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APPENDIX A — EQUATIONS OF THE NPZD MODEL

A.1 Nitrogen Cycle
Ammonia nitrogen (1% state variable) and nitrite+nitrate nitrogen (2™ state variable) are
simulated using the Equation A.1 and Equation A.2 respectively,

oC
1_

o Nrespzoop + Nresppry 6 + Nresppry p + Nresppry ¢ +
Npe zoop_pis_pet + Noegpry_c_pis pet + Noecpry b pis pet +
NDEG,PHY_C_DIS_DET + NDEG,EX_LAB_DIS_DET + NDEG,EX_REF_DIS_DET - (Equatlon A1)
Nuna_uptakepy 6 — Nnma upTakepry b — Nima upTakepHy ¢ —
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=~ NNimriFication ~ NpenTRIFICATION — .

ot (Equation A.2)

NNOS_UPTAKE,PHY_G - NNO3_UPTAKE,PHY_D - NNO3_UPTAKE,PHY_C

where C, is the concentration of ammonia nitrogen (gN-m?), C, is the concentration of
nitrate nitrogen (gN-m~), Ngesp z00p > Nrespprv.c > Nrespprv.p and Neesppry ¢ are the
rates of ammonia nitrogen generation due to zooplankton, the other planktonic algae,
diatoms and cyanobacteria respiration (gN-m-day™); Npeg z00p pis per » Noee,prv 6. pis_ per
» Noee,py b ois_oer a1d Npeg pry ¢ pis_per are the rates of ammonium nitrogen generation
due to the degradation of zooplankton, other planktonic algae, diatoms and cyanobacteria
based dissolved organic carbon (gN-m?-day™); Npeg ex 1ag pis per @0nd Npeg ex rer pis_pet
the rates of ammonium nitrogen generation due to the degradation of labile and refractory
external detritus (gN-m™.day™); NiHa_uptake pry_G > Nra_uptace prv.D » Nba_uptace prv_c are
the rates of ammonia nitrogen uptake by other planktonic algae, diatoms and cyanobacteria
(gN-m™-day"); Nyos uprace prv_c > Nnos_uptake prv.p > Nnos_uprake pry_c are nitrate nitrogen
uptake rates by the other planktonic algae, diatoms and cyanobacteria (gN-m?.day™”);

Nurrieication is the rate of nitrification (gN-m?-day™”) and is the rate of denitrification

Noenmrirication (N-m~-day™).

Rates of ammonium nitrogen generation due to respiration are calculated using Equation
A.3 to Equation A.6,

Nresp, zoor = NC z00p ZOORzesp

(Equation A.3)

Nresp.pry 6 = NCppy ¢ PHY _Ggesp

(Equation A.4)

Ngesp.pHy p = NCpry p PHY _Dgegp

(Equation A.5)

Nresp.pHy ¢ = NCpuy ¢ PHY _Cregp

(Equation A.6)
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where ZOOPyegp, PHY_Gregps PHY_Dgesp and PHY_Cpegp are zooplankton, other
planktonic algae, diatoms and cyanobacteria respiration rates (gC-m?-day) and Nnc,qop
NCpy > NCpuy p and NCpyy ¢ are the nitrogen to carbon ratios for zooplankton, the other
planktonic algae, diatoms and cyanobacteria. Nitrogen to carbon rations of the three
phytoplankton groups are entered by the user. Nitrogen to carbon ratio of zooplankton are
calculated using the nitrogen to carbon ratios for phytoplankton groups, external labile
particulate detritus and food preference factors of zooplankton (Equation A.142).

Rates of ammonium nitrogen generation due to degradation of dissolved organic carbon are
calculated using Equation A.7 to Equation A.12,

Npeg,zoor = NC zo0p DDpeg, zoop
(Equation A.7)

Npeg,prv 6 = NCpry 6 PDpec prv

(Equation A.8)

Npeg,pry o = NCpiy p DDpeg pry b

(Equation A.9)

Npeg.pHy ¢ = NCphy ¢ PDpec,phy ¢

(Equation A.10)

Npeg pHy ¢ = NCex Las DDpec ex 1Las

(Equation A.11)

Npeg,pry ¢ = NCex rer DDpec ex rer

(Equation A.12)

where DDpeg 2000 s PDpee pry 6 » PDpeg,pry p and DDpeg py ¢ are the degradation rates of

zooplankton, the other planktonic algae, diatoms and cyanobacteria based dissolved organic
carbon (gC-m™-day™), DDpgg ex a5 and DDpgg ex rer are the degradation rates of labile and

refractory dissolved organic carbon (gC-m?-day™).

Rates of ammonium nitrogen uptake by phytoplankton groups are calculated using Equation

A.13 to Equation A.15,

Nina_uptace pHY 6 = NCpiy 6 PHY_Gyan_prer PHY _Gepp (Equation A.13)
Nina_uptace pHy o = NCpry o PHY _Dyan_prer PHY _Dgpp (Equation A.14)
NNH4_UPTAKE pPHy.c =MNCpyy ¢ PHY_CNHAN_PREF PHY _Cepp, NON_FIX (Equation A.15)

where PHY_Gyan prer s PHY _Dypan prer s PHY_Cypan prer are the ammonia nitrogen

preference factors of the other planktonic algae, diatoms and cyanobacteria. PHY_Ggpp is
the gross primary production rate of the other planktonic algae (gC-m?.day”), PHY_Dgpp
is the gross primary production rate of diatoms (gC-m~-day”) and PHY_Cpp non_pix is the

gross primary production rate of the cyanobacteria fraction that is not in nitrogen fixing state

(gC-m73-day™).
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Ammonia preference factors are calculated using Equation A.16 to Equation A.18
C,

PHY_Gyuan_prer = Cl +
- Kmnpry ¢ +C )(KmN,PHY_G + Cz)

C,

(C,+C,) mNPHYG+C)J
(Equation A.16)

C,

PHY_Dypan prer = C1 +
- Kmnpry o +C )(KmN,PHY_D + Cz)

(
;
!
g
:

(Equation A.17)

PHY_CNH4N_PREF =C

+
Kmnpry ¢ +C )(KmN,PHY_C + Cz) }

C,

(C,+C,) mNPHYD+C)J
C,
C C

+ Kmnpry_c+C ) J
(Equation A.18)

where K ypry 6 > Kmnpry ¢ and Ko ypuy ¢ are inorganic nitrogen half saturation constants

for the other planktonic algae, diatoms and cyanobacteria (gN-m?).

Rates of nitrate nitrogen uptake by phytoplankton groups are calculated using Equation A.19
to Equation A.21.

Nyos_uptake pHY 6 = NCpuy (1_ PHY _Gynan_prer )PHY—GGPP

(Equation A.19)

Nyos_uptake pHy b = NCphy p (1_ PHY _Dyun_prer )PHY—DGPP

(Equation A.20)

NNos_uptake prY. ¢ = NCphy ¢ (1_ PHY_Gypan_prer )PHY—CGPP, NON_FIX (Equation A.21)
Nitrification rate is calculated using Equation A.22,

T-20 Ce
Numrirication = Knirr20 Ohitr COrMyitR, pH (—C KH Jcl
6 T KANTR

(Equation A.22)

where T is the water temperature (°C), Ky is the nitrification rate constant at 20°C (day
"), Gurr is the Arrhenius temperature correction factor for nitrification, €Orfyg oy is the pH
correction factor for nitrification, Cq is the dissolved oxygen concentration (gO>-m™) and

KH is the half saturation constant for oxygen limitation of nitrification (¢O,-m™3). The
NITR Xyg g
pH correction factor for nitrification is calculated using Equation A.23,
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_ APH-PH\ 1R OPT MIN
PH <pHyir, opT MmN — COIfyrrpn = €

PHymr opt Mn < PH < PHyR 0pT Max = COMymrpn =1 (Equation A.23)
H -pH

PH > PHyirr opT_max —  COMyrr,pH = C

where pH is the ambient pH, pHyg opr mn is the minimum pH of the optimal range for

nitrification and pHyg opr wax is the maximum pH of the optimal range for nitrification.

Denitrification rate is calculated using Equation A.24,

T-20 KHpenrr ;
Npenrmrirication = Kpenimr20 Goenmr CONMpENITR, pH C. +KH C, (Equation A.24)
6 T KMpenmr

where T is the water temperature (°C), Kpgyrra2o is the denitrification rate constant at 20°C
(day"), 6penr Is the Arrhenius temperature correction factor for denitrification,
COlMpenrr,pn 18 the pH correction factor for denitrification, and KHpgyrg is the half

saturation constant for oxygen limitation of denitrification (gO>-m™). The pH correction
factor for nitrification is calculated using Equation A.25,

PH-pHpeniTROPT MIN

PH <PHpenitr, 0T M —  COMpenrrpH = €

PHoenmr,opt M < PH < PHpenmr opr ax = COMpenmrpn =1 (Equation A.25)
pH -pH

PH > PHpenmr, opT Max —  COlMpenrpH = € PR

where pH is the ambient pH, pHpeyr opr v is the minimum pH of the optimal range for
denitrification and PHpeyrr opr wax i the maximum pH of the optimal range for

denitrification.

A.2 Phosphorus Cycle
Phosphate phosphorus (3 state variable) is simulated using the Equation A.26
oc,

Y Prespzoop * Prespprv 6 + Prespphy b + Presppry ¢ +

PDEG,ZOOP_DIS_DET + PDEG,PHY_G_DIS_DET + PDEG,PHY_D_DIS_DET + (Equation A.26)
PDEG,PHY_C_DIS_DET + PDEG,EX_LAB_DIS_DET + PDEG,EX_REF_DIS_DET -

PUPTAKE,PHY_G - PUPTAKE,PHY_D - PUPTAKE,PHY_C

where C; is the concentration of phosphate phosphorus (gP-m™), Presp 2000 » Presp.phy 6 »
Presp.piy o and Pregpppy ¢ are the rates of phosphate phosphorus generation due to
zooplankton, the other planktonic algae, diatoms and cyanobacteria respiration (gP-m™-day
;s PDEG,ZOOP_DIS_D ET> PDEG,PHY_G_DIS_ DET > PDEG, PHY_D_DIS_DET and PDEG,PHY_C_DIS_ per are the

rates of phosphate phosphorus generation due to the degradation of zooplankton, the other
planktonic algae, diatoms and cyanobacteria based dissolved organic carbon (gP-m™-day™);
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Poec,ex 1ag_pis_per A0d Pogg ex rer pis_per the rates of phosphate phosphorus generation due
to the degradation of labile and refractory external detritus (gP-m?-day”); Pyprace pry o >
Puprace, pry o aNd Pyprace pry ¢ are rates of phosphate phosphorus uptake by the other

planktonic algae, diatoms and cyanobacteria (gP-m™-day™).

Rates of phosphate phosphorus generation due to respiration are calculated using Equation
A.27 to Equation A.30,

Presp,zoor = PCzoop ZOOResp

(Equation A.27)

Presp,pry 6 = PCphy ¢ PHY _Ggregp

(Equation A.28)

Presp.pry o = PCpry p PHY _Dgegp

(Equation A.29)

Presp,pry ¢ = PCpry ¢ PHY _Cregp

(Equation A.30)

where ZOOPgegp, PHY_Ggresp, PHY_Dgesp and PHY _Cregpare the rates of zooplankton,
the other planktonic algae, diatoms and cyanobacteria respiration (gC-m-day™) and pc,o0p
s PCpiy G » PCpuy p and PCpyy ¢ are the phosphorus to carbon ratios for zooplankton, the
other planktonic algae, diatoms and cyanobacteria. Phosphorus to carbon rations of the three
phytoplankton groups are entered by the user. Phosphorus to carbon ratio of zooplankton
are calculated using the phosphorus to carbon ratios for phytoplankton groups, external labile
particulate detritus and food preference factors of zooplankton (Equation A.143).

Rates of phosphate phosphorus generation due to degradation of dissolved organic carbon
are calculated using Equation A.31 to Equation A.36,

Poec zoop = PCzoop DD, zoop

(Equation A.31)

Poec,prv_c = PCery 6 DDbec prv o

(Equation A.32)

Poeg,prv_p = PCriy_ b DDbeg prv b

(Equation A.33)

Poec prv_c = PCriy_c DDbeg prv_c

(Equation A.34)

Poe prv_c = PCex 1as DDbec ex 148

(Equation A.35)

Poec,prv ¢ = PCex rer DDpec ex rer

(Equation A.30)
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where DDpeg 7000 » PDpee pry 6 s DDpee.pry p and DDpgg py ¢ are the degradation rates of

zooplankton, the other planktonic algae, diatoms and cyanobacteria based dissolved organic
carbon (gC-m™-day™), DDpgg ex a5 and DDpeg ex rer are the degradation rates of labile and

refractory dissolved organic carbon (gC-m?-day™).

Rates of phosphate phosphorus uptake by phytoplankton groups are calculated using
Equation A.37 to Equation A.39,

Puptace, prv 6 = PCpuy ¢ PHY _Ggpp

(Equation A.37)
Puprake, pHy o = PCpry o PHY _Dgpp
(Equation A.38)

Puprake, prHy_c = PCpry ¢ PHY _Cepp

(Equation A.39)

where PHY_Ggpp is the other planktonic algae (gC-m?.day™) gross primary production rate,
PHY_Dgpp is the diatoms gross primary production rate (gC-m~-day") and PHY_Cgpp is
the cyanobacteria gross primary production rate (gC-m™-day™).

A.3 Silicon Cycle
Available silica silicon (10" state variable) is simulated using the Equation A.40,
oC

10 o .
t Sirespzoop + Slresppry b+

SiDEG,ZOOP_DIS_DET + SiDEG,PHY_D_DIS_DET + (Equation A.40)

Sipecex LaB_pis DET + Slpecex REF_pIs_DET — SlupTAKEPHY D

where Cjo is the concentration of available silica silicon (gSi-m™), Siggsp z00p and
Siresp,pHy p are the rates of available silica silicon generation due to zooplankton and diatoms
respiration (gSi-m?-day™); Sipeg z00p pis per and Sipeg pry p pis per are the rates of available

silica silicon generation due to the degradation of zooplankton and diatoms based dissolved

organic carbon (gSi-m”-day"); Sipegex s pis per and  Sipeg ex rer pis_per  the rates of

available silica silicon generation due to the degradation of labile and refractory external
detritus (gSi-m=-day™); Siyprace pry p is the rate of available silica silicon uptake by diatoms

(gSi-m-day™).

Rates of available silica silicon generation due to respiration are calculated using Equation
A.41 and Equation A.42,
Siresp. zoop = SICz00p ZOOPegp

(Equation A.41)

Siresp,pry p = SiCpuy p PHY _Dgesp

(Equation 3.42)
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where ZOOP,gp and PHY_Dgegp are the rates of zooplankton and diatoms and respiration

(gC-m3-day"); siC,oop and SiCpy p are the silicon to carbon ratios for zooplankton and

diatoms. Silicon to carbon ratio for diatoms is entered by the user. Silicon to carbon ratio of
zooplankton is calculated using the silicon to carbon ratios for diatoms, external labile
particulate detritus and food preference factors of zooplankton (Equation A.144).

Rates of available silica silicon generation due to degradation of dissolved organic carbon are
calculated using Equation A.43 to Equation A.46,

Sipeg,zoop = SICz00p DDpeg, zoor

(Equation A.43)

Sioes,prv b = SiCpuy p DDpeg pry b

(Equation A.44)

Sipec,pHy ¢ = SiCex a8 DDpec ex Las
(Equation A.45)

Sipec,pHy ¢ = SiCex rer DDpec,ex Rer

(Equation A.40)

where DDpeg z00p and DDpeg py p are the degradation rates of zooplankton and diatoms
based dissolved organic carbon (gC-m>-day™), DDpgg ex ag and DDpgg ex rer are the labile

and refractory dissolved organic carbon degradation rates (gC-m-day™).

The rate of available silica silicon is calculated using Equation A.47,

Slyprace, pHy.p = SICpy p PHY_Dgpp

(Equation A.47)
where PHY_Ggpp is the gross primary production rate of diatoms (gC-m™-day™).

A.4 Carbon Cycle

External labile dissolved organic carbon (5 state variable), external labile particulate detritus
carbon (7% state variable), external refractory dissolved organic carbon (8" state variable) and
external refractory particulate detritus carbon (11" state variable) are modelled using
Equations A.48 to A.51. The autochthonous detritus carbon is simulated using the other
planktonic algae based dissolved organic carbon (15" state variable), other planktonic algae
based particulate detritus (16 state variable), diatoms based dissolved organic carbon (17
state variable), diatoms based particulate detritus (18™ state variable), cyanobacteria based
dissolved organic carbon (19 state variable), cyanobacteria based particulate detritus (20
state variable), zooplankton based dissolved organic carbon (21 state variable) and
zooplankton based particulate detritus (22" state variable) using Equations A.52 to A.59.

norganic carbon is simulated using carbon dioxide carbon state variable uation
Inorg b lated using carbon dioxide carbon (14" stat ble) (Equat

A.60).
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oC
— > =PDpssex 1as ~DDpecex Las
(Equation A.48)
oC,
— =~ PDoissex 1a8 = ZOO0Psrazpp ex Las
(Equation A.49)
oC
— % =PDpissex rer ~ DDpecex rer
(Equation A.50)
0Cy,
% _ _pp
ot DISS EX_REF
(Equation A.51)
0Cys
ot Posspuv et PHY_Gexcr ~DDoec pry o
(Equation A.52)
oC .
—atle = —PDpisspry_c + PHY_Gpeap = ZOOPsazpHy__poET (Equation A.53)
oC .
- = PDpygs pry_p + PHY_Dexcr —~DDopegpry p (Equation A.54)
oC .
_6’t1 % = —PDpssprv_c + PHY_Gpeap — ZOOPsrazphy_o_poeT (Equation A.55)
oC .
*> = PDpjsspry_c + PHY_Ceycr —~DDpecpry c (Equation A.56)
oC .
2 = —PDpisspry_c +PHY_Cpeap — ZOOPsrazpny ¢ poeT (Equation A.57)
oC,,
a PDpiss zoop + ZOOFeycr —DDopeg z00p
(Equation A.58)
G —PDoiss zoop + ZOO0REap
(Equation A.59)
_a(a:tM =ZOOPgesp +PHY_Ggegp + PHY _Diegp + PHY _Cregp +

DDpeg zoop + DDpegpry 6 + PDpecpry o+ DDpegpry ¢ + (Equation A.60)
DDpecex 1as + DDpecex rer +1Cammo = PHY _Ggpp —

PHY Dgpp — PHY_Cepp

where Cg is the concentration of external labile dissolved organic carbon (gC-m?), C; is the
concentration of external labile particulate detritus carbon (gC-m™), Cg4 is the concentration
of external refractory dissolved organic carbon (gC-m?), C,; is the concentration of external
refractory particulate detritus carbon (gC-m?), C,; is the concentration of the other
planktonic algae based dissolved organic carbon (gC-m™), C4 is the concentration of the
other planktonic algae based particulate detritus carbon (gC-m?), C;; is the concentration

of diatoms based dissolved organic carbon (gC-m), C,q is the concentration of diatoms
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based particulate detritus carbon (gC-m?), C,q is the concentration of cyanobacteria based
dissolved organic carbon (gC-m?), C,, is the concentration of cyanobacteria based
particulate detritus carbon (gC-m™), C,, is the concentration of zooplankton based dissolved
organic carbon (gC-m?), C,, is the concentration of zooplankton based particulate detritus

carbon (gC-m?), C,, is the concentration of inorganic carbon (gC-m~), PDpsg ex a8 >
PDDISS, EX_REF > PDDISS,ZOOP ) PDDISS,PHY_G > PDDISS,PHY_D and PDDISS,PHY_C are the dissolution
rates for external labile particulate detritus carbon, external refractory particulate detritus
carbon, zooplankton based particulate detritus carbon, the other planktonic algae based
particulate detritus carbon, diatoms based particulate detritus carbon and cyanobacteria
based particulate detritus carbon (gC-m>-day™); DDpgg z00p » DDpegpry 6 » PDpec,pHy b
and DDpgg py ¢ are the degradation rates of zooplankton, the other planktonic algae,
diatoms and cyanobacteria based dissolved organic carbon (gC-m?-day"), DDpgg ex a5 and
DDpegex rer are the degradation rates of labile and refractory dissolved organic carbon
(gC-m7.day"); ZOOPyrpz pp ex 148 is the grazing rate of zooplankton on external labile
particulate  zooplankton carbon;  ZOOPgrps pry ¢ poer > ZOOPerpz priv b poer  and
ZOOPgrps pry ¢ poer are the grazing rates of zooplankton on other planktonic algae, diatoms
and cyanobacteria based detritus (gC-m=-day™); ZOOPR,gap, PHY_Gpeaps PHY_Dpeap and
PHY_Cpeap are death rates of zooplankton, the other planktonic algae, diatoms and
cyanobacteria (gC-m?-day"); ZOOPxycr, PHY_Ggycr» PHY_Dgycr and PHY_Cpyg are
the excretion rates of zooplankton, the other planktonic algae, diatoms and cyanobacteria
(gC-m?-day"); PHY_Ggpp, PHY_Dgpp and PHY_Cgpp are the gross primary production
rates of the other planktonic algae, the diatoms and cyanobacteria (gC-m-day™) and 1C 0

is the exchange rate of inorganic carbon (gC-m?-day') between the water and the
atmosphere.

The dissolution rates for particulate detritus carbon components are calculated using

Equation A.61 to Equation A.66,

T-20
PDDISS,EX_LAB = kDISS,PD_EX_LAB,ZO HDISS,PD_EX_LAB C

(Equation A.61)

7

T-20
PDDISS,EX_REF = kDISS,PD_EX_REF,ZO HDISS,PD_EX_REF Cu

(Equation A.62)

T-20
I:)DDISS,ZOOP = kDISS,PD_ZOOP,ZO HDISS,PD_ZOOP CZZ

(Equation A.63)

T-20
PDDISS,PHY_G = kDISS,PD_PHY_G,Z) 9DISS,PD_PHY_G Cis

(Equation A.64)

T-20
PDDISS,PHY_D = kDISS,PD_PHY_D,Z) QDISS,PD_PHY_D Cis

(Equation A.65)

T-20
PDDISS,PHY_C = kDISS,PD_PHY_C,ZD aDISS,PD_PHY_C Cu

(Equation A.606)
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where kDISS,PD_EX_LAB, 20> less, PD_EX_REF, 20 less, PD_ZOOP,20 > kDISS,PD_PHY_G,Z 0>

Kpiss,po_prv p20 and Kpss pp pry c20 are the dissolution rate constants for external labile

particulate detritus carbon, external refractory particulate detritus carbon, zooplankton based
particulate detritus carbon, the other planktonic algae based particulate detritus carbon,
diatoms based particulate detritus carbon and cyanobacteria based particulate detritus carbon
at 20°C  (day’) and Obiss,po_ex 1as > Obiss,po_ex rer > Obiss,po_zoop > Gbiss,pp_phy G 5
Opiss,po_pry o ANd Opiss pp pry ¢ are the Arrhenius constants of temperature correction

factors for the dissolution of external labile particulate detritus carbon, external refractory
particulate detritus carbon, zooplankton based particulate detritus carbon, the other
planktonic algae based particulate detritus carbon, diatoms based particulate detritus carbon
and cyanobacteria based particulate detritus carbon.

The dissolution rates for particulate detritus carbon components are calculated using

Equation A.67 to Equation A.72,

T-20
DDDEG,EX_LAB = kDEG,DD_EX_LAB,ZO 9DISS,DD_EX_LAB Cs

(Equation A.67)

T-20
DDDEG,EX_REF = kDEG,DD_EX_REF,ZO HDISS,DD_EX_REF C

(Equation A.68)

8

T-20
DDDEG,ZOOP = kDEG,DD_ZOOP,ZO eDISS,DD_ZOOP C

(Equation A.69)

21

T-20
DDDEG,PHY_G = kDEG-,DD_PHY_G,ZD HDISS,DD_PHY_G ClS

(Equation A.70)

T-20
DDDEG,PHY_D = kDEG,DD_PHY_D,Z) 0DISS,DD_PHY_D Cy,

(Equation A.71)

T-20
DDDEG,PHY_C = kDEG,DD_PHY_(_‘,,Z) gDISS,DD_PHY_C C19

(Equation A.72)

kDEG,DD_EX_LAB, 20> kDEG,DD_EX_REF,ZO’ kDEG,DD_ZOOP,ZO > kDEG,DD_PHY_G,ZO’ kDEG,DD_PHY_D,ZO and

Kpec,pp_pHy c20 are the dissolution rate constants for external labile particulate detritus

carbon, external refractory particulate detritus carbon, zooplankton based particulate detritus
carbon, the other planktonic algae based particulate detritus carbon, diatoms based
particulate detritus carbon and cyanobacteria based particulate detritus carbon at 20°C (day
') and gDEG,DD_EX_LAB > gDEG,DD_EX_REF’ 0DEG,DD_ZOOP’ gDISS,PD_PHY_G > gDEG,DD_PHY_D and
Oecop prv ¢ are the Arrhenius constants of temperature correction factors for the
dissolution of external labile particulate detritus carbon, external refractory particulate
detritus carbon, zooplankton based particulate detritus carbon, the other planktonic algae
based particulate detritus carbon, diatoms based particulate detritus carbon and

cyanobacteria based particulate detritus carbon.
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The atmospheric exchange rate of inorganic carbon is calculated using Equation A.73 to
Equation A.76,

12 44
1ICammo = H[Kliq,coz([COZ]SAT - ECMD
(Equation A.73)

Kiigco, =Ka200 T'ZO(EJO'ZS
liq.co, — "™ A,20UVA
2 44

(Equation A.74)
[COZ]SAT =Ky co, Pco,
(Equation A.75)

2385.73

Ky co, =44000 10[”273-15

—14.0184+0.0152642(T+273.15)j

(Equation A.70)

where Kjqco, is the rate constant for CO; transfer into the water (day™), [CO, ], is the
saturation concentration of CO; (gCO,-m™), K, is the rate constant for aeration at 20°C
(day™), 6, is the Arrhenius coefficient for temperature correction of aeration, Ky co, is the
Henry’s law coefficient for CO, (gCO,-m™-atm) and pcg, is the partial pressure of CO; in
the atmosphere that is assumed equal to 0.00035 atm by ALUKAS.

A.5 Dissolved Oxygen
Dissolved oxygen is simulated using the equation Equation A.77,

oC .
?6 =KA,20‘9AT 20([02 ]SAT - Ce )+

OCphv ¢ PHY_GNH4_PREF PHY_Ggpp + OCphv p PHY_DNH4_PREF PHY_Dgpp +
OCpy ¢ PHY_CNH4_PREFPHY_CGPP -

48

OCehy 6 (1 —PHY_Gys_prer )PHY_GGPP (1 + 14 nc PHY_G\J +
48

OCpy p (1 —PHY_Dyyq prer )PHY_DGPP 1+ 14 NCpuy p |+

48
OCPHY_C (1 - PHY_CNH4_PREF )PHY_CGPP [1 + ﬁ nc PHY_C) -

OCz00p ZOOPRESP - OCPHY_G PHY_GRESP - OCPHY_D PHY_DRESP -
OCPHY_C PHY_CRESP —0Cz00p DDDEG,ZOOP - OCPHY_G DDDEG,PHY_G - OCPHY_D DDDEG,PHY_D -
64

OCphy ¢ DDDEG,PHY_C —OCpp Ex LB DDDEG,EX_LAB —OCpp Ex ReF DDDEG,EX_REF - ﬂ NITRIFICATION

(Equation A.77)

where Cg is the concentration of dissolved oxygen (g0»m?), [O,]s,r is the saturation
concentration of dissolved oxygen (gO,-m?), K,,, is the rate constant for aeration at 20°C

(day"), 6, is the Arrhenius coefficient for temperature correction of aeration, 0C,oop »
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OCphy 6> OCpuy p and OCpyy ¢ are the phosphorus to carbon ratios for zooplankton, the
other planktonic algae, diatoms and cyanobacteria, 0Cpp gy (a5 is the oxygen to carbon ratio
for external labile dissolved organic carbon and 0Cpp, gy rer is the oxygen to carbon ratio for

external refractory dissolved organic carbon.

The aeration coefficient is calculated with the same method as explained in Appendix B.

Dissolved oxygen saturation concentration is calculated using Equations A.78 to A.83. The

saturation concentration of dissolved oxygen in saline water at sea level is calculated using

Equation A.74.

1.0754 10 L 2.1407 10°
T+273.16 (T+273.16)

where, oy is the saturation concentration of dissolved oxygen in saline water at sea level

In(0,,) = In(04) — 5[1.7674 1072 J (Equation A.78)

(gO2-m™), S is the salinity (ppt), T is the water temperature (°C) and oy is the saturation
concentration of dissolved oxygen in fresh water at sea level (gO,-m™), which is calculated
using Equation A.75.

15757 10° 6.642308 10"

T+273.16 (T +273.16)

1.2438 10  8.621949 10"

(T+273.16)° (T +273.16)
(Equation A.79)

In(o ) = —139.34411 +

In ALUKAS, the calculated dissolved oxygen concentration at sea level is adjusted to the

water surface elevation using Equation A.76,

(1-?;}(1— oP)

*| @-P, )1-6P)

[02 ]SAT =0

(Equation A.80)

where P is the atmospheric pressure (atm), Py is the partial pressure of water vapour (atm)
and 0 is a temperature dependent parameter, which is calculated using Equation A.77.

6 =0.000975 -1.426 10°T + 6.436 10 °T?

(Equation A.81)

Partial pressure of water vapour is estimated using Equation A.78.

3840.7 216961
T+273.16 (T +273.16Y

P, = exp(ll.8571—

(Equation A.82)

Atmospheric pressure is estimated using Equation A.79,
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P=1-0.0875H
(Equation A.83)

where H is the water surface elevation with reference to the mean sea level (m). This
algorithm provides the possibility to apply ALUKAS not only to estuaries at sea level but also
river-estuarine ecosystems where the entire watershed may reach up to elevations of several
thousands metres.

A.6 Phytoplankton Groups
The other planktonic algae (4" state variable), diatoms (12 state vairable) and cyanobacteria
(13™ state variable) are simulated using Equation A.84, Equation A.85 and Equation A.86,

oC, =PHYT_Ggpp —PHYT_Ggregp —PHYT_Ggyer —
PHYT_Gpeap — ZOOPsrazpry 6
(Equation A.84)
C2 _pHYT_Dgpp ~ PHYT Deesp ~ PHYT Diyen —
PHYT_Dpeap — ZOOPsgaz pryv b
(Equation A.85)
Cas _ PHYT_Cgpp —PHYT_Cregp —PHYT_Cpeycr —
PHYT_CDEAD - ZOOPGRAZ,PHY_C
(Equation A.86)

where C,,C,,andC,; are the concentrations of the other planktonic algae carbon, diatoms
carbon and cyanobacteria carbon (gC-m?); PHY_Ggpp, PHY_Dgpp and PHY_Cgpp are the
gross primary production rates of the other planktonic algae, diatoms and cyanobacteria
(gC-m3-day"); PHY_Ggycr> PHY_Dgycr and PHY_Cg,r are the excretion rates of the
other planktonic algae, diatoms and cyanobacteria (gC-m3-day™); PHY_Gpeap> PHY _Dpeap
and PHY_Cp,p are the death rates of the other planctonic algae, diatoms and cyanobacteria
(gC-m>.day") and ZOOPyrp; pry 6 » ZOOPsraz, prv p and ZOOPgry, py ¢ are the grazing

rates of zooplankton for the other planktonic algae, diatoms and cyanobacteria (gC-m?.day

.

The gross primary production rates of the other planktonic algae and diatoms are calculated
using Equation A.87 and Equation A.88,

PHY_Gegpp = Kyax crow, prv ¢ LIMreve, pry 6 LIMyur_ano_LicHT, v e Ca (Equation A.87)

PHY_Dgpp = Kunx crow, prv_ o LIMrewe, pry o LIMyutr_ano_LicHT, prv b Cia (Equation A.88)

where Kyax crow, pry ¢ and Kyax grow, pry ¢ ate the maximum growth rate constants of the
other planktonic algae and diatoms (day'); liMgye pyy ¢ and liMigyp pyy p are the

temperature limitation factors for the other planktonic algae and diatoms and
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iMyyrr ano_Lichr pry ¢ and iMyyme avp Ligrt pHy o are the nutrient and light limitation

factors for the other planktonic algae and diatoms. The gross primary production rate of
cyanobacteria is calculated using a different algorithm. ALUKAS assumes that the
cyanobacteria switch to nitrogen fixation if the total inorganic nitrogen (ammonia nitrogen
+ nitrate nitrogen) is depleteA. However, switching from inorganic nitrogen uptake to
nitrogen fixation is not described by a step function. It is a transition so that inorganic
nitrogen uptake and nitrogen fixation can occur at the same time. At relatively high total
inorganic nitrogen concentrations, ALUKAS calculates negligible rates for nitrogen fixation.
Gross primary production rate of cyanobacteria is calculated using Equation A.89,

PHY_Cgpp = PHY_CGPP,NH4+NO3_UPTAKE +PHY_Cgpp N_FIXATION (Equation A.89)

where PHY_Cpp npainos uptace s the gross primary production rate of non nitrogen fixing
cyanobacteria growth (gC-m7.day”’) and PHY_Cgppy pxanion  is the gross primary

production rate of nitrogen fixing cyanobacteria growth (gC-m>-day’).

PHY_Copp npasnos uptace and PHY_Copp \ pixarion are calculated using Equation A.90 and
Equation A.91,
PHY_C
— PP, NH4+NO3_UPTAKE (Equation A.90)
= Kuax_crow, pry_c LIMreve, pry_c LIMyutr_ano_LichT,pry c,no_nimr_rixCis
PHY_Cpp n_rixarion

(Equation A.91)

= kMAX_GROW, PHY_C LIMTEMP, PHY_C LIMNUTR_AND_L IGHT, PHY_C,NITR_FIX Cis

where Kyax crow, pry ¢ is the maximum growth rate of cyanobacteria (day') and
iMgyp pry ¢ and liMegyp oy o is the temperature limitation factor of cyanobacteria,
LIM\uTR_anD, LiGHT, PHY c.No_niTR_Fi x 1S the nutrient and light limitation factor of cyanobacteia
for non nitrogen fixing growth and LIMyys anp_LigHT, pHy c.nimr_mix 1S the nutrient and light

limitation factor of cyanobacteia for nitrogen fixing growth.

Temperature limitations on the other planktonic algae, diatoms and cyanobacteria are
simulated using Stroganov functions, which are summarized in Equation A.92 to Equation

A.94,

LIMTEMP, PHY G — fstrRoGANOV (T'qlo,PHY_G !TMAX PHY_G !TOPT, PHY G

(Equation A.92)
XMeny 6K acc,prv a1 Tace Rer, pHY 6 )
LIMrevp iy o = fstrosanov (T'qu,PHY_D » TMaxPHY D 1 TOPTRHY D Fauation A
XMpyy b+ K1 accprv_ pr Tace rerpHY D ) (Fquation A.93)
LIMrevp, prv ¢ = fstrocanov (Tvcho,PHY_c » Tvax, pHY_c» TopT, PHY C (Equation A.94)

XM PHY C KT_Acc, PHY C TACC_REF, PHY_C )

where T is the water temperature (°C); Uigpuy 6> Gropny p a0d Gygpyy ¢ are the change

ratios of growth rates of the other planktonic algae, diatoms and cyanobacteria per 10°C;
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Tvax prv G > Twax pry o and Tyay pry ¢ are the maximum temperatures at which the other
plankronic algae, diatoms and cyanobacteria can grow (°C); Toprpuy 6> Toprpry p and
Topt pry ¢ are the optimum growth temperatures for the other planktonic algae, diatoms and
cyanobacteria (°C); XMpyy 5 XMpyy > and XMpy ¢ are the maximum shifts for

acclimation temperatures of the other planktonic algae, diatoms and cyanobacteria (°C);
K acc.prv e s Kracepry o and K acc pry ¢ are the coefficients for decreasing acclimation

as temperature approaches the reference temperatures for phytoplankton, diatoms and

cyanobacteria acclimation and Tacc rerpry 6> Tacce rerpry o a0d Tace ger pry ¢ are the
reference (minimum) temperatures for phytoplankton, diatoms and cyanobacteria

acclimation (°C).

Light and nutrient limitations simulated using Equation A.95 to Equation A.98,

LI MNUTR_LIGHT PHY.G =MIN (Ll MLIGHT, PHY G LI MC,PHY_G )

LIMypry 6+ LIMp iy ¢ )
(Equation A.95)

LI MNUTR_LIGHT pHY p = MiIN (LI MLIGHT, PHY D+ LI MC,PHY_D )

LIMyprv o LIMp oy o, LIMsi iy b )
(Equation A.96)

LIMNUTR_AND_L IGHT,PHY_C,NO_NITR_FIX — min(LIMLIGHT, PHY_C 7LIMC,PHY_Gv (Equation A.97)
LI MN,PHY_C,NO_FIX L MP,PHY_C )
LIMNUTR_AND_L IGHT, PHY_C,NITR_FIX — min(LIMLIGHT, PHY_C!LIMC,PHY_G! (Equation A.98)

LI MN,PHY_Q Fxo L MP,PHY_C )

where LIM gt pry 6 5 LMyt prv o and LIM g py ¢ are the light limitation factors for
the other planktonic algae, diatoms and cyanobacteria; LIMcpy 6> LIMgpuy p  and
LIMcpyy ¢ are the carbon factors for the other planktonic algae, diatoms and cyanobacteria;
LIMs oy ¢ » LIMp gy o and LIMp gy ¢ are the phosphorus factors for the other planktonic
algae, diatoms and cyanobacteria; LIMg pyy p is the silicon limitation factor for diatoms;
LIMypry ¢ and LIMypy o are the nitrogen limitation factors for the other planktonic algae
and diatoms; LIMyphy c.no pix 1S the nitrogen limitation factor for cyanobacteria for non
nitrogen fixing growth and LIMpy ¢ px is the nitrogen limitation factor for cyanobacteria

for nitrogen fixing growth. The nutrient limitation factors are calculated using Equation

A.99 to Equation A.109.

C
LIM = 14
CPHY-G Kucpry 6 +Cia
(Equation A.99)
C
LIMC,PHY_D = =

Khcprv o+ Cua

(Equation A.100)
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Cu
Kucphy ¢ +Cia
(Equation A.101)

G,
Kupphy 6 +Cs
(Equation A.102)

G,
Kuppry o+ Cs
(Equation A.103)

G,
Kuppry ¢ +Cs
(Equation A.104)

Cy
Kusipry_o +Cio
(Equation A.105)

(C, +Cy)
Kinphy 6+ (C,+C,)
(Equation A.1006)

LI MC,PHY_C =

LI MP,PHY_G =

LI MP,PHY_D =

LI MP,PHY_C =

LIMSi,PHY_D =

LIMypry_6 =

(Cl + Cz)
Kunphy b+ (C1 + Cz)
(Equation A.107)

LIMN,PHY_D =

(Cl + Cz)

HNPHY c T (Cl + Cz)

LI MN,PHY_C,NO_FIX = K

(Equation A.108)
Kun_Fixpry_c
HN_FIXPHY C T (Cl + Cz)

LIMN,PHY_CFIX = RN_FIX,PHY_C K

(Equation A.109)

where Kicpuy 6> Khucpuvp and Kycppy ¢ are the half saturation concentrations of

inorganic carbon for the other planktonic algae, diatoms and cyanobacteria growth (gC-m

%); Kupery o> Kippry o and Ky ppuy ¢ are the half saturation concentrations of phosphate

phosphorus for the other planktonic algae, diatoms and cyanobacteria growth (gP-m?);
Ky sipny p is the half saturation concentration for available silica silicon for diatoms growth

(gSi-m?); Kynpuy ¢ and Kynpay p are the half saturation concentrations of inorganic
nitrogen for the other planktonic algae and diatoms growth (gN-m?); Ky pny ¢ is the half

saturation concentration of inorganic nitrogen for non nitrogen fixing cyanobacteria growth

(gN-m~); Ky mxprv.c Kunpny ¢ is the half saturation concentration of inorganic nitrogen
for nitrogen fixing cyanobacteria growth (gN-m?) and Ry gy pry ¢ is the ratio of maximum

rates of non nitrogen fixing and nitrogen fixing cyanobacteria growths.
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The light limitation factors are calculated in ALUKAS according to Smith approach (Smith,
1980), which is explained in Appendix B in detail.

The respiration rates of the other planktonic algae, diatoms and cyanobacteria are calculated
using Equation A.110 to Equation A.112,

PHY_Ggresp = PHY_Gresppark + PHY_Gresp proro

(Equation A.110)

PHY_Dgesp = PHY_Dgesp parc + PHY_D gesp proto

(Equation A.111)

PHY_Cresp = PHY_Cresp park + PHY_C resp proto

(Equation A.112)

where PHY_G gegp park » PHY_Drespoark » PHY_Crespoark are the dark respiration rates
for the other planktonic algae, diatoms and cyanobacteria (gC-m?.day') and
PHY_G esp.proro s PHY_Dgesp prioto and PHY_C pep proro are the photo respiration rates

for the other planktonic algae, diatoms and cyanobacteria (gC-m?-day™).

The dark respiration rates for the other planktonic algae, diatoms and cyanobacteria are

calculated using Equation A.113 to Equation A.115,

T-20
PHY_GRESP = kRESPPHY_G,ZO HRESPPHY_G C

(Equation A.113)

4

T-20
PHY _Dgesp = kRESPPHY_D,ZO HRESF’PHY_D Cp,

(Equation A.114)

T-20
PHY_CRESP = kRESPPHY_C,ZO HRESPPHY_C ClS

(Equation A.115)

where Kresp pry 620 5 Kresppry p2o and  Kgesppry coo  are the dark respiration  rate

coefficients of the other planktonic algae, diatoms and cyanobacteria at 20°C (day™) and

Oresppry 6o Oresppiv o aNd  Gresppry ¢ i the Arrhenius coefficient for temperature

correction for dark respiration rate coefficients of the other planktonic algae, diatoms and
cyanobacteria.

The photo respiration rates for the other planktonic algae, diatoms and cyanobacteria are
calculated using Equation A.116 to Equation A.118,

PHY_Ggegp proto = fresp,proro, prv .o PHY _Gepp (Equation A.1106)
PHY _Dgesp proto = fRESP,PHOTO, PHY D PHY_Dgpp (Equation A.117)
PHY_Cresp proto = fRESP,PHOTO, PHY C PHY_Cpp (Equation A.118)

where fresp proro,phv.c > Tresp.proro,prv.p and fresp proto,pry. ¢ are the photo respiration

ratios of the other planktonic algae, diatoms and cyanobacteria.
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The excretion rates for the other planktonic algae, diatoms and cyanobacteria are calculated
using Equation A.118 to Equation A.120,

T-20
PHY_GEXCR = kEXCR,PHY_G,ZO HEXCR,PHY_G C4

(Equation A.118)

T-20
PHY_DEXCR = kEXCR,PHY_D,ZO eEXCR,PHY_D C12

(Equation A.119)

T-20
PHY_CEXCR = kEXCR,PHY_C,ZO HEXCR,PHY_C C13

(Equation A.120)

where Kgycr phy 620 » Kexcr pry p20 and Kexer pry c20 are the excretion rate coefficients of
the other planktonic algae, diatoms and cyanobacteria at 20°C (day”) and Geycr pry 6 >
Oexcrpiv b A0d Ozycr pry ¢ s the Arrhenius coefficient for temperature correction for

excretion rate coefficients of the other planktonic algae, diatoms and cyanobacteria.

The death rates for the other planktonic algae, diatoms and cyanobacteria are calculated using
Equation A.121 to Equation A.123,

T-20
PHY_GDEAD = kDEAD,PHY_G,ZO eDEAD,PHY_G C4

(Equation A.121)

T-20
PHY_DDEAD = kDEAD,PHY_D,ZO HDEAD,PHY_D C12

(Equation A.122)

T-20
PHY_Cpenp = kDEAD,PHY_C,ZO HDEAD,PHY_C Cis

(Equation A.123)

where Kpgap pry 620 » Koeap pry p20 and Kpeap pry c2o are the death rate coefficients of the
other planktonic algae, diatoms and cyanobacteria at 20°C (day"') and Gpenp pry >
Goero.prv o and Opeap pry ¢ is the Arrhenius coefficient for temperature correction for death

rate coefficients of the other planktonic algae, diatoms and cyanobacteria.

A.7 Zooplankton
Zooplankton carbon is simulated using Equation A.124,

% = efforaz zoor ZOOPsgaz = ZOOPesp — ZOOP:y g —ZOOPR,,,  (Equation A.124)

where Cq is the zooplankton carbon concentration (gC-m?), effaga, s00p is the grazing
efficiency of zooplankton, ZOOPgg,, is the grazing rate of zooplankton (gC-m?-day™),
ZOOPxggp is the respiration rate of zooplankton (gC-m?.day’), ZOOP;,x is the excretion
rate of zooplankton (gC-m?.day”) and ZOOP,,p the death rate of zooplankton (gC-m>day

"). The grazing efficiency must be supplied by the user. The grazing rate of zooplankton is
calculated using Equation A.125,
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ZOOP;gaz = ZOOPsrazpHy 6 T ZOOPsrAzpHY b+

ZOOPgrazpny ¢ + ZOOPsrazpp EX LaB T

ZOOPgrazphy 6 poeT + ZOOPsrazpHy b pDET +

200 PGRAZ,PHY_C_PDET

(Equation A.125)

where ZOOPRgruz priv o » ZOOPsrsz,prv o » ZOO0Psraz priv.c 5 ZOOPeraz pp_ex e are the

grazing rates of zooplankton on the other planktonic algae, diatoms, cyanobacteria and
external labile particulate detritus (gC-m™-day”). The grazing rates are calculated using
Equation A.126 to Equation A.129,

ZOOPgry, PHY G — kMAX_GRAZ, zoop LIMreve. z00p FFz00p, PHY G Cy (Equation A.120)
ZOOPgry,, PHY D — kMAX_GRAZ, zoop LIMreve 200p FFz00p, PHY_ D Cy (Equation A.127)
ZOOPgry,, PHY C — kMAX_GRAZ, zoop LIMreve 200p FFz00p, PHY_C Cy (Equation A.128)

ZOOPGRAZ, PD_EX LAB — kMAX_GRAZ, zoop LIMreve 200p FFz00p, PD_EX LAB Cy (Equation A.129)

ZOOPgrpz pHy G PDET = kMAX_GRAZ, z00p LIMrevp, z00p FF200p, pHv 6 poer Co (Equation A.130)

ZOOPsrpz pHy p_PDET = kMAx_GRAz, zo00p LIMreve, z00p FFz00p, Py p_poET Co (Equation A.131)
C

o (Equation A.132)

ZOOPGRAZ, PHY_C_PDET = kMAX_GRAZ, ZOOP LI MTEMP, ZOOP I:FZOOP, PHY_C_PDET

where Kyax craz zoop is the maximum grazing rate coefficient of zooplankton under optimal
conditions (day”), is LIMigyp s00p the temperature limitation factor for zooplankton
grazing, FFoo00p py_ » FFz00p, phv b » FFzo0p, pry ¢ and FFo0p pp ex 1as are the food factors

for the other planktonic algae, diatoms, cyanobacteria and external labile particulate detritus
grazing.

Temperature limitation on zooplankton is simulated using a Stroganov function, which is

summarized in Equation A.133,
LIMreyvp. z00p = fstroeanov (T’qmzoop » Twax. zoop » TopT, zooP »

(Equation A.133)

XM ZOOP ’KT_ACC, ZOOP ’TACC_REF, ZOOP )

where T is the water temperature (°C); 014 z00p is the change ratio of zooplankton grazing
rate per 10°C, Tyax zoop is the maximum temperature at which zooplankton can graze (°C),
Topr, zoop s the optimum growth temperature for zooplankton grazing (°C), XM ,op is the
maximum shift for acclimation temperature of zooplankton (°C), Ki acc z00p > is the

coefficient for decreasing acclimation as temperature approaches the reference temperature

zooplankton and Tacc ger zo0p 1S the reference (minimum) temperature for zooplankton

acclimation (°C). The food factors for the other planktonic algae, diatoms, cyanobacteria,
external labile particulate detritus, the other planktonic algae based particulate detritus,
diatoms based particulate detritus and cyanobacteria based particulate detritus grazing are

calculated using Equation A.134 to Equation A.140,
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Prefoop crazery G (C4 —food MIN,ZOOP)

FF =
ZOOPPHY_G
foodayaizoor + Knzoor craz

(Equation A.134)

prefZOOP,GRAZ,PHY_D (ClZ B fOOd MIN,ZOOP)

FFZOOP,PHY_D: food K
000ayalLzoop + Ky zoor,GRAZ

(Equation A.135)

prefoop crazery c (ClS —food . zoop )

FFZOOP,PHY_C: food K
00dpyaiLzoor + Ky zoor,GRAZ

(Equation A.1306)

prefzoop crazpo_Ex LAB (C7 - fOOdMIN,ZOOP) .
FFooppp EX LAB = food— . +K (Equation A.137)
000 avaiLzoop * K zoor GrAZ

pref,oop crazpHy 6 PoET (Clﬁ — food iy z00p ) (Equation A.138)

FFZOOP,PHY_G_PDET= food K
000ayaiLzoor t Kh zoor,cRAZ

pref,oop crazpHy b PDET (Cls - fOochqu,zoop) .
FFa00p ey b pDET = A (Equation A.139)
000ayaiLzoor t Kh, zoop,GRAZ

prefZOOP,GRAZ,PHY_C_PDET (Czo —food MIN,ZOOP) (Equation A.140)

FFZOOP,PHY_C_PDET: food K
000avaiLzoop 1 KH zoop,GRAZ

where Prefsoop, araz,pry G > Prefoop, craz, pry b Prefzoop, araz pry ¢ and
Pref,oop craz po ex Las ate the grazing preference factors of zooplankton for the other
planktonic algae, diatoms, cyanobacteria and external labile particulate detritus;
foodyn zoop Is the minimum amount of food required for zooplankton grazing,
Ky zoop, craz is the half saturation concentration of food for zooplankton (gC-m?) and
food pyar zoop » Which is calculated using Equation A.141, is the total available food for
zooplankton grazing (gC-m?).
foodayaizoop = (prefZOOP,GRAZ,PHY_GC4)+ (prefZOOP,GRAZ,PHY_DC12)+
ref Cy3 )+ (pref C,)+ .
(p ZOOP GRAZPHY_C 13) (p ZOOP,GRAZPD_EX LAB 7) (Equation A.141)
(prefZOOP,GRAZ,PHYiG 16 )+ (prefZOOP,GRAZ,PHY7D018 ) +

C
(prefZOOP,GRAZ,PHY_GCZO
ALUKAS assumes that zooplankton have a similar stochiometry to its food, which are
calculated using Equation A.142, A.140 and A.144,

NC z00p = (FFZOOP,PHY_GnC PHY_G)+ (FFZOOP,PHY_DnC PHY_D) +
P =

T

F nc + (FF nc + :
ZOOP PHY_C PHY_C) ( ZOOP,ZOOP,PD_EX LAB EX_LAB) (Equatlon A.142)

T

(
(
(
F
(
(
(

Frooppry 6 POE™CRHY G ) + (F FzooppHy b PDETCPHY D ) +

T
n

200P,PHY_C_PDETIC PHY_C)

T

PCz00 ZOOP,PHY_GpCPHY_G)+ (FFZOOP,PHY_DpCPHY_D) +

T
n

ZOOP,PHY_CpCPHY_C) + (FFZOOP,ZOOP,PD_EX_LABpCEX_LAB ) + (Equation A.143)

T

FZOOP,PHY_G_PDETpCPHY_G)+ (FFZOOP,PHY_DpCPHY_D_PDET) +

T

FZOOP,PHY_C_PDETpCPHY_C)
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SiC00p = (FFZOOP, pHy D SICphy D )"‘ (FFZOOP, 200p, PD_Ex_LAB SICEX LaB )"‘ (Equation A144)

(FFZOOP, pHY D_PDET SICphy D )

where NC,oop is the nitrogen to carbon ratio for zooplankton, np,oop is the phosphorus to
carbon ratio for zooplankton and sic,yop is the silicon to carbon ratio for zooplankton,
NCpuy 6> NCpuy ps NCpuy ¢ and NCgy ap are the nitrogen to carbon ratios of the other
plankronic algae, diatoms, cyanobacteria and external labile detritus; pCpyy ¢» PCpuy b »
PCpy ¢ and PCgy 4p are the nitrogen to carbon ratios of the other planktonic algae,
diatoms, cyanobacteria and external labile detritus; Sicpy o is the silicon to carbon ratio of

diatoms and SiCgy g is the silicon to carbon ratio of external labile detritus.

The respiration rate of zooplankton is calculated using Equation A.145,

-20
ZOOPgesp = Krespzoop,20 aRESPZOOPT Co
(Equation A.145)

where Kgesp z00p20 IS the zooplankton respiration rate coefficient at 20°C (day') and
Oresp.zoop  is the Arrhenius coefficient for temperature correction for zooplankton

respiration rate coefficient. The excretion rate of zooplankton is calculated using Equation

A.146,

T-20
ZOOI:)EXCR = kEXCR,ZOOP,2O QEXCR,ZOOP C9

(Equation A.1406)

where Kgycr zoop2o0 i the zooplankton excretion rate coefficient at 20°C (day™”) and
Oexcr.zoop 1s the Arrhenius coefficient for temperature correction for zooplankton excretion

rate constant. The excretion rate of zooplankton is calculated using Equation A.147,

-20
ZOOR,epp = Kpeap zoor 20 aDEAD,ZOOPT Gy
(Equation A.147)

where Kpgap zo0p20 i the zooplankton excretion rate coefficient at 20°C (day™”) and
is the Arrhenius coetticient for temperature correction tor zooplankton excretion
Operp, zoop 1s the Arrh fficient for temperat tion f planke t

rate constant.

A.8 Temperature Limitation for Phytoplankton and Zooplankton Groups

To calculate the temperature limitation factors on growth of the three phytoplankton groups
and the zooplankton group; ALUKAS uses a general algorithm (Stroganov), which represents
the nonlinear and adaptive response of organisms to temperature changes. In This algorithm
assumes that the growth rate increases as the temperature increase until an optimum
temperature is reacheA. However growth rate decreases with increasing temperature if the
optimum temperature is exceeded and will be equal to zero if the maximum temperature for
growth or a higher temperature is reacheA. Equation A.148 is used to calculate the
temperature limitation factor
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T >Tyax - fstrocanov =0
T < Tyax - fstrocanov = asd exp(XT (1_ VT))
(Equation A.148)

where VT is the ratio of the difference between the maximum temperature for growth and
the ambient temperature over the difference between the maximum temperature for growth
and the optimal temperature for growth and XTis the exponent factor. VT is calculated
using the Equation A.149,
VT - (Tya +Acc)-T
(Tyax + Acc)— (Topr + Acc)
(Equation A.149)

where T is the ambient temperature (°C), Ty,ax is the maximum temperature for growth

(°C), Topris the optimum growth temperature for growth (°C) and Acc is the temperature
acclimation (°C) calculated using Equation A.150,

Acc = XM(l— eXp(— KT_ACC) |T - TACC_REF| )
(Equation A.150)

where XM is the maximum shift for acclimation temperature (°C), K1 poc , is the coefficient

for decreasing acclimation as temperature approaches the reference temperature and
Tacc_rer is the reference (minimum) acclimation temperature (°C). The exponent factor

XT is calculated using Equation A.151 to Equation A.153,

2
WT?| 1+ ‘/1+470
YT

400
(Equation A.151)
WT = In(qlo )((TMAX + ACC) - (TOPT + ACC))
(Equation A.152)
XT = In(Qlo )((TMAX + ACC) - (TOPT + ACC)+ 2)
(Equation A.153)

XT =

where @, is the change ratio of growth rate per 10°C.
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APPENDIX B-Submodel for the Calculation of Reaeration Coefficient

The reaeration rate coefficient is a function of the average water velocity, depth, wind, and
temperature. The user may specify single reaeration rate constant, or allow the model to
calculate variable reaeration rates based upon flow or wind. Calculated reaeration follows
cither the flow-induced rate or the wind-induced rate, whichever is larger.

Flow induced reaeration is based on the Covar method (Covar, 1976). This method
calculates reaeration as a function of velocity and depth by one of three formulas Owens
(Equation B.1), Churchill (Equation B.2), or O'Connor-Dobbins (Equation B.3),
respectively,
Kejzo =5.349 y 7 D ;185
(Equation B.1)
Kejzo =5.049 y 97 p ;167
(Equation B.2)
Kgzo =3-93v ) D+
(Equation B.3)

where kg 20 is the flow-induced reaeration rate constant at 20°C (day™), v; is the average water
velocity in segment j (m-s™) and D; is the average segment depth (m]).

The Owens formula is automatically selected for segments with depth less than 0.61 m (2
feet). For segments deeper than 0.61 m (2 feet), one of the O'Connor-Dobbins or Churchill
formula is selected based on a consideration of depth and velocity. Deeper, slowly moving
rivers require O'Connor-Dobbins; moderately shallow, faster moving streams require
Churchill’s formula. Temperature is used to adjust the temperature corrections are done for
the flow-induced reparation coefficient using Equation B.4,

Kqi =Kqj.20 eaT_ZO
(Equation B.4)

where T is the water temperature (°C), ky; is the reaeration rate (day™”) at temperature T' and

S

o 1s the temperature correction coefficient for the flow-induced reaeration rate constant.

Wind-induced reaeration is calculated according to O'Connor (1983). This method
calculates reaeration as a function of wind speed, air and water temperature, and depth using
one of three formulas given in Equations B.5, B.6 and B.7,

86400 AR
Kui = [DﬂJ (&J K—\/C_d(l()OW)

" 100D\ v pw) T
(Equation B.5)
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86400 2300 Vs °
i = (—DOWJ (&J K_ Jca100wW | +

" 100D (| | vw ow) Tu

-1

1/2
[Dﬂ Pa Va \/aj J JI00W

Kzo Pw Vw

(Equation B.6)
12
86400 DOW p Va
kw' = a C \/100 W
' 100 p; (Kze Pw Vw \/_dJ
(Equation B.7)
where Kuj is the wind-induced reaeration rate coefficient (day”), W is the wind speed at 10

cm above surface (m-s™), Ta is the air temperature (°C), p. is the density of air, a function of
T. (g-em™), Pw is the density of water assumed as 1.0 (g-cm™), Va is the viscosity of air as a
function of T, (cm*s™), vw is the viscosity of water, a function of T (cm*s™), Dow is the
diffusivity of oxygen in water as a function of T (cm?s), K is the von Karman's coefficient,
0.4, Vt is the transitional shear velocity, set to 9, 10, and 10 for small, medium, and large
scales (cm?s), Vc is the critical shear velocity, set to 22, 11, and 11 for small, medium, and
large scales (cm?-s™), Ze is the equivalent roughness, set to 0.25, 0.35, and 0.35 for small,
medium, and large scales (cm), Zo is the effective roughness as a function of ze, I, Cd, W, Va,
and W (cm), A is the inverse of Reynolds number, set to 10, 3, and 3 for small, medium, and
large scales, I is the non dimensional coefficient, set to 10, 6.5, and 5 for small, medium,
and large scales, ', is the non dimensional coefficient, a function of I', v., Cy, and W, Cy is
the drag coefficient as a function of Ze, I, Va, k, Vt, and W. Equation B.5 is used for wind
speeds less or equal to 6 m-s' where the interfacial conditions are smooth and momentum
transfer is dominated by viscous forces. Equation B.7 is used for wind speeds over 20 m-s™
At this wind speed, the interfacial conditions are rough and momentum transfer is dominated
by turbulent eddies. Equation B.6 is used for wind speeds between 6 and 20 m-s’ and
represents a transition zone in which the diffusive sub layer decays and the roughness height
increases.
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APPENDIX C-Submodel for the Calculation of Light Limitation for Phytoplankton
Light limitation calculation according to Smith (1980) is presented in Equations C.1 to C.5,

eD (exp[— :ﬂexp(— KeD)J - exp(— :QJJ (Equation C.1)

e S S

o<t<f - l,(t)= [E %jsin(”?tj
f<t<l - L(t)=0
(Equation C.2)
_kKic XrTOc€
¢ max K Cc f u

(Equation C.3)
Ke = Ke'+Ke,shd

XRI(t) = K

I's

(Equation C.4)
Ke ohg = 0.0088 chl - A + 0.054(chl - A)*®
(Equation C.5)

where L, is the time variable incident light intensity just below the surface, assumed to follow
a half sine function over daylight hours (ly-day™), ®n.is the quantum yield expressed as mg
carbon fixed per mole of light quanta absorbed, t is the fraction of the current day, Kc is the
extinction coefficient per unit of chlorophyll (m*mg' chlorophyll-A), Ke is the light
extinction coefficient (m™), fu is the unit conversion factor (0.083, assuming 43% incident
light is visible and 1 mole photons is equivalent to 52000 cal) (mole photons-m™ly!) and ©.
is the ratio of carbon to chlorophyll in the phytoplankton. Equations C.1 to C.5 give a light
limitation coefficient that varies over the day with incident light. This term is numerically
integrated over the day to obtain daily average light limitation (Equation C.6).

1
Xer = [ Xea (Dt

(Equation C.0)

A second feature incorporated into the model derived from Smith's work is the calculation
of a variable carbon to chlorophyll ratio based on the assumption that adaptive changes in
carbon to chlorophyll occur so as to maximize the specific growth rate for ambient conditions
of light and temperature. Smith (1980) found that phytoplankton adjust chlorophyll
composition so that Is roughly equals 30% of the average available light (Ambrose et. al,
1993). The expression used to calculate the carbon to chlorophyll ratio is given in Equation

C.7,

ec:o_3q)max K fu la 1_eXp(_ KeD)
Kic XrT € KD
(Equation C.7)
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where the latter term is the average daily solar radiation within a segment during daylight
hours, in (ly-day™). The light limitation approximation according to Steele (1962) is given
light limitation formulation is given in Equation C.8 and Figure C.1
2) 2)
Im — Im —
ef s Vs .
O =1 | P - I—exp(— kH,) |—exp| - I—exp(— kH,) (Equation C.8)

e S S

where, H, H1 and H2 are illustrated in Figure C.1, Im is the maximum light intensity during
the day (ly) and the other terms on Equation C.8 are the same as Smith’s formula.

f'H1=0 e AA AN ANAAANAAAS

H <

— H2 i

Z
Figure C.1 Representaion of depths for the light limitation (Chapra, 1997)
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