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Reply to reviewers comments

Reviewer 1

1.

Innovation is relatively weak because of the omdgisider of LL (limit good water status). The
difference between critical load and limit good evastatus (as the uncertainty of absorption
capacity) is suggested to add to the discussidn par

Only the LL (limit load) value is included in thetiale, mainly because in Poland the LL value
is the most important, for example, when issuingewpermits or analyzing monitoring data.
The article details the definitions of selectedapaeters:

“Limit load (LL) is the maximum load of a selectpdllutant, which may be in a selected river
section of an analysed river, which has been diedsin class Il of clean water (good water
status). This load was calculated on the basishef limit concentration (LC), which is
determined in Poland by the ordinance of the Mamisf the Environment, and also the selected
characteristic flow (CF). A good water status iirteel as waters that meet, for most water
quality indicators, the requirements for surfacéansused to supply the population with water
for consumption. As well as the values of biologieater quality. indicators show little
indication of anthropogenic impact.”

The discussion was supplemented by clarifying tfferénce between CL and LL:

“The article presents the possible response afitke ecosystem to the pollutant load conveyed
to it (Fig. 1). In addition to the three zones neatl, Il and Ill, there is one more area of
uncertainty. Its width defines the difference besw€L and LL, but only the LL value is known
in this case. As previously described, it is natgdble to determine the CL value beyond which
it will no longer return to good water status. Twtual volume of CL loads is influenced by a
number of processes occurring in surface wateesgethvary with théntensity of the river flow
and the seasons. It is not known how wide the zdeéined as the area of uncertainty, is.
Knowledge of the existence of the area of uncestaind CL is important in various contexts,
including for governmental authorities dealing wiitie definition of LL load which should be
designed to guarantee the protection of the ageatizonment.”

At line 102 in Introduction, it is need to expldhe limitation and shortage of general
equations, and elaborate the improvement of tipempa

In the introductory section, a description was adebeplaining the deficiencies that occurred
in the mathematical descriptions of the RAC paramet

“The general RAC equations in this publication ¢afculating this parameter are sufficient for
their purpose. However, when a more in-depth amabfsboth the calculations and the results
is required, knowledge of the entire RAC methodyplogy required, taking into account the
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pollutant load used for the calculation and a $etédlow characteristic. There is also no
information on the natural background of polluticientified as actual natural load (ANL),
which should be taken into account when analydiegRAC parameter.”

The sections of the article have been rebuilt apglemented so that they are clear and
transparent to the readers.

The data used in this paper is relatively old, myasiore than ten years ago.

The reason for using the calibration, verificataom validation of the 2003-2009 data model

is explained in Section 2.3.2.

“The monitoring data we used to calibrate, validatd validate the mathematical model come
from the years 2003-2009. It was a decision tdcaie, validate, and validate the mathematical
model for this period, because at that time, thédiéi Warta Basin, the IMGW, conducted its
own parallel monitoring of SEM. Therefore, for tpsriod of time, we have the largest database
to better match modeling results to observatiorspdeially for general nitrogen). The
monitoring measures currently underway have cormittinat the values of general and general
nitrogen concentrations in the Middle Warta basmain at a similar level. In a revised version
of the article, we will make a description of thegal so that it is clear to every reader why this
time period has been used. For each of these mege®bust statistics were used to calculate
the winsorized robust statistical measures.”

Reviewer 2

General comments:

The description of the applied method is quite aeimfg, and written in an awkward English
language which makes difficult to understand thesented findings and conclusions. |
recommend clarify necessary issues. More detatlseirspecific comments.

The language of the article has been verified bgtave speaker.
Specific comments:

To make the whole concept understandable for tbeeace from the zone where WDF is not a
legally binding act, the terms of: “limit load”, tgd status”, and “critical load” should be
explained.

Section 2.1 was supplemented by the definitionstimeed by the reviewer:

“CL can't be defined as the critical size of loadgpractice is impossible to determine. Of course,
it is possible to try to estimate the critical lozalue for selected catchment fragments, but this
will always be approximate. The critical load cdsoabe defined as the limit beyond which a

return to good status is no longer possible. Thewsinof pollutants in a river then is so great

that the previous self-cleaning processes are pesntly impaired and no longer function.
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Limit load (LL) is the maximum load of a selectedllptant, which may be in a selected river
section of an analysed river, which has been dladsin class Il of clean water (good water
status). This load was calculated on the basishef limit concentration (LC), which is
determined in Poland by the ordinance of the Mamisf the Environment, and also the selected
characteristic flow (CF). A good water status i§irteel as waters that meet, for most water
quality indicators, the requirements for surfacéensused to supply the population with water
for consumption. As well as the values of biologieater quality. indicators show little
indication of anthropogenic impact. “

The equation 1.9 gives 6 components to the aobaal AL calculation at the control profile,
however it is not clear how the Authors approadeses components besides loads from the
point and nonpoint sources — please explain.

Equation 1.9 is complemented by a description efciimponents and source of data necessary
for their calculation:

“The values of the individual components of equat{d@.9) were obtained by using the
Macromodel DNS in conjunction with the SWAT modulEhe possibility of introducing
detailed catchment data allows for modelling dathath point and nonpoint pollutants@r,
Lnon), pollutant loads entering the river along witfiliration waters (Lwe) and retention (R).
Data on atmospheric depositionpfk) was obtained from the Norwegian Meteorological
Institute, whose mathematical models cover the af @oland.”

The results of calibration, verification, and validn for total phosphorus are not very
encouraging. Since, the Authors decided to use therertheless, the discrepancies should be
incorporated in the results and discussion section.

The discussion section of the article has been relgrh to include explanations of total
phosphorus.

The results of general phosphorus calibration usgieglacromodel DNS / SWAT are worse
than for general nitrogen. This is due to the lighy and seasonal volatility of this element in
river waters and the relatively small amount of itamng data needed to calibrate, verify and
validate the model. In spite of this, results & siatistical measures identified as "unacceptable”
were obtained mainly for the NSEs, so the authersdgd to use the obtained model data for
general phosphorus. The obtained RAC results foeige phosphorus largely coincide with the
actual state occurring in the basin; the water émthat have been negatively affected by the
RAC parameter are located in, among other areasndin watercourssouth of the city of
Pozna, which has a negative impact on the waters offlaeta. The remaining water bodies,
which had negative RAC values for total phosphoaus,small watercourses in the southern
part of the analysed basin, characterised by low fates and the location of sewage treatment
sites and other points of wastewater dischargescu3sion of the results in the article will be
extended with information on this subject.
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The source of the flow data should be revealetiémtanuscript

In section 2.3.3 adds flow information:

“The flow rate data were derived from the Hydrologystem conducted by the Institute of
Meteorology and Water Management (IMGW). Totalagen and total phosphorus data were
from the SEM database.”

The use of terms absorption and absorbency shewettified in the text
Corrected wrong word - correct should be “absorptio

The equations and description of particular pararsetequires verification; eg. parameter CL
“actual load” used in equation 1.2 has been preljodescribed as “critical load”(line 155);
parameter n used in the equation 1.5 is not clefe$gribed — what does it mean “set of major
flows” (line 187)

The reviewer's notes, which are described in thisien, have been included in the article. In
equation 1.2, the correct designation was introdudéne parameter "n" in equation 1.5 is
described.

Please, consult your final version of the manusanth a native speaker, also some editorial
work on the text is suggested (eg. references@s|b8, 535; figure in line 252, etc)

The article was reviewed by a native speaker. €kiettas been improved. Editorial edits have
been made.



155

160

165

170

175

180

185

Article
River absorption capacity determination as a toola evaluate state
of surface water

Pawet Wilk*, Paulina Orliska-Wa@niak?, Joanna €bale, Mieczystaw S. Ostojski

123 gection of Modelling Water Quality Surface - ihge of Meteorology and Water Management,
National Research Institute, Poland, 01-673 WarédvR odléna St.
4 Institute of Meteorology and Water Management el Research Institute, Poland,

*Correspondence td?awet Wilk Pawel. Wilk@imgw.pl

Abstract

In order to complete a thorough and systematicsassent of water quality is useful to measure the
absorption capacity of a river. Absorption capacity is understood as a pollutmad introduced into
river water that will not cause permanent and ersible changes in the aquatic ecosystem and atill n
cause a change in the classification of water tyuali the river profile. In order to implement the
method, the Macromodel DNS / SWAT basin for the dfédwWarta pilot (central Poland) was used to
simulate nutrients loads. This enabled detailedyarsaof water quality in each water body and the
assessment of the size of the absorption capaaigngeter, which allows to determine how many
pollutions can be made to the river without compeimg its quality class. Positive values of the
calculated absorption capacity parameter mearittiseaissumed that the ecosystem is adjusted iaya w
that means it can eliminate pollution loads throaghumber of self-purification processes. Negative
values indicate that the load limit has been exedednd too much pollution has been introduced into
the ecosystem for it to be able to deal with thiotige processes of self-purification. Absorption
capacity thus enables the connection of environahestandards of water quality and water quality
management plans in order to meet these standards.

Keywords: river absorption capacity, nutrients, MacromodelS38WAT,

1. Introduction

The Water Framework Directive (WFD) [Directive 20680/ EClimplemented in the European Union
treats water as a common good and obligates th&isaisle management of its resources, among other
things, by preventing degradation, improving thetestof water resources and protecting aquatic and
water-dependent ecosystems [@ska-Wozniak et al., 2013; Boeuf and Fritsh, 20T&je WFD
determines the search for new and more effectikgtisps for the state of the aquatic environment, an

5



190

195

200

205

210

215

220

225

consequently, the assessment of the effectiverfeastions plans in areas deemed polluted. What is
important here is that surface water pollutionpiost cases, is not an irreversible state, so pwitut
input to surface water will not always lead to weesible contamination. Water has the ability tif-se
purify [Dubnyak and Timchenko, 2000; Gorecki, 200&ncarkova et al., 1997; Karrasch et al., 2006;
Jarosiewicz and Dalszewska, 2008; McColl, 1974; i\t 2003; Zagorc-Kafan and Somen, 1999;
Zalewski, 2003].

Generally, self-purification is a biochemical triorsnation of pollutants (containing mainly organic
compounds) into simpler forms, often inorganici thave microorganism activity; this is done at the
expense of the consumption of oxygen from theradnaater and through sedimentation processes that
cause the physical elimination of water pollutidarfosiewicz, 2007; Kowalewski, 2009; Elésegui et al
1995; Vagnetti, 2003]. The most important factoftuiencing a river’s self-purification ability inatle,
among others, topography, soil type, vegetatiomhydraulic characteristics of the river, the réten
time of water in the catchment, biodiversity anmperature [Spellman and Drinan 2001; Schulz et al.,
2003; Vaikasas and Dumbrauskas, 2010; Marsili- @nusti, 2008; Popek, 2011; Van der Lee et al.,
2004]. To evaluate indirectly the possibility ofri@er performing self-purification — through the
comparison of actual loads in the river to limiadis — the river absorption capacity (RAC) paramister
useful. The establishment of limits aims to deteera threshold below which there is a possibilits o
river’s self-purification.

It should be noted that beyond a certain critiegkl of pollutants it may be impossible for an agua
ecosystem to return to its original condition [Kdkeavski, 2009; Nixon 2009]. This was confirmed,
inter alia, by [Duarte et al., 2009] in the artitReturn to Neverland ...", which referred to threqess

of eutrophication. This work was motivated by afésnto improve water quality aimed at restoring
ecosystems to their original conditions. Observetiof many ecosystems were made and, despite the
elimination of sources of pollution, they did neturn to their original state, even after more tB&n
years. Owing to this, the authors concluded thavala certain critical value of pollution, an ecstsyn

is not able to return to its original state. Untkamgling an ecosystem'’s response to multiple skiftin
baselines is essential in setting reliable tarfpetsestoration efforts.

The most advanced work related to the determinatidhe so-called assimilative capacity of the rive
which has similar assumptions to the river absorpttapacity, is led by the US Environmental
Protection Agency (EPA) through the implementatibthe Clean Water Act [Federal Water Pollution
Control Act, 2002]. IMGW-PIB started studies onaerivthe utilisation of the absorption capacity
parameter in water management in 2011 by propdlmgalculation of absorption capacity on the basis
of the advanced Macromodel DNS which has the ghitit determine of the amount of point and
nonpoint source of pollution in a given river senti

This paper presents a method of assessing theceusfaer state by determining the river absorption
capacity parameter. Absorption capacity is defiasdhe maximum load that can be input into a river
without exceeding limit load and changing the wateality state class or, when the absorption cépaci
is negative, the load that should be removed toraptish limit loads. The method assumes the use of
mathematical modelling. The Macromodel DNS, devetbat IMGW-PIB, was used [Ostojski, 2012].
It allows, inter alia, for daily flow simulationsis well as average daily loads of selected poltstan
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which is essential for the determination of rivetention. The simulation of these loads allowstlier
calculation of river absorption capacity.

The proposed method of evaluating the status daseiwater by using the river absorption capacity
parameter is an alternative to the ratio commosbduby the EPA, defined as the assimilative capacit
of the river, and which is called the Total Maximiaily Load (TMDL) [Bulsathaporn et al., 2013;
Magley and Joyner, 2008; Mohlar, 2011; Radcliffalet2009; Reckhow and Wostl, 2001].

This is defined as the maximum amount of a polluthat can occur in a waterbody, designates the
necessary reductions to one or more pollutant ssuatlocates a planning tool and points out aryiiatie
starting point for restoration or protection adtas with the ultimate goal of attaining or mainiag
water quality standards [EPA, 2016]. Proceduresl&ermining the TMDL were first defined in 1992
and have been repeatedly revised and updatedthieceThis method is based on the identification of
point and nonpoint pollution and then the calcolatof their sum for the river sections previously
recognised as endangered by excessive pollution.

TMDL = ZWLAs +XLAs + MOS

WLAs - point source loads
LAs - nonpoint source loads
MOS - margin of safety

Knowledge of a river's absorption capacity enakltles implementation of action plans aimed at
preventing the degradation of water quality, andseguently that of aquatic and water-dependent
ecosystems, which occurs as a result of humanitgctiliat is, anthropopressure. Currently theneds
universal methodology to determine the absorptapecity of the river. In the few publications oe th
subject, only general equations are available [@lmiski and Jagbek, 2008; Monka, 2005;
Tyszewski et al., 2008[|. The general RAC equatianthis publication for calculating this parameter
are sufficient for their purpose. However, when arenn-depth analysis of both the calculations and
the results is required, knowledge of the entirecCRAethodology is required, taking into account the
pollutant load used for the calculation and a $etéflow characteristic. There is also no inforroati

on the natural background of pollution identifiexleectual natural load (ANL), which should be taken

into account when analysing the RAC parar’r{eter. | _ - [ Z komentarzem [WP1]: answer to note 2 (reviewer 1)

The aim of the study was to develop a method feretraluation of the physico-chemical surface water
state through the definition of the absorption c#tyaf a river. For this purpose, the Macromod&l®

/ SWAT was used, which was calibrated, verified aalidated for the Middle Warta pilot catchment.
The model was prepared to take into account thigithehl processes of pollutant transformation and
transport, from the moment pollutants enter tharenment until their discharge into the sea, and to
allow the determination of nutrient loads at espuprofiles of water bodies. Using data from the
simulation, the method of calculating the absorpt@apacity of the river was implemented. The
absorption capacity is understood as pollution leatered into a section of river that will not caus
permanent and irreversible changes in the aquetisystem and will not change the classification of
water quality in the profile [Chmielowski and Jabek, 2008]. Afterwards the results of absorption
capacity at river profiles were evaluated and tbesequences of positive and negative values of
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absorption capacity for the analysed area wereysed) linking the reference of water quality
environmental standards with water quality managerpkans in order to meet these standards.

2. Materials and methods

2.1. Absorption capacity

The phenomenon of absorption capacity is desctilyethe schematic impact of pollutant discharges
originating from human activity on the ecosystenthef basin presented in Fig. 1. When a naturat rive
devoid of anthropopressure has only natural backgtopollution [Brodie et al., 2009; Helsinki
Commission, 2004; Henriksson and MilijokonsultedP?2], then we talk about the state of balance in
the river (zone 1), while the maximum pollution ¢bim the river can be called ANL. This is a veryera
situation and in Europe there are virtually no basvithout human pressure. Some such basins are in
the northern parts of Scandinavia and Russia [hlelSiommission, 2004]. Therefore, the only way to
determine the natural background is to use a matiemhmodel which allows the creation of a scemari
in which the entire human pressure on a catchrsepahioved. At the moment \ anthropogenic discharge
appears in a catchment, an ecosystem changes t@ngl @istate of adaptation (zone Il). This meaat th
the pollution introduced to the basin will intedewith the balance of the ecosystem, but not cause
permanent changes in it. An ecosystem adapts hatjpol's "elimination” through a series of processe
collectively called the self-purification of thever. Generally, it is assumed that after the rerhova
pollution source, an ecosystem will return to destd equilibrium (or close to it). In river ecosgms

in zone I, retention is can be up to 30% of th@ltamount of nitrogen [Dziopak, 2007; Neverova-
Dziopak, 2009]. Therefore, the pollution discharg®d a stream at any point will not be equal te th
load of these pollutants registered at the comirafile located below this discharge. Moreovethiére

is too much pollution introduced into the ecosystéme critical load CL can be exceeded, which will
cause irreversible changes in the ecosystem. Bhises an "overload” of the ecosystem (zoné Ill). CL
can't be defined as the critical size of load iagtice is impossible to determine. Of course, jitassible

to try to estimate the critical load value for s¢éel catchment fragments, but this will always be
approximate. The critical load can also be defiagdhe limit beyond which a return to good stasus i
no longer possible. The amount of pollutants iiverrthen is so great that the previous self-clegni

processes are permanently impaired and no longetifm, To prevent irreversible consequences of —'[z komentarzem [WP2]: answer to note 1 (reviewer 2)

exceeding the CL, the concept of limit load LLrigdduced, and its value is defined as the limgadd
water status set by administrative decisions iratance with the WFD and the regulation of the
Minister of the Environment [Regulation of the Miter of the Environment, 2011]. Limit load (LL) is
the maximum load of a selected pollutant, which f@yn a selected river section of an analysed,rive
which has been classified in class Il of clean w@ieod water status). This load was calculatethen
basis of the limit concentration (LC), which iselehined in Poland by the ordinance of the Minisfer
the Environment, and also the selected charadtiisiv (CF). A good water status is defined asewsit
that meet, for most water quality indicators, tequirements for surface waters used to supply the
population with water for consumption. As well & tvalues of biological water quality. indicators

_ - /[ Z komentarzem [WP3]: answer to note 1 (reviewer 2)

Fig. 1
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Actual natural load (background pollution) ANL istdrmined based on the concentration of pollutants
in the river without the anthropopressure impactCA&hd characteristic flow CF, which is the extreme
value of water levels observed in the analysedpe(il.1).

ANL = ANC * CF (1.1)

Critical load CL is difficult to determine in prace, mainly because there is an area of uncertainty
between the limit load value and the critical lozue (Fig.1). It is impossible to determine the
boundaries of the area. Incorrect determinationCtf can lead to erroneous conclusions and
consequently actions taken on this basis couldtriesiureversible changes in an ecosystem. Theegfo

it is preferred that the limit load LL is determihen the basis of limit concentration LC of goodeva
status [Regulation of the Minister of the Envirome@011] and the characteristic flow CF. Limitdoa
LL should be lower than the critical load CL. Ithe difference between LL and CL that defines Wwaet
we are dealing with a positive or negative RAC pater (Fig. 2). In addition, the load limit (LL)cadg
with the critical load (CL) define the so-callegarof uncertainty (Fig.1). The size of this arel bé
different for each water body, and its precise rd@fin is very difficult because it is practically
impossible to determine the critical load value drey which a catchment will be permanently and
irreversibly polluted.

Absorption capacity of the river is thiéferencebetween two loads: the first of these is the lilmétd
calculated on the basis of a limit concentratioredained in Poland for different types of watertbg
Regulation of the Minister of the Environment [REdion of the Minister of the Environment, 2011];
the second is the actual load calculated based@mdtual concentration at a selected river profile
When calculating both mentioned loads, the selethedacteristic flow is used. Absorption capacity o
the river is calculated for each pollutant sepdyated should consider all potential sources ofypiain
(both point and nonpoint sources). The resultsbsogtion capacity are obtained for selected river
profiles.

River absorption capacity RAC for a selected cdmirofile is described by the equation:
RAC=LL -ALD (2.2)
where:
LL — limit load for selected pollutant (1&g yr')
AL — actual load for selected pollutant 1@ yr?)
The actual load at a control profile is describgaquation:
CL=AC*CF (1.3)
where:

AC — actual concentration of selected pollutant (Y

CF — characteristic flow (frs?)

j - ’[Z komentarzem [WP4]: answer to note 6 (reviewer 2)
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While the limit load at a control profile is dedwed by equation:
LL=LC*CF (1.4)

LC — limit concentration of selected pollutant (ing)

In the research, the average low flow SNQ, whidhésarithmetic mean of the lowest yearly flowsswa
chosen as a characteristic flow.

Qeno=SNQ = Z=8% (15
where:

n — the number of elements in the analysed set

2.2. Absorption capacity cases

Analysis of the relation between the limit load &hd actual load AL of a selected pollutant at armbn
profile shows that absorption capacity RAC of aerisection can have positive, negative and
theoretically equal to zero values. These caseshamen in Fig. 2.

Fig. 2
Values of river absorption capacity RAC:

e Positive — means that actual load AL at the pragillower than limit load LL of selected
pollutant:
AL<LL (1.6)

Thus, there is a possibility of additional loadubmto the river section equal to the difference
between the actual load AL and limit load LL with@ausing an exceedance of
environmental limits;

e Equal to zero — means that the actual load AL ani load LL at the profile are equal:
AL=LL @.7)

This is a hypothetical situation in which therecspossibility of the input of any load of
pollutant, although there is still no necessityrtake radical steps to purify the river water. In
practice, the absorption equal to zero is diffitaltletermine.

10
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e Negative — means that at the profile the actual Ik is greater than limit load LL of a
selected pollutant:
AL > LL (1.8)

Therefore, there is an exceedance of the limitesfduenvironmental standards for a good water
state at the profile and there is an obligatiotat® action aimed at reducing pollutant loads
discharged into the river. If the critical loadnist exceeded, in the case of negative absorption
capacity, the reduction of pollutant loads showdse a spontaneous return of the ecosystem to
its original state, understood as a state befateage caused by anthropopressure.

2.3. Macromodel DNS/SWAT

The appropriate amount of monitoring data covearayfficiently long period of time is pivotal toeth
analysis of the state of surface water pollutiotew monitoring data are limited, which is a common
situation, it becomes essential to use suppleméntdd as mathematical models. They provide an
opportunity not only for the complementing of sphtind temporal resolution data, but also allow
analysis to be carried out on, inter alia, processsponsible for the self-purification of the rive
Utilisation of the correctly chosen and adaptedhmiaatical model for the determination absorption
capacity enables extensive knowledge about the sfagurface water to be obtained and the selected
scenarios of action programmes to be simulateshpvave water quality on a selected river section.

The Macromodel DNS (Discharge-Nutrient-Sea) wasgdes! at The Institute of Meteorology and
Water Management — National Research Instituteafi®)Ifor the analysis of processes taking place in
a catchment, such as water and matter cy@esojski, 2012 The Macromodel is a unified tool
combining existing and verified mathematical modeis equations of hydrological transport process
units. It allows the simulation of the long-termpact of land use on water quality and the impact of
pollutant discharges to surface waters. It is agereof data processing modules, data replenishment
modules, water quantity models and water qualitget® (Fig. 3 and Fig.4). The Macromodel DNS
defines the actual load AL description at a corprofile as:

AL = Lpowr + Lnon + Line + Logp + AL1 — R (1.9)
LroiT - the sum of load discharged from point sources

Lnon - the sum of load discharged from nonpoint sources

Line - the sum of load discharged from infiltration

Loer - the sum of load discharged from atmospheric siéipa

AL . - load flowing from upper river profile

R - section retention

11
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[The values of the individual components of equatiof) were obtained by using the Macromodel DNS
in conjunction with the SWAT module. The possilyildf introducing detailed catchment data allows
for modelling data on both point and nonpoint p@liis (Leoint,Lnon), pollutant loads entering the river
along with infiltration waters (ke) and retention (R). Data on atmospheric deposifloizr) was
obtained from the Norwegian Meteorological Insgtuivhose mathematical models cover the area of

- [ Z komentarzem [WP5]: answer to note 2 (reviewer 2)

SWAT (Soil and Water Assessment Tool) [Neitsch let2804, Neitsch et al. 2005] can be one of
modules of the Macromodel DNS. SWAT is a continuoug-term yield model. SWAT is a physically-
based model where processes associated with watenarient cycles are directly modeled by internal
algorithms to describe the relationship betweerutirgnd output variables. Physical processes are
simulated within hydrologic response units (HRURWBs are lumped land areas within a sub-basin that
are comprised of unique land cover, soil and mamagé combinations. To accurately predict the
movement of pesticides, sediment or nutrientstlyitae hydrologic cycle is simulated. The simubati

is divided into two major phases — a land phaseclwlkbntrols the amount of water (and nutrients)
loading to the main channel, and a routing phasehwik the movement of water (and nutrients) thtoug
the channel network of a watershed to the outleftféh et.al.2011]. The Macromodel DNS containing
SWAT model as an integral module was called therbracdel DNS/SWAT, (Fig. 4).

Fig. 4

With the use of the Macromodel DNS/SWAT, all theneénts form a homogenous, numerical
catchment model that enables the analysis of difftescenarios of catchment exploitation in différen
meteorological and hydrologic conditions. The Mawodlel DNS/SWAT can be used to analyse the
loads of nutrients at any selected control ppBbala et.al. 201,40stojski, 2012]

2.3.1. Research area

The methodology proposed in the article for calitagpabsorption capacity of a river have been
implemented on the example of a fragment of thehraent of the Warta (the Middle Warta). The Warta
is the third longest river in Poland. The seledbedin has an area of 6039 4mhich represents
approximately 11% of the entire Warta catchmene $tudy area was divided into Water Bodies that
are the basic unit of water management in the Eunibérs were assigned from 1 to 70 to each water
body, water bodies located in the main stream vedeiumbers from 56 to 63. As the beginning of the
basin, Nowa Wies Podgérna profile was selectedaatite end the profile — Oborniki was chosen (Fig.
5). The analysed part of the catchment is charaeteby a significant amount of area exposed to
nitrogen pollutants of an agricultural origin. Taeea is characterised by a high proportion of t@tra
vulnerable zones — areas particularly vulnerableittogen pollution from agricultural sources (NVZ)
[Directive 91/676/EEC]. The main soils type on Sedected catchment area are light and very light
soils. The major sources of pollution are constantt seasonal discharges of domestic, economic and
industrial sewage from cities located near therragewell as surface runoff from agricultural ardas
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the basin area is the largest metropolitan aré&/afta catchment — Pozinawhich is the fifth most
populous city in Poland and has a very rapidly gngvsuburban area. Monitoring research which has
been conducted for many years on the water stateediVarta indicates that the quality of its wafers
strongly differentiated into individual river semtis and pollution flowing into the river can affémtally

the process of eutrophication, among other aspects.

Fig. 5

2.3.2. Data
For the pivotal river catchments and for the uséhef Macromodel DNS/SWAT, the input data was

prepared, namely: digital elevation model (DEM)diglogy map, soil map, land use map, data
concerning a wastewater treatment plant, the adadieorological and hydrological data as well as the
amount of fertilizers. The gathered data was d@eslan the form of a database required by the model
[Abbaspour 2008, Srinivasan 2006, Srinivasan 2011].
The DEM remains the national, central geodesicaamtbgraphic resource and is created on the basis
of aerial photographs within a flat and rectangshstem of coefficients. The Map of Hydrographical
Divisions of Poland [MPHP 2009] is the basis foe thformation system of water management. The
map containing the details of river networks andew#odies within the boundaries of the analysed
catchments at a scale of 1:50 000 was used. Dateentng wastewater treatment plants located in the
area of the analysed catchments were obtained freniNational Water Management Authority in
Poland. The data contained detailed informationjutting the geographic coordinates of a given
wastewater treatment plant, the amount of publistessater treated within a year in thousandgmt,
total suspended solidang L?), total nitrogen (mg &) and total phosphorus (mg'L Meteorological
input data had a daily time step and included saldiation, wind speed, precipitation, relative store,
and maximum and minimum temperaturgsil mapsat a scale of 1: 100,000 withe soil types very
light, light, average, and heavydb. 1) were obtained from the Institute of Soil Scierscel Plant
Cultivation National Research Institute [[UNG 2009]

Tab. 1

Land use maps of the Middle Warta catchment weeated based on the CORINE Land Cover
information system [Bossard 2000, CORINE 2009] Wwhiévides land use into five classes attributing
to it relevant abbreviations that can be accepteldread by the modeTéb. 2.

Tab. 2

Input data used to calculate phosphorus loads fmamure and mineral fertilizers were obtained from
the Polish Local Database (BDL) and included infation regarding livestock and the surface area of
arable lands in hectares at the provincial leviee &verage dose of nitrate fertilizers was 158.5kag
and phosphate fertilizers 47.08 kg P/ha. The Midklbrta River catchment has been divided into 70
sub-basins in line with the boundaries of wateriégdwvhich are the basic unit of water managenrent i
Poland, according to [Directive 2000/60/EC].
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2.3.3. Sensitivity analysis and calibration
Sensitivity analysis demonstrates the impact thange to an individual input parameter has on the

model response and can be performed using a nuoibdifferent methods. The method in the
ArcSWAT Interface combines the Latin Hypercube (lafd One-Factor-At-

A-Time (OFAT) sampling. During sensitivity analystee SWAT runs (p+1)*m times, where p is the
number of parameters being evaluated and m is tineber of LH loops. For each loop, a set of
parameter values is selected such that a uniq@eddrthe parameter space is sampled. That set of
parameter values is used to run a baseline sirnl&br that unique area. Then, using one-at-a-time
(OAT), a parameter is randomly selected, and itgeves changed from the previous simulation by a
user-defined percentage. SWAT is run on the newvarpater set, and then a different parameter is
randomly selected and varied. After all the paranmsghave been varied, the LH algorithm locatesma ne
sampling area by changing all the parameters.

In further work, sensitivity analysis of the parders in the model was carried out. The main purpose
of applying sensitivity analysis is to define a ektparameters with the highest sensitivity, megnin
those which have the greatest impact on the paeamaeffecting flow and phosphorus load in the
analyzed profile of the river. The parameters veiereeloped for ranges typical for Polish conditions.
After conducting the sensitivity analysis, the netdge of study was the model calibration. Model
calibration was performed through an iterative gatielection process of a single parameter of the
model, in order to achieve the greatest possiblaeliing accuracy in regard to observational date T
estimation of model parameters, in the assumeditbons} in order to achieve the highest convergence
of the simulation and observation results, wasiearout with the OAT method (one-at-a-time), a
repeated iterative loop. The values of parametmsived during the sensitivity analysis (Tab.4)ever
successively changed in ranges with a high proibabfl occurrence in a given area. These valuegwer
based on expertise gained from analysis and camgutft the field of hydrology as well as the sowrce
and dynamics of phosphorus change in surface watetee area of the pilot catchment. It was
recognised that such a calibration method enabéefitting of the appropriate model to real coratis,
especially for general phosphorus, for which autitnealibration is problematic due to the small
amount of observational data. To evaluate modethirag with observation in subsequent iterations of
the loop, three statistical measures R2, PBIASN®H were used [Moriasi and Arnold, 2007, Ostojski
et al. 2016].

The calibration of the flow, total nitrogen andaigthosphorus loads was carried out for the dataete

from multi-year analyses from 1 January 2003 t@8tember 2007, with the daily time step for Pdzna

— Most Rocha measuring point, located at 241.76¢180.22 miles). The verification of the models was

conducted from 1 January 2008 to 31 December 20btie daily time step for Pozfia Most Rocha

measuring point. As for validation, this was cortéddrom 1 January 2003 to 31 December 2006 with

a daily time step for the Oborniki measuring péaaiated at 205.2 km (127.5 miles). In the mentioned
14
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periods, the full range of daily data for flow wagailable, as was 3% to 7% of data for both total
nitrogen loads and total phosphorus loads (Tali18).flow rate data were derived from the Hydrology
System conducted by the Institute of Meteorology @fater Management (IMGW). Total nitrogen and

total phosphorus data were from the SEM datalbase. | - [ Z komentarzem [WP6]: reply to note 4 (reviewer 2)

fThe monitoring data we used to calibrate, validate validate the mathematical model come from the
years 2003-2009. It was decided that calibratiahwalidation of the mathematical model for thisiper
would be made, as IMGW was conducting its own [ielrSEM monitoring of the Middle Warta then.
Therefore, for this period of time, we have thgést possible database to better match modellsutse

to observations (especially for general nitrogétije monitoring measures currently underway have
confirmed that the values of general nitrogen cotreéions in the Middle Warta basin remain at a
similar level. In a revised version of the artickes will make a description of the data so thé ilear

to every reader why this time period has been Usedeach of these processes, robust statistias wer

_ - [ Z komentarzem [WP7]: answer to note 3 (reviewer 1)

Tab. 3

3. The modelling results

For the pilot catchment model Middle Warta and Regthin the functionality of SWAT, which is in
this case a DNS Macromodel module, sensitivity gsislof parameters associated with the flow, total
nitrogen and total phosphorus was conducted aguptdithe description in Chapter 3.3.3. The results
of this sensitivity analysis are presented in Tabl&here are 14 parameters presented which are mos
sensitive and associated with the flow in the aadnpoint. For total nitrogen loads, from a range of
parameters that may be manipulated during the regilim of the model, 4 parameters obtained the
highest sensitivity and 7 parameters for total phosus loads. The parameters selected during the
sensitivity analysis were used during the modebcation.

Tab. 4

Charts showing the matching of modelling resultd aronitoring results for the period of calibration
and verification are shown in Fig. 6, with theitigation in Fig. 7.

Fig. 6
Fig. 7

To describe the results of the calibration, veafficn and validation, three statistical measuresewe
used: the coefficient of determination?Rthe percent bias (PBIAS) and Nash Sutcliffecédficy
(NSE), [Alansi et al., 2009; Bosch et al., 201but al., 2004; Pai et al., 2011; Rathjens andedpp
2012]. The results are presented in Table 5. Aessssent of the modelling conducted using robust
statistics and winsorized L-estimators were usestdSki et al. 2016].
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Tab. 5

In the case of calibration, verification and vatida of flow, all statistical measures obtainedrive
good" and "good" [Alansi et al., 2009; Chiang et 2012; Krause, 2005; Moriasi et al., 2007] result
of model fit. For calibration and verification aftél nitrogen, "very good" and "good" fit resulfstioe
model were obtained. Only in the case of the vélidiafor the coefficient of determinatior? @nd the
Nash Sutcliffe efficiency coefficient NSE were taehieved results "satisfactory”. As expected, the
biggest difficulty during calibration, verificatioand validation was with total phosphorus loadkis- t
was due, among other reasons, to the high vojablitdaily and seasonal concentrations of this
parameter in the environment and the limited amoointmonitoring data. The coefficients of
determination Rat the stage of calibration and verification of tleceived values were "satisfactory"
and "unsatisfactory" respectively. PBIAS in all ee®btained values classifying it as "very good", a
opposed to the NSE values, which were in all casesatisfactory". Due to the lack of methodology
enabling a joint assessment of these three caaifisi R was prioritised and the results of total
phosphorous calibration were evaluated as satisfact

3.1. Absorption capacity results

After the calibration, verification and validatipnocesses of the SWAT module, daily loads of nigrog
and total phosphorus for the selected period o€ timere obtained. This database has enabled the
calculation of the precise absorption capacitylaging profiles of all 70 Water Bodies located lire t
analysed basin. Absorption capacity was calculttedotal nitrogen and total phosphorus where, for
the characteristic flow, average low flow QSNQ wasd.

Total nitrogen

Absorption capacity values of total nitrogen fadividual water bodies in the vast majority (67 wate
bodies) obtained positive values (Fig. 8). The bgjhpositive values of absorption capacity were
observed at closing profiles of the individual wabedies located in the main stream of the Middle
Warta sub-catchments 56 to 60 (values of up to®Bt30/ear). A clear drop in absorption capacity on
the main stream was noted from the closing profilé1 water bodies where absorption reached 880 t /
year,that is, on water bodies located directly behind the city of PozmaThe lowest, but still positive,
values of absorption capacity were at the closmfjlps of small streams characterised by low flows

Negative absorption capacity values for total & only occurred at three water bodies (10, 63 and
64). Two of them (10 and 64) are small reaches leithflows which should limit the amount of total
nitrogen by about 55 t / year and 2 t / year, retipely. Basin 63 is the last section of the mameam

of the analysed catchment where absorption capabttined the value of 880 t/ year.

The results of absorption capacity of total nitmogead based on a characteristic flow of QSNQ are
shown in Figure 8. A summary of the results foraihlysed closing profiles of water bodies are
presented in Table 6.

Fig.8
Tab. 6
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Total phosphorus

The value of absorption capacity for most closingfifes of water bodies (58) for total phosphoriesev
positive, as shown in (Fig. 9) The highest valuesarobtained for water bodies located between Nowa
Wie$ Podgorna and the city of Poznathese were up to 130 t/ year. There is a gle@sible negative
impact of the city of Pozmaon absorption capacity of profiles located on rt&n stream below the
agglomeration (60, 61, 62, 63). There, negativeasbf absorption capacity were up to -1500 t f.yea
Other water bodies that obtained negative valueshebrption are nos. 10, 27, 38, 43, 64, 69, 50 and
51. Most of these are located in the southerngfatte analysed catchment area. Graphic resuttseof
absorption capacity of total phosphorus load, baseal characteristic flow of QSNQ, are shown in Fig
9. A summary of the results for all analysed clgginofiles of water bodies are presented in Table 7

Fig. 9

Tab. 7

4. Summary

The Macromodel DNS/SWAT developed at the InstitateMeteorology and Water Management
(Poland) is an effective tool for the determinatiomer absorption capacity. The utilisation of

mathematical modelling for the calculation of alpsian capacity allowed the precise determination of
total nitrogen and total phosphorous overloadsel €iver profile, according to limit values, aslves

the determination of the disposal capacity of #sh when the absorption capacity has positiveegalu

Research results show, simply but precisely, themstate at the estuarine profiles of selectethbas
The method assumes the performance of the analydissing profiles of water bodies. For the anadlys
pilot catchment, 95% of estuarine profiles of wdiedies have a positive absorption capacity for the
load of total nitrogen and 80% for a load of tgthlosphorus, which means that in these areas the
ecosystem is able to adapt to the "eliminationthafse pollutants by a series of processes generally
referred to as the self-purification of the river.such cases, it is assumed that after the renadval
pollution sources, an ecosystem returns to a sfaggjuilibrium, or close to it (Fig. 1). The highes
values of absorption capacity for both total niglgnd total phosphorus were observed at proffles o
water bodies located within the main stream, taitbréh of the city of Pozmia(water bodies 56 to 59).
This area is characterised by low population degrasid low industrialisation, although there arargé
number of large-scale farms. It should also bertaki® account that the main reach of the Wart&Riv
is characterised by a high flow (average 195s), which has a direct impact on the dilution of
contaminants in the water mass. It may thus beladed that major streams characterised by low time
variability of flow are more resistant to contantina and higher values of absorption can be exgecte
there. Negative absorption capacity for total mjgo was noted for three water bodies (10, 63, 64),
which means that limit load was exceeded there. frwtiles belong to two water bodies located in the
southern part of the basin (10, 64). These basmslaracterised by very low flows (they sometimes
dry up in the summer) and industrial plants and enams illegal sewage discharges are located in thei
territory. A small reservoir characterised by ehhégncentration of nitrates is also located in whaobely

10. The third case of negative absorption capéaitiotal nitrogen is the last control profile detmain
stream — estuarine profile 63 of the pilot Middleié catchment. There is a problem here relatéteto
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rapid expansion of the city of Oborniki and theaufi€ient development of sewage system; theress al
intensive agriculture in this area. A large numiifdeaking septic tanks are responsible for a icant
load of nutrients in surface waters in the area.

For total phosphorous, twelve water bodies werainbt with negative values of absorption capacity
(10, 27, 38, 43, 50, 51, 60, 61, 62, 63, 64, 6@)f bf them are located in the southern part ofstively

area and are water bodies of small streams chasztteby low flows; their territories feature large
scale farms, industrial plants, sewage treatmeritp] and, as has already been mentioned, numerous
illegal discharges of wastewater (water bodiest®.27, 38, 50, 51, 64). Negative values of alismip
capacity for total phosphorus were also noted @diicg profiles of water bodies on the main reach
locatedsouth of the city of Pozna (water bodies no.: 60, 61, 62, 63), which proves high loads of
pollutants are discharged from the area of thidceygration to the waters of the Warta. The resaflts

the proposed method coincide with previous fiekksgch conducted by the Voivodeship Inspectorate
for Environmental Protection.

5. Discussion

Data on the analysed Middle Warta catchment obdawi¢h the use of the calibrated, verified and
validated Macromodel DNS/SWAT were used to caleuthie absorption capacity of the rivbr. The
results of general phosphorus calibration usindtheromodel DNS / SWAT are worse than for general
nitrogen. This is due to the high daily and seakwaktility of this element in river waters andeth
relatively small amount of monitoring data neededdlibrate, verify and validate the model. In spit
of this, results of the statistical measures idiedtias "unacceptable” were obtained mainly for the
NSEs, so the authors decided to use the obtaindélrdata for general phosphorus. The obtained RAC
results for general phosphorus largely coincidénwlie actual state occurring in the basin; the wate
bodies that have been negatively affected by th€ RArameter are located in, among other areas, the
main watercourssouth of the city of Pozn& which has a negative impact on the waters offaeta.
The remaining water bodies, which had negative Rv¥elues for total phosphorus, are small
watercourses in the southern part of the analyasihbcharacterised by low flow rates and the lonat

of sewage treatment sites and other points of wesée discharges. Discussion of the results in the

intended to simulate daily loads of pollutantsrat selected river profile and then to classifysbarces

of pollution occurring in the basin. The absorpti@pacity determined on this basis for individuatev
bodies enables detailed knowledge of the conddfdhe aquatic environment and the possibilitytsf i
adaptation to pollution to be obtained. This is k#fgrmation for assessing whether the intendedkwat
management has a significant impact on the statevadter body. The obtained information concerns
the location of polluted areas as well as areasmoently at risk of pollution and where resereés
absorption capacity occurred; this is importantmyithe development of management plans for water
in basins, as well as in other contexts.

[The article presents the possible response ofivke ecosystem to the pollutant load conveyed to it
(Fig. 1). In addition to the three zones markeH §nd lll, there is one more area of uncertairitsy.
width defines the difference between CL and LL, boly the LL value is known in this case. As
previously described, it is not possible to detemrthe CL value beyond which it will no longer metu
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to good water status. The actual volume of CL Idadsfluenced by a number of processes occurring
665 in surface waters; these vary with theensity of the river flow and the seasons. It is not known how
wide the zone, defined as the area of uncertaistyKnowledge of the existence of the area of
uncertainty and CL is important in various contekisluding for governmental authorities dealinghwi
the definition of LL load which should be design&a guarantee the protection of the aquatic

environment. _ - [ Z komentarzem [WP9]: answer to note 1 (reviewer 1)

670  The knowledge of actual natural load (ANL) is imfamit information for the proper determination of
pollutant loads in rivers. Much of the biogenic gunds in surface waters are found there as aresul
of human activity, but nutrients are also leachrechfthe soil under natural conditions. EstimatingLA
is difficult because in Europe there are no longeually any anthropogenic drainage basins thatco
become a benchmark for determining ANL. The Macroeh®NS / SWAT can be used to help create

675  scenarios for the use of catchments. This allowstgdremove" the anthropopressure from the andlyse
basin and estimate the amount of naturally occgrpallutants. This will be the subject of further
research.

In this study, river absorption capacity was calted for seventy estuarine profiles of individuatter
bodies for the pilot catchment. This enabled tlemiification of those water bodies which need utgen

680 actions aimed at reducing the amount of nutrientereng the surface water from point and nonpoint
sources. On the other hand, there were areas fiddntvthere acceptable limits of pollution are not
exceeded and, moreover, it was possible to acdyddermine the pollutant load, which, if necegsar
can even lead to the river no changing its classguzlity state. In both cases exploitation of the
Macromodel DNS/SWAT does not have to be limited/doldetermine the amount of pollutant loads

685  but can also allow the assessment of the impgaaahed activities on the catchment. In the caskef
described studies a division of the basin into whtalies was used, but if necessary it is possible
split pilot catchment into any selected basin areas

During planning the research described in the psipgitar methods used in other regions of the world
were analysed. Primarily, the TMDL ratio, descriiadChapter 1, were analysed. However, this
690 parameter is based only on the identification diupion sources in the catchment without the uatiisn
of limit loads. In Poland, limit loads are placedsicts of national law. As well as this, developirgal
Maximum Daily Loads (TMDLs) for nutrients is alsdfftult because nitrogen and phosphorus can
come from any number of sources — e.g., a sigmfiaaount of nitrogen can come from agricultural
or atmospheric sources. Therefore, the proposethatiedf determining the absorption capacity is
695  especially suitable for nutrients due to the faet it is based largely on the Macromodel DNS / SWA
adapted to the modelling of nutrients, and thienefo the load limit of pollutants for a speciflass of
water quality, as described in this article. Bdte parameter TMDL and river absorption capacity are
parameters related to the determining of the akime capacity of the river; however, the calcioat
of these parameters is based on different assungptio

700  For both TMDL and absorption capacity one of thestrimportant elements for calculations is the
proper selection of characteristic flow. If the aipgion capacity of the river is a parameter ontthsis
of which decisions of water quality improvement lkcbbe made, the choice of characteristic flow
becomes crucial. Depending on the country, diffectraracteristic flow are used for environmental
calculations. More and more often in publicatioBygon et al., 2003; European Commission, 2015]
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the question is being raised concerning the usadfonmental flows (taking into account the megnin
of medium and high flows in maintaining a goodetattriver ecosystems). However, the determination
of environmental flows requires field and computatiresearch of hydraulic and ecological
characteristics. At the current stage of knowlealye research related to Polish catchments, thésdf/p
analysis for all estuarine profiles of water bodgsnpossible to implement. This is one of thesoees
why in Poland, similarly to in the United State$iamacteristic flows commonly used are those
emphasising only low flows (SNQ, 7Q10). The 7Q1fapgeter (the lowest flow of a 7-day period for
a decade) statistically has a predisposition fterofichieving zero values; this is a clear disathgm

of using 7Q10 in environmental analysis. It alsuiees a 10-year measurement series. For the mspos
of research conducted on the possibility of ushgabsorption capacity as a parameter to conteol th
quality of water in the catchment, the SNQ flow weassen as adequate. The proposed designation of
absorption capacity include water quality standardsiccordance with the law acts, which also
recommend the use of SNQ to calculate the enviratethealculation. In addition, for basins with a
negative absorption, the use of flow lower than SEQlts in lowering the load that should be rendove
from the river in order to achieve environmentahstards. However, the use of either SNQ or 7Q10 is
a hydrological approach characterised by the saitpliof calculations and the possibility of its
utilisation at uncontrolled reaches due to thesayimethod of handling this type of statistic betwve
the profiles. It is assumed that, in the case séaech described in the paper, hydrological caoiiti
reflect biological needs.

6. Conclusion

1. To assess the quality of surface water, it is usefuwse the concept of a river's absorption
capacity. This is understood as the maximum loaal pbllutant which can still enter the river
without exceeding the limit load and, consequentiyhout changing its quality class; or, when
the load limit is exceeded, this is the load thashibe removed from the water in order meet
environmental standards. Knowledge of the riveiogtiton capacity enables the planning of
actions that prevent the degradation of water guadithe river and, consequently, damage to
aquatic and water-dependent ecosystems that odoar® anthropogenic pressure.

2. Calculations of absorption capacity of a river segtmare based on pollutant loads from the
nearest profiles, however, it is not equal to allwaroduced directly into the surface water on
that segment due to the self-purification processdethe river water on the way from the
introduction of the pollutant into the river to tlentrol profile. The dynamics of self-
purification processes affect absorption capacity.

3. Positive values of absorption capacity mean thae@rsystem adapts to the elimination of
introduced pollution loads through a number of-peifification processes. It is assumed that
pollution already introduced does not cause permtacteange and after the elimination of the
source of the pollution, the ecosystem will retterequilibrium, or close to a state of balance.
Positive values of absorption capacity allow thepdsable load of pollutant in the catchment
to be determined.
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4. Negative values of absorption capacity indicateasrevhere anthropogenic activities —

agricultural or municipal — are responsible foresgive pollution of nutrients. This means that

745 the limit load has been exceeded, and too muclutpmil for the possibility of the river's self-
purification has been introduced to the ecosystEnere is an amount of load that must be
removed from the river segment to attain water iguaitandards, however, this is not
tantamount to a complete return to the initialestdtthe ecosystem, especially for nutrients, and
this may affect many processes in the catchmenisalso unknown whether the critical load

750 has been exceeded or not. Nevertheless, in this tesexcessive pollution should be reduced
and methods should be implemented to revitalisetiosystem.

5. The Macromodel DNS/SWAT can be an effective tootfie analysis of the absorption capacity
of a river segment, as was shown with the examftlesoMiddle Warta basin for average daily
loads of nitrogen and total phosphorus.

755 6. Information on the river absorption capacity canabgood basis for the creation of action
scenarios which could help in determining the inpEicthe realisation of land development
plans or investment planning on surface water audtic and water-dependent ecosystems.

7. For a more detailed analysis of water quality Bdested catchments, hydrological units smaller
than water bodies should be considered.

760 8. To summarise, the developed absorption capacitgnpeter is a valuable element of the
assessment of water quality. It allows the conoaectif water quality according to reference
values of environmental standards and water qualggagement plans in order to meet these
standards. This parameter is designated by detaitiematical calculations in combination
with precise modelling techniques. This enablestresideration within the modelling of many

765 hydrological, geological and soil conditions, weathnd water quality parameters, and then the
implementation of the obtained results during matigcal calculations. Absorption capacity
of a river segment explains the relationship betwtbe load of pollutants in the river, limit
values of environmental standards and water quadisgssment along with the identification of
sources of pollution and possibilities for imprayiwater quality and the state of aquatic and

770 water-dependent ecosystems.

9. The analysis of absorption capacity using QSNQ abaacteristic flow has proven to be
efficient and useful. However, at the stage of ficatimplementation of this parameter in order
for in-depth assessment of nutrient pollution (eagerms of eutrophication), the utilisation of
characteristic flow based on low flows may not éfisient. Therefore, it is necessary to

775 continue research on the utilisation of environrakfilows which additionally takes into
account medium and high flow, as well as the nunadbeslements affecting the hydrological
regime, such as the size, time of occurrence, idarand frequency of floods and low waters.
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Tab. 1.Soil classwith the percentage of participation in the catchtaea [source: IUNG 2009]

. Catchment Middle Warte
Soail clas:
Very light 32.9
Light 30.6
IAverage 33.9
Heavy 2.4

970 Tab. 2. Land use typesith the percentage of participation in the catchtra@ea [source: CORINE 2009]

CatChr’nemMiddIe Warta
Land use type
Artificial surface: 6.17
IAgricultural area 72.82
Forest 20.04
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Wetland aree 0.1
\Water bodie 0.85
Meadow: -

Tab. 3. The amount of data available from theeSEmivironmental Monitoring and IMGW for selectedotanents

Total Data Flow Total N Total P
Process Quantity Data Percentage | Data Percentage | Data Percentage
(TbQ) Quantity | of TDQ Quantity | of TDQ Quantity | of TDQ
Calibration |1826 1826 100% 120 7% 120 7%
Veriyficatio | 731 731 100% 25 3% 25 3%
n
Validation [1461 1461 100% 48 3% 48 3%

Tab. 4. The most sensitive parameters obtained fhensensitivity analysis in SWAT model for the saed
catchments [source:¢Bala 2015, Wilk 2015]

ur

Parameter | Parameter description
Flow parameters
ALPHA BF [Baseflow alpha factor [day
CANMX Maximum @nopy storage [mm 4]
CH_K(1) Effective hydraulic conductivity in tributaichannel alluvium [mm/hr]
CH_K(2) Effective hydraulic conductivity in main channdugium [mm/h]
CN2 Initial SCS runoff curve number for moisture corwitl|
EPCO Plant uptake compensation tor
ESCO ISoil evaporation compensation fa
GWOMN Threshold depth of water in thhallow aquifer required for return flow to occ
[mm H,O]
GW_REVAP |Groundwate“revap” coefficient
RCHRG_DP [Deep aquifer percolation fac
SOL_ALB  |Moist soil albed
SOL_K Saturated hydraulic conductivity [mm/
SURLAG ISurface runoff lag coefficie
TIMP ISnow pack temperature lag fac
Nitrogen and phosphorus parameters
ERORGP Phosphorus enrichment ratio for loading with sedi
PHOSKD  Phosphorus soil partitioning coefficient [13/Mg]
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PPERCO Phosphorupercolation coefficient [10#iMg]
PSP Phosphorus availability ind
P_UPDIS  Phosphorus uptake distribution paran
SOL_ORGN |nitial organic N concentration in the soil layendg N/kg soil
SOL_ORGP |nitial organic P concentration in the soil laymg P/kg soil]
NPERCO Nitrogen percolation coefficient [1C5/Mg]
SOL_NO3 |nitial NO3 concentration in the soil layer [mg M/koil]
CMN Rate factor for humus minersation of active organic nutrients (N and P)

Tab. 5. The results of the calibration, verificatand validation for flow, total nitrogen and topddosphorus

Parameter Flow Total nitrogen Total phosphorus
Coefficient \ R? | PBIAS | NSE R? | PBIAS | NSE R?> | PBIAS | NSE
phases
Calibration 093 | 6.07 | 091 | 0.65| 0.14 | 057 | 0.41 | -0.36 | -2.49
Verification 092 | -084 | 081 | 081 | 0.14 | 056 [ 0.01 | 0.36 | -1.05
Validation 0.94 | 1451 | 0.85 | 047 | -0.58 | 0.06 | 0.65 | -0.22 | -5.91

Tab. 6. Total nitrogen absorption capacity for epcbfile of Middle Warta water bodies based on
980 characteristic flow SNQ

water water water
body tonsl/year body tons/year body tons/year
number number number
1 2.4 25 4.7 49 7.3
2 85.4 26 6 50 3.1
3 4.1 27 2.7 51 3.3
4 344.3 28 7.1 52 32.3
5 909.1] 29 42.8] 53 20.6
6 1065 30 59.8] 54 21.4
7 142.4] 31 22.8] 55 32.2
8 1.3 32 16.1] 56 2981
9 44.4 33 28.6) 57 2203.4
I- 34 2.8 58 2009.5
11 2.1 35 6.7 59 2345.3
12 1.2 36 13.4 60 3041.4
13 3.6 37 71.9 61 879.8]
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14 135.6 38 18.4 62 588.3
15 9.8 39 0.1 63

16 4.8 40 0.4 64

17 274.3 41 6.1 65 0.9
18 95.6 42 3.9 66 2.4
19 67.9 43 11 67 2.4
20 14.3 44 14.2 68 13.9
21 62 45 19.5 69 7.1
22 17.3 46 0.1 70 7.4
23 137.5 47 0.2 - -

24 285.1] 48 0.2 - -

Tab. 7. Total phosphorous absorption capacity &aheprofile of Middle Warta water bodies based on
characteristic flow SNQ

Wﬁhenr] Egrdy tons/year Wﬁher; gg:jy tons/year Wﬁhen['ggrdy tons/year
1 0.098] 25 0.189 49 0.292]
2 0.983] 26 0.241 50
3 0.165 27
4 5.304 28 0.283] 52 1.136
5 16.128 29 0.843] 53 0.669|
6 8.014] 30 1.315 54 0.444]
7 3.476] 31 0.913] 55 0.663]
8 0.05 32 0.644] 56 129.257]
9 0.484] 33 1.146 57 123.964

I- 34 0.113] 58 104.055
11 0.082) 35 0.269| 59 79.82]
12 0.049 36 0.538] 60
13 0.145] 37 2.881
14 5.01 38
15 0.393] 39
16 0.193 40
17 10.239 41 0.095] 65 0.035]
18 3.692) 42 0.124] 66 0.096
19 1.285 43 67 0.096
20 0.572 44 0.568] 68
21 0.736) 45 0.782] 69
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22 0.693 46 0.004 70 0.15
23 3.096 47 0.007 -
24 8.823 48 0.01 -
985
990
995
1000
1005
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Reply to reviewers comments

Reviewer 1

4.

Innovation is relatively weak because of the omdgisider of LL (limit good water status). The
difference between critical load and limit good evastatus (as the uncertainty of absorption
capacity) is suggested to add to the discussian par

Only the LL (limit load) value is included in thetiale, mainly because in Poland the LL value
is the most important, for example, when issuingewpermits or analyzing monitoring data.
The article details the definitions of selectedapaeters:

“Limit load (LL) is the maximum load of a selectpdllutant, which may be in a selected river
section of an analysed river, which has been diedsin class Il of clean water (good water
status). This load was calculated on the basishef limit concentration (LC), which is
determined in Poland by the ordinance of the Mamisf the Environment, and also the selected
characteristic flow (CF). A good water status iirteel as waters that meet, for most water
quality indicators, the requirements for surfacéansgused to supply the population with water
for consumption. As well as the values of biologieater quality. indicators show little
indication of anthropogenic impact.”

The discussion was supplemented by clarifying tfferénce between CL and LL:

“The article presents the possible response afitke ecosystem to the pollutant load conveyed
to it (Fig. 1). In addition to the three zones neatK, Il and Ill, there is one more area of
uncertainty. Its width defines the difference besw€L and LL, but only the LL value is known
in this case. As previously described, it is natgdble to determine the CL value beyond which
it will no longer return to good water status. Twtual volume of CL loads is influenced by a
number of processes occurring in surface wateesethrary with thintensity of the river flow
and the seasons. It is not known how wide the zdeéined as the area of uncertainty, is.
Knowledge of the existence of the area of uncestaind CL is important in various contexts,
including for governmental authorities dealing wiltle definition of LL load which should be
designed to guarantee the protection of the ageatizonment.”

At line 102 in Introduction, it is need to expldhe limitation and shortage of general
equations, and elaborate the improvement of tipepa

In the introductory section, a description was adebeplaining the deficiencies that occurred
in the mathematical descriptions of the RAC paramet
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“The general RAC equations in this publication datculating this parameter are sufficient for
their purpose. However, when a more in-depth arsbfsboth the calculations and the results
is required, knowledge of the entire RAC methodyplogy required, taking into account the
pollutant load used for the calculation and a $ettdlow characteristic. There is also no
information on the natural background of polluticientified as actual natural load (ANL),
which should be taken into account when analydiegRAC parameter.”

The sections of the article have been rebuilt apglemented so that they are clear and
transparent to the readers.

The data used in this paper is relatively old, myasiore than ten years ago.

The reason for using the calibration, verificataom validation of the 2003-2009 data model

is explained in Section 2.3.2.

“The monitoring data we used to calibrate, validatd validate the mathematical model come
from the years 2003-20009. It was a decision tdcatle, validate, and validate the mathematical
model for this period, because at that time, thddié Warta Basin, the IMGW, conducted its
own parallel monitoring of SEM. Therefore, for tpisriod of time, we have the largest database
to better match modeling results to observatiorspdeially for general nitrogen). The
monitoring measures currently underway have cormiftinat the values of general and general
nitrogen concentrations in the Middle Warta basmain at a similar level. In a revised version
of the article, we will make a description of thegal so that it is clear to every reader why this
time period has been used. For each of these pege®bust statistics were used to calculate
the winsorized robust statistical measures.”

Reviewer 2

General comments:

The description of the applied method is quite aeimfg, and written in an awkward English
language which makes difficult to understand thesented findings and conclusions. |
recommend clarify necessary issues. More detatlseirspecific comments.

The language of the article has been verified bgtave speaker.
Specific comments:

To make the whole concept understandable for tHeeace from the zone where WDF is not a
legally binding act, the terms of: “limit load”, tgd status”, and “critical load” should be
explained.

Section 2.1 was supplemented by the definitionstimeed by the reviewer:

“CL can't be defined as the critical size of loadgpractice is impossible to determine. Of course,
it is possible to try to estimate the critical lozalue for selected catchment fragments, but this
will always be approximate. The critical load cdsoabe defined as the limit beyond which a
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10.

return to good status is no longer possible. Thewsinof pollutants in a river then is so great
that the previous self-cleaning processes are pesntly impaired and no longer function.

Limit load (LL) is the maximum load of a selectedllptant, which may be in a selected river
section of an analysed river, which has been diadsin class Il of clean water (good water
status). This load was calculated on the basishef limit concentration (LC), which is
determined in Poland by the ordinance of the Mamisf the Environment, and also the selected
characteristic flow (CF). A good water status isirdel as waters that meet, for most water
quality indicators, the requirements for surfacéensused to supply the population with water
for consumption. As well as the values of biologieater quality. indicators show little
indication of anthropogenic impact. “

The equation 1.9 gives 6 components to the aataa AL calculation at the control profile,
however it is not clear how the Authors approadheses components besides loads from the
point and nonpoint sources — please explain.

Equation 1.9 is complemented by a description efciimponents and source of data necessary
for their calculation:

“The values of the individual components of equat{d@.9) were obtained by using the
Macromodel DNS in conjunction with the SWAT modulEhe possibility of introducing
detailed catchment data allows for modelling dathath point and nonpoint pollutants@r,
Lnon), pollutant loads entering the river along witfiliration waters (lwr) and retention (R).
Data on atmospheric depositionpgk) was obtained from the Norwegian Meteorological
Institute, whose mathematical models cover the af @oland.”

The results of calibration, verification, and validn for total phosphorus are not very
encouraging. Since, the Authors decided to use therertheless, the discrepancies should be
incorporated in the results and discussion section.

The discussion section of the article has been relgrh to include explanations of total
phosphorus.

The results of general phosphorus calibration udgiegvlacromodel DNS / SWAT are worse
than for general nitrogen. This is due to the lighy and seasonal volatility of this element in
river waters and the relatively small amount of itamng data needed to calibrate, verify and
validate the model. In spite of this, results & siatistical measures identified as "unacceptable”
were obtained mainly for the NSEs, so the authersded to use the obtained model data for
general phosphorus. The obtained RAC results foeige phosphorus largely coincide with the
actual state occurring in the basin; the water émthat have been negatively affected by the
RAC parameter are located in, among other areasndin watercourssouth of the city of
Pozna, which has a negative impact on the waters offlaeta. The remaining water bodies,
which had negative RAC values for total phosphoaus,small watercourses in the southern
part of the analysed basin, characterised by low fates and the location of sewage treatment
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11.

12.

13.

14.

sites and other points of wastewater dischargescu3sion of the results in the article will be
extended with information on this subject.

The source of the flow data should be revealetiemtanuscript

In section 2.3.3 adds flow information:

“The flow rate data were derived from the Hydrologystem conducted by the Institute of
Meteorology and Water Management (IMGW). Totalagen and total phosphorus data were
from the SEM database.”

The use of terms absorption and absorbency shewettified in the text
Corrected wrong word - correct should be “absorptio

The equations and description of particular pararsetequires verification; eg. parameter CL
“actual load” used in equation 1.2 has been preljodescribed as “critical load”(line 155);
parameter n used in the equation 1.5 is not clelegribed — what does it mean “set of major
flows” (line 187)

The reviewer's notes, which are described in thisien, have been included in the article. In
equation 1.2, the correct designation was introdudéne parameter "n" in equation 1.5 is
described.

Please, consult your final version of the manusanth a native speaker, also some editorial
work on the text is suggested (eg. referenceses|b8, 535; figure in line 252, etc)

The article was reviewed by a native speaker. €kiettas been improved. Editorial edits have
been made.
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