1=— 3) NOs—N in the stream more accurately represents the down-

ward gradient that partially drives the delivery of BN to
wherem; is the mass of N@-N in the stream reach (kg). If the sediments on the stream bottom where the conditions are
V is assumed to be equal ¥_1, then Eq. (1) becomes: most likely to be favorable for denitrification.
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2.4 Model calibration buffer was considered the stream bottom area input to the
model. The stream bottom areas that were used in this simu-
The alternate equation was tested on the portion of the Rivelation were 20 000, 80 000, 200 000, and 160 08Cfan the
Ylaneenjoki upstream of the Vanhakartano monitoring sta-sub-catchments moving from upstream to downstream. This
tion for 2004 (Lepisto et al., 2008). The Ylaneenjoki catch- method may overestimate the stream bottom area of the pri-
ment is located in southwestern Finland and drains to Lakemary reach as it includes both the stream bottom and the
Pyhajarvi. The portion of the Ylaneenjoki catchment that wasbanks in the projected area. This error was considered rea-
modeled was divided into 4 sub-catchments based on previsonable because the entire stream bottom in the catchment
ous model applications (Lepisto et al., 2008; Etheridge et al.was not included, but denitrification and other retention pro-
2014). The modeled area was 1974with 33 % of the land  cesses occur in the tributaries that feed the main channel.
being in agricultural production. The main reach of the River Assuming a constant stream bottom area throughout the
Ylaneenjoki has a length of 29 km in the modeled area. modeling period was not an ideal representation of the phys-
The hydrology portion of the model was calibrated first, ical system because the stream width (i.e., submerged width
followed by the nitrogen portion of the model using the of the stream) will increase with increasing depth and flow.
methods described in Granlund et al. (2004) and Etheridgd his simplifying assumption was made so that extensive col-
et al. (2014). The hydrology portion of the model was cal- lection of channel dimensions was not required and model
ibrated to continuous flow data at the Vanhakartano moni-complexity was not further increased. The wetted stream bot-
toring station by adjusting the flow velocity parameters andtom area in natural streams is dynamic, but increasing the
time constants for the soil and groundwater zones. The niwetted area does not necessarily increase denitrification dur-
trogen portion of the model was calibrated such that the in-ing periods of higher flow due to the reduction in residence
stream nutrient concentrations followed the dynamics of thetime. As stream flow and depth increase, the amount of time
observed concentrations and were of similar magnitude. Thigshat NO;—N rich water would be exposed to sites suitable
was done by adjusting the nutrient process rates in the modefor denitrification decreases, so an increase in the actual wet-
Data available related to nitrogen process rates ranging fronted stream bottom area does not always indicate an increased
fertilizer application data to rates of denitrification measuredremoval of nitrogen via denitrification. Having a constant
experimentally were used to reduce uncertainty in model re-sstream bottom area in the model may compensate for the ef-
sults. More details about the Ylaneenjoki Catchment and thdect of water residence time on in-stream denitrification.
general process used to calibrate the model can be found in When using the alternate equation to calculate the mass of
Etheridge et al. (2014). nitrogen removed from the system through in-stream deni-
The in-stream denitrification and nitrification are the final trification, the mass transfer coefficient was the only model
two processes that alter nitrogen in the INCA-N model, soinput that was changed in the calibration process. An initial
it was possible to change the in-stream denitrification cal-p was chosen based on values found in published results of
culations without changing the results from any other por-many previous studies (Birgand et al., 2007). The calibration
tion of the model. The order of calculations in INCA-N al- results were evaluated based on visual comparison to the ob-
lowed the alternate equation calculations to be completed usserved data, th&? value, and the Nash—Sutcliffe (NS) effi-
ing a spreadsheet instead of altering the model code. Simuesiency. An NS efficiency greater than zero indicates that the
lations with the alternate in-stream denitrification equationmodel output is better than using the mean of the observed
were done using Excel 2007 (Microsoft, Redmond, WA, data (Nash and Sutcliffe, 1970). Tlewas adjusted to pro-
USA). Equation (5) is the in-stream mass balance equatiorduce simulated N&-N dynamics that most closely followed
for NO3—N in the model. The input mass of NEN (min), the dynamics of the observed concentrations along with ac-
the reach discharge)), the reach volumey(), and the mass ceptable goodness-of-fit values.
of nitrogen that is nitrified in the reach are all outputs of the
model. These model outputs were taken directly from the2.5 Model validation

calibrated model and were not altered in this work. The pri- ) ) ) )
mary change that was made was replagingca With maj Following calibration of the model, the model was validated
in Eq. (5), which changes the concentration of N in the for the same catchment for 2001 to evaluate the performance

stream. of the alternate equation. All of the parameters that were set

To make the calculations using the alternate equationd“ri”g the calibration period remained the same for the vali-

the stream bottom areat) of the modeled reach was esti- dation period. The only thing that was changed was the time
mated using ArcGIS (ESRI, Redlands, CA, USA). The main S€Ti€S of input data (e.g., temperature, precipitation, etc.) that

sources of data were a raster map (1 m resolution) of all ofvas used in the simulations. The validation results were eval-

the water areas in Finland and a map showing the stream@ted based on visual inspection, thé value, and the NS

line of the modeled reach. A buffer was created around the€fficiency.
modeled streamline using the analysis tools in ArcGIS. All
of the water area from the raster map located within this
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2.6 Sensitivity analysis 61

An added input that is not easily defined is not generally 51
thought of as a model improvement. One drawback of us-
ing the mass transfer coefficient alternate equation in the
INCA-N model is that it requires an added input of stream
bottom area. The method used in this work to estimate the
stream bottom area is quick and practical for modeling, but
has a high degree of uncertainty. The amount of uncertainty
varies depending on the data available for the catchment to
be modeled. To better understand the impact that uncertainty

in the estimated stream bottom area may have on the results, 0 ‘ ‘ ‘ ‘

. o . X i R 1Jan2004  17Mar2004  1Jun2004 17 Aug2004  1Nov 2004
a simple sensitivity analysis was carried out. In this sensi- —INCANModel —Alterate Equation 4 Observed
tivity analysis the stream bottom area used in the model for 209,
each sub-catchment was varied by 20 and 40 %. The impact 18 ‘
of varying stream bottom area on the simulatedsN® con- 16 l
centrations and the mass of nitrogen removed via denitrifica- 1

tion were evaluated.

Flow (m3s!)
S

=3

3 Results and discussion

3.1 Model calibration

The outputs from the INCA-N model were compared to I.?an2004<. 171’\/17;;2004 1]un‘2004 17Au§2004 1 Nov 2004

the results obtained using the alternate in-stream denitrifi- —Observed —INCA-N Model

cation equation for the calibration period in Fig. 1a. Based

on a visual inspection of the results, the alternate equatiorfrig- 1. (A) Graph comparing the INCA-N model results to the re-
simulated the lowest observed concentration in 2004 bettepults with the alternate equation for the calibration period in 2004.
than the existing equation. The remainder of the results var({E) Graph of the simulated and observed flows for the calibration
. . . - - period in 2004.

ied with each equation modeling certain observed concen*

trations better than the other. The observed concentrations

above 3mg ! prior to May 2004 were simulated better by

the alternate equation, but this may have been caused by ahe value at the minimum concentration when using the al-
incorrect simulation of flow dynamics just prior to this event ternate equation.

(Fig. 1b). The simulated flow was closer to the observed flow These results show that the alternate equation simulates
for the event in February 2004 where the N® concen-  lower NO;—N concentrations than the existing equation dur-
tration simulated using the alternate equation was closer tang the portions of the growing season with little flow. The
the observed concentration than the simulation using the cuower rate of in-stream denitrification simulated by the cur-
rent equation. This may be an example of the simulated massent model during these periods is caused by the rate of deni-
of nitrogen removed via in-stream denitrification being in- trification being based on the low simulated mass o&N®
correctly inflated in the current model due to an increase inin the stream. The low removal of nitrogen via in-stream den-
the mass of N@-N in the stream. At the peak concentra- itrification using the current method of modeling the process
tion the simulated mass of NON in the stream was more and the low volume of water in the reach result in elevated
than six times higher than prior to the event when using theconcentrations (Eq. 3). It is possible that during this low flow
current equation in the INCA-N model. The mass of NO  period, the simulated volume of water in the reach was too
N increased by more than six times when the concentratioiow. An increase in the simulated volume would result in a
increased only two times its pre-storm value because the vollower NOs—N concentration due to dilution. Changes in the
ume of water in the stream also increased. The simulatedhydrologic portion of the model would also impact the re-
mass of nitrogen removed via denitrification with the currentsults of the alternate equation, but a change in the calibrated
equation was more than six times higher at the concentratiomass transfer coefficient could potentially be used to com-
peak when compared to the mass of nitrogen removed vigensate for the changes. Itis possible that the lower simulated
denitrification at the pre-storm low concentration. The simu-NOz—N concentrations during the periods with lower flow
lated mass of nitrogen removed via in-stream denitrificationrates are a result of a constant stream bottom area being used.
at the peak concentration increased only three times that oburing these periods the stream bottom area may be too high

Hydrol. Earth Syst. Sci., 18, 14672473 2014 www.hydrol-earth-syst-sci.net/18/1467/2014/
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when compared to the actual stream and the simulated mass 61,
of nitrogen removed via in-stream denitrification may be too
high. 51

Using the alternate equation had a negligible impact on the
goodness-of-fit values of the modeled results when compared
to the observed concentrations. The original INCA-N equa-
tion produced arR? value of 0.63 and an NS of 0.60 when
comparing the observed NON concentrations to the simu- S
lated concentrations. The alternate equation using the mass
transfer coefficient produced &t value of 0.63 and an NS 1
of 0.61. The lack of improved goodness-of-fit values is in-

A A A
M AL A 'W
A

P\

1 i i i 0 T ——hA AR T
dicative of Fhe ob.servatlor} that each equation produced more V2000 17Mm200] Jlm200) 16Aus200r 3100200)
accurate simulations at different points during the year. —INCA-N Model —Alternate Equation 4 Observed

The calibrated rate of in-stream denitrification in the 359,

INCA-N model was 0.145 dayt. This resulted in a total ni-
trogen removal due to in-stream denitrification of 65000 kg
for the 12 month modeling period in the 4 sub-catchments. 25 4
This was equivalent to 30% of the nitrogen that entered
the stream being retained by in-stream processes. A mass
transfer coefficient of 0.21 mday was used in the alter-
nate equation as it produced the best results through calibra-

tion. The nitrogen removal via in-stream denitrification was ] | A J\

44000 kg or 20 % of the total nitrogen that entered the stream i f "‘"' \

for the alternate equation. The mass of nitrogen removed . J\J\J\J ¢ \\ A « ;
through denitrification was lower using the alternate equation 1Jan2001  17Mar2001  13n2001  16Aug2001 31 0ct 2001
because it did not simulate as much nitrogen removal during B S

periods of high flow. The lower in-stream retention simulated _ ]

by the alternate equation was closer to values of betweef'd: 2 (A) Graph comparing the INCA-N model resuits to the re-
5 and 15 % that have been estimated in Finnish CatchmentSUItS with the alternate equation for the validation period in 2001.
Lepisto ? | 2006 Martikai | blished). Th &) Graph of the simulated and observed flows for the validation
(Lepistd et al., artikainen et al., unpublishe ). € period in 2001.

mass transfer coefficient of 0.21 m dayused in this model

application was within the range of plausible values based on
the review by Birgand et al. (2007) as most of the values inthe in-stream N@-N concentrations during this time was

the review were below 0.3 m day. in-stream denitrification. Since in-stream denitrification was
o likely the dominant process an improved simulation ofNO
3.2 Model validation N concentrations could be attributed to an improved simula-

tion of denitrification. Basing the simulated mass of nitro-
The models USing the two different equations were Validateren removed via denitrification on the mass Of:N'N inthe
for 2001 and t_he results are shown in Fig. 2. The Va'iqationstream accounts for the dynamics of lower peak concentra-
shows that neither the current model nor the model with thetions and higher minimum concentrations simulated by the
alternate equation adequately simulated the observeg-NO cyrrent equation when compared to the alternate equation.
N concentrations prior to June 2001 or after August 2001.The R? values were similar with values of 0.45 and 0.48 for
This indicates that either the mass of M@ input to the  the current equation and alternate equation respectively. The
stream was too high or the volume of water simulated in theNs efficiency in both cases was below zero.
stream was too low during these periods. During the sum-  Ajthough Birgand et al. (2007) recommended using the
mer low flow periods, the alternate equation was able tomass transfer coefficient when the B concentrations
simulate the lowest N&-N concentrations better than the \ere greater than 1 mgi, it appears that the alternate equa-
equation currently used in the INCA-N model. This could tion, using the mass transfer coefficient, simulates in-stream
be a result of the uncertainty related to other simulated progenitrification during low flow and low N&-N concentra-
cesses (e.g., leaching) being lower during this period of time&jon conditions better than the current equations used in the
and an improved simulation of in-stream denitrification be- [NCA-N model. It is possible that a downward flux of NO
ing shown by the improved simulation of NEN concentra- N continued to occur at concentrations below 0.5 mg and

tions. The low input of flow to the stream through surface the alternate equation was still valid in this catchment.
water and groundwater would result in lower BN inputs

to the stream; therefore the process most likely to impact
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3.3 Sensitivity analysis 61

The impact of varying the stream bottom area by 20% on 51
the NO;—N concentrations during the calibration period is
shown in Fig. 3a. The average of the pd concentration
increased 0.2 mgt! when the stream bottom area was de-
creased by 20 % and decreased 0.1 m§when the stream
bottom area was increased by 20%. The maximum dif-
ference in N@-N concentration based solely on changing
the stream bottom area was a decrease in concentration of
0.4mg L1 when the N@-N concentration was decreasing
following the spike in July 2004. The simulated mass of L2008 17Mar200t  1twn200d  17Aug2008 1 New 2008
nitrogen removed via in-stream denitrification was 44 000, <= 20% w+20% —Aliernate Equation — INCA-N Model 4 Observed
49000, and 39000kg for the calibrated alternate equation 61p
model, the model with the stream bottom area increased by
20 %, and the model with stream bottom area decreased by
20 %, respectively. These results indicate that a 20 % change
in the stream bottom area does not result in a 20 % change
in the simulated in-stream denitrification and that a decrease
in the stream bottom area, as would be expected during the
low flow periods, still does not raise the NEN concentra-
tions simulated by the alternate equation to the level of those
simulated using the current equation in the model. Figure 3b
shows that a change in stream bottom area of 40 % does not ‘ b vt ‘
account for the difference between the current equation used 1Jan2004  17Mar2004  1Jun2004  17Aug2004 1 Nov2004

in the INCA-N model and the alternate equation, which in- - oA0% e +40% —Alternate Equation. —INCA-NModel 4 Observed

d.ica.tes the i”f'“e”_c‘? ,Of pasing the mass of nitroge'n removegig' 3. (A) Graph comparing the INCA-N model results to the re-
via in-stream denitrification on the mass of B in the gyt with the alternate equation and the alternate equation with
stream versus the N9N concentration. Uncertainty in the the stream bottom area varying20 % for the calibration period.
stream bottom area measurement can cause changes in t{B Graph comparing the INCA-N model results to the results with
model results, but errors caused by inaccurate measuremetite alternate equation and the alternate equation with the stream
of the stream bottom area are smaller than the errors in othgvottom area varying-40 % for the calibration period.
portions of the model.

Using the alternate equation in INCA-N may improve the ) ) ) )
simulation of NQ-N concentrations during the low-flow Play & major role in the inaccuracy of the simulatedNO
root cause of the overestimation of AN concentrations.  Simulation of the other factors controlling in-stream O
Improvements in the simulation of the volume of water in the N concentrations, but this work provides evidence that the
stream during the summer could produce similar results. Thénass transfer coefficient equation should be considered as an
validation period also shows that the mass ofN® going ~ alternate method of modeling the in-stream denitrification in

into the stream is overestimated and needs improvement. the INCA-N model if the problem of simulating low NSN
concentrations during the growing season persists after other

factors are investigated.

4 Conclusions
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alternate equation shows promise for being able to betteEdited by: A. Butturini

simulate peak concentrations. The influence of other factors

such as the incorrect simulation of the volume of water in

the reach or the mass of NEN input to the stream also
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