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PLEASE NOTE

COPYRIGHT This document refers to proprietary computer software, which is
protected by copyright. All rights are reserved. Copying or other
reproduction of this manual or the related programmes is
prohibited without prior written consent of DHI. For details please
refer to your ‘DHI Software Licence Agreement’.

LIMITED LIABILITY The liability of DHI is limited as specified in your DHI Software Li-
cense Agreement:

In no event shall DHI or its representatives (agents and suppliers)
be liable for any damages whatsoever including, without
limitation, special, indirect, incidental or consequential damages
or damages for loss of business profits or savings, business
interruption, loss of business information or other pecuniary loss
arising in connection with the Agreement, e.g. out of Licensee's
use of or the inability to use the Software, even if DHI has been
advised of the possibility of such damages.

This limitation shall apply to claims of personal injury to the extent
permitted by law. Some jurisdictions do not allow the exclusion or
limitation of liability for consequential, special, indirect, incidental
damages and, accordingly, some portions of these limitations
may not apply.

Notwithstanding the above, DHI's total liability (whether in
contract, tort, including negligence, or otherwise) under or in
connection with the Agreement shall in aggregate during the term
not exceed the lesser of EUR 10,000 or the fees paid by Licensee
under the Agreement during the 12 months' period previous to the
event giving rise to a claim.

Licensee acknowledge that the liability limitations and exclusions
set out in the Agreement reflect the allocation of risk negotiated
and agreed by the parties and that DHI would not enter into the
Agreement without these limitations and exclusions on its liability.
These limitations and exclusions will apply notwithstanding any
failure of essential purpose of any limited remedy.

Powering WATER DECISIONS MIKE 2022



MI KE i NPZSD pH Template

Powered by DHI

MIKE ECO Lab template - © DHI A/S



MIKE::\“

Powered by DHI

CONTENTS

NPZSD pH Template

MIKE ECO Lab template

A simple Nutrient, Phytoplankton, Zooplankton,
Sediment, Detritus and pH Model

2.1
211

3.1
3.2
3.3
3.4
3.5

4.1
4.2
4.3
4.4

5.1
5.2

6.1
6.2
6.3
6.4

7.1
7.2
7.3
7.3.1

9.1
9.2
9.3

A simple NPZ model With PH......oo e 1
MOl STFUCTUIE ...ttt e e e e e e e eaeenns 3
GENETAI SITUCTUIE ... 3
Detailed NUEMENT CYCIES .....coiiiiee et e e e e r e e e e 3
PRYTOPIANKION ettt e e et e e e aeeees 7
L)Y e] o1 F= a1 X (0T I e | 10111, 1 SR 8
PRytopIanKton MOTTAITLY ..........eei s 9
Phytoplankton 10Ss due to zooplankion GrazZiNg .......cccoooeeeeoreeeee e 9
[ )Y e] o1 =01 (o A I (ST 011 =1 1o o IS 10
PRYLOPIANKION SETHING ... 10
o Yo o =1 ] Q{0 o [ PURPPR 11
Z0O0PIANKION GrAZING....ciiiiiiiiiieeeeee e 12
Z00PIaNKION EXCIELION .....ceiiiiiiiee e 12
Z00plankton MOMAIILY .......cooiiiiieee e 13
Z00PIanKton reSPIFALION ........ooiiiiiiiii 13
3= 1 A P 15
DELIIUS SEELIING ... 15
Detritus MINEraliSAtION PrOCESS. .. .uuuuuuiiiiii e a e a e 16
SEAIMENT ettt ettt e et 17
ATEA SEAIMENTALION ...ttt bbb e e 17
Leakage frOm SEAIMENT........ . et e et e e e e ettt e e e e e e eebbba e e aeaas 17
Sediment-bound denitrifiCatION .............ooiiiiiiii e 18
Sediment-bound MINEraliSAtIoN ............oooi i 18
AN T o 1= g oY o 1= T PP 21
TOtal @MMONIUM ..o 21
L1 (PP TP P PP PTTPPPPPPPPTRN 22
L= L TP PP PP TTPPPPPPPPTRN 23
INTEFOGEIN STNK L. 24
PROSPRNOIUS CYCIE i 25
10 QY o 1= o TP PTTPPPTRPPIN 27
R T TCT = L1 To ]  E TP P PP TTPPPPPPPPTP 27
Photosynthesis, phytoplankton carbon UPLAKE .........ccoooiiiiiiiieeee 28
=TS 0TV T0 I (=1 1R 28

Powering WATER DECISIONS i



MI KE i NPZSD pH Template

Powered by DHI

9.3.1
9.3.2

10

101
10.2
10.3

11

12

12.1
12.2
12.3
12.4

13

Nitrification OXYgEN AEMANG..........coiiiiiie e e e e e e e e e e e e e 28
Sediment OXYgen demManGd .........oooiiiiiiiii 28
Total dissolved inorganic carbon (DIC) ......coouuiiiiiiiiii e 31
COz sea-air flux With atMOSPNEIe ..o 31
RS o1 = VLo A 0] (0 Lo TSR 32
Phytoplankton CarbOn UPTAKE. ..........uuuiiii e 32
Total @lKaliNity (ALK) ... e e e et e e e e e e aanns 33
AdAITIONAI QULPULS ....ee ettt e e et e e eaaans 35
BOD ESHIMALE ...ttt oottt oo e oo et ettt e e e e e e e ettt e e e e e e e et baa e e e e e eenbba e aeas 35
DIC, ALK MOIAr CONCENIIALIONS ... .ttt 35
Concentrations of the carbonate buffer SPECIES..........uuiiii e 35
CO2 fugacity/partial PrESSUIE .......cooiiiiiiiii e 35
RETEIEINCE ... ettt 37

MIKE ECO Lab template - © DHI A/S



_ _ 2\\“
A simple NPZ model with pH MIKE

1

I:.J‘-_

Powered by DHI

A simple NPZ model with pH

This documentation describes a simple Nutrient-Phytoplankton-Zooplankton (NPZ) model
(see /1/) implemented as a MIKE ECO Lab template that includes also pH calculations.
The main purpose of the template is to demonstrate how to include realistic pH
calculations in an ECO Lab model.

The model contains zooplankton and phytoplankton components and coupled nutrient
cycles. Additional compartments are sediment and detritus components. The model is a
simple fixed stoichiometry model (see /2/), i.e. the simulated phytoplankton growth
depends on the external/ambient concentrations rather than on an internal storage pool to
keep complexity low. As the phytoplankton representation already contains the main
nutrients, it can relatively simply be transformed into a variable stoichiometry model by
introducing separate uptake and growth formulations (compare to the Eutrophication type
family of ECO Lab templates and discussion in /2/).

Biomass or matter flow is modelled in terms of nitrogen, phosphorus and carbon.
Chlorophyll content is derived from the phytoplankton biomass based on a fixed
stoichiometric relation.

The model also includes the calculation of pH, i.e. the pH values are calculated on the
base of the total dissolved inorganic carbon (DIC) and total alkalinity (ALK). Both change
due to biological process, i.e. phytoplankton growth and process of the nutrient cycles.
CO2 exchange with the atmosphere can be included as well.

As the last important water quality component the template also contains an oxygen
balance description, coupled to the different biological, bio-chemical and physical
processes.

wering WATER DECISIONS 1
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The following chapter gives an overview of the model structure. First, a general diagram
of the flow path is shown. Then a detailed flow path for the nitrogen, phosphorus and

carbon cycles are included.

2.1 General structure

Hydrolysis

Nutrients,
Nitrogen, Phosphate

aeces, Mortality

[Excreation

I ealing

Sedimenation

Dissolved nutrients (nitrogen, phosphorus) are being taken up by phytoplankton during
growth. From the phytoplankton the flow goes into the detritus pool, either directly due to
mortality or via the zooplankton that grazes on the phytoplankton. A part of the nutrients
may be recycled into the dissolved nutrient pool as grazing loss, excretion or hydrolysis.
Another part of the detritus sediments into the sediment pool. The sediment pool is linked
to the dissolved nutrient pool via leakage but mainly acts as a kind of sink for most

nutrients.

2.1.1 Detailed nutrient cycles

The following figures show the cycles of nitrogen, phosphorus and carbon in more details.
In the figures, dotted lines /rectangular shapes indicate derived values (based on a fixed
stoichiometry). The nitrogen cycle shows two alternative paths for phytoplankton uptake
of dissolved nitrogen. Generally, phytoplankton can take up nitrogen as ammonium or as
nitrate. The default path in the current model is via nitrate. Alternatively, an uptake as
ammonium can be selected. For easy mass balance checks a state variable acting as
nitrogen sink has been added. This variable collects all N2 produced by denitrification in

the water or sediment.

Powering WATER DECISIONS
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The phosphorus cycle corresponds to the general model description. Here the sediment
pool usually acts as a sink but can also leak some phosphorus back into the water
column.

Nitrogen cycle
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Phosphate cycle
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Carbon cycle

CHL

R espiration

Atmosphere

J ) Flux

DIC Allzalinity
PH

Please note that the DIC is not considered as a limiting factor for the phytoplankton
growth. DIC and alkalinity are used to determine pH.
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3 Phytoplankton
This chapter describes the phytoplankton component in more details.

Phytoplankton is modelled using its nitrogen, phosphorus and carbon components. The
chlorophyll is derived from the biomass via fixed stoichiometry.

dPhytoplanktonN
T =+ PhytoplanktonNGrowth
— PhytoplanktonNMortality -
— PhytoplankronNRespiration 3.1)
— ZooplanktonNGrazing
— PhytoplanktonNSettling
dPhytoplanktonP
i = + PhytoplanktonPGrowth
— PhytoplanktonPMortality 30
—PhytoplankronPRespiration (3.2)
— ZooplanktonPGrazing
— PhytplanktonPSettling
dPhytoplanktonC
It =+ PhytoplanktonCGrowth
— PhytoplanktonCMortalit
ytop y (3.3)

— PhytoplankronCRespiration
— ZooplanktonCGrazing
—PhytoplanktonCSettling

PhytoplanktonNGrowth = PhytoplanktonGrowth x PhytoplanktonN
PhytoplanktonPGrowth = PhytoplanktonGrowth x PhytoplanktonP
PhytoplanktonCGrowth = PhytoplanktonGrowth * PhytoplanktonC

PhytoplanktonNMortality = PhytoplanktonMortality * PhytoplanktonN
PhytoplanktonPMortality = PhytoplanktonMortality x» PhytoplanktonP
PhytoplanktonCMortality = PhytoplanktonMortality * PhytoplanktonC

PhytoplanktonNRespiration = PhytoplanktonRespiration * PhytoplanktonN
PhytoplanktonPRespiration = PhytoplanktonRespiration * PhytoplanktonP
PhytoplanktonCRespiration = PhytoplanktonRespiration * PhytoplanktonC

ZooplanktonNGrazing = ZooplanktonGrazing * ZooplanktonN
ZooplanktonPGrazing = ZooplanktonGrazing * ZooplanktonP
ZooplanktonCGrazing = ZooplanktonGrazing * ZooplanktonC

PhytoplanktonNSettling = ksp * PhytoplanktonN
PhytoplanktonPSettling = ksp * PhytoplanktonP
PhytoplanktonCSettling = ksp * PhytoplanktonC

Further a derived variable exists, describing the chlorophyll based on the carbon biomass:

PhytoplanktonC
CHL =
PhytoCtCHL

(3.4)

Where
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PhytoCtCHL = Phytoplankton carbon to chlorophyll ratio
(default 50:1, can be 20:1-70:1 dependent on light adaption)

3.1  Phytoplankton growth

The phytoplankton growth is dependent on temperature, light and available nutrients.

PhytoplanktonGrowth =px* fP,temperature * flitqth * fnutrient (3-5)
Where
i = Max. growth rate at 20°C
fp temperature = Phytoplankton temperature limitation
fiigtn = Light limitation
Jrutrient = Nutrient limitation

Temperature limitation
The temperature limitation is a simple Arrhenius temperature correction:

fP,temperature = ThOP * eTemperature =200 (3.6)
Where
rhop = Phytoplankton temperature coefficient
Temperature = (ambient) Temperature in °C
20.0 = Reference temperature (20.0 °C)

Light limitation
The light limitation follows a simple Monod-kinetic

f ligth
. = 3.7
HO T (light + ksygen) 3.7)
Where
ligth = Average light intensity in current layer[uE/m?/s]
ksiigen = Light half saturation intensity [LME/m?/s]
The average light intensity in the current layer is calculated as
1— e mdz
ligth=1,———— 3.8
ig YT (3.8)
Where
I, = Light intensity at current layer top [UE/m?/s]
] = eta, attenuations coefficient [/m]
dz = Current layer thickness [m]

Light intensity at current layer top is calculated using a Lambert-Beer expression. The
special ECO Lab function tracks the intensity of the above layers:

I, =1, xe % (3.9)

8 MIKE ECO Lab template - © DHI A/S
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Where
I, = Surface light intensity [LE/m/s]

The attenuations coefficient eta is a linear combination of the background attenuation and
the attenuation caused by the phytoplankton

n="np+nc*CHL (3.10)
Where
Np = Background attenuations coefficient [/m]
Ne = Chlorophyll attenuations coefficient [m%/g CHL]
CHL = Chlorophyll concentration [mg/I]

Nutrient limitation
The nutrient limitation is a minimum limitation of both modelled nutrients, nitrogen and
phosphorus.

fnutrient = min (fNitrogen ’ fPhosphorus) (3 . ll)

The single nitrogen and phosphorus limitations follow a simple Monod-kinetic.

X
= 3.12
fx (X + ksy) ( )
Where
X = Nutrient concentration (NH4, NO3, PO4)
ksx = Half saturation concentration of the nutrient

By default, the model uses a preference uptake of ammonium over nitrate based on the
availability of ammonium (limit concentration about ~0.004 mg/l). From an energetically
point of view, the uptake of ammonium is preferable over nitrate and is thus the dominant
uptake path (see /8/). It is also possible to set a limitation for nitrate or ammonium alone
or (for testing) to have no nitrogen limitation at all.

3.2  Phytoplankton mortality

PhytoplanktonMortality = 1, * fp tomperature (3.13)

Where

7, Max. mortality rate at 20°C
Temperature limitation (see growth description)

fP,temperature

3.3  Phytoplankton loss due to zooplankton grazing

Zooplankton grazes on phytoplankton, causing a loss. For a closer description, see the
zooplankton component.

Powering WATER DECISIONS 9
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3.4  Phytoplankton respiration

The phytoplankton respiration is dependent on temperature and the oxygen

concentration.
PhytoplanktonRespiration = respp * foxygen * fp remperature (3.14)
Where
respp = Max. phytoplankton respiration rate at 20°C
foxygen = Oxygen limitation

fp Temperature Phytoplankton temperature limitation

3.5 Phytoplankton settling

The phytoplankton settling is based on a fixed settling velocity

vs 0.99 * dz * 86400

ksp = min (— 3.15
sp = min (dz' = ) (3.15)
Where

US = Phytoplankton settling velocity [m/d]

dz = Current layer thickness [m]

dz = Current time step [sec]

The term ensures that the settling rate does not exceed a critical value and thus prevents
excessive mass balance errors. However, especially in case of very small layers (fx. in
shallow model locations in a 3D model with a vertical o or 6-z coordinate system) it is
advised to test the model for vertical mass preserving/Currant errors.

10 MIKE ECO Lab template - © DHI A/S
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4 Zooplankton
This chapter describes the zooplankton component in more details.

Zooplankton is modelled using its nitrogen and phosphorus components.

dZooplanktonN
— Q- + ZooplanktonNGrowth
— ZooplanktonNFaeces 41
— ZooplanktonNExcreation (4.1)
— ZooplanktonN Mortality
— ZooplanktonN Respiration
dZooplanktonP
— Q3 = + ZooplanktonPGrowth
— ZooplanktonPFaeces
. 4.2)
— ZooplanktonPExcreation
— ZooplanktonPMortality
— ZooplanktonPRespiration
dZooplanktonC
— Q% + ZooplanktonCGrowth
— ZooplanktonCFaeces 4.3)

— ZooplanktonCMortality
— ZooplanktonCRespiration

ZooplanktonNGrowth = aEf * ZooplanktonNGrazing
ZooplanktonPGrowth = aEf * ZooplanktonPGrazing
ZooplanktonCGrowth = aEf * ZooplanktonCGrazing

ZooplanktonNFaeces = (1 — aEf) * ZooplanktonNGrazing
ZooplanktonPFaeces = (1 — aEf) * ZooplanktonPGrazing
ZooplanktonCFaeces = (1 — aEf) * ZooplanktonCGrazing

ZooplanktonNGrazing = ZooplanktonGrazin * ZooplanktonN
ZooplanktonPGrazing = ZooplanktonGrazing * ZooplanktonP

ZooplanktonCGrazing = ZooplanktonGrazing * ZooplanktonC

ZooplanktonNExcreation = ZooplanktonExcreation x ZooplanktonN
ZooplanktonPExcreation = ZooplanktonExcreation *x ZooplanktonP

ZooplanktonNMortality = ZooplanktonMortality * ZooplanktonN
ZooplanktonPMortality = ZooplanktonMortality * ZooplanktonP
ZooplanktonCMortality = ZooplanktonMortality » ZooplanktonC
ZooplanktonNRespiration = ZooplanktonRespiration * ZooplanktonN
ZooplanktonPRespiration = ZooplanktonRespiration * ZooplanktonP
ZooplanktonCRespiration = ZooplanktonRespiration * ZooplanktonC
Growth and faeces production are directly coupled to the grazing process

where

akf = Zooplankton assimilation/grazing efficiency (0.0-1.0)

11
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4.1  Zooplankton grazing

The zooplankton grazing rate is determined by the max filtration rate, the phytoplankton
biomass (food concentration) and a temperature dependency. It also includes the effects
of the food concentration on the filtration rate. The rate is defined as

ZooplanktonGrazing = gz * PhytoplantkonC * fg,qzing * f2remperature (4.4)
Where
9z = Max. filtration rate at 20°C
PhytoplantkonC = Phytoplankton/food concentration
ferazing = Grazing limitation on phytoplankton concertation

f2 Temperature Zooplankton temperature limitation

Grazing limitation
The zooplankton filtration is modulated by the available phytoplankton concentration (as
phytoplankton C) in form of a simple Monod-kinetic:

f PhytoplanktonC
= 4.5

grazing (PhytoplanktonC + ksgmzmg) (4-5)
Where
PhytoplanktonC = Phytoplankton concentration (as carbon [mg/l])
kSgrazing = Grazing saturation concentration [mg/l]
Temperature limitation
The temperature limitation is a simple Arrhenius temperature correction:

[z temperature = Th0z * eTemperature=20.0 (4.6)
Where
rho, = Zooplankton temperature coefficient
Temperature = (ambient) Temperature in °C
20.0 = Reference temperature (20.0 °C)

4.2  Zooplankton excretion

The zooplankton excretion is a simple 1%t order process limited by the temperature. The
rate is defined as

ZooplanktonExcreation = dy * f; remperature @.7)
Where

d, = Max. excretion rate at 20°C

12 MIKE ECO Lab template - © DHI A/S
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4.3  Zooplankton mortality
ZooplanktonMortality =1, * f7 remperature (4.8)

Where
7, Max. zooplankton mortality rate at 20°C

Temperature limitation (see growth description)

fZ,Temperature

4.4  Zooplankton respiration

ZooplanktonRespiration = respz * foxygen * [z remperature (4.9)
Where
respy = Max. zooplankton respiration rate at 20°C
foxygen = Oxygen limitation

fp Temperature Zooplankton temperature limitation

Powering WATER DECISIONS
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5 Detritus

This chapter describes the Detritus component in more details.

Detritus is modelled using its nitrogen and phosphorus components.

dDetritusN .
— % - + PhytoplanktonNMortality
+ ZooplanktonNMortaltiy
+ ZooplanktonNFaces (5.1)
— DetritusNMineralisation
— DetritusNSedimentation
dDetritusP )
" + PhytoplanktonPMortality
+ ZooplanktonPMortaltiy
+ ZooplanktonPFaces (5.2)
— DetritusPMineralisation
— DetritusPSedimentation
dDetritusC )
— - + PhytoplanktonCMortality

+ ZooplanktonCMortaltiy
+ ZooplanktonCFaces (5.3)

— DetritusCMineralisation
— DetritusCSedimentation

Where
DetritusNMineralisation = DetritusMineralisation * DetritusN
DetritusPMineralisation = DetritusMineralisation * DetritusP
DetritusCMineralisation = DetritusMineralisation * DetritusC
DetritusNSedimentation = ksd * DetritusN
DetritusPSedimentation = ksd * DetritusP
DetritusCSedimentation = ksd * DetritusC

Where

ksd = Detritus sedimentation rate [/d]

5.1  Detritus settling

Settling is a simple 1% order process with a settling rate defined as

Vsettiing 0.99 * dz * 86400)

ksd = min (==, dt (5.4)

Powering WATER DECISIONS
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Where

Vsettling = Detritus settling velocity [m/d]
dz = Current layer thickness [m]
dz = Current time step [sec]

The term ensures that the settling rate does not exceed a critical value and thus prevents
excessive mass balance errors. However, especially in case of very small layers (fx. in
shallow model locations in a 3D model with a vertical o or 6-z coordinate system) it is
advised to test the model for vertical mass preserving/Currant errors.

5.2  Detritus mineralisation process

16

The detritus mineralisation is a simple 1%t order process, dependent on ambient
temperature and oxygen concentration. The rate is defined as

DetritusMineralisation = kpetirus * fp remperature * fo,

(5.5)

Where
Kpetritus = Max. detritus materialisation rate at 20°C
fp Temperature = Temperature limitation
fo, = Oxygen limitation
Temperature limitation
The temperature limitation is a simple Arrhenius temperature correction:

fD,temperature =rhop * eTemperature =20.0 (5.6)
Where
rhop = Detritus temperature coefficient
Temperature = (ambient) Temperature in °C
20.0 = Reference temperature (20.0 °C)

Oxygen limitation
The mineralisation process is limited by the available oxygen concentration in form of a
simple Monod-kinetic:

_ Oxygen
fOZ - (oxygen+ksoxygen) 6.7
Where
Oxygen = Oxygen concentration [mg/l]
kSoxygen = Oxygen half saturation concentration [mg/I]

MIKE ECO Lab template - © DHI A/S
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6 Sediment

This chapter describes the sediment compartment in more detalils.

Sediment matter flow is determined by sedimentation and leakage and, for the nitrogen
content, denitrification. As the sediment compartment represents an area concentration
[a/m?], all open water column based processes (volume concentration) must be

transformed.

dSedimentN ) ) )

T = + DetritusNSedimentationArea
— SedimentNLeakArea (6.1)
— SedimentDenitrificationAra
— SedimentNMineralisationArea

dSedimentP ) ) )

T = + DetritusPSedimentationArea
— SedimentPLeakArea (6.2)
— SedimentPMineralisationArea

dSedimentC
————— =+ DetritusCSedimentationArea
dt (6.3)

— SedimentCMineralisationArea
6.1 Area sedimentation

The area sedimentation process simply transforms the volume based detritus
sedimentation process into area based water bed process

DetritusNSedimentationArea = DetritusNSedimentation * dz (6.4)
DetritusPSedimentationArea = DetritusPSedimentation * dz (6.5)
DetritusCSedimentationArea = DetritusCSedimentation * dz (6.6)
Where
dz = (Bed) Layer heigth

6.2 Leakage from sediment

Leakage from the sediment is a simple 1% order process:

SedimentNLeakArea = lry * SedimentN (6.7)
SedimentPLeakArea = lrp, * SedimentP (6.8)
Where
Iry = Nitrogen leakage rate, sediment [/d]
lrp = Phosphorus leakage rate, sediment [/d]
Powering WATER DECISIONS
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NOTE:

In this model the sediment acts as a phosphorus sink, i.e. there is no or very limited
leakage of phosphorus! In nature phosphorus (PO4*) and iron ions (Fe*") will form a
insoluble complex (FePO4) under aerobe conditions. Under anaerobic conditions, the iron
will be reduced to Fe?* and the bound phosphate will be released again. These processes
are currently not covered by the model.

Area->volume conversion
Sediment leakage from the bed per area can be transformed to sediment leakage per
volume [g mg/l/d] by dividing with the layer height above the bed:

SedimentN LeakArea
SedimentNLeakVolume = e (6.9)
) SedimentPLeakArea
SedimentPLeakVolume = e (6.10)
Where
dz = (Bed) layer height [m]

6.3 Sediment-bound denitrification

Sediment-bound denitrification is a simple 1t order process that is dependent on ambient
temperature:

SedimentDenitrificationAra = Tseq genit * fsea remperature * SedimentN (6.11)
Where
Tsed denit = Max denitrification rate at 20°C

fseda Temperature Temperature limitation

Temperature limitation
The temperature limitation is a simple Arrhenius temperature correction:

f:s‘ed,temperature = rhoSed * eTemperature—Z0.0 (6-12)
Where
ThOgeq = Sediment temperature coefficient
Temperature = (ambient) Temperature in °C
20.0 = Reference temperature (20.0 °C)

6.4 Sediment-bound mineralisation

18

SedimentNMineralisationArea

, 6.13
=TeSPgseq * fSed,Tempe‘rature * fSed,Oz * SedimentN ( )

SedimentCMineralisationArea

) (6.14)
= TeSPseq * fSed,Temperature * fSed,02 * SedimentC

Where

MIKE ECO Lab template - © DHI A/S
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r€SPseq = Sediment mineralisation rate [/d]
fsed Temperature = Sediment temperature limitation
fsed,0, = Sediment oxygen limitation
SedimentN = Sediment nitrogen

SedimentC = Sediment nitrogen

Oxygen limitation

The mineralisation is limited by the available oxygen concentration in form of a simple
Monod-kinetic. Here well-aerated sediments are considered, i.e. the oxygen concentration
inside the sediment corresponds to the concentration above the sediment.

B Oxygen
(Oxygen + kSseq oxygen)

fsea,0, (6.15)

Where

Oxygen Oxygen concentration [mg/l]

Sediment oxygen half saturation concentration [mg/l]

ksSed,Oxygen
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7 Nitrogen cycle

The nitrogen is the main modelled “currency”. Besides the already listed nitrogen
compartments PhytoplanktonN, ZooplanktonN, DetritusN and SedimentN, the nitrogen
cycle includes total dissolved ammonium (NHa), nitrite (NO2) and nitrate (NOs). Based on
the pH value the total ammonium can be further separated in its ionized (NH4-N) and un-
ionized (NHs-N) form. Here, the un-ionized NHs-N concentration is of particular interest,
as this form is toxic for many aquatic organism (fish).

7.1 Total ammonium

dtNH4
dt

= + ZooplanktonNExcreation

+ DetritusNMineralisation

+ SedimentNLeakVolume

— Nitritation

— PhytoplanktonAmmoniumUptake
+ PhytoplanktonNRespiration

+ ZooplanktonN Respiration

(7.1)

Nitritation
Nitritation oxidizes ammonium to nitrite. The stoichiometric equation for this reaction is:

2NH} + 30, > 2NO; + 2H,0 + 4H* (7.2)

This leads to an O:N stoichiometry of

3% 2% M0_3*2*12.011_25725g0 23
2«M,  2%14.007 gN (7:3)

In the template, nitritation is simulated as a simple 1% order process dependent on
temperature and oxygen:

Nitritation = Thitritation * fNit,Temperature * fOz * NH4

(7.4)
Where
Tnitritation = Max nitritation rate at 20°C
fnit remperature = Temperature limitation
fo, = Oxygen limitation
Temperature limitation
The temperature limitation is a simple Arrhenius temperature correction:
fNit,temperature = rhONit * eTemperature—Z0.0 (7-5)
Where
Thoy;; = Nitritation temperature coefficient
Temperature = (ambient) Temperature in °C
20.0 = Reference temperature (20.0 °C)
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Nitrite

Oxygen limitation

NPZSD pH Template

The nitritation is limited by the available oxygen concentration in form of a simple Monod-

kinetic
Oxygen
fo, = (7.6)
> (Oxygen+ ksprygen)
Where
Oxygen = Oxygen concentration [mg/l]
kSoxygen = Oxygen half saturation concentration [mg/I]
Uptake of ammonium by phytoplankton
If the model is parameterised to include ammonium uptake by phytoplankton:
PhytoplanktonAmmoniumUptake = PhytoplanktonNGrowth (7.7)
lonized/un-ionized ammonium
The fractions of ionized and un-ionized ammonium depend on the pH value:
NH H*
L= [ 3]aq * [ ] (7.8)
[NH{]
Emerson (/7/) proposed an empirical value for the NH4" ionization constant:
2729.92
K, = 10—(0.09018+ Ty ) (7.9)
T, = Temperature in Kelvin
The fraction of the ionized form can be computed as
[H']
tNH, = ——— (7.10)
TNt =TT+ Ky
Thus
[NHf] = fNH, » tNH4 (7.11)
[NH;laq = (1 — fNH,) * tNH4 (7.12)
Where
tNH4 = total ammonium concentration
dNO02 o
= + Nitritation
dt (7.13)

— Nitration
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Nitration

Nitration oxidizes nitrite (NO2) to nitrate (NO3). In nature, this can occur on an aerobic
and anaerobic pathway. The current template only considers the aerobic pathway. The
stoichiometric equation for this aerobic reaction is:

2NO; + 0, » 2NO5 (7.14)

This leads to an O:N stoichiometry of

2% M, 2%12.011 _ 0.8575 go 7.5
2%«M, 2%14.007 gN '

In the template, nitration is simulated as a simple 1% order process dependent on
temperature and oxygen:

Nitration = Thitration * fNit,Temperature * fOz * NO2 (7 16)

Where

Max nitration rate at 20°C
Temperature limitation (see above)
Oxygen limitation (see above)

Thitration

fNit,Temperature

fo,

7.3 Nitrate

dNO3 } .
T = + Nitration
PP (7.17)
— Denitrificationy 4ier

— PhytoplanktonNitrateUptake

Denitrification

Denitrification reduces nitrate (NO3) to molecular nitrogen (N2). It is modelled as a simple

15t order reaction dependent on temperature

Denitrificationy gier (7.18)
= rdenitrification,water * fDeNit,Temperature * f[nhOZ * NO3

Where

= Max denitrification rate at 20°C
= Temperature limitation
Oxygen inhibition

Tdenitr ification,water

fDeNit,Temperature

fInhOZ

Temperature limitation
The temperature limitation is a simple Arrhenius temperature correction:

— rhONit * eTemperature—Z0.0

fNit,temperature (7.19)
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Where

rhoy;; = Nitritation temperature coefficient
Temperature = (ambient) Temperature in °C
20.0 = Reference temperature (20.0 °C)

Oxygen inhibition
Denitrification is actually an anaerobic process. To overcome some limitations of the
model (fx. subscale environmental variations) an oxygen inhibition has been added:

kSmno2
= 7.20
Jimnor = (Oxygen + Kspna) (720
Where
Oxygen = Oxygen concentration [mg/l]
KSmnoz = Oxygen inhibition half saturation concentration [mg/l]
Uptake of nitrate by phytoplankton
If the model is parameterised to include nitrate uptake by phytoplankton
PhytoplanktonNitrateUptake = PhytoplanktonNGrowth (7.22)

7.3.1 Nitrogen Sink

The template contains a simple nitrogen sink component. This component facilitates mass
balance checks:

dN2Sink

I = Denitrificationy 4., + Denitrificationg.qiment

(7.22)
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8 Phosphorus cycle

Besides the already listed phosphorus compartments PhytoplanktonP, ZooplanktonP,
DetritusP and SedimentP, the phoshorus cycle includes total dissolved phosphorus (PO4).

dP04

I - + DetritusPMineralisation
+ ZooplanktonPExcreation
+ SedimentPLeakVolume (8.1)
— PhytoplanktonPGrowth

+PhytoplanktonPRespiration
+ZooplanktonPRespiration

Speciation of total phosphorus
In principle, dissolved phosphorus can be present in four different species, dependent on
the pH.

pK'qa, pKiqz, PK/q3;
H PO, ==5 H,P0; + H* &=5 HPO2~ + 2H* &—== PO}~ + 3H* (8.2)

pH Speciation of Phosphates

1.00

i \ mPQ PO
0.80

Hspox / H(PO,)*
0.60

0.40 \
0.20 7 / \
/

0.00 +— Py ‘ ‘ 1

0.0 2.0 4.0 6.0 pH .0 100 120 140

fraction of species
e

The speciation « for the individual specie can be calculated as

a (H;PO,)
[H*]? (8.3)
[H*]3 + [H*]? * K'yir + [H*] = K'oir *K'gar + K'gir * K'gor ¥ K'gsr

a (H,PO;)
[H*]? « K,al,T (8.4)
[H*]? + [H*]? * K'gir+ [H*] = K'oir *K'aor Y K'air * K'aor * K'osr
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a (HPOZ™)
[H*] *K'qi7 *K'go 7 (8.5)
[H*P+ [H* )2« K'gip + [HY ] * K g17 * K qor + K'qip * K'gop * Koz 1

a (PO3)
K,al,T * K,aZ,T * K,a3,T (8.6)
[H*]3 + [H*]? « K'pir + [H*] * K'oir *K'gar + K'gir *K'gor * K'gar

Where

[H] = Concentration of H*, i.e. 10-P"

K'oir = (Temperature compensated) equilibrium constant 1%t reaction
K'oor = (Temperature compensated) equilibrium constant 2" reaction
K'ar = (Temperature compensated) equilibrium constant 3" reaction

pK Equilibrium constant (25°C)

pKal 2.15
pKa2 7.21
pKa3 12.67

For the pH range pH ~4-10 occurring in most surface waters either H, PO, or HPOZ~ will
be the relevant specie. For simplicity, the speciation will be calculated at 25°C. In the pH
range pH~4-10 the average charge of the PO4 specie is thus:

aP04 =1+ a (HPOZ) 8.7)

Calculation of the speciation a (HP0O};™)
Using the [H*]=10""" and Kx=10"** the calculation of & (HP0Z~) can be simplified:

a (HPO?™)
[H*] * K,al,T * K,aZ,T

[H*]3 + [H*]? * K'gyir + [H*] * K'oir *K'gar + K'gir *K'gor * K'gar
10—(pH+pKa1+pKa2)

(8.8)

= 10-3*pH 4 10—(2*pH+pKa1) + 10—(pH+pKa1+pKa2) + 10— (pKal+pKa2+pKa3)
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9 Oxygen
Oxygen is another important model component. The balance equation is:
dOxygen
grxygen = + Reaeration
dt
+ Photosynthesis02
— DetritusRespiration

— ZooplanktonCRespiration (©.1)

— PhytoplanktonCRespiration
— Nitrification02
— SedimentOxygenDemand

9.1 Reaeration

The oxygen exchange with the atmosphere is modelled as a temperature depended

process:
Reaeration = KZ * frear,Temperature * (CSair - Oxygen) (9-2)
Where
K, = Reaeration rate coefficient
frear remperature = T€Mperature dependency
CSgir = Oxygen saturation concentration

K,, reaeration rate coefficient

Depending on the application domain, the model can be parameterised to use a typical
river reaeration coefficient or an open surface expression for estuaries/lakes. The river
reaeration expression is a modified O’Conner/Dubbins expression, taking the effects of
wind into account (see /2/):

3.93 % U°®
KZ,River = T
05 2 (9.3)
N (0.728 % Upyina®® — 0.371 * Upying + 0.0372 % Uppina®)
H
Where
U = horizontal flow speed [m/s]
H = mean Water (layer) depth [m]
Uwina = Wind speed 10 m above water surface [m/s]
The open surface expression based on /3/:
K
KZ,Surface = FL (9'4)
Where
K, = Liquid film transfer coefficient for oxygen [m/d]
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_ {if (Uwing > 3.5) then 0.057 * Upying” ©.5)
L7 if (Uying < 3.5) then 0.2 * Uying '

Temperature dependency
The temperature dependency is a simple Arrhenius temperature correction:

ﬁ"ear,Temperature = Thorear * eTemperature—ZO.o (9-6)
Where
Th0,oqr = Reaeration temperature coefficient
Temperature = (ambient) Temperature in °C
20.0 = Reference temperature (20.0 °C)

Oxygen saturation concentration
The oxygen saturation concentration is computed using the expression given by /4/. It is
dependent on salinity and temperature.

9.2  Photosynthesis, phytoplankton carbon uptake

The oxygen production by photosynthesis is directly coupled to the carbon uptake due to

growth.

PhotosynthesisO2 = PhytoplanktonCUptake * PhytoDO 9.7)
Where
PhytoDO = Phytoplankton oxygen production/consumption relative to

phytoplankton carbon (default 3.5 g O2/g C)

9.3 Respiration terms

The oxygen balance takes the respiration by phytoplankton, zooplankton and detritus
mineralisation into account. Generally, these processes are limited by the oxygen
availability and temperature. The carbon contents are used as direct oxygen consumption
equivalents.

9.3.1 Nitrification oxygen demand

The oxygen demand of the nitrification is directly given by the stoichiometry of the
individual involved reactions (see above):

3*x2xM, Nitritati 2% M,
2 0w Nitr +
2% My rritation 2% My

Nitrification O, = 0.5 * ( * Nitration) (9.8)

9.3.2 Sediment oxygen demand
The sediment oxygen demand in the bed layer is given by
SedimentOxygenDemand

_ SedimentNMineralisation * DetritusCtN 9.9
a dz
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Where

SedimentNMineralisation Sediment nitrogen respiration [g N/m2/d]

dz (Bed) layer height

DetritusCtN = Itis assumed that the carbon content in the sediment
corresponds to the carbon content of the detritus material,
therefore the same conversion constant is used.
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10  Total dissolved inorganic carbon (DIC)

Total dissolved inorganic carbon represents the dissolved components of the carbonate
buffer system, i.e. the concentrations of dissolved carbon dioxide, hydrogen carbonate
and bicarbonate.

[DIC] = Z[COZ] + [HCO, ] +[C0s>] (10.1)

Various processes change the total dissolved carbon concentrations:

daDiIcC
—— = + CO2Flux
dt

+DetritusRespiration
+ ZooplanktonRespiration
+ PhytoplanktonRespiration

(10.2)

— PhotoplanktonCUptake
Where
CO2Flux = COgzair-sea flux with atmosphere
DetritusRespiration =  Detritus respiration

ZooplanktonRespiration
PhytoplanktonRespiration
PhytoplanktonCUptake

Zooplankton respiration
Phytoplankton respiration
Phytoplankton Carbon uptake

The template provides dissolved carbon dioxide, hydrogen carbonate and bicarbonate as
additional outputs. For simplicity, these concentrations are reported as “C” concentrations,
i.e. just considering the carbon part. The exact distribution/relation of each component is
derived from the pH value.

CO, + H,0 & H,CO, & HY + HCO; & 2H*C02- (10.3)

10.1 COqsea-air flux with atmosphere

The gas exchange with the atmosphere follows in principle the same equations as
described for the oxygen reaeration process, i.e.

F=kx(C,—C,) (10.4)
Where
F = the flux
k = the gas transfer velocity
Ca and Cw = the concentrations in the in air (more exactly at the top of the

boundary layer adjacent to the atmosphere) and in water.

Please note that the above equation describes the sea-air flux, i.e. the gas transfer from
the water into the air (contrary to some literature that uses the air-sea flux, i.e. a
difference in the sign). The transfer velocity is generally dependent on the gas type and
environmental parameters like temperature and wind speed whereas the concentrations
typically depend on temperature and other dissolved substances like salinity.

Powering WATER DECISIONS 31



MIKE i NPZSD pH Template

Powered by DHI

The model computes the transfer velocities and the CO2 sea-air flux based on the
equations given in /5/.

10.2 Respiration process

Any respiration process in the water column produces COz, i.e. enlarges the total DIC
concentration by producing CO2.

10.3 Phytoplankton carbon uptake

Phytoplankton growth consumes CO:z and thus decreases the DIC concentration.
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11  Total alkalinity (ALK)

Alkalinity, commonly also known as “buffering capacity”, is the water’s capacity to resist
changes in pH that would make the water more acidic. It is equal to the sum of bases in
the solution and thus typically expressed in molar equivalents (i.e. the number of H" ions
to balance a charge of a specie). The total alkalinity is defined as:

ALK otqr = Myco, + 2mco§‘ + Mpomy; T Muysiom; T Mus— + Morg.anion

(11.1)
+ mOH— - mH+
Where
m, = is the molar equivalent of specie X.
Usually most anions, except the ones from the carbonate system, have low
concentrations; thus the most contributing part is the carbonate alkalinity
ALK carponate = Muco, + zmcog_ (11.2)

Many natural processes will increase or decrease alkalinity. Generally, processes that
cause an addition of positive ions like NH4* will add positively to the alkalinity (as these
cause a decline in free [H*] and an increase in [OH’] to maintain electro-neutrality).
Consequently, a decrease in the number of positive ions will decrease the alkalinity
(because more [H*] and a decrease in [OH] is required to maintain electro-neutrality). If
negatively charged ions are consumed, the alkalinity increases (as less [H*] and more in
[OH] are needed to maintain electro-neutrality) whereas adding negatively charged ions
decreases the alkalinity (more [H*] and less [OH] needed for electro-neutrality).

-- Alkalinity ++
change
e
Consuming positive ions Producing positive ions
Producing negative ions Consuming negative ions

The change of the alkalinity in the model is expressed as

dALK
dt

= + ftNH4+
(

—2 * Nitritation

+ DetritusNMineralisation
+ SedimentNLeakVolum

+ PhotoplanktonNGrowth *

+ ZooplanktonNExreation
)

+ Denitrification

+aP04 * (

+ PhytoplanktonPGrowth
— DetritusPMineralisation

)

(11.3)
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Where

ftNH4
Nitritation

DetritusNMineralisation
SedimentNLeakVolum
PhotoplanktonN Growth*

ZooplanktonNExreation
Denitrification

aP04
PhytoplanktonPGrowth
DetritusPMineralisation

NPZSD pH Template

Average charge of total ammonium

Nitritation process, consumes NH4* and produces
NO3z

Detritus mineralisation, produces NH4*

Sediment leakage, produces NH4*

Phytoplankton growth, will consume either NH4* or
NOs depending on the nitrogen source

Excretion, produces NH4*

Denitrification, consumes NOs

Average charge of total phosphorus
Phytoplankton growth, consumes HPO4

Detritus mineralisation, produces HPO4
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12  Additional outputs

12.1 BOD estimate

The model provides an estimate of the BOD measurement. The BOD, the bio-
geochemical oxygen demand, is usually determined as the oxygen consumption of a
sample kept closed and in the dark at 20°C for about 5 days. In the model, the BOD is
estimated by taking only the detritus and phytoplankton carbon contents into account
using the relation given by /6/:

BOD,¢timare = (DetritusC + PhytoplanktonC) * 1.57 (12.1)

12.2 DIC, ALK molar concentrations

The model provides conversions of the total dissolved carbon and alkalinity
concentrations from the standard model units to molal units:

DIC[mg/1] * 10°[/ ]

(12.2)
12.011 [g/mol]

DIC, Mo/ 5] =
ALK, [0l ] = ALK[mol/1] x 10*[/ 5] (12.3)

12.3 Concentrations of the carbonate buffer species

The model provides the pH dependent concentration of the single carbonate buffer
species

12.4 CO; fugacity/partial pressure

The model provides the CO: fugacity/partial pressure.
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