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Abstract 

This report offers details regarding the theory and mathematical 
formulations used within the newly developed nutrient simulation modules 
(NSMs) and its supporting water quality modules. The NSMs model the 
aquatic ecosystem by computing the changing concentrations of water 
quality constituents in a unit volume of water. The NSMs includes two 
kinetics: NSMI, NSMII. The levels of NSMs are determined by the number 
of interacting state variables involved in water quality simulation and the 
degree of their interactions. NSMI models algae and benthic algae biomass, 
simple nitrogen and phosphorus cycles, organic carbon, carbonaceous 
biochemical oxygen demand, dissolved oxygen and pathogen using 16 state 
variables. Water quality state variables may be individually activated or 
deactivated. Using 24 state variables, NSMII models multiple algal groups, 
benthic algae, nitrogen, phosphorus, and carbon cycles, carbonaceous 
biochemical oxygen demand, dissolved oxygen, and pathogen. Additionally, 
an optional benthic sediment diagenesis module was developed for coupling 
with NSMII’s water column kinetics. Sediment–water fluxes of dissolved 
oxygen and nutrients are internally computed in the sediment diagenesis 
module. The NSMs and its supporting water quality modules are written in 
Fortran for Windows and are packaged as “plug in” dynamic linked 
libraries. Each module must be coupled with hydrologic or hydraulic models 
to perform water quality analysis. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

The U.S. Army Corps of Engineers (USACE) has a major responsibility for 
the regulation of the Nation’s streams, rivers, and waterways. This often 
requires developing water quality models to resolve issues and concerns 
with regard to the environment and ecosystems. Hydrologic and hydraulic 
(H&H) models, which are state-of-the-art tools, have been developed and 
maintained by USACE. Examples of these include: HEC-RAS (Hydrologic 
Engineering Center-River Analysis System), HEC-HMS (Hydrologic 
Engineering Center-Hydrologic Modeling System), GSSHA (Gridded 
Surface Subsurface Hydrologic Analysis), and ADH (Adaptive Hydraulics). 
The further enhancement of these models to support water quality analysis 
and ecosystem management is needed. As a result of this need, a research 
work unit, “Development of Nutrient Simulation Modules,” was initiated 
in the USACE System-Wide Water Resources Program (SWWRP). The 
roots of the research extend back to 2004. The goal from inception for this 
research has been to create “plug in” water quality modules as dynamic 
linked libraries (DLLs) for a variety of H&H models and to facilitate 
performing a system-wide water resources assessment. 

The nutrient simulation module, developed under the SWWRP, includes 
three components for computing the water quality kinetics for the soil, 
overland flow, and aquatic systems. The USACE Ecosystem Management 
and Restoration Research Program (EMRRP) sponsored subsequent 
extension and enhancement of this aquatic nutrient simulation module. 
The aquatic nutrient simulation modules (called NSMs henceforth) 
described in this report were specifically developed by the Environmental 
Laboratory of U.S. Army Engineer Research and Development Center 
(ERDC) for the HEC-RAS model with the potential of being applicable to 
other H&H models. 

1.2 “Plug In” Water quality Modules 

A mathematical model is used to trace the concentration of each of the 
water quality constituents as it is advected either vertically or horizontally, 
as it diffuses (by molecular or turbulent transport) from regions of high 
concentrations to regions of low concentrations, and as it undergoes 
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chemical or biological reactions. Transport and fate of water quality 
constituents in aquatic systems are influenced by two major categories of 
processes: physical and biochemical. 

Water quality kinetics refers to all of the biochemical reactions and 
transformations of the constituents. Because of the wide range of water 
quality issues, a variety of constituents may be included as state variables 
(Thomann and Mueller 1987, Chapra 1997). As such, many models with 
water quality capability have been developed. These models have included 
water quality kinetics as either separate modules or as an internal part of 
the hydrodynamic models. Coupled H&H and water quality models are a 
key tool for analyzing and predicting the water quality of receiving water. 
The NSMs were developed to address a wide range of one-dimensional 
(1-D) and two-dimensional (2-D) riverine water quality problems. The 
basic philosophy in developing the NSMs has been to use as much existing 
water quality kinetics as possible. However, appropriate levels of water 
quality kinetics for the NSM may not exist for some issues. In these cases, 
new components or algorithms were derived from recent research findings 
and open source literature. The following water quality models have been 
reviewed to formulate appropriate algorithms in NSMs: QUAL2E (Brown 
and Barnwell 1987), QUAL2K (Chapra et al. 2008), WASP (Wool et al. 
2006), CE-QUAL-RIV1 (EL 1995a), CE-QUAL-W2 (Cole and Wells 2008), 
CE-QUAL-ICM (Cerco and Cole 1993, Cerco et al. 2004). These water 
quality models are well established in practice.  

The principal attributes of the NSM include the following: 

• The NSM solves internal source and sink equations for each water 
quality cell and for each constituent or state variable. The NSM is 
packaged as two “plug in” water quality modules (NSMI and NSMII). 
Each module must be integrated into H&H models when performing 
water quality analysis.  

• NSMI uses 16 state variables to model algae, simple nitrogen and 
phosphorus cycles, the carbon cycle, carbonaceous biochemical oxygen 
demand, dissolved oxygen, and pathogen in the water column. Water 
quality state variables may be individually activated or deactivated. 

• NSMII uses 24 state variables to model multiple algae, nitrogen, 
phosphorus, and carbon cycles and carbonaceous biochemical oxygen 
demand, dissolved oxygen, and pathogen. NSMII has the capability of 
dynamically computing the sediment oxygen demand and transfer of 
constituents between the water column and the benthic sediments 
through a sediment diagenesis module. 
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• The algorithms and mathematical formulations within newly 
developed NSMs have been tested and verified with a variety of 
examples, and compared against other water quality models.  

• The modularity of NSM computer codes provides the flexibility for 
future enhancement, including the ability to add additional state 
variables and processes. 

• The NSMs have been integrated into HEC-RAS with a pre- and post-
processer designed to setup the model, perform the runs, and to 
present and analyze the results. 

In this report, internal source and sink terms or kinetic equations in water 
quality modules are written as derivatives of concentration with respect to 
time. Units consistent with the Système Internationale (SI) are used. SI 
base units and their accepted symbols in this report are meter (m) for 
length, milligram (mg) for mass, Kelvin (K) or degree Celsius (°C) for 
temperature, Watts (W) for heat flux, and day (d) for time. Concentration 
is expressed in milligram per liter (mg L-1). 

1.3 Report Outline 

In this report, techniques and algorithms included in NSMs and its 
supporting water quality modules are detailed. This report consists of 
seven chapters and five appendices, all of which are listed below.  

• Chapter 1 introduces the background and topic of water quality 
kinetics.  

• Chapter 2 briefly describes the water temperature simulation module 
(TEMP).  

• Chapter 3 describes the processes and mathematical equations in 
NSMI. 

• Chapter 4 describes the processes and mathematical equations in 
NSMII.  

• Chapter 5 describes the benthic sediment diagenesis module.  
• Chapter 6 presents a framework for integrating water quality modules 

into HEC-RAS.  
• Chapter 7 presents summary and conclusions.  
• Appendix A summarizes mathematical symbols used in the TEMP.  
• Appendix B summarizes mathematical symbols used in NSMI.  
• Appendix C summarizes mathematical symbols used in NSMII.  
• Appendix D summarizes mathematical symbols used in the sediment 

diagenesis module. 
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2 Water Temperature Simulation Module 
(TEMP) 

Water temperature is one of the most important physical characteristics of 
aquatic systems. In addition to its own effects, temperature influences all 
biological and chemical reactions in water quality models. Virtually all 
kinetic rates are temperature dependent. Therefore, water temperature is a 
required input parameter to make corrections for kinetic rates in NSMs. 
This chapter briefly describes the water temperature simulation module 
(TEMP). The TEMP includes two kinetics and utilizes equations of 
conservation of energy to compute water temperatures from a full energy 
balance or simplified energy balance. These equations express energy as the 
rate of energy flow, or flux, in units of Joules per second (J s-1) or Watts (W). 
Temperature is expressed in degrees Celsius (°C), or in Kelvin (K). The two 
scales are offset by 273.16 K. That is, 0 °C is equivalent to 273.16 K. 

2.1 Full Energy Balance 

The full energy balance accounts for heat inputs and outputs from the 
forcing functions and for the heat exchange at the water surface and at the 
sediment–water interface. The main sources of heat exchange at the water 
surface are short-wave solar radiation, long-wave atmospheric radiation, 
conduction of heat from the atmosphere to the water, and direct heat 
inputs. The main sinks of heat exchange are long-wave radiation emitted 
by the water, evaporation, and conduction from the water to the 
atmosphere. The schematic of sources and sinks of heat at the air- and 
sediment-water interfaces is shown in Figure 1.  

Figure 1. Sources and sinks of water column’s heat energy (after Deas and Lowney 2000). 
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Units of heat flux (W m-2) are used to describe heat exchange at the air-
water and sediment-water interfaces. The sign convention used herein is 
positive (+) for heat entering the water’s surface, and negative (-) for heat 
leaving the water’s surface. Net heat flux (qnet) for the water column is 
typically computed as 

 net sw atm b h l sedq q q q q q q      , (2.1)  

where  

 qsw  =  short-wave solar radiation flux (W m−2), 
 qatm  =  atmospheric (downwelling) long-wave radiation flux (W m−2),  
 qb  =  back (upwelling) long-wave radiation flux (W m−2),  
 qh  =  sensible heat flux (W m−2),  
 ql  =  latent heat flux (W m−2), 
 qsed  =  sediment–water heat flux (W m−2). 

Water temperature is computed based on the laws of conservation of 
energy. Heat and temperature are related by the specific heat of water. The 
change in water temperature due to a change in net heat flux (qnet) is 
described by the following equation  

 w s
w pw net

T A
ρ C q

t V





, (2.2)  

where  

 Tw  =  water temperature (°C), 
 t  =  time (s), 
 ρw = density of water (kg m−3), 
 Cpw  =  specific heat capacity of water (J kg−1 °C−1), 
 V  =  volume of the water column (m3), 
 As  =  surface area of the water column cell (m2), 
 qnet  =  net heat flux at (W m−2).  

The density of water is dependent on the dissolved salt content as well as 
the temperature of the water. Density of seawater differs slightly from that 
of pure water; its freezing point as well as its maximum density point is 
lowered by dissolved salt. Water has its maximum density of 1 g cm−3 at 
4°C. When the temperature changes from either greater or less than 4°C, 
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the density of water will become less than 1 g cm−3. The density of fresh 
water can be computed as a function of temperature with the following 
equation  

    
 

. .
. .

. .
w w

w
w

T T
ρ

T

          

23 9863 288 9414
999 973 1 0

508929 2 68 12963
, (2.3)  

Each term of heat fluxes in equation 2.1 can be computed from user-
specified meteorological data and is briefly discussed below. Detailed 
discussion of equations and mechanisms can be found from Water 
Resources Engineers Inc. (1967), Brown and Barnwell (1987), and Deas and 
Lowney (2000). Much of this section was adopted from HEC (2010a) to 
match the kinetic implementations in original water temperature model. 

2.1.1 Short-wave solar radiation 

The short-wave solar radiation flux, qsw, which reaches the surface of the 
earth, can be measured directly with a pyrheliometer. Some U.S. National 
Weather Service (NWS) stations record solar radiation. If observed data is 
not available, the qsw can computed as from user-specified information of 
the cloudiness, site elevation, site location, air temperature, vapor 
pressure, and the dust coefficient  

 𝑞𝑞𝑠𝑠𝑠𝑠 = 𝑞𝑞𝑜𝑜𝑎𝑎𝑡𝑡(1 − 𝑅𝑅𝑠𝑠)(1− 0.65𝐶𝐶𝐿𝐿
2), (2.4) 

where 

 q0  =   extraterrestrial radiation (W m−2), 
 αt  =  atmospheric attenuation, 
 Rs = reflection coefficient, 
 CL = percent of sky covered by clouds. 

The extraterrestrial radiation is expressed as 

 𝑞𝑞𝑜𝑜 = 𝑄𝑄𝑜𝑜
𝑟𝑟2

(sin∅ sin 𝛿𝛿 + cos∅ cos 𝛿𝛿 𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑟𝑟),  (2.5) 

where 

 Q0  =   solar constant (= 1360 W m−2), 
 r = normalized radius of the earth’s orbit (unitless), 
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 ϕ  =  latitude of the site (rad), 
 δ =  solar declination (rad), 
 hr = solar hour angle (rad). 

Atmospheric attenuation, αt, is the fraction of radiation reaching the water 
surface after reduction by scattering and absorption. The reflection 
coefficient, Rs, can be computed as a function of the solar altitude. Cloud 
cover may affect the reflection coefficient. Solar declination is comprised 
by the angle through which a given hemisphere is tilted towards the Sun. It 
is a function of the day of year. Various methods have been published to 
estimate these parameters (Water Resources Engineers Inc. 1967, Brown 
and Barnwell 1987). Solar radiation is always positive in sign during the 
day, zero during nighttime hours. 

2.1.2 Long-wave atmospheric radiation 

Longwave radiation is specified as one of two types: downwelling radiation 
(qatm) is emitted by the atmosphere, upwelling radiation (qb) is emitted by 
the water surface. Downwelling radiation emitted by the earth’s atmosphere 
toward the water’s surface is positive in sign, and is a strong function of air 
temperature. The amount of atmospheric long-wave radiation is affected by 
clouds and particles in the atmosphere. Long-wave atmospheric radiation 
flux, qatm, is typically computed using an empirical equation  

 𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎 = 0.937 · 10−5(1 + 0.17𝐶𝐶𝐿𝐿2)𝜎𝜎𝑇𝑇𝑎𝑎𝑎𝑎6 ,  (2.6) 

where 

 𝜎𝜎 = Stefan-Boltzman constant (W m−2 K−4), 
 Tak = air temperature (K). 

The net flux of solar radiation and atmospheric long-wave radiation is 
independent of the water temperature and is a function of known or 
observable meteorological conditions. 

2.1.3 Back long-wave radiation 

Upwelling radiation emitted by the water’s surface is negative in sign, and 
represents a loss of heat from the water. The back (upwelling) long-wave 
radiation flux, qb, is a strong function of water temperature. It is typically 
computed using the Stefan-Boltzman Fourth Power Radiation Law 
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 𝑞𝑞𝑏𝑏 = 0.97𝜎𝜎𝑇𝑇𝑤𝑤𝑤𝑤4 ,  (2.7) 

where 

 Twk = water temperature (K). 

2.1.4 Latent heat flux 

Energy associated with a phase change is termed latent heat. A gain (or 
loss) of energy occurs because of a change in phase such as condensation 
or evaporation. The magnitude of latent heat flux is a function of water 
temperature and atmospheric conditions including vapor pressure and 
atmospheric turbulence. The latent heat flux, ql, is proportional to the 
difference between the saturated vapor pressure at the surface water 
temperature and the actual vapor pressure at the air temperature 

 𝑞𝑞ℓ = 0.622
𝑃𝑃

𝐿𝐿𝜌𝜌𝑤𝑤(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎)𝑓𝑓(𝑢𝑢𝑤𝑤), (2.8) 

where 

 P = atmospheric pressure (mb), 
 L = latent heat of vaporization (J kg−1), which is a function of water 

temperature, 
 es = saturated vapor pressure at water temperature (mb), which is 

a function of water temperature, 
 ea = vapor pressure of overlying air (mb), 
 uw = wind speed measured at a fixed height above the water surface 

(m s−1), 
 f(uw) = wind function. 

The saturation vapor pressure is the highest pressure of water vapor that 
can exist in equilibrium within a plane, free water surface at a given 
temperature. It can be computed using an empirical equation 
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 (2.9) 

Vapor pressure is an expression of the moisture content of air, and is not a 
function of air temperature. Actual vapor pressure may be measured 
directly, or computed from wet bulb or dew point temperature (Td). The 
difference es - ea may be shown to be proportional to the difference Tw - Td 
(Edinger et al. 1974). When Tw > Td, water evaporates and ql is positive 
(loss of heat from water), conversely, if Tw < Td, water condenses on the 
surface and ql is negative heat gain). 

2.1.5 Sensible heat flux 

Sensible heat describes the flux of heat through molecular or turbulent 
transfer between the air and water surface. The amount of heat gained or 
lost through sensible heat depends on the gradient of temperature in the 
vertical direction. The sensible heat flux, qh, is typically computed using 
the following equation 

 𝑞𝑞ℎ = �𝐾𝐾ℎ
𝐾𝐾𝑤𝑤
� 𝐶𝐶𝑝𝑝𝜌𝜌𝑤𝑤(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑤𝑤)𝑓𝑓(𝑢𝑢𝑤𝑤),  (2.10) 

where 

 Cp = specific heat capacity of air at constant pressure (J kg−1 C−1), 
 Ta = air temperature (°C), 
 Kh/Kw = diffusivity ratio (unitless). 

The direction of heat transfer depends on which of the two temperatures is 
higher. qh is positive (a net gain from the water) when the air temperature 
is greater than the water temperature and is negative when Tw > Ta. The 
diffusivity ratio (Kh/Kw) is a parameter that allows the user to partition 
flux between latent and sensible heat. The diffusivity ratio is generally set 
to unity but the model allows it to range between 0.5 and 1.5. A range of 
0.9 to 1.1 is recommended. 
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The wind function varies slightly for sensible and latent heat; however, the 
same wind function may be used for most water temperature applications. 
The wind speed function attempts to characterize the turbulent exchange 
characteristic between the water surface and the overlying air mass. The 
wind speed function is typically an empirical expression that is adjustable 
using the a, b, and c coefficients.  

 𝑓𝑓(𝑢𝑢𝑤𝑤) = 𝑓𝑓(𝑅𝑅𝑖𝑖)(𝑎𝑎 + 𝑏𝑏 ∙ 𝑢𝑢𝑤𝑤𝑐𝑐 ),  (2.11) 

where 

 a = user-defined coefficient on the order of 10−6 (mb-1 m s-1), 
 b = user-defined coefficient on the order of 10−6 (mb-1 m s-1), 
 c = user-defined coefficient on the order of one, 
 f(Ri)  =  function of Richardson number. 

The coefficient ‘a’ represents vertical convection occurring even when 
wind speed is zero, and is typically small, generally becoming significant 
only for artificially heated waters. In general, the coefficient ‘b’ increases 
with increasing turbulence, and decreases with a stable atmosphere, and 
can vary by more than 50% (Fischer et al. 1979). The wind speed is 
measured at a 2 m height. The following equation converts wind speed 
from any measurement height to 2 m 

  
 

ln
lnw w

z z
u u

z
 0

2
02

, (2.12) 

where 

 uw2 = wind speed measured at 2 m height (m s−1), 
 z = station height (m), 
 z0 = wind roughness height (m). 

Typical values of z0 include 0.001 m for wind speed < 2.3 m s-1, 0.015 m 
for wind speed > 2.3 m s-1, and range from 0.00015 to 0.01 m (Cole and 
Wells 2008). 

f(Ri) is a function of air temperature, water temperature, and wind speed, 
varying from .03 under very stable conditions to 12.3 under unstable 
conditions. Without the Richardson number (Ri) included in the wind 
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function, the function tends to underestimate mixing processes under 
unstable atmospheric conditions and thus under predicts the surface 
fluxes. The converse is also true. The function tends to overpredict the 
surface fluxes under stable conditions. The Ri is a measure of atmospheric 
stability and can be computed as 

  air sat
i

air w

g ρ ρ
R

ρ u
 

 2

2
, (2.13) 

where 

 Ri = Richardson number, 
 g = acceleration of gravity (= 9.806 m s−2), 
 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 = density of moist air (at air temperature) (kg m−3), 
 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 = density of saturated air (at water temperature) (kg m−3). 

The Ri is positive for stable atmospheric conditions, negative for unstable, 
and near zero for neutral conditions. f(Ri) is estimated from Ri using the 
following relationships 

For an unstable atmosphere (𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 > 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠), 

 𝑓𝑓(𝑅𝑅𝑖𝑖) = 12.3, Ri ≤ −1, (2.14a) 

 𝑓𝑓(𝑅𝑅𝑖𝑖) = (1 − 22𝑅𝑅𝑅𝑅)+0.8, −1 < Ri ≤ −0.01. (2.14b) 

For a neutral atmosphere, 

 𝑓𝑓(𝑅𝑅𝑖𝑖) = 1, −0.01 < Ri < +0.01.  (2.14c) 

For a stable atmosphere (𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  < 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠), 

 𝑓𝑓(𝑅𝑅𝑖𝑖) = (1 − 34𝑅𝑅𝑅𝑅)−0.8 0.01 ≤ Ri < 2,  (2.14d) 

 𝑓𝑓(𝑅𝑅𝑖𝑖) = 0.03, Ri ≥ 2.  (2.14e) 

At least one full meteorological data set must be provided when applying 
the above full energy balance temperature simulation module. As a 
minimum, a time series of the following information at the meteorological 
station is required, e.g. short-wave solar radiation, atmospheric pressure, 
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air temperature, humidity, wind speed, and cloud cover. Because of large 
fluctuations in air temperature and solar radiation, hourly meteorological 
data are typically required. 

2.1.6 Sediment–water heat flux and sediment temperature 

Sediment heat exchange with water is generally small when compared to 
surface heat exchange and this exchange has often been neglected in 
modeling water temperature. However, heat exchange between benthic 
sediments and the water column is significant for shallow water. Therefore, 
sediment heat exchange is included in the full energy temperature simula-
tion module. Sediment temperature is modeled from the sediment-water 
interface down to a user-defined depth. The only source or sink of sediment 
temperature included in the temperature simulation module is the exchange 
with the water column. The heat balance for the sediment layer can be 
written as  

 sed sed
s ps

dT q
ρ C

dt h


2

. (2.15) 

The sediment–water heat flux (qnet) in equation 2.15 is expressed as 

  
.

s
sed s ps sed w

α
q ρ C T T

h
 

20 5
,  (2.16) 

where  

 Tsed  =  sediment temperature (°C), 
 h2  =  active sediment layer thickness (m), 
 αs  =  sediment thermal diffusivity (m2 s−1), 
 ρs = density of sediments (kg m−3),  
 Cps  =  specific heat capacity of sediments (J kg−1 °C−1). 

Equation 2.15 states that the time change of heat storage within a well-
mixed sediment layer is equal to the heat exchange between the sediment 
and the overlying water. Sediment–water heat flux, qsed, is a function of 
water temperature, sediment temperature, heat storage capacity of 
sediment material, and thermal diffusivity of sediment material.  

Thermal conductivity, αs, is a measure of the ability of the bed sediment to 
conduct heat. αs is not a simple constant for a particular bed. It varies in 
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both depth and time, depending upon sediment porosity and moisture 
content. Chapra et al. (2008) provided values for αs with a range of 0.002–
0.012 cm2 s−1 or a recommended value of 0.005 cm2 s−1. Chapra et al. 
(2008) also provided values of the product ρs · cps for various types of bed 
materials (Table 1).  

Table 1. Thermal properties of various sediment materials (Chapra et al. 2008). 

Material 

Conductivity Diffusivity ρ Cp Ρ · Cp 

cal s−1 cm−1 °C-1 cm2 s−1 g cm3 cal (g °C) −1 cal (cm3 °C) −1 

Sediment samples 

Mud flata 0.0044 0.0048   0.906 

Sanda 0.006 0.0079   0.757 

Mud sanda 0.0043 0.0051   0.844 

Muda 0.0041 0.0045   0.903 

Wet sandb 0.004 0.007   0.57 

Sand 23% saturation with 
waterc 

0.0044 0.0126   0.345 

Wet peatb 0.0009 0.0012   0.717 

Rockd 0.0042 0.0118   0.357 

Loam 75% saturation 
with waterc 

0.0043 0.006   0.709 

Lake, gelatinous 
sedimente 

0.0011 0.002   0.55 

Concretee 0.0037 0.008   0.46 

Average of sediment 
samples 

0.0037 0.0064   0.647 

Component materials 

Water 0.0014 0.0014 1.00 0.999 1.000 

Clay 0.0031 0.0098 1.49 0.210 0.310 

Soil (dry) 0.0026 0.0037 1.50 0.465 0.700 

Sand 0.0014 0.0047 1.52 0.190 0.290 

Soil (wet) 0.0043 0.0045 1.81 0.525 0.950 

Granite 0.0069 0.0127 2.70 0.202 0.540 

Average of sediment 
samples 

0.0033 0.0061 1.67 0.432 0.632 

a Andrews and Rodvey (1980). 
b Geiger (1965). 
c Nakshabandi and Kohnke (1965). 
d Chow et al. (1988 and Carslaw and Jaeger (1959). 
e Hutchinson (1957), Jobson (1977), Likens and Johnson (1969). 
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The following default values are set within the full energy balance 
temperature simulation: ρs = 1.6 g cm−3 and Cps = 0.4 cal g−1 °C−1, which 
correspond to a product (ρs · cps) of 0.64 cal cm−3 °C−1. The thickness of the 
benthic sediment layer is set by default to 10 cm to capture the effect of the 
benthic sediments on the diel heat budget for the water. 

2.2 Simplified Energy Balance 

Unfortunately, the above temperature simulation module with all the 
sources and sinks of heat exchange requires measurements from a number 
of variables and coefficients that are not always readily available. 
Following Edinger et al. (1974), the simplified energy balance is computed 
based on an approximate heat balance derived by dew point temperature, 
short-wave solar radiation, and wind speed parameters. This approach 
simplifies the mathematical relationships of a complete energy balance 
and requires less input data. It assumes an equilibrium temperature, Teq, 
will be reached under steady-state meteorological conditions. The net heat 
input, KT(Teq − Tw), is assumed to be proportional to the difference of the 
actual temperature, Tw, and the equilibrium temperature, Teq. Under a 
simplified energy balance, the change in water temperature due to a 
change in net heat flux is described by (Thomann and Mueller 1987) 

  w s
w pw T eq w

T A
ρ C K T T

t V


 


, (2.17)  

where  

 KT  =  overall heat exchange coefficient (W m−2 °C−1), 
 Teq  =  equilibrium temperature (°C). 

The overall heat exchange coefficient, KT, is computed from empirical 
relationships, which include wind speed, dew point temperature, and 
water temperature (Edinger et al. 1974)  

 . . ( ) . ( )T w w wK T β f u f u    4 5 0 05 0 47 . (2.18)  

The wind function and β are expressed as  

 ( ) . .w wf u u  2
79 2 0 46 , (2.19)  
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 . . .d w d wT T T T
β

        

2

0 35 0 015 0 0012
2 2

, (2.20) 

where 

 uw7 = wind speed measured at 7 m height (m s−1).  

The wind speed at 7 m can be computed from user-specifed wind speed at 
2 m. Equilibrium temperature is an important concept used in water 
temperature modeling. Equilibrium temperature is attained when all 
meteorological conditions remain constant with respect to both space and 
time, and the water is allowed to reach a steady temperature in response to 
such static meteorological conditions. The equilibrium temperature, Teq, 
can be computed from an empirical relationship involving the overall heat 
exchange coefficient, KT, the dew point temperature, Td, and the short-
wave solar radiation, qsw 

 sw
eq d

T

q
T T

K
  . (2.21) 

The dewpoint temperature is the temperature the air needs to be cooled to 
make the air saturated. The actual vapor pressure of the air is the saturation 
vapor pressure at the dewpoint temperature. The drier the air, the larger the 
difference between the air temperature and dewpoint temperature. The 
minimum data requirements at a meteorological station necessary to apply 
the simplified energy balance temperature simulation module include: 
(1) dew point, (2) wind speed, and (3) short-wave solar radiation. 

2.3 Temperature dependent coefficient correction 

Reaction coefficients and rates are often measured at 20°C in the 
laboratory. These rates are required to be corrected using local water 
temperature. Most of temperature dependent water quality rates included 
in NSMs are corrected based on a modified Arrhenius Equation: 

 ( ) ( ) wTk T k θ  2020 , (2.22) 

where  

 k(T)  =  kinetic rate at local temperature (d−1), 
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 k(20)  =  measured kinetic rate at 20°C (d−1), 
 θ  =  temperature correction coefficient. 

The coefficient θ usually ranges between 1.01 and 1.10. The user specified 
reaction rates at 20°C are then corrected by the above function to 
determine rates corresponding to local water temperature (Figure 2).  

Figure 2. Relationship of coefficient and water temperature defined in 
Arrhenius Equation.  
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3 Nutrient Simulation Module I (NSMI)  

3.1 Overview 

The NSMI was designed to conduct an aquatic eutrophication simulation 
with simplified processes and minimum state variables. The algorithms that 
are incorporated into NSMI were derived, in part, from QUAL2E (Brown 
and Barnwell 1987), QUAL2K (Chapra et al. 2008), WASP (Wool et al. 
2006), and CE-QUAL-RIV1 (EL 1995a). Both QUAL2E and QUAL2K are 1-
D steady-state, in-stream water quality models. QUAL2E can model up to 15 
constitutes, mainly including conservative mineral, algae, ammonia, nitrite, 
nitrate, organic nitrogen, phosphate, organic phosphorus, carbonaceous 
biological oxygen demand (CBOD), dissolved oxygen (DO), and coliform. 
QUAL2K is an updated version of QUAL2E with a Microsoft Excel graphical 
user interface (GUI). Constituents modeled in QUAL2K include ammonia, 
nitrate, organic nitrogen, organic and inorganic phosphorous, CBOD 
speciation, DO, algae, pH, and pathogen. QUAL2K explicitly simulates 
attached bottom algae and sediment–water interactions. Sediment–water 
fluxes of DO and nutrients are internally computed rather than being 
prescribed. The Water Quality Analysis Simulation Program (WASP) is a 
general dynamic mass-balance framework for modeling nutrient and 
contaminant transport and fate in surface waters. WASP can be applied in 
one, two, or three dimensions and includes standard eutrophication, 
advanced eutrophication, simple toxicant, and mercury kinetics. The 
standard eutrophication module predicts nutrients, phytoplankton, 
periphyton, CBOD, and DO dynamics. CE-QUAL-RIV1 (RIV1) is a 1-D 
riverine hydrodynamic and water quality model. RIV1 modeled water 
quality constituents include temperature, DO, CBOD, organic nitrogen, 
ammonia, nitrate, organic phosphorus, orthophosphate, coliform bacteria, 
dissolved iron, and dissolved manganese. The effects of algae and 
macrophytes on water quality constituents are modeled in RIV1. The NSMI 
shares some algorithms and formulations with these models. 

Figure 3 provides an overview of the NSMI representation of water quality 
state variables and major processes involved in the water column. The 
nitrogen cycle is composed of three state variables: organic nitrogen, 
ammonium, and nitrate. The phosphorus cycle consists of organic 
phosphorus and inorganic phosphorus. The carbon cycle consists of 
particulate and dissolved organic carbon and dissolved inorganic carbon. 
CBOD, pathogen, and alkalinity are also modeled in NSMI. The NSMI does 
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not model benthic sediment processes but takes account of only sediment 
oxygen demand (SOD) and sediment release of inorganic nutrients.  

Figure 3. Water quality state variables and major processes modeled in NSMI. 
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NSMI models up to 16 state variables. Table 2 lists the NSMI’s state 
variables and the symbols. Chla, D, C, N, P and O2 under the units refer to 
chlorophyll-a, dry weight, carbon, nitrogen, phosphorus, and oxygen, 
respectively. The colony forming unit (CFU) is a measure of viable bacterial 
numbers. The NSMI allows the user to selectively turn on and off each state 
variable, providing increased flexibility in its application. All state variables 
must be specified as “On” or “Off.” When “On,” the NSMI computes all 
internal source and sink terms associated with that state variable for every 
time step. When “Off,” no calculations are conducted for the state variable. 
When a state variable is bypassed, the user does not need to provide any 
input parameters, boundary concentrations, or initial conditions. 
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Table 2. Water quality state variables modeled in NSMI. 

Variable Definition Units Option 

Ap Algae (Phytoplankton) µg-Chla L-1 On/Off 

Ab Benthic algae g-D m-2 On/Off 

OrgN Organic nitrogen  mg-N L-1 On/Off 

NH4 Ammonium mg-N L-1 On/Off 

NO3 Nitrate  mg-N L-1 On/Off 

OrgP Organic phosphorous  mg-P L-1 On/Off 

TIP Total inorganic phosphorous  mg-P L-1 On/Off 

POC Particulate organic carbon  mg-C L-1 On/Off 

DOC Dissolved organic carbon  mg-C L-1 On/Off 

DIC Dissolved inorganic carbon  mol L-1 On/Off 

POM Particulate organic matter  mg-D L-1 On/Off 

POM2 Sediment particulate organic matter  mg-D L-1 On/Off 

CBODi Carbonaceous biochemical oxygen demand mg-O2 L-1 0-10 

DO Dissolved oxygen  mg-O2 L-1 On/Off 

PX Pathogen cfu (100 mL)-1 On/Off 

Alk Alkalinity mg-CaCO3 L-1 On/Off 

3.2 Stoichiometric ratios 

The stoichiometric relationships between algal processes and those 
resulting in the production or consumption of other state variables, such 
as carbon, nitrogen, and phosphorus are required in water quality models. 
In most water quality modeling studies, the Redfield ratio (Redfield 1958) 
is used due to a lack of site-specific data. The stoichiometric weights of 
carbon (C), nitrogen (N), and phosphorus (P) to g mass units for algal dry 
weight (D) are defined as  

100 g-D : 40 g-C : 7.2 g-N : 1 g-P. 

The above Redfield ratio shows that carbon comprises approximately 40 
percent of the dry weight of aquatic plant. Chlorophyll-a is more 
commonly measured in aquatic systems as an estimate of algal biomass. 
The algal biomass is expressed in units of µg-Chla L-1 or mg-Chla m-3. With 
this information, the stoichiometric ratio relation can be extended as 

100 g-D : 40 g-C : 7.2 g-N : 1.0 g-P : (0.4 ~ 1.0) g-Chla. 
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Chlorophyll-a exhibits a wide range of values, depending on the nutrient 
status of the algae (Harris 1986). Waters with less light would tend to have 
algae containing a higher chlorophyll-a content. The ratio (C:Chla) of algal 
carbon to a chlorophyll-a is typically between about 50 and 100. 

Nitrogen, phosphorus, carbon, and dry weight biomass can be converted 
to chlorophyll-a or any of the other units by using the stoichiometric 
ratios. These ratios are internally computed in NSMI and listed in Table 3. 

Table 3. Stoichiometric ratios internally computed in NSMI. 

Symbol Definition Unit Formulationa 

rna

 
algal N : Chla ratio mg-N µg-Chla-1

 
anna AWAWr =  

rpa

 
algal P : Chla ratio mg-P µg-Chla-1

 
appa AWAWr =  

rca

 
algal C : Chla ratio mg-C µg-Chla-1

 
acca AWAWr =  

rda

 
algal D : Chla ratio mg-D µg-Chla-1

 
adda AWAWr =  

rcd

 
algal C : D ratio mg-C mg-D-1

 
dccd AWAWr =  

roc O2 : C for carbon oxidation mg-O2 mg-C-1 1232=ocr  
ron O2 : N ratio for nitrification mg-O2 mg-N-1 14322 ⋅=onr  

rnb

 
benthic algae N : D ratio mg-N mg-D-1

 
dnnb BWBWr =  

rpb

 
benthic algae P : D ratio mg-P mg-D-1

 
dppb BWBWr =  

rcb

 
benthic algae C : D ratio mg-C mg-D-1

 
dccb BWBWr =  

rab

 
benthic Chla : D ratio µg-Chla mg-D-1

 
daab BWBWr =  

a The symbols are defined in Table 6. 

Stoichiometric ratios associated with oxygen are also listed in Table 3. The 
stoichiometric ratios for oxygen generation and consumption are derived 
based upon a typical chemical reaction for the plant photosynthesis and 
respiration (Chapra 1997). The oxidation of carbon organic matter 
consumes oxygen at a molar ratio of 1:1, equivalent to a ratio of 32/12 g-O2 
to 1 g-C. Algal photosynthesis produces oxygen at a molar ratio of 1:1, 
equivalent to a ratio of 32/12 g-O2 to 1 g-C. The nitrification consumes 
oxygen at a molar ratio of 2:1, equivalent to a ratio of 2 · 32/14 g-O2 to 1 g-N. 

3.3 Algae 

Aquatic plants serve as focal points in the nutrient cycles. The growth and 
proliferation of aquatic plants result in water quality degradation, or 
eutrophication. Phytoplankton concentrations also provide one estimate of 
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the eutrophication potential for the aquatic environment and an indication 
of a potential problem. Aquatic plants include two very broad categories: 
(1) those that move freely with water and (2) those that remain fixed or 
attached to the bottom. Both categories are commonly included as state 
variables in water quality models because they affect DO and nutrient 
cycles in aquatic environments, and because excessive algae populations 
are an environmental concern. The first category includes the microscopic 
phytoplankton and free-floating water weeds or certain types of plants. 
Both NSMI and NSMII refer to this category simply as algae. Two general 
approaches have been used to model floating algae in water quality models 
(Bowie et al. 1985):  

• Aggregating all algae into a single constituent  
• Aggregating the algae into a few dominant functional groups (for 

example, green algae, blue greens, diatoms, etc.)  

NSMI uses the first approach, and NSMII uses the second approach. Algal 
biomass in aquatic environments can be estimated in three ways:  

1. Quantifying chlorophyll-a  
2. Measuring carbon biomass as ash-free dry mass  
3. Measuring the particulate organic carbon  

The chlorophyll-a procedure measures photosynthetic pigment common 
to all types of algae. The second and third approaches measure the carbon 
in a filtered water sample. Both NSMI and NSMII model the change in 
algal biomass expressed as mg-Chla L-1 for phytoplankton but as g-D m-2 

for benthic algae. Because benthic algae can collect inorganic sediments, it 
is important to measure it as ash-free dry mass. 

3.3.1 Algae kinetics 

Algal source is photosynthesis or growth; and the sinks include respiration, 
mortality, and settling. Photosynthesis is the process by which algae uses 
sunlight to convert carbon dioxide (CO2) into a food source and releases 
oxygen as a by-product. Respiration is the opposite of photosynthesis, 
indicating the products of photosynthesis become reactants in respiration 
and vice-versa. Because it requires light, photosynthesis occurs only during 
daylight hours. Respiration, on the other hand, occurs 24 hours a day. Algal 
mortality produces organic matter that eventually decays and further uses 
DO. Algal respiration and decomposition contribute to high oxygen 
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demands. The rates of growth, production, respiration, and mortality are 
derived from the change of the algae biomass over a time step. The internal 
source (+) and sink (-) equation for algal biomass can be written as 

pp
p A

dt
dA

µ=  Algal growth, (3.1a) 

prp Ak T ⋅− )(  Algal respiration,  

pdp Ak T ⋅− )(  Algal mortality,  

p
sa A
h

v
−  Algal settling,  

where 

 Ap  =  algae (µg-Chla L-1), 
 µp  =  algal growth rate (d-1), 
 krp(T)  =  algal respiration rate (d-1), 
 kdp(T)  =  algal mortality rate (d-1), 
 vsa  =  algal settling velocity (m d-1). 

Above modeled algae can be converted to dry weight biomass by 

 pd da pA r A , (3.1b) 

where  

 rda  =  algal D : Chla ratio (mg-D µg-Chla-1), 
 Apd  =  algae (dry weight) (mg-D L-1). 

3.3.2 Algal growth rate 

The growth rate of algae depends on three principal components: 
temperature, light, and nutrients (ammonium and nitrate and inorganic 
phosphorus). Like many water quality models, limiting the effects of 
temperature, light, and nutrients can be used to correct the maximum 
growth rate. Three alternative (sets of) formulations are available for 
calculating the algal growth rate in NSMI: (1) multiplicative; (2) limiting 
nutrient; and (3) harmonic mean.  
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Multiplicative option:  

This option multiplies the growth limiting factors for light, nitrogen, and 
phosphorus together to determine their net effect on the local algal growth 
rate. Each of these factors is independent; and under optimal conditions, 
each limiting factor has a value of one. If not optimal, it is given a 
fractional value. This option has its biological basis in the multiplicative 
effects of the enzymatic processes involved in photosynthesis. The algal 
growth rate is expressed as 

 ( )p mxp Tμ μ FL FN FP   ,  (3.2) 

where  

 µmxp(T)  =  maximum algal growth rate (d-1),  
 FL  =  light limiting factor for algal growth (0–1.0), 
 FN  =  N limiting factor for algal growth (0–1.0), 
 FP  =  P limiting factor for algal growth (0–1.0). 

Nutrient limiting option:  

This option computes the local algal growth rate as limited by light and 
either nitrogen or phosphorus. The nutrient and light effects are 
multiplicative, but the nutrient effects are alternative with the smaller 
limitation factor. This approach mimics Liebig’s law of the minimum. The 
algal growth rate is expressed as 

  ( ) min ,p mxp Tμ μ FL FN FP  .  (3.3) 

Harmonic mean option:  

The harmonic mean is mathematically analogous to the total resistance of 
two resistors in parallel and is a compromise between the previous two 
options. The algal growth rate is controlled by a multiplicative relation 
between light and nutrients while the nutrient limitation is represented by 
a harmonic mean. The algal growth rate is expressed as 

 ( )p mxp Tμ μ FL
FN FP



2

1 1
.  (3.4) 
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3.3.2.1 Light limitation 

Light is important as the controlling factor for photosynthesis and algal 
growth. The term light is used loosely here to refer to photosynthetically 
active radiation (PAR) in the waveband 400 to 700 nm. The light limiting 
factor for algal growth is computed based on PAR intensity by using the 
following three alternative sets of formulations: Half-saturation function 
(Baly 1935), Smith’s function (Smith 1936), or Steele’s function (Steele 
1962). QUAL2E and QUAL2K models use these same formulations. All 
mathematical relationships show an increase in photosynthesis rate with 
increasing light intensity up to a maximum or saturation value (Figure 4).  

Figure 4. Three functions used for computing algal growth light limiting factor 
(Chpara et al. 2008). 
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Steele’s function: 
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where  

 FLz  =  light limiting factor for algal growth at depth z, 
 Iz  = PAR intensity at a depth z below the water surface (W m-2), 

which is radiation with a wavelength between 400 and 700 
nm, 

 KL  = light limiting constant for the algal growth (W m-2). 

Photosynthesis occurs throughout the depth of the water column. Light 
attenuation is simulated as an exponential decrease of light intensity with 
depth according to the Beer-Lambert law 

 exp( )zI I λ z  0 ,  (3.8) 

where  

 I0  =  surface light intensity (W m-2), 
 λ  =  light attenuation coefficient (m-1), 
 z  =  depth from the water surface (m).  

The surface light intensity (I0) is a portion of the visible spectrum and thus 
is often assumed as a fixed fraction of the short-wave solar radiation used 
in heat budget computations. Incident short-wave solar radiation is often 
measured directly at meteorological stations; and can be computed from 
the site location, time of year, and cloud cover in the temperature 
simulation module. The magnitude of the visible range is roughly half the 
computed or observed short-wave solar radiation (Chapra et al. 2008).  

 . swI q 0 0 47 ,  (3.9) 

where  

 qsw  =  incident short-wave solar radiation (W m-2). 

The light limiting factor is vertically averaged over depth. Substituting 
equation 3.8 into equations 3.5, 3.6, and 3.7, respectively, and integrating 
the equations over the depth of flow yields the following depth-averaged 
light limiting factors. 
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Half-saturation function: 

 ln L
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L

K I
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λ h K I e 

         
0

0

1 , (3.10) 

Smith’s function:  

 ln L L

λ h λ h

L L

I I
K K
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λ h I I

K K
e e   
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, (3.11) 

Steele’s function: 
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0 02 718 , (3.12) 

The relative merits of these light functions are discussed by various 
authors (Platt et al. 1981, Field and Effler 1982). The use of Smith’s 
function is preferable over the half-saturation function if photoinhibition 
effects are considered as unimportant. 

3.3.2.2 Nutrient limitation 

Algae require nutrients such as ammonia, nitrate, and phosphate at 
various levels depending on the species. The nutrient limitation factor is 
determined by the concentration of carbon, nitrogen and phosphorus. 
Carbon is usually available in excess and so carbon limitation is not 
included in NSMI. Algae are capable of taking up and storing sufficient 
nutrients to sustain them. However, if the timing of algal blooms is not 
critical, intracellular storage of nutrients can be ignored within the model, 
constant stoichiometry is assumed, and the model is much simpler (Park 
and Clough 2010). Therefore, nutrient limitation by external 
concentrations is used in NSMI as in many other models. The nutrient 
limitation on algal growth is determined by the single most limiting 
nutrient where algal growth follows half-saturation function kinetics with 
respect to the important nutrients. The half-saturation function is widely 
used to compute nutrient limitation and primary productivity in water 
bodies. This function relates aquatic plants and algae growth rates with 
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available dissolved nutrients. The half-saturation function is evaluated in 
NSMI for both inorganic nitrogen and phosphorous, and the minimum 
value is chosen to correct the algal growth rate. Algae are assumed to use 
both ammonium and nitrate as sources of nitrogen. The limiting factor for 
the effect of nitrogen on algal growth rate is expressed as 

 
 sN

NH NOFN
K NH NO




 
4 3

4 3
. (3.13) 

Similarly, the limiting factor for the effect of phosphorus on algal growth 
rate is expressed as 

 
sP

DIPFP
K DIP




,  (3.14) 

where  

 NH4  =  ammonium (mg-N L-1), 
 NO3  =  nitrate (mg-N L-1), 
 DIP  =  dissolved inorganic phosphorous (mg-P L-1), 
 KsN  =  half-saturation N limiting constant for algal growth (mg-N L-1), 
 KsP  =  half-saturation P limiting constant for algal growth (mg-P L-1). 

3.3.3 Light attenuation coefficient  

Light attenuation is the loss of light intensity with depth as a result of 
scattering or absorption by substances within the water column and the 
water itself. The amount of light available to algae and benthic algae 
depends on both water depth and the rate of light attenuation. The light 
attenuation (also called extinction) rate describes the decrease in light 
intensity with depth in the water column, which is computed as the sum of 
several partial attenuation coefficients reliant on the concentrations of 
solids particles in suspension and their optical attributes. It includes the 
baseline attenuation rate for water, self shading of plants, attenuation due 
to suspended sediment and particulate organic matter, and algae. Baseline 
attenuation represents attenuation from color and other factors not taken 
into account by suspended solids and algae. The effect of organic matter 
on the light attenuation is considered based on water column POC. The 
light attenuation coefficient is given as (Chapra et al. 2008) 
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  s n m p pλ λ λ m λ POM λ A λ A    
2 3

0 1 2 ,  (3.15) 

where  

 λ0  =  background light attenuation (m-1),  
 λs  =  light attenuation by inorganic suspended solids (L mg-1 m-1), 
 λm  =  light attenuation by organic matter (L mg-1 m-1), 
 λ1  =  linear light attenuation by algae (m-1 (µg-Chla L-1)-1),  
 λ2  =  nonlinear light attenuation by algae (m-1 (µg-Chla L-1)-2/3), 
 POM  =  particulate organic matter (mg-D L-1), 
 mn  =  inorganic suspended solid “n” (mg L-1). 

The mn does not include organic material in the above equation. 
Concentration of suspended solids can be computed from the inorganic 
solids module (sand-silt-clay).If the suspended solids have been 
incremented in value to include organic as well as inorganic materials 
suspended in the water column, then the default values of λs and λm need to 
be adjusted. The percentages of organic and inorganic material in water-
quality samples can be determined using different methods (APHA 1992). 

3.3.4 Solids partitioning of inorganic phosphorous  

Sorption can be important in controlling both the transport and fate of 
inorganic phosphorus in aquatic systems. Sorption reactions are usually 
fast relative to other environmental processes, and therefore an 
equilibrium partitioning is assumed within the model. Under equilibrium 
partitioning, the distribution of the inorganic phosphorus between 
suspended solids and water can be adequately described through a linear 
sorption isotherm. The particulate and dissolved fractions of inorganic 
phosphorus are internally computed as 

 dp pp
po n n

f f
k m  

 6
4

1 1
1 10

, (3.16) 

where 

 fdp  =   dissolved fraction of inorganic P (0–1.0), 
 fpp  =   particulate fraction of inorganic P (0–1.0), 
 kdpo4n  =  partition coefficient of inorganic P for soild “n” (L kg-1). 
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The partitioning distribution coefficient (kdpo4) is defined as the ratio of 
inorganic phosphorous concentration adsorbed onto solids (mass chemical 
per mass solids) to concentration of inorganic phosphorous dissolved in 
water (mass chemical per volume of water). It is displayed in units of L kg-1. 
A wide range of partition coefficients for phosphate is found in literature. 

3.4 Benthic Algae 

Benthic algae are those that live on or in association with substrata 
(Stevenson 1996). The substrata can be natural or artificial. Benthic algal 
cover is a food source for invertebrates which graze on the plant material 
and in turn the invertebrates are food sources for fish in aquatic 
environments (Finlay et al. 2002). Most benthic algae in freshwater habitat 
are blue-green algae (Cyanophyta), green algae (Chlorophyta), diatoms 
(Bacillariophyta) or red algae (Rhodophyta) (Stevenson 1996). The term 
periphyton is sometimes used in reference to benthic algae and sometimes 
in reference to the entire attached community of microorganism, including 
algae, bacteria, fungi, and protozoa. To avoid confusion, benthic algae is 
used to designate the algal community attached to the bottom in NSMI and 
NSMII.  

Benthic algae affect water quality in various ways, and their impact must 
often be considered to properly evaluate aquatic water quality conditions. 
Benthic algae growth involves the uptake of inorganic nutrients, the 
production of DO, and the effects of alkalinity. Mortality produces organic 
matter. Modeling benthic algae differ from algae in a number of 
fundamental ways: 

• Benthic algae do not move with the water current 
• Benthic algae typically dwell on or near the bottom. Therefore, they are 

not impacted by the average light in the water column but the light 
reaching the bottom (substrate)  

• Benthic algae are limited by substrate available for growth. There is 
typically a maximum density for attached plants. 

3.4.1 Benthic algae kinetics 

NSMI has a state variable representing benthic algae. Benthic algae biomass 
is usually measured as AFDM or photosynthetic-pigment content (for 
example, chlorophyll-a). Benthic algae are modeled in terms of density per 
unit bottom area (g-D/m2). The change of benthic algae biomass with 
respect to time is described using the following mass balance equation 
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bb
b A

dt
dA µ=  Benthic algae growth, (3.17) 

brb Ak T ⋅− )(  Benthic algae respiration,  

bdb Ak T ⋅− )(  Benthic algae mortality,  

where  

 Ab  =  benthic algae biomass (g-D m-2), 
 µb  =   growth rate for benthic algae (d-1), 
 κrb(T)  =   benthic algae base respiration rate (d-1), 
 kdb(T)  =   benthic algae mortality rate (d-1). 

Benthic algal biomass is converted into chlorophyll-a by the following 
equation 

 ab bChlb r A , (3.18) 

where  

 rab  =  benthic Chla : D ratio (µg- Chla mg-D-1), 
 Chlb  =  benthic Chla (mg-Chla m-2). 

The conversion factor is based on the average ratio of chlorophyll a to 
AFDM. Production, respiration, and mortality for benthic algae largely 
follow the formulations for phytoplankton as discussed above. 

3.4.2 Benthic algal growth rate 

Productivity of benthic algae is a function of light intensity, temperature, 
and nutrient concentrations. The benthic algae growth rate depends on the 
availability of certain limiting resources, including light, nutrients (N and 
P), and bottom area density (space). These effects are simulated as 
limiting factors that attenuate the maximum growth rate. Two alternative 
(sets of) formulations are included for calculating the benthic algae growth 
rate: 1) multiplicative option and 2) nutrient limiting option. These 
formulations are similar to those for algae except for the effect of space 
limitation on benthic algal growth. 
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Multiplicative option: 

     ( )b mxb b b b bTμ μ FL FN FP FS , (3.19) 

where 

 µmxb(T)  =  maximum benthic algae growth rate (d-1), 
 FLb  =   light limiting factor for benthic algae growth (0–1.0), 
 FNb  =  N limiting factor for benthic algae growth (0–1.0), 
 FPb  =  P limiting factor for benthic algae growth (0–1.0), 
 FSb  = bottom space density limiting factor for benthic algae growth 

(0–1.0).  

Nutrient limiting option: 

  min ,b mxb b b b bμ μ FL FN FP FS   . (3.20) 

Temperature limitation factor is computed using Arrhenius Equation. 
Light limitation is represented using three optional functions. Nutrient 
limitation is dependent upon the concentrations of nitrogen and 
phosphorous in aquatic systems. 

3.4.2.1 Light effect 

The effect of light on the benthic algae rate is simulated as for algae. The 
difference is that for benthic algae, the light intensity used is the light 
intensity at the mean channel depth rather than the depth integrated value. 
The light limitation factor for benthic algae growth is determined by the 
amount of PAR reaching the channel bottom. Three alternative (sets of) 
formulations are included: half-saturation, Smith’s, and Steele’s function. 

Half-saturation function: 
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, (3.21)  

Smith’s function: 
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Steele’s function: 
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

01
0 , (3.23) 

where 

 KLb  =   light limiting constant for benthic algae growth (W m-2). 

3.4.2.2 Nutrient effect 

Nitrogen and phosphorus limiting factors for benthic algae growth are c 
computed as for algal growth (equations 3.13 and 3.14), with the exception 
that the user may supply different half-saturation nitrogen and 
phosphorous constants for benthic algae 

 
 b

sNb

NH NOFN
K NH NO


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4 3

4 3
, (3.24) 

 
b

sPb

DIPFP
K DIP




,  (3.25) 

where 

 KsNb =  half-saturation N limiting constant for benthic algae growth, 
(mg-N L-1), 

 KsPb  =  half-saturation P limiting constant for benthic algae growth 
(mg-P L-1). 

3.4.2.3 Bottom density effect 

Benthic algae growth has an additional limitation based on available 
substrate, which includes the littoral bottom and the available bottom area. 
Attached algae typically exhibit lateral heterogeneity with higher densities at 
shallower depths. A half-saturation function is used to attenuate the growth 
rate of benthic algae as their density on the bottom increases 

 b
b

Sb b

A
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K A
 


1 , (3.26) 
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where 

 KSb =  half-saturation density constant for benthic algae growth (g-D m-2). 

3.5 Nitrogen Species 

A simplified nitrogen cycle is modeled in NSMI. The nitrogen cycle 
simulates the transformations of organic nitrogen (OrgN), ammonium 
(NH4), nitrite (NO2) and nitrate (NO3). In aerobic water, there is a 
stepwise transformation from OrgN to NH4, to NO2), and finally to NO3. 
Both algae and benthic algae are linked to the nitrogen cycle via the 
processes of growth, respiration, and death, as shown in Figure 3. Both 
take up and release nutrients. As they die, hydrolytic bacteria quickly 
recycle nutrients into their respective pools at specified ratios and rates. 

3.5.1 Organic nitrogen 

Nitrogen kinetics however, requires some representation of the organic 
nitrogen as this generally makes up a significant part of the pollution load. 
The particulate and aqueous fractions of organic nitrogen (OrgN) are 
lumped together as one state variable in NSMI. Organic nitrogen in the 
water column is produced by both algae and benthic algae, and lost due to 
decay and settling. The production of organic nitrogen by algal death is 
computed using a stoichiometric coefficient representing the fraction of 
nitrogen content. Thus, internal source (+) and sink (-) equation for water 
column OrgN can be written as 

pnadp Ark
dt

dOrgN
T ⋅⋅= )(  Algal mortality (Ap-->OrgN), (3.27) 

OrgNk Ton ⋅− )(  Organic N decay (OrgN-->NH4),  

OrgN
h

vson−  Organic N settling (OrgN-->Bed),  

bwbnbdb FFArk
h

T ⋅+ )(
1  Benthic algae mortality (Ab-->OrgN),  

where 

 OrgN  =  organic nitrogen (mg-N L-1), 
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 rna  =  algal N : Chla ratio (mg-N µg-Chla-1), 
 kon(T)  =  decay rate of organic N into NH4 (d-1), 
 vson  =  organic N settling velocity (m d-1), 
 rnb  =  benthic algae N :D ratio (mg-N mg-D-1), 
 Fw  =  fraction of benthic algae mortality into the water column (0–1.0), 
 Fb  =  fraction of bottom area available for benthic algae growth  

(0–1.0). 

Because organic nitrogen is a byproduct of algae, computed organic 
nitrogen needs to be corrected for algal composition and compared to total 
organic nitrogen (TON) measurements. Measured TON includes organic 
nitrogen and the amount of nitrogen incorporated in algal biomass. Algal 
organic nitrogen is added to OrgN for comparison with measured TON. 

3.5.2 Ammonium 

The decay of organic nitrogen represents a source term for water column 
NH4. NH4 in the water column is assimilated by algae and benthic algae 
and is converted to nitrate as a result of nitrification. The nitrification 
process consumes oxygen. Algal uptake rate is based on the fraction of 
NH4 available as compared to NO3. Sediment releases of NH4 can be 
specified. The internal source (+) and sink (-) equation for water column 
NH4 can be written as 

OrgNk
dt

dNH
Ton ⋅= )(

4  Organic N decay (OrgN-->NH4), (3.28) 

4)( NHk Tnit ⋅−  NH4 nitrification (NH4-->NO3),  

pnarp Ark T ⋅+ )(  Algal respiration (Ap-->NH4),  

pnap ArF µ1−  Algal uptake (NH4-->Ap),  

bnbrb Ark T ⋅+ )(  Benthic algae respiration (Ab-->NH4),  

bbnbb FArF
h

µ2
1

−  Benthic algae uptake (NH4-->Ab),  

h
rnh4+  Sediment release (Bed<-->NH4),  
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where  

 knit (T) =  nitrification rate of NH4 to NO3 (d-1), 
 rnh4  =   sediment release rate of NH4 (g-N m-2 d-1), 
 F1  =  preference fraction of algal N uptake from NH4 (0–1.0), 
 F2  = preference fraction of benthic algae N uptake from NH4 (0–1.0). 

For physiological reasons, the preferred form for algal uptake is NH4. 
Preference fractions of algae and benthic algae uptake from water column 
NH4 are computed as 

 
 
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, (3.29) 
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, (3.30) 

where  

 PN  =  NH4 preference factor for algal growth, 
 PNb  =  NH4 preference factor for benthic algae growth. 

The process of nitrification is carried out following a two-step process. 
During nitrification, NH4 is oxidized into NO2 first, then NO3. The 
equations for nitrification are summarized below. 

 
+− +→+ HNOONH 2

2
3

224
, 

−− →+ 322 2
1 NOONO

. 

The oxygen consumed by the above nitrification can be computed as ron = 
2 32/14 = 4.57 g-O2 g-N-1. The nitrification rate reduces at low levels of 
DO, which can be corrected by applying the inhibition correction factor 
(Brown and Barnwell 1987) 

  NRK DO
nit nitk k e  1 , (3.31) 

where  

 KNR  =  oxygen inhibition factor for nitrification (0.6 – 0.7) (mg-O2 L-1). 
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3.5.3 Nitrate 

In NSMs, nitrite is lumped into nitrate as it exists in much smaller 
quantities. Nitrite and nitrate is simply referred to as nitrate (NO3) for 
short. Water column NO3 is formed by nitrification and removed by 
denitrification. Nitrate is used during photosynthesis. Denitrifying bacteria 
are known to flourish on the anaerobic surface layer of the sediment 
(Kusuda et al. 1994). Pauer and Auer (2000) claimed that denitrification is 
generally a sediment-based phenomena rather than one existing in the 
water column. However, denitrification can also occur in the water column 
where there is NO3 but little available oxygen (Di Toro 2001). Optimum 
conditions for denitrification are a high NO3, enough degradable organic 
material, a low DO, and a high temperature. Denitrification is limited by the 
availability of NO3 and is inhibited by DO. Following the convention of 
other water quality models in representing denitrification, NSMI also 
models water column denitrification. The internal source (+) and sink (-) 
equation for water column NO3 can be written as 

43
)( NHk

dt
dNO

Tnit ⋅=  NH4 nitrification (NH4-->NO3), (3.32) 

3)(1 NOk
DOK

DO
Tdnit

sOxdn

⋅







+

−−  NO3 denitrification (NO3-->Loss),  

( ) pnap ArF µ11−−  Algal uptake (NO3-->Ap),  

( ) bbnbb FArF
h

µ211
−−  Benthic algae uptake from NO3 (NO3--

>Ab), 
 

33 NO
h

vno−  Sediment denitrification (NO3<-->Bed),  

where 

 kdnit(T)  =  denitrification rate (d-1), 
 KsOxdn  =  half-saturation oxygen inhibition constant for denitrification 

(mg-O2 L-1), 
 vno3  =  sediment denitrification velocity (m d-1). 
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3.5.4 Derived variables 

Derived variables related to nitrogen species are computed as 

 DIN NH NO 4 3 , (3.33a) 

 na pTON OrgN r A   ,  (3.33b) 

 TKN NH TON 4 , (3.33c) 

 TN NO TKN 3 , (3.33d) 

where 

 DIN  =  dissolved inorganic nitrogen (mg-N L-1), 
 TON  =  total organic nitrogen (mg-N L-1), 
 TKN  =  total Kjeldahl nitrogen (mg-N L-1), 
 TN  =  total nitrogen (mg-N L-1). 

3.6 Phosphorus Species 

The phosphorus cycle is simpler than the nitrogen cycle. Total organic 
phosphorus, dissolved and particulate inorganic phosphorus are modeled 
in NSMI. A reaction specific to the phosphorus cycle is the adsorption and 
desorption of inorganic phosphorus. Inorganic phosphorus can be present 
in a dissolved form and adsorbed to suspended sediment particles (House 
et al. 1995). In waterways, the majority of phosphorus is in particulate 
form. Some of this phosphorus can readily become available through 
mineralization or desorption. However, most of the suspended solids 
attached to phosphorus remain unavailable. Because of the association of 
phosphorus with solids, its concentration often varies temporally in 
parallel with concentrations of suspended solids (Ekholm et al. 2000). 
Both algae and benthic algae are linked to the phosphorus cycle via the 
processes of growth, respiration, and death, as shown in Figure 3.  

3.6.1 Organic phosphorus 

NSMI includes organic phosphorus (OrgP) as a single state variable. 
Organic phosphorus in the water column is produced by both algae and 
benthic algae, and is lost due to mineralization and settling. The 
production of organic phosphorus by algal death is computed using a 
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stoichiometric coefficient representing the fraction of phosphorus content. 
The internal source (+) and sink (-) equation for water column OrgP can 
be written as 

ppadp Ark
dt

dOrgP
T ⋅= )(  Algal mortality (Ap-->OrgP), (3.34) 

OrgPk Top ⋅− )(  Organic P decay (OrgP-->DIP),  

OrgP
h

vsop−  Organic P settling (OrgP-->Bed),  

bwbpbdb FFArk
h

T ⋅+ )(
1  Benthic algae mortality (Ab-->OrgP),  

where 

 OrgP  =  organic phosphorous (mg-P L-1), 
 rpa  =  algal P : Chla ratio (mg-P µg-Chla-1), 
 kop(T)  =  decay rate of organic P into DIP (d-1), 
 vsop  =  organic P settling velocity (m d-1), 
 rpb  =  benthic algae P : D ratio (mg-P mg-D). 

Computed organic phosphorus also needs to be corrected for algal 
composition in order to compare with total organic phosphorus (TOP) 
measurements. Measured TOP includes organic phosphorus and the 
amount of phosphorus incorporated in algal biomass. Algal organic 
phosphorus is added to OrgP for comparison with measured TOP. 

3.6.2 Total inorganic phosphorus 

Inorganic phosphorous serves as one of the primary nutrients for aquatic 
plants. Phosphorus is often in short supply in an aquatic ecosystem and 
limits plant and algal growth (Correll 1998, Carpenter et al. 1998). 
Orthophosphate is the major form of biologically available phosphorus 
found in water. It is usually present as a combination of mono hydrogen 
phosphate (HPO42-) and dehydrogen phosphate (H2PO4-), depending on 
pH, but for simplicity it is also referred as phosphate (PO4). In water 
quality reporting, inorganic phosphorous is usually referred to as dissolved 
inorganic phosphorus (DIP) or by the technical term filterable reactive 
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phosphorus (FRP). Inorganic phosphorus is generally strongly adsorbed to 
sediment particles and organic matter, which make the phosphorus 
unavailable as a nutrient (Tate et al. 1995). Sorption of inorganic 
phosphorus occurs in particular to the iron (III) oxyhydroxides in 
sediment particles. Other adsorbing components are aluminum 
hydroxides and silicates, manganese oxides, and organic matter. Sorption 
of inorganic phosphorous on suspended solids is modeled in NSMI. At 
equilibrium, the distribution of inorganic phosphorus between solids and 
water can be described by a linear equilibrium partitioning isotherm. 
Rather than modeling two different compartments, NSMI includes the 
total inorganic phosphorous (TIP) as a single state variable. 

Inorganic phosphorous in the water column is lost due to uptake during 
algal growth and solids settling and gained due to sediment release and 
the decay of organic phosphorus. The released phosphorus may 
significantly increase the biologically available pool of phosphorous in 
water. The internal source (+) and sink (-) equation for water column TIP 
can be written as 

OrgPk
dt

dTIP
Top ⋅= )(  Organic P decay (OrgP-->DIP), (3.35) 

TIPf
h

v
pp

sp−  TIP net settling (TIP-->Bed),  

pparp Ark T ⋅+ )(  Algal respiration (Ap-->DIP),  

ppap Arµ−  Algal uptake (DIP-->Ap),  

bpbrb Ark T ⋅+ )(  Benthic algae respiration (Ab-->DIP),  

b
b

bpb F
h
Ar µ−  Benthic algae uptake (DIP-->Ab),  

h
rpo4+  Sediment release (Bed<-->DIP),  

where 

 TIP  =  total inorganic phosphorus (mg-P L-1), 
 vsp  =  settling velocity of suspended sediments (m d-1), 
 rpo4  =   sediment release rate of DIP (g-P m-2 d-1). 
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3.6.3 Derived variables 

The derived variables related to phosphorus species are computed as 

 dpDIP f TIP , (3.36a) 

 .pa pTOP OrgP r A  , (3.36b) 

 TP TIP TOP  , (3.36c) 

where 

 TOP  =  total organic phosphorus (mg-P L-1), 
 TP  =  total phosphorus (mg-P L-1). 

3.7 Particulate Organic Matter 

Detritus or particulate organic matter (POM) represents fine organic 
materials suspended in the water column but capable of settling to the 
bottom. POM composition is usually similar to that of phytoplankton and 
it serves as a food source for zooplankton and fish. The POM is subjected 
to different processes within aquatic environment. POM increases due to 
plant death and is lost via dissolution and settling. POM also serves as a 
surrogate variable in NSMI, implicitly simulating particulate organic 
carbon if this state variable is turned off. However, carbon, nitrogen, and 
phosphorus in detritus are considered as separate state variables in NSMI. 
The internal source (+) and sink (-) equation for water column POM can 
be written as 

pdadp Ark
dt

dPOM
T ⋅= )(  Algal mortality (Ap-->POM), (3.37) 

POMk Tpom ⋅− )(  POM dissolution,  

POM
h

vsom−  POM settling (POM-->Bed),  

wbbdb FFAk
h

T ⋅+ )(
1  Benthic algal mortality (Ab-->POM),  
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where  

 kpom(T)  =  POM dissolution rate (d-1), 
 vsom  =  POM settling velocity (m d-1). 

When water column POM settles to the bottom sediment, it is converted to 
organic sediment. The benthic sediment POM becomes a critical variable 
for contaminant modeling, therefore it is included in NSMI. Sediment 
POM consists of organic material and benthic organisms. Sediment POM 
is derived solely from settling of algae and POM from the water column. 
The rate change of sediment POM is determined by the following mass 
balance equation 

pdasasom ArvPOMv
dt

dPOMh +=2
2  POM deposition, (3.38) 

)1()( wbbdb FFAk T −+ ⋅  Benthic algal mortality (Ab-->POM2),  

222 )( POMkh Tpom ⋅−  Sediment POM dissolution,  

22POMw−  Sediment POM burial,  

where  

 h2  =  active sediment layer thickness (m), 
 POM2  =   sediment particulate organic matter (mg L-1), 
 kpom2(T)  =  sediment POM dissolution rate (d-1), 
 w2  =  sediment burial rate (m d-1). 

Products of sediment POM dissolution increase amounts of sediment 
nitrogen, phosphorus, and carbon. The sediment release of these 
constituents can be specified within NSMI. 

3.8 Carbonaceous Biological Oxygen Demand 

Carbonaceous Biological Oxygen Demand (CBOD) is included as a state 
variable in NSMs. The CBOD kinetics described here are identical for both 
NSMI and NSMII. CBOD, also called ultimate CBOD or CBODU, is 
modeled. Biological oxygen demand (BOD) is often measured (expressed as 
O2) and reported in water quality reports (Wool et al. 2006). The BOD 
consists of CBOD and nitrogenous biochemical oxygen demand (NBOD) 
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(Figure 5). CBOD is the concentration of organic material and reflects the 
oxygen demand exerted on the water column through oxidation of organic 
carbon. NBOD is a result of biochemical oxidation of organics by 
nitrogenous bacteria using oxygen. The CBOD is usually exerted first 
because of the time lag in the growth of the nitrifying bacteria. Therefore, 
total five day BOD (BOD5) is often equal to five-day CBOD (CBOD5). 

Figure 5. A typical oxygen demand curve (Thomann and Mueller 1987). 

 

In NSMs, water column CBOD can be modeled up to ten groups because of 
the different decay rates of each group. This feature allows the user to have 
the input of data that more accurately characterizes various CBOD sources 
and their effects on DO. The algal contribution to CBOD is not included in 
the model. The CBOD is only subject to first-order oxidation loss and 
additional removal due to sedimentation, scour and flocculation, which do 
not exert an oxygen demand as described in QUAL2E (Brown and Barnwell 
1987). However, the modeling of CBOD is an intercalated part of DO 
modeling and the CBOD oxidation stops if the water becomes anaerobic.  

The internal source and sink equation for water column CBOD can be 
written as 

ibodi
sOxbodi

i CBODk
DOK

DO
dt

dCBOD
T ⋅

+
−= )(  CBOD oxidation, (3.39) 

isbodi CBODk T ⋅− )(  CBOD net sedimentation,  
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where 

 CBODi  =  carbonaceous biochemical oxygen demand (mg-O2 L-1), 
 kbodi(T)  =  CBOD oxidation rate (d-1), 
 ksbodi (T) =  CBOD sedimentation rate (m d-1), 
 KsOxbodi  =  half saturation oxygen attenuation constant for CBOD 

oxidation (mg-O2 L-1). 

The subscript “i" in the above equation is used to represent a specific CBOD 
group. CBOD forms modeled in NSMs are always the ultimate CBODs. 
CBOD input to the model from boundary conditions or point sources must 
also be ultimate CBODs. However, CBOD is often determined by standard 
methods that measure the oxygen consumption of a filtered sample during 
laboratory incubation and within a defined period of time. A much-used 
water quality constituent is CBOD5 (mg-O2 L-1), which represents the 
amount of oxygen that is consumed when a sample is stored for five days in 
a dark environment at 20oC. The ratio between CBOD5 and CBOD depends 
on the decay rate of the organic material. CBOD5 measurements must be 
converted to CBOD based on individual CBOD decay rates. 

 i
CBOD5

CBOD
bodike 

 51
, (3.40) 

where 

 CBOD5  =  5-day carbonaceous biochemical oxygen demand (mg-O2 L-1), 
 kbodi  =  CBOD oxidation rate at 20oC (d-1). 

The CBOD5 to CBOD conversion factor will vary depending on the source 
of the CBOD. Typical CBOD / CBOD5 is 1.2 for raw wastewater and 1.6 for 
primary / secondary wastewater (Thomann and Muller 1987). Direct 
comparisons between CBOD5 measurement and the model output cannot 
be made using computed CBOD. Thus it is necessary to convert computed 
CBOD into CBOD5 or CBOD5 into CBOD. CBOD5 is computed as the sum 
of the contributions from dissolved organic matter represented by CBOD 
and dissolved organic carbon. 

    ( ) ( )bodi dock k
i ocCBOD CBOD e r DOC e      5 20 5 205 1 1 , (3.41) 

where  
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 DOC  =  dissolved organic carbon (mg-C L-1), 
 roc  =  O2 : C ratio for carbon oxidation (mg-O2 mg-C-1), 
 kdoc(T)  =  DOC oxidation rate (d-1). 

The CBOD5 shown above reflects only the oxidation of dissolved organic 
carbon and should be used when compared with a filtered laboratory 
CBOD5 measurement. If CBOD5 measurements are tainted by algal 
respiration and the decay of algal carbon, a correction must be made to the 
computed CBOD so that a valid comparison to observed measurement 
may be made.  

3.9 Carbon Species 

Carbon has a fundamental role in water quality processes, which cannot be 
represented by CBOD alone (Connolly and Coffin 1995, Chapra 1999). 
NSMI models a carbon cycle with three state variables. They are particulate 
organic carbon (POC), dissolved organic carbon (DOC), and dissolved 
inorganic carbon (DIC). POC represents non-living particulate detrital 
carbon. The POC levels are a function of productivity in the surface water. 
The DOC is simply that portion of TOC that is dissolved in water compared 
to that portion of organic carbon in suspension. Furthermore, DOC forms 
complexes with toxic chemicals and trace metals, creating water-soluble 
complexes. The dynamics of these chemicals is intimately connected with 
the generation, transport, and fate of organic carbon. Modeling contami-
nant sorption processes is not possible without an estimate of the 
particulate and dissolved fractions of organic carbon. Concentrations of 
POC and DOC are required in contaminant transport modeling studies (Tye 
et al. 1996). Finally, organic carbon and other dissolved and particulate 
matter can affect light penetration in aquatic ecosystems. Organic carbon’s 
behavior, reactivity, and fate in aquatic systems strongly depend on whether 
that substance is present in the dissolved or particulate phases. Algal 
contribution is the only source of POC in the water column. Algal mortality 
is fractioned between POC and DOC. 

Inorganic carbon species in NSMI include carbon dioxide (CO2), 
bicarbonate (HCO3-), and carbonate (CO32-). The sum of these species is 
called DIC. Bicarbonate is usually the most important DIC species in 
natural waters since it is the dominant species between pH 6.35 and 10.33.  

 *
2 3 3 3[H CO ] [HCO ] [CO ]DIC     2 , (3.42) 
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where 

 DIC  =  dissolved inorganic carbon (mol L-1), 
H2CO3*  =  sum of dissolved CO2 and carbonic acid (mol L-1), 
 HCO3−  =  bicarbonate ion (mol L-1), 
 CO32−  =  carbonate ion (mol L-1). 

DIC does not include solid-phase calcium carbonate. The rate of DIC 
change is proportional to the net primary production. Similar to other 
nutrients, DIC is produced by decomposition and is assimilated by plants; 
it also is respired by aquatic plants. Additional sources and sinks of DIC 
are via exchange with the atmosphere and via the oxidation of organic 
carbon material (i.e. DOC, CBOD). Water column DIC is tracked in units 
of mole or mol L-1. A mole mass of DIC is equal to 12 gram (g), 1 mol L-1 = 
12000 mg-C L-1. Simulating DIC is necessary for calculating pH as a 
derived variable. The internal source (+) and sink (-) equations for water 
column POC, DOC, and DIC are given as follows. 

3.9.1 State variables 

Particulate Organic Carbon (POC): 

pcadppocp ArkF
t

POC
T ⋅=

∂
∂

)(  Algal mortality (Ap-->POC), (3.43) 

POCk Tpoc ⋅− )(  POC hydrolysis (POC-->DOC),  

POC
h

vsoc−  POC settling (POC-->Bed),  

wbbcbdbpocb FFArkF
h

T ⋅+ )(
1  Benthic algal mortality (Ab-->POC),  

where  

 POC  =  particulate organic carbon (mg-C L-1), 
 Fpocp  =  fraction of algal mortality into POC (0–1.0), 
 rca  =  algal C : Chla ratio (mg-C µg-Chla-1), 
 rcb =  benthic algae C : D ratio (mg-C mg-D-1), 
 vsoc  =  POC settling velocity (m d-1), 
 kpoc(T)  =  POC hydrolysis rate (d-1), 
 Fpocb  =  fraction of benthic algal mortality into POC (0–1.0). 
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Dissolved Organic Carbon (DOC): 

( ) pcadppocp ArkF
t

DOC
T ⋅−=

∂
∂

)(1  Algal mortality (Ap-->DOC), (3.44) 

POCk Tpoc ⋅+ )(  POC hydrolysis (POC-->DOC),  

POMfk compom T ⋅+ )(  POM dissolution (POM-->DOC),  

DOCk
DOK

DO
Tdoc

sOxmc

⋅
+

− )(  DOC oxidation,  

3)(1
144
125 NOk

DOK
DO

Tdnit
sOxdn

⋅







+

−
×
×

−  DOC consumed by denitrification,  

( ) wbbcbdbpocb FFArkF
h

T ⋅−+ )(11  Benthic algal mortality (Ab-->DOC),  

where 

 KsOxmc  =  half saturation oxygen attenuation constant for DOC oxidation 
rate (mg-O2 L-1), 

 fcom  =  fraction of carbon in organic matter (mg-C mg-D-1). 

Dissolved Inorganic Carbon (DIC): 

=
∂

∂
⋅

t
DIC31012   (3.45) 

( )DICFpkk coCOHac TT 2
33 10)(10)(12

2
−+ −  Atmospheric CO2 reaeration (Atm<-->DIC),  

DOCk
DOK

DO
Tdoc

sOxmc

⋅
+

+ )(  DOC mineralization (DOC-->DIC),  

pcarp Ark T ⋅+ )(  Algal respiration (Ap-->DIC),  

pcap Arµ−  Algal photosynthesis (DIC-->Ap),  

bbcbrb FArk
h

T ⋅+ )(1  Benthic algae respiration (Ab-->DIC),  

bbcbb FAr
h

µ1
−  Benthic algae photosynthesis (DIC-->Ab),  
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∑ ⋅
+

+ ibodi
sOxbodioc

CBODk
DOK

DO
r

T )(
1  CBOD oxidation (CBOD-->DIC),  

ocr
TSOD

h
)(1

+  Sediment release (Bed-->DIC),  

where  

 kac(T)  =  CO2 reaeration rate (d-1), 
 kH(T) = Henry’s Law constant (mol L-1 atm-1),  
 pCO2  =  partial pressure of CO2 in the atmosphere (ppm), 

 FCO2  =  fraction of total inorganic carbon in CO2 (0–1.0). 

3.9.2 CO2 reaeration 

Atmospheric reaeration of CO2 refers to the transfer of CO2 across the air–
water interface. The CO2 reaeration proceeds proportional to the difference 
of the CO2 saturation and the actual dissolved CO2. Atmospheric reaeration 
may cause a CO2 flux either way, to the atmosphere or to the water. The CO2 
saturation is primarily a function of the partial atmospheric CO2 pressure 
(PCO2) and the water temperature. PCO2 in the atmosphere can be referenced 
from Figure 6. The gaseous and aqueous phase CO2 values are related by 
Henrys Law. The value of Henry’s Law constant (KH) is a function of water 
temperature (Edmond and Gieskes 1970) 

 2385.73
= 0.0152642 .10 H wk

wk

log K (T) T
T

 14 0184 , (3.46) 

where  

 Twk  =  water temperature in Kelvin. 
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Figure 6. Concentration of CO2 in the atmosphere as recorded at 
Mauna Loa Observatory, Hawaii (NOAA-ESRL).  

 

The CO2 reaeration rate can be derived from the temperature-corrected 
oxygen reaeration rate using the following relationship. 

 
.

( ) ( )O
ac a

CO

T T
MW

k k
MW

     

0 25

2

2

, (3.47) 

where  

 ka(T)  =  oxygen reaeration rate (d-1), 
 MWO2  =  molecular weight of O2 (= 32 g mol-1). 
 MWCO2  =  molecular weight of CO2 (= 44 g mol-1). 

3.9.3 Derived variables 

The total organic carbon (TOC) is the gross amount of organic matter 
found in natural water. Measured TOC includes particulate (colloidal), 
dissolved organic carbon forms, CBOD, and algal biomass. Modeled TOC 
is computed as 

 i
ca p

oc

CBOD
TOC DOC POC r A

r
    . (3.48a) 
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Total Suspended Solids (TSS) includes all of the inorganic suspended 
solids fractions and all organic matter, which includes algae and 
particulate organic matter. Modeled TSS is computed as 

 n da p
com

POCTSS m r A
f

   . (3.48b) 

If POC is turned off and POM is modeled in NSMI, TOC and TSS are 
computed as 

 i
com ca p

oc

CBOD
TOC DOC f POM r A

r
    , (3.48c) 

 n da pTSS m POM r A   , (3.48d) 

where  

 TOC  =  total organic carbon (mg-C L-1), 
 TSS  =  total suspended solids (mg L-1). 

Turbidity is an indicator of the amount of suspended solids and related 
constituents within a water body. Floating algae are often a major 
component of turbidity. It is possible to develop relationship to predict the 
turbidity. The relationship between TSS and turbidity is usually considered 
to be linear on a natural logarithmic scale (Packman et al. 1999). Shown 
below is a generic relationship between TSS and turbidity in Nephelometric 
Turbidity Units (NTU). This relationship can be used to estimate the 
turbidity from computed TSS. 

 ln( ) ln( )Turbidity A TSS B  , (3.49) 

where  

 A, B  =  site specific parameters for turbidity. 

3.10 Dissolved Oxygen 

Dissolved oxygen (DO) is one of the most important variables in water 
quality modeling. DO concentration is generally viewed as an indicator of 
the overall well-being of water bodies and their associated ecosystems. An 
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adequate DO concentration is a basic requirement for a healthy ecosystem. 
When the DO concentration becomes too low, plants and animals may 
become impaired and eventually die. The relationship between the growth 
and death of aquatic plants and the DO rate is a particularly important 
one. Algal photosynthesis is the source of DO. Algal growth produces DO 
from photosynthesis. Atmospheric reaeration may be another source of 
DO, if the water column oxygen is less than DO saturation. The sinks of 
DO include algal respiration, nitrification, oxidation of organic materials 
(in particular, DOC, CBOD), SOD, and atmospheric reaeration when DO 
saturation is exceeded. When anaerobic conditions occur, decay of organic 
materials slows considerably. Organic decay rates are dependent on the 
amount of DO present in the water column.  

The internal source (+) and sink (-) equation for water column DO can be 
written as 

( )DODOk
dt

dDO
sa T −= )(  Atmospheric O2 reaeration (Atm<-->O2), (3.50) 

pcaocp ArrF µ





 −+ 1106

32
106
138  Algal photosynthesis (Ap--> O2),  

pcaocrp Arrk T ⋅− )(  Algal respiration (O2-->Ap),  

4)( NHrk onnit T ⋅−  Nitrification (O2-->Nitrification),  

DOCrk
DOK

DO
ocdoc

sOxmc

T ⋅
+

− )(  DOC oxidation (O2-->DOC),  

∑ ⋅
+

− ibodi
sOxbodi

CBODk
DOK

DO
T )(  CBOD oxidation (O2-->CBOD),  

bbcbocb FArrF
h

T ⋅





 −+ )(2106

32
106
1381 µ  Benthic algae photosynthesis (Ab--> O2),  

bbcbocrb FArrk
h

T ⋅− )(
1  Benthic algae respiration (O2-->Ab),  

h
SOD

DOK
DO T

sSOD

)(

+
−  Sediment oxygen demand (SOD),  

where 

 DO  =  dissolved oxygen (mg-O2 L-1), 
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 DOs  =  dissolved oxygen saturation (mg-O2 L-1), 
 ron  =  O2 : N ratio for nitrification (mg-O2 mg-N-1), 
 SOD(T)  =  sediment oxygen demand (g-O2 m-2 d-1), 
 KsSOD  =  half saturation oxygen attenuation constant for SOD (mg-O2 L-1). 

Because of the importance of DO in aquatic systems, it is imperative to 
include all processes that exert an oxygen demand. If CBOD and DOC are 
included in the model, care must be taken to ensure that they are properly 
accounted for. CBOD, DOC, POC or POM are often used to estimate the 
quantity of organic matter in natural waters. CBOD is typically specified as 
allochthonous inputs, and the forms of autochthonous organic matter are 
kept track of in the organic carbon pools (DOC, POC). “Double counting” 
of organic matter effect on the DO when CBOD and organic carbon should 
not be included in the model simulation.  

3.10.1 Dissolved oxygen saturation 

A variety of methods have been developed to estimate the DO saturation 
(DOs) (Bowie et al. 1985). DOs is computed here as a function of water 
temperature (APHA 1992).  

.

exp . . . .s

wk wk wk wk

DO

T T T T



    
   

        

5 7 10 11

2 3 4

139 34410

1 575701 10 6 642308 10 1 243800 10 8 621949 10  (3.51) 

Figure 7 shows a fitted curve to the above DO saturation, DOs, as a 
function of temperature. 

The effect of atmospheric pressure on DOs is corrected based on the 
following equation (APHA 1992) 

 
 

  

wv
atm

atm
s s atm

wv

p α p
p

DO DO p
p α

       


 

1 1

1 1
, (3.52) 

where 

 patm  =  atmospheric pressure (atm), 
 pwv  =  partial pressure of water vapor (atm), 
 α  =  correction coefficient. 
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Figure 7. Fitting a curve of the DO saturation as a function of water 
temperature. 

 

The partial pressure of water vapor (pwv) and correction coefficient (α) are 
computed as 

 .
exp .wv

k k

p
T T

 
    
 

2

3840 70 21696111 8571 , (3.53) 

 . . .α T T     5 8 20 000975 1 426 10 6 436 10 .  (3.54) 

3.10.2 Oxygen reaeration 

Oxygen reaeration refers to the transfer of oxygen across the air–water 
interface. At concentrations lower than the DO saturation, oxygen is 
transferred from the air to the water. If the concentration becomes higher 
than the DO saturation, oxygen will be transferred to the air. This transfer is 
affected by the difference in DO concentrations between the air and water 
and by the turbulence in the film of water adjacent to the surface. The 
turbulence in that thin film may be caused by wind shear or shear produced 
by water currents. Overall, turbulence controls the rate of oxygen transfer. 
In streams, the reaeration rate coefficient is a function of the average water 
velocity, depth, wind, and temperature. The oxygen reaeration rate is 
estimated as a function of both flow hydraulics and wind velocity. 

 ( )
( ) ( )aw

a ah
T

T
k

k k T
h

  , (3.55) 
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where  

 kaw(T)  =  wind oxygen reaeration velocity (m d-1), 
 kah(T)  =  hydraulic oxygen reaeration rate (d-1). 

Numerous formulations have been developed to estimate the rate of 
oxygen reaeration derived by hydraulic effects. These formulations are 
often empirical, but most have a deterministic background. Except for a 
user-defined input, the following six formulas are included to compute the 
hydraulic derived oxygen reaeration rate (kah) (Table 4). Note that these 
formulations are applicable for riverine systems. The computed reaeration 
rate from these equations is referenced to 20 oC. It is adjusted for local 
water temperature using Arrhenius Equation. 

Table 4. Equations for computing oxygen reaeration rate on the basis of hydraulic characteristics. 

Option Formulation* Applicability Reference 

1 5.15.093.3 hukah =  natural streams  
(h = 0.3 – 9)  

O’Connor and Dobbins 
(1958) 

2 85.167.032.5 hukah = , h < 0.61 

67.1026.5 hukah = , otherwise  
natural streams  
(h = 0 – 3.3) 

Owens et al. (1964) 
Churchill et al. (1962) 

3 242.0524.0)(517 −⋅= Qslukah , Q < 0.556 m3/s 

136.0528.0)(596 −⋅= Qslukah , Q > 0.556 m3/s 

pool and riffle 
streams 

Melching and Flores 
(1999) 

4 ( ) 353.0313.088 −⋅= hslukah , Q < 0.556 m3/s 

243.066.0333.0)(142 −−⋅= tah Bhsluk ,Q > 0.556 m3/s 

channel control 
streams 

Melching and Flores 
(1999) 

5 slukah ⋅= 31183 , Q < 0.425 m3/s 

slukah ⋅=15308 , Q ≥ 0.425 m3/s 
natural streams 
and rivers 

Tsivoglou and Neal 
(1976) 

6 
h
uFk dah

*25.0 )91(16.2 +=  

tc
d BgA

uF
/

= , slgRu h=*  

natural streams 
and rivers 

Thackston and 
Dawson (2001) 

* u = water velocity (m s-1). 
 h = water depth (m). 
 sl = channel slope. 
 Bt = top width of the channel (m). 
 Rh = channel hydraulic radius (m). 
 Ac = channel cross-sectional area (m2). 
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Three options are available to incorporate wind effects on the oxygen 
reaeration: (1) user defined, (2) Banks-Herrera formula (Banks and 
Herrera 1977), and (3) Wanninkhof formula (Wanninkhof et al. 1991). 

Banks and Herrera (Banks and Herrera 1977): 

  .( ) . . .aw w w wk T U U U  0 5 2
10 10 100 728 0 317 0 0372 , (3.56a) 

Wanninkhof (Wanninkhof et al. 1991): 

 .( ) .aw wk T U 1 64
100 0986 , (3.56b) 

where 

 kaw(T)  =  wind oxygen reaeration velocity (m d-1), 
 uw10  =  wind speed measured 10 meters above the water surface (m s-1). 

Wind speed, usually measured at meteorological stations, is also a 
required data for simulating water temperature. 

3.10.3 Sediment oxygen demand and sediment–water fluxes 

The SOD is the rate of oxygen consumption exerted by the benthic 
sediments. The areal fluxes from the benthic sediment can be substantial 
as oxygen sinks to the overlying water. The SOD involves the degradation 
and mixing processes in the benthic sediments. This parameter represents 
the sediment oxygen demand as measured in the field. The SOD is 
expressed as a zero-order reaction and is a user specified input. A default 
value of 0.5 g-O2 m-2 d-1 is recommended for the natural SOD, a value of 
1.5 g-O2 m-2 d-1 for the total oxygen demand (Manivanan 2008). The SOD 
rates are adjusted according to the local depth and temperature. Table 5 
provides some reported in-situ SOD values in rivers and streams. Note 
that these values may be not applicable for current studies. 
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Table 5. Reported in-situ values of SOD in some rivers and streams. 

SOD (g-O2 m2 d-1) Environment Experimental conditions References 

2.0 – 33 Four Eastern U.S. rivers 
downstream of paper mill 
discharge 

In-situ respirometer, light, stirred, dark, 
22 - 27oC 

NCASI (1978) 

0.9 – 14.1 Four Eastern U.S. rivers 
downstream of paper mill 
discharge 

In-situ open-ended tunnel respirometer, 
light, stirred, dark, 22 - 27oC 

NCASI (1978) 

0.1 – 1.4 Eastern U.S. rivers 
downstream of paper mill 
discharge 

In-situ respirometer, stirred, dark, 9 - 
16oC, θ = 1.08 

NCASI (1979) 

0.27 – 9.8 Northern Illinois rivers (89 
stations) 

In-situ respirometer, stirred, 1 - 3 hrs 
dark, 5 - 31oC 

Butts and Evans 
(1978) 

0.1 – 5.3 Six stations in eastern 
Michigan rivers 

In-situ respirometer, stirred, 15 - 27 hr 
dark, 19 - 25o C, θ = 1.08 

Chiaro and Burke 
(1980) 

1.1 – 12.8 New Jersey rivers (10 
stations) 

In-situ respirometer, dark, 30 min - 8 hr, 
stirred 

Hunter et al. (1973) 

0.3 – 1.4 Swedish rivers In-situ respirometer, light, stirred, 0 - 10oC Edberg and Hofsten 
(1973) 

4.6 - 44 Streams Oxygen mass balance James (1974) 

User-specified sediment–water fluxes include NH4, NO3 and inorganic 
phosphorous. Such release occurs as a result of a gradient in nutrient 
concentration between the overlying water and the nutrient in the pore 
water of the benthic sediment. The impact of sediment nutrient release 
can be significant. The model assumes that positive fluxes are from 
sediment to water and that negative fluxes are from water to sediment. 
Fluxes of NH4 and inorganic phosphorous are most often from sediment 
to water and are positive quantities. Sediment–water flux of NO3 is 
defined through the sediment denitrification velocity. NO3 commonly 
passes in both directions across the sediment–water interface and may be 
positive or negative. 

3.11 Pathogen 

A single group of pathogens is included as a state variable in NSMs. The 
pathogen kinetics described here are identical for NSMI and NSMII. 
Although there are a variety of indicators and direct enumeration of 
pathogens, primary emphasis in water quality has been placed in the past 
on the coliform group of bacteria. The principal waterborne pathogens of 
concern include V. cholera, Salmonellae, and the Shigella species 
(Thomann and Mueller 1987). In the model, the concentration of 
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pathogens in the water column is represented by the CFU, which is a 
measure of viable bacterial numbers. 

The pathogen kinetics were adapted from QUAL2K (Chapra et al. 2008). 
Pathogens are subject to loss by death, sunlight decay, and settling. The 
death of pathogens in the absence of sunlight is considered to be first 
order. The depth-averaged effect of sunlight on decay rate is a function of 
surface solar radiation and light attenuation coefficient. Pathogen settling 
losses depend on how many organisms are attached to particles.  

The internal source and sink equation for water column pathogen (PX) can 
be written as 

PXk
dt

dPX
Tdx ⋅−= )(  Pathogen death, (3.57) 

( )PX
h

I h
px e ⋅−−

⋅
− λ

λ
α 10  Pathogen decay by sunlight,  

PX
h
vx−  Pathogen net settling,  

where  

 PX  =  pathogen ((cfu (100 mL) -1), 
 kdx(T)  =  pathogen death rate (d-1), 
 αpx  =  light efficiency factor for pathogen decay, 
 vx  =  pathogen net settling velocity (m d-1). 

Note that net settling loss rate, vi, can be negative, zero, or positive, 
depending on the degree of resuspension because benthic sediment may 
be a significant sources of pathogens. 

3.12 Alkalinity  

Alkalinity (Alk) is included as a state variable in NSMs. The alkalinity 
kinetics described here are identical for both NSMI and NSMII. Alkalinity is 
the measurement of the buffering capacity of a solution. It measures the 
ability of the solution to neutralize acids and bases. In the natural 
environment, the main ions that neutralize H+ are HCO3- and CO32-. In most 
waters, alkalinity and hardness have similar values because HCO3- and CO32- 

are usually derived from CaCO3 or MgCO3. Therefore, alkalinity is typically 
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reported by the laboratory in units of CaCO3 equivalent (mg-CaCO3 L-1). 
Alkalinity should be measured on filtered samples to eliminate any potential 
contribution from suspended CaCO3 and specified in units of mg L-1 of 
CaCO3. This means that the solution has numerically the same alkalinity as a 
solution in which the same weight of CaCO3 per liter has been dissolved. A 
mole mass of CaCO3 is equal to 2 equivalent (eq), and 1 eq L-1 = 50000 mg-
CaCO3 L-1. Computationally, the variable Alk has units of 1 eq L-1. 

Alkalinity is affected by all the processes that yield or consume H+ or OH-. 
Algae and benthic algae can affect alkalinity through the photosynthesis 
and respiration processes. Algal photosynthesis takes up nitrogen as either 
NH4 or NO3 and inorganic phosphorous. The uptake of NH4 removes 
positive ions from solution, causing a decrease of alkalinity. The uptake of 
NO3 removes negative ions from solution, causing an increase of 
alkalinity. Similarly, the uptake of inorganic P removes negative ions from 
solution, causing an increase of alkalinity. Algal respiration releases NH4 
and inorganic P. The release of NH4 adds positive ions to the water, 
causing an increase of alkalinity. The release of inorganic P adds negative 
ions to the water, causing a decrease of alkalinity. Nitrification utilizes 
NH4 and creates NO3. Hence, because a positive ion is taken up and a 
negative ion is created, the alkalinity decreases. Denitrification utilizes 
NO3 and creates nitrogen gas. Hence, the alkalinity increases because a 
negative ion is taken up and a neutral compound is created.  

The internal source and sink equation for water column Alk can be written 
as  

3)(1 
dt

d NOk
DOK

DOrAlk
Tdnit

sOxdn
alkden ⋅








+

−=  Alk increased by denitrification, (3.58) 

4)(
4

4 
4

NHk
NHK

NH
DOK

DOr Tnit
sNhsOxna

alkn ⋅
++

−  Alk decreased by nitrification,  

( ) ppalkanialkaai AFrFr µ)1( 11 −−+  Alk decreased by algal growth,  

prpalkaai Akr T ⋅+ )(  Alk increased by algal respiration,  

( ) bbalkbnalkba FAFrFr
h b22 )1(1 µ−−−  Alk decreased by benthic algae growth,  

bbrbalkba FAkr
h

T ⋅+ )(
1  Alk increased by benthic algae 

respiration, 
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where  

 Alk  =  alkalinity (eq L-1), 
 ralkaa  =  ratio translating algal growth into Alk if NH4 is the N source 

(eq µg-Chla-1), 
 ralkan  =  ratio translating algal growth into Alk if NO3 is the N source 

(eq µg-Chla-1), 
 ralkn  =  ratio translating NH4 nitrification into Alk (eq mg-N-1), 
 ralkden  =  ratio translating NO3 denitrification into Alk (eq mg-N-1), 
 ralkba  =  ratio translating benthic algae growth into Alk if NH4 is the N 

source (eq mg-D-1), 
 ralkbn  =  ratio translating benthic algae growth into Alk if NO3 is the N 

source (eq mg-D-1). 

Note the units of alkalinity are based on eq L-1 or mol L-1 for convenience. 
The numerical factors used in the above equation are computed from the 
unit conversion between the native mass units used in state variables 
(algae, benthic algae, NH4, and NO3) and the unit employed for alkalinity. 

  eqH moleC g .
 moleC 12 gC mgalkaa ca car r r



   3 3

14 0 011
106 10 10

, (3.59a) 

 mgC 8 eqH moleC g .
mgA  moleC 12 gC mgalkan ca car r r





        3 3

1 0 01415
106 10 10

, (3.59b) 

  eqH moleN g .
moleN 14 gN mgalknr



 3 3

2 0 143
10 10

, (3.59c) 

  eqH moleN g .
moleN 14 gN mgalkdenr



 3 3

4 0 286
10 10

, (3.59d) 

  eqH moleC g .
 moleC 12 gC mgalkba cb cbr r r



   3 3

14 0 011
106 10 10

, (3.59e) 

 8 eqH moleC g .
 moleC 12 gC mgalkbn cb cbr r r



   3 3

1 0 01415
106 10 10

. (3.59f) 

The constituents of alkalinity commonly found are HCO3-, CO32-, and OH-. 
HCO3- in surface waters at neutral pH is typically greater than 95% of the 
total alkalinity. Alkalinity usually is defined as 
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 3 3[HCO ] [CO ] [OH ] [H ]Alk       22 . (3.60a) 

DIC is the sum of the inorganic carbon species in water, including 
dissolved carbon dioxide (CO2) and carbonic acid (H2CO3), bicarbonate 
anion (HCO3-), and carbonate anion (CO32-) based on equation 3.32. 
Therefore, alkalinity can be computed as 

 [OH ] [H ]Alk DIC     , (3.60b) 

where 

 H+  =  hydronium ion (mol L-1), 
 OH−  =  hydroxyl ion (mol L-1).  

3.13 pH 

The pH is computed identically in both NSMI and NSMII. DIC and 
alkalinity are necessary state variables needed to compute pH. This section 
describes the calculation of pH in the water column. The pH is a very 
important factor in aquatic environments because certain chemical 
processes can take place only when water contains a certain pH level. The 
pH of water determines the solubility and biological availability of 
chemical constituents such as nutrients (phosphorus, nitrogen, and 
carbon) and heavy metals (lead, copper, cadmium, etc.). pH affects the 
ionization and hydrolysis of organic chemicals which potentially has 
effects on chemical fate and the degree of toxicity. 

The pH is a measure of how acidic or basic water is. The range varies from 
0 to 14, with 7 being neutral. A pH of less than 7 indicates acidity whereas 
a pH greater than 7 indicates a base. In most water bodies, pH levels are 
controlled by total inorganic carbon (CT) and alkalinity. The relationship of 
pH and the ratio of Alk to CT (Alk/CT) is illustrated in Figure 8. 
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Figure 8. Relationship of pH and Alk/CT 
(Di Toro 1976). 

 

The pH algorithms were adapted from QUAL2K (Chapra et al. 2008). The 
following equilibrium, mass balance, and electro-neutrality equations 
define a freshwater that is dominated by inorganic carbon species (Stumm 
and Morgan 1996). 

 *
2 3 3H CO HCO H   , (3.61a) 

 3 3HCO CO H   2 . (3.61b) 

These equilibrium equations are quantified by the dissociation constants 
as follows: 

 3
*

2 3

[HCO ][H ]
[H CO ]

K
 

1 , (3.62) 

 3

3

[CO ][H ]
[HCO ]

K
 


2

2 . (3.63) 

The dissociation of water obeys the following equilibrium condition. 

 [H ][OH ]wK   , (3.64) 
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where 

 K1  =  first acidity constant (mol L-1), 
 K2  =  second acidity constant (mol L-1), 
 Kw  =  ion product of water (mol L-1)2. 

The K1, K2, and Kw values for freshwater are a function of the water 
temperature. Their values can be computed based on the formulations 
provided by Plummer and Busenberg (1982) for K1 and K2 and by Harned 
and Hamer (1933) for Kw. 

10 10

. , ,
log = 356.3094 . . log

wk wk

wk wk

K T T
T T

    
1 2

21834 37 1 684 915
0 06091964 126 8339 , (3.65) 

10 10
log = log

. , .
. . .

wk wk

wk wk

K T T
T T

    
2 2

5151 79 563 713 9
107 8871 0 03252849 38 92561 , (3.66) 

 
10log =-  .

. log . .w wk wk
wk

K T T
T

  10
4787 3 7 1321 0 010365 22 80 . (3.67) 

The individual species in the carbonate buffer system are each extremely 
reactive, so much so that a direct mass balance formulation results in 
equations that are nonlinear and numerically badly behaved (Di Toro 
1976). An efficient solution can be derived by combining equations 3.62, 
3.63, and 3.64 to define the following variables 

 
2

2
1

[H ]
[H ] [H ]+

α
K K K



 
0

1 2

, (3.68) 

 
2

[H ]
[H ] [H ]+

K
α

K K K



 


1
1

1 1 2

, (3.69) 

 
2

1[H ] [H ]+
K K

α
K K K 


1 2

2
1 2

. (3.70) 

Equations 3.68, 3.69, and 3.70 can then be substituted into Equation 3.59 
to yield 

 1 2Alk=( ) [H ]
[H ]

wK
α α DIC 

  2 . (3.71) 
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Thus, solving for pH is reduced to determining the [H+] from the above 
equation. The above non-linear equation for [H+], alkalinity, and the 
carbonate-bicarbonate equilibrium system must be solved simultaneously. 
Once the unknown [H+] is solved from the above nonlinear equation 3.71, 
the negative logarithm of [H+] is pH 

 pH log [H ] 10 . (3.72) 

Equation 3.71 is solved for [H+] using two numerical solutions given by 
Chapra et al. (2008): (1) Newton-Raphson and (2) Bisection. The Newton-
Raphson method uses the slope (tangent) of the function at the current 
iterative solution to find the solution in the next iteration. The bisection 
method is an incremental search solution where the sub-interval for the 
next iteration is selected by dividing the current interval in half. For many 
problems, Newton-Raphson converges quicker than Bisection. However, 
the Newton-Raphson method is not guaranteed to find a solution. 

3.14 NSMI Parameters 

This section describes the input parameters associated with NSMI. The 
user has a number of options in specifying the input parameters. All water 
quality parameters may be applied uniformly throughout the model 
domain or may be varied spatially by user-specified water quality regions. 
Table 6 provides a summary of NSMI input parameters or coefficients. The 
ratios of C, N, P, and Chla fractions in algae and benthic algae are defined 
by specifying their relative stoichiometry weight to dry weight biomass 
(100 mg-D). Temperature-dependent coefficients are specified at 20 oC. 
This table will be repeated for each water quality region, allow the user to 
define the different values for input parameters. 

Table 6. NSMI parameters and rate coefficients with default values. 

Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction  

Global 

λ0 Background light attenuation m-1 0.02 0.02 - 6.59e   

λs Light attenuation by inorganic 
suspended solids 

L mg-1 m-1 0.052a 
0.019 - 0.37e   

λm Light attenuation by organic 
matter 

L mg-1 m-1 0.174a 
0.008 - 0.174e   

λ1 Linear light attenuation by 
algae 

m-1 (µg-Chla L-1)-1 0.0088a 0.009 - 0.031e   
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Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction  

λ2 Nonlinear light attenuation by 
algae 

m-1 (µg-Chla L-1)-2/3 0.054a n/a   

fcom Fraction of carbon in organic 
matter 

mg-C mg-D-1 0.4 0 – 1.0   

k
dpo4n

 Partition coefficient of 
inorganic P 

L kg-1 0 0 - 200c 

1000 - 16000h 
  

kah(T) Hydraulic O2 reaeration rate d-1 1.0 0.4 - 1.5h 

4.0 - 10h 

Yes 1.024b 

kaw(T) Wind O2 reaeration velocity m d-1 0 n/a Yes 1.024 

SOD Sediment oxygen demand g-O2 m-2 d-1 0.2 0.2 - 4.0c 

0.1 - 10h 

Yes 1.060b 

KsSOD Half saturation oxygen 
attenuation constant for SOD 

mg-O2 L-1 1.0 n/a    

Algae 

AWd Algal dry weight stoichiometry mg-D 100a 65 - 130e   

AWc Algal carbon stoichiometry mg-C 40a 25 - 60e   

AWn Algal nitrogen stoichiometry mg-N 7.2a 4 - 20e   

AWp Algal phosphorus 
stoichiometry 

mg-P 1.0a n/a   

AWa Algal Chla stoichiometry µg-Chla 1000a 400 - 3500e   

μmxp(T) Maximum algal growth rate  d-1 1.0 1.0 - 3.0b 

0.1 - 0.5c 

0.5 - 3.0e 

1.0 - 2.0h 

Yes 1.047b 

krp(T) Algal respiration rate  d-1 0.2 0.05 - 0.5b 

0.02 - 0.8e 

Yes 1.047b 

kdp(T) Algal mortality rate  d-1 0.15 0.02 - 0.3b 

0 - 0.5e 

0.2 – 8.0f 

Yes 1.047b 

vsa Algal settling velocity m d-1 0.15 0.15 - 1.8b 

0 - 1.0e 

0 - 13.6j 

  

KL Light limiting constant for algal 
growth 

W m-2 10 3.7 - 20b 

14 - 44e 
  

KsN Half-saturation N limiting 
constant for algal growth 

mg-N L-1 0.04 0.01 - 0.3b 

0.005 - 0.05e 

0.002 - 4.34j 

  

KsP Half-saturation P limiting 
constant for algal growth 

mg-P L-1 0.0012 0.001 - 0.05b 

0.01 - 0.06e 

0.001 - 1.52j 
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Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction  

PN NH4 preference factor for algal 
growth 

Unitless 0.5 0 - 1.0   

Benthic algae 

BWd Benthic algae dry weight 
stoichiometry 

mg-D 100a 65 - 130e   

BWc Benthic algae carbon 
stoichiometry 

mg-C 40a 25 - 60e   

BWn Benthic algae nitrogen 
stoichiometry 

mg-N 7.2a 4 - 20e   

BWp Benthic algae phosphorus 
stoichiometry 

mg-P 1.0a n/a   

BWa Benthic algae Chla 
stoichiometry 

µg-Chla 3500 400 - 3500e   

µmxb(T) Maximum benthic algae 
growth rate  

d-1 0.4 0.3 - 2.25b Yes 1.047b 

krb(T) Benthic algae base respiration 
rate  

d-1 0.2 0.01 - 0.8b Yes 1.06b 

kdb(T) Benthic algae mortality rate  d-1 0.3 0 - 0.8b Yes 1.047b 

KLb Light limiting constant for 
benthic algae growth 

W m-2 10 1.7 - 20b 

14 - 44e 

  

KsNb Half-saturation N limiting 
constant for benthic algae 

mg-N L-1 0.25 0.01 - 0.766b 

0.01 - 0.75e 

0.001 - 0.02h 

  

KsPb Half-saturation P limiting 
constant for benthic algae 
growth 

mg-P L-1 0.125 0.01 - 0.08b 

0.005 - 0.175e 

  

KSb Half-saturation density 
constant for benthic algae 
growth 

g-D m-2 10 
10 – 30b 

  

PNb NH4 preference factor for 
benthic algae growth 

Unitless 0.5 0 - 1.0   

Fpocb Fraction of bethic algae l 
mortality into POC 

Unitless 0.9 0 - 1.0   

Fw Fraction of benthic algae 
mortality into water column 

Unitless 0.9 0 - 1.0   

Fb Fraction of bottom area 
available for benthic algae 
growth 

Unitless 0.9 0 - 1.0   

Nitrogen cycle 

knit(T) Nitrification rate  d-1 0.1 0.1 - 2.0b 

0.09 – 0.13c 

0.01 - 10e 

0.025 - 6.0f 

Yes 1.083b 
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Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction  

kon(T) Decay rate of organic N to NH4 d-1 0.1 0.02 - 0.4b 

0.001 - 1.0e 
Yes 1.047b 

vson Organic N settling velocity m d-1 0.01 0 - 2.0c 

0 - 0.1e 
  

kdnit(T) Denitrification rate  d-1 0.002 0.002 - 2.0e Yes 1.045 

KsOxdn  Half-saturation oxygen 
inhibition constant for 
denitrification  

mg-O2 L-1 0.1f n/a   

vno3(T) Sediment denitrification 
velocity 

m d-1 0 0 - 1.0e Yes 1.08 

rnh4 Sediment release rate of NH4 g-N m-2 d-1 0 n/a Yes 1.074b 

Phosphorus cycle 

kop(T) Decay rate of organic P to DIP d-1 0.1 0.01 - 0.7b 

0.001 - 1.0e 
Yes 1.047b 

vsop Organic P settling velocity m d-1 0.01 0 - 2.0c 

0 - 0.1e 
  

vsp Solids settling velocity  m d-1 0.1 0 - 2.0c 

0 - 30e 
  

rpo4 Benthic sediment release rate 
of DIP 

g-P m-2 d-1 0 0.001 – 0.15j  Yes 1.074b 

Carbon cycle 

Fpocp Fraction of algal mortality into 
POC 

Unitless 0.9 0 - 1.0   

vsoc POC settling velocity m d-1 0.01 0 – 2.0c   

kpoc(T) POC hydrolysis rate  d-1 0.005 0.001 - 0.2c Yes 1.047c 

kdoc(T) DOC oxidation rate  d-1 0.01 0.01 - 0.2c Yes 1.047c 

KsOxmc  Half-saturation oxygen 
attenuation for DOC oxidation  

mg-O2 L-1 1.0 n/a   

Fco2 Fraction of DIC in CO2 Unitless 0.2 0 - 1.0   

pCO2 Partial pressure of CO2 ppm 383a n/a   

Particulate organic matter 

vsom POM settling velocity m d-1 0.1 0.05 - 1.0j   

kpom(T) POM dissolution rate  d-1 0.005 0.001 - 0.11j Yes 1.047c 

kpom2(T) Sediment POM dissolution rate  d-1 0.005 0.001 - 0.2c Yes 1.047c 

h2 Active sediment layer 
thickness 

m 0.01 0.001 - 1.0   

w2 Sediment burial rate cm yr-1 0.25 n/a   

Carbonaceous biochemical oxygen demand 

kbodi(T) CBOD oxidation rate  d-1 0.12 0.02 - 3.4b Yes 1.047b 
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Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction  

KsOxbodi  Half-saturation oxygen 
attenuation for CBOD oxidation  

mg-O2 L-1 0.5c n/a   

ksbodi(T) CBOD sedimentation rate d-1 0 -0.36 - 0.36b Yes 1.024b 

Pathogen 

kdx(T) Pathogen death rate  d-1 0.8a n/a Yes 1.07a 

αpx Light efficiency factor for 
pathogen decay 

Unitless 1.0a n/a   

vx Pathogen settling velocity m d-1 1.0a n/a   
* Subscript i represent a specific CBOD group. 
a Chapara et al. (2008). 
b Brown and Barnwell (1987). 
c Wool et al. (2006). 
d Brown (2002). 
e Flynn et al. (2015). 
f Bowie et al. (1985). 
g Thomann and Muller (1987). 
h Thomann and Fitzpatrick (1982). 
i. Schnoor (1996). 
j EL (1995b). 

Literature ranges in the above table are taken from published values and 
from other water quality models. It should be noted that the suggested 
range values are based on a limited literature review. Most of them are 
model calibration parameters from real world applications. Parameters 
should be selected from a range of feasible values, tested in the model, and 
then adjusted until a satisfactory agreement between predicted and 
observed variables is obtained. It is also common practice to use model 
parameters that are determined from other studies. 

3.15 NSMI Outputs 

This section describes the model outputs associated with NSMI. The 
output data includes the concentrations of water quality state variables 
and intermediate variables computed in the NSMI. Table 2 lists the water 
quality state variables modeled in NSMI.  
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3.15.1 Derived variables 

In order to compare model results with monitoring data, derived water 
quality constituents are computed directly from the state variables. Table 7 
lists the fourteen (14) derived variables computed in NSMI.  

Table 7. Derived water quality variables computed in NSMI. 

Variable Definition Units 

Apd Algale (dry weight) mg-D L-1 

Chlb Benthic chlorophyll-a mg-Chla m-2 

DIN Dissolved inorganic nitrogen mg-N L-1 

TON Total organic nitrogen mg-N L-1 
TKN Total kjeldahl nitrogen mg-N L-1 
TN Total nitrogen mg-N L-1

 
DIP Dissolved inorganic phosphorus mg-P L-1 

TOP Total organic phosphorus mg-P L-1 

TP Total phosphorus mg-P L-1 
TOC Total organic carbon mg-C L-1 

CBOD5 5-day carbonaceous biochemical oxygen 
demand 

mg-O2 L-1
 

λ Light attenuation coefficient m-1
 

ka Oxygen reaeration rate d-1 

pH pH - 

3.15.2 Pathway fluxes 

Pathway fluxes are important for analyzing individual processes in water 
quality analysis or they can also be used for debugging the model. Table 8 
summarizes a list of pathway fluxes and additional variables that can be 
reported in NSMI model outputs. 

Table 8. Pathway fluxes and additional variables computed in NSMI. 

Name Definition Units 

Algae 

Ap growth Algal growth  µg-Chla/L/d 

Ap respiration  Algal respiration  µg-Chla/L/d 

Ap mortality  Algal mortality  µg-Chla/L/d 

Ap settling  Algal settling µg-Chla/L/d 

FL Algal growth light limit factor Unitless 
FN Algal growth N limit factor Unitless 
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Name Definition Units 

FP Algal growth P limit factor Unitless 

Benthic algae 

Ab growth Benthic algae growth  mg-D/L/d 

Ab respiration  Benthic algae respiration  mg-D/L/d 

Ab mortality  Benthic algae mortality  mg-D/L/d 

FLb Benthic algae growth light limit factor Unitless 
FNb Benthic algae growth N limit factor Unitless 
FPb Benthic algae growth P limit factor Unitless 

FSb Benthic algae growth space limit factor Unitless 

Nitrogen cycle 
Ap-->OrgN Algal mortality into organic N mg-N/L/d 

OrgN-->Bed Organic N settling  mg-N/L/d 

OrgN-->NH4 Organic N decay into NH4 mg-N/L/d 

Ap-->NH4 Algal respiration into NH4 mg-N/L/d 

NH4-->Ap Algal uptake from NH4 mg-N/L/d 

NH4-->NO3 NH4 nitrification  mg-N/L/d 

Bed<-->NH4 Sediment release of NH4  mg-N/L/d 

NO3-->Ap Algal uptake from NO3 mg-N/L/d 

NO3 denitrification NO3 denitrification mg-N/L/d 

NO3<-->Bed Sdiment NO3 denitrification mg-N/L/d 

Ab-->OrgN Benthic algae mortality into organic N mg-N/L/d 

Ab-->NH4 Benthic algae respiration into NH4 mg-N/L/d 

NH4-->Ab Benthic algae uptake from NH4 mg-N/L/d 

NO3-->Ab Benthic algae uptake from NO3 mg-N/L/d 

Phosphorous cycle 

Ap-->OrgP Algal mortality into organic P mg-P/L/d 

OrgP-->Bed Organic P settling  mg-P/L/d 

OrgP-->DIP Organic P decay into DIP mg-P/L/d 

Ap-->DIP Algal respiration into DIP mg-P/L/d 

DIP-->Ap Algal uptake from DIP mg-P/L/d 

TIP-->Bed TIP net settling mg-P/L/d 

Bed<-->DIP Sediment release of DIP  mg-P/L/d 

Ab-->OrgP Benthic algae mortality into organic P mg-P/L/d 

Ab-->DIP Benthic algae respiration into DIP mg-P/L/d 

DIP-->Ab Benthic algae uptake from DIP mg-P/L/d 
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Name Definition Units 

Carbon Cycle 

Ap-->POC Algal mortality into POC mg-C/L/d 

Ap-->DOC Algal mortality into DOC mg-C/L/d 

POC-->Bed POC settling  mg-C/L/d 

POC-->DOC POC hydrolysis  mg-C/L/d 

POM-->DOC POM dissolution  mg-C/L/d 

Ab-->POC Benthic algae mortality into POC mg-C/L/d 

Ab-->DOC Benthic algae mortality into DOC mg-C/L/d 

DOC-->Denitrification DOC consumed by denitrification mg-C/L/d 

DOC-->DIC DOC oxidation  mg-C/L/d 

CBOD-->DIC CBOD oxidation mg-C/L/d 

Atm<-->DIC Atmospheric CO2 reaeration  mol/L/d 

DIC-->Ap Algal uptake from DIC mol/L/d 

Bed<-->DIC Sediment release of DIC  mol/L/d 

Ab-->DIC Benthic algae respiration into DIC mol/L/d 

DIC-->Ab Benthic algae uptake from DIC mol/L/d 

Particulate organic matter 

Ap-->POM Algal mortality into POM mg-D/L/d 

POM-->Bed POM settling  mg-D/L/d 

POM dissolution POM dissolution  mg-D/L/d 

Ab-->POM Benthic algae mortality into POM mg-D/L/d 

POM2 dissolution Sediment POM dissolution mg-D/L/d 

POM deposition POM deposition mg-D/L/d 

POM2 burial Sediment POM burial mg-D/L/d 

CBOD i 

CBOD i oxidation  CBOD oxidation  mg-O2/L/d 

CBOD i sedimentation  CBOD net sedimentation  mg-O2/L/d 

Dissolved oxygen 

Atm<-->O2 Atmospheric O2 reaeration  mg-O2/L/d 

DOs Dissolved oxygen saturation mg-O2/L 

Ap-->O2 O2 produced by algal photosynthesis mg-O2/L/d 

O2-->Ap O2 consumed by algal respiration mg-O2/L/d 

O2-->Nitrification O2 consumed by nitrification mg-O2/L/d 

O2-->DOC O2 consumed by DOC oxidation mg-O2/L/d 

O2-->CBOD O2 consumed by CBOD oxidation mg-O2/L/d 

Ab-->O2 O2 produced by benthic algae 
photosynthesis 

mg-O2/L/d 



ERDC/EL TR-16-1 70 

 

Name Definition Units 

O2-->Ab O2 consumed by benthic algae 
respiration 

mg-O2/L/d 

SOD Sediment oxygen demand mg-O2/L/d 

Pathogen 

PX death Pathogen death cfu/100mL/d 

PX decay Pathogen decay by sunlight cfu/100mL/d 

PX settling Pathogen settling  cfu/100mL/d 

Alklinity 

Ap-->Alk Alk increased by algal respiration mg-CaCO3/L/d 

Alk-->Ap Alk decreased by algal growth mg-CaCO3/L/d 

Alk-->Nitrification Alk decreased by nitrification mg-CaCO3/L/d 

Denitrification-->Alk Alk increased by denitrification mg-CaCO3/L/d 

Ab-->Alk Alk increased by benthic algae 
respiration 

mg-CaCO3/L/d 

Alk-->Ab Alk decreased by benthic algae growth mg-CaCO3/L/d 



ERDC/EL TR-16-1 71 

 

4 Nutrient Simulation Module II (NSMII) 

4.1 Overview 

The NSMII was designed to conduct an advanced water quality simulation. 
An expansion of the water column state variables in NSMII includes twenty-
four water quality state variables. Included in NSMII are multiple algal 
groups, split of organic nitrogen and phosphorous into dissolved and 
particulate species, carbon cycle, pH, and benthic sediment diagenesis 
module. In addition, NSMII models algae, nutrient cycles, and DO 
dynamics in more detail than NSMI. NSMII also allows for a more detailed 
parameterization of nitrogen, phosphorous, and carbon cycles from organic 
to inorganic species. The process formulations for organic matter (C, N, P) 
decomposition, nitrification, and oxidation have been improved in NSMII. 
The algorithms and formulations incorporated into NSMII were adopted in 
part from four surface water quality models: QUAL2K (Chapra et al. 2008), 
WASP (Wool et al. 2006), CE-QUAL-W2 (Cole and Wells 2008), and CE-
QUAL-ICM (Cerco and Cole 1993, Cerco et al. 2004). CE-QUAL-W2 (W2) is 
a 2-D longitudinal/vertical hydrodynamic and water quality model for 
rivers and lakes. The water quality and hydrodynamic routines are directly 
coupled in W2. Water quality constituents include suspended solids, 
coliforms, total dissolved solids, dissolved organic matter, particulate 
organic matter, algae, phosphorous, ammonia, nitrate, DO, CBOD, 
inorganic carbon, alkalinity, pH, iron, and zero-order and first-order 
benthic sediments. CE-QUAL-ICM (ICM) is a dynamic water quality model 
that can be applied to most water bodies in one, two, or three dimensions. 
The ICM can model more than 30 state variables, including physical 
properties; multiple forms of algae, carbon, nitrogen, phosphorus, and 
silica; and DO, two size classes of zooplankton, two benthos compartments, 
submerged aquatic vegetation, epiphytes, and benthic algae. The NSMII 
shares many algorithms and formulations with these models. 

Figure 9 provides an overview of the NSMII representation of water 
quality state variables and major processes involved in the water column. 
Algae may be either floating (phytoplankton) or attached to the bed such 
as periphyton. Floating algae are subject to sinking while periphyton are 
subject to substrate limitations. Diatoms are distinguished from other 
algae in that they need silicate to grow. Organic matter has a fundamental 
role in water quality processes, which cannot be identified by single 
lumped organic nitrogen, phosphorus and carbon state variables alone 
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(Connolly and Coffin 1995, Shanahan et al. 1998, Chapra 1999). Compared 
to NSMI, NSMII includes dissolved, refractory, and labile particulate 
organic species. Labile and refractory organic matter distinctions are 
based upon relative decay rates of the organics. A labile fraction describes 
organic materials that decay on a time scale of days to weeks while a 
refractory fraction accounts for decay processes lasting months to a year. 
Note that the NSMII splits dissolved organic carbon, particulate organic 
carbon, nitrogen, and phosphorus into labile and refractory fractions but 
represents dissolved organic nitrogen and phosphorus as homogenous 
components. Water quality kinetics for CBOD, pathogen, and alkalinity are 
modeled in NSMII as for NSMI. 

Figure 9. Water quality state variables and major processes modeled in NSMII. 
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In NSMII, hydrolysis of particulate organic nutrient pools (N, P, C) into 
dissolved organic form is simulated as a first-order, temperature-dependent 
process. Mineralization processes account for bacterially mediated oxida-
tion of dissolved organic matter. Mineralization of the organic nutrient 
pools back to inorganic nutrients (i.e. NH4, DIP, DIC) and is simulated as a 
first-order, temperature-dependent process. Nitrification and 
denitrification influence the dissolved inorganic nitrogen (DIN) fraction. 
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These processes are represented as first-order, oxygen-dependent reactions. 
The attenuation factor of the kinetic rate due to low oxygen is computed 
using the half-saturation function. Similar to NSMI, NSMII uses a single 
settling rate of organic matter and does not include resuspension. Both 
modules rely on the concept of net settling. This net settling velocity 
represents the long-term difference between settling and resuspension. 

Table 9. Water quality state variables modeled in NSMII. 

Variable Definition Units Option 

Api Algae (Phytoplankton) µg-Chla L-1 1-3 

Ab Benthic algae  g-D m-2 On/Off 

NO3 Nitrate mg-N L-1 On 

NH4 Ammonium mg-N L-1 On 

DON Dissolved organic nitrogen  mg-N L-1 On 

LPON Labile particulate organic nitrogen  mg-N L-1 On 

RPON Refractory particulate organic nitrogen  mg-N L-1 On 

TIP Total inorganic phosphorus  mg-P L-1 On 

DOP Dissolved organic phosphorus  mg-P L-1 On 

LPOP Labile particulate organic phosphorus  mg-P L-1 On 

RPOP Refractory particulate organic phosphorus  mg-P L-1 On 

DIC Dissolved inorganic carbon  mol L-1 On 

LDOC Labile dissolved organic carbon  mg-C L-1 On 

RDOC Refractory dissolved organic carbon  mg-C L-1 On 

LPOC Labile particulate organic carbon  mg-C L-1 On 

RPOC Refractory particulate organic carbon  mg-C L-1 On 

CBODi Carbonaceous biochemical oxygen demand mg-O2 L-1 0-10 

CH4 Methane mg-O2 L-1 On/Off 

HxS Total dissolved sulfides mg-O2 L-1 On/Off 

DO Dissolved oxygen  mg-O2 L-1 On 

BSi Particulate biogenic silica mg-Si L-1 On/Off 

DSi Dissolved silica mg-Si L-1 On/Off 

PX Pathogen cfu (100 mL)-1 On/Off 

Alk Alkalinity mg-CaCO3 L-1 On/Off 

In NSMII, hydrolysis of particulate organic nutrient pools (N, P, C) into 
dissolved organic form is simulated as a first-order, temperature-
dependent process. Mineralization processes account for bacterially 
mediated oxidation of dissolved organic matter. Mineralization of the 
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organic nutrient pools back to inorganic nutrients (i.e. NH4, DIP, DIC) is 
simulated as a first-order, temperature-dependent process. Nitrification 
and denitrification influence the dissolved inorganic nitrogen (DIN) 
fraction. These processes are represented as first-order, oxygen-dependent 
reactions. The attenuation factor of the kinetic rate due to low oxygen is 
computed using the half-saturation function. Similar to NSMI, NSMII uses 
a single settling rate of organic matter and does not include resuspension. 
Both modules rely on the concept of net settling. This net settling velocity 
represents the long-term difference between settling and resuspension. 

Table 9 lists the NSMII’s water quality state variables and the symbols. 
The NSMII allows the user to turn on/off the following state variables: 
benthic algae, CBOD, silica, methane, sulfide, alkalinity and pathogen. 
When a state variable is bypassed, the user does not have to provide any 
input parameters. The concentration of inorganic suspended soilds is a 
required input for computing partitioning of inorganic P. Alkalinity and 
DIC are necessary state variables active for computing pH. Two options 
are available for determining SOD and benthic sediment releases. The first 
option employs user-specified fluxes. The second option is to couple the 
water quality kinetics with the benthic sediment diagenesis module, as 
described in the next chapter. The sediment diagenesis module internally 
computes the sediment–water fluxes based on deposition of organic 
particles and other factors. 

4.2 Algae 

The NSMII can model up to three algae species groups based on dominant 
functions as diatoms, green algae, blue-greens, etc. Algae may include 
microscopic phytoplankton and free-floating water weeds or certain types of 
plants. For example, most freshwater phytoplankton are made up of green 
algae and cyanobacteria, also known as blue-green algae. Marine 
phytoplankton are mainly composed of microalgae and diatoms, though 
other algae and cyanobacteria can be present. Diatoms differ from other 
species, in part because of their dependency on dissolved silica for growth. 
The use of multiple groups within NSMII allows for a more detailed 
representation of the algae dynamics of the system, such as representations 
of phytoplankton species. Proper group aggregation can provide insight into 
potential problems associated with modeled algal biomass magnitudes and 
timing of blooms (Baird 2010). 
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Algal biomass with each group is modeled as an independent state variable 
with different nutrient and chlorophyll-a contents, attenuation coefficient, 
growth rate, respiration rate, and mortality rate. The basic kinetics 
affecting algal growth and death are identical for the three groups with a 
distinction in the assigned growth kinetic constants for each group. Algal 
involvement in the nutrient cycles is explained in the following sections.  

4.2.1 Stoichiometric ratios 

The stoichiometric ratios associated with algal biomass, carbon, nitrogen, 
phosphorous, carbon and oxygen must be prescribed in NSMII. Table 10 
summarizes stoichiometric ratios internally computed in NSMII. 

Table 10. Stoichiometric ratios of algae and oxygen internally computed in NSMII. 

Symbol  Definition Unit Formulationa 

rnai

 
algal N : Chla ratio mg-N µg-Chla-1

 
annai AWAWr =  

rpai

 
algal P : Chla ratio mg-P µg-Chla-1

 
appai AWAWr =  

rcdi

 
algal C : D ratio mg-C mg-D-1

 
dccdi AWAWr =  

rcai

 
algal C : Chla ratio mg-C µg-Chla-1

 
accai AWAWr =  

rdai

 
algal D : Chla ratio mg-D µg-Chla-1

 
addai AWAWr =  

rsiai

 
algal Si : Chla ratio mg-Si µg-Chla-1

 
asisiai AWAWr =  

roc

 
O2 : C ratio for carbon oxidation  g-O2 g-C-1

 
1232=ocr  

ron

 
O2 : N ratio for nitrification  g-O2 g-N-1

 
14322 ⋅=onr  

a The symbols are defined in Table 20. Subscript i represents a specific algal group. 

4.2.2 Algal kinetics 

Algae are modeled with NSMII as is done previously with NSMI. The 
NSMII allows the specification of up to three algal groups. These groups 
may be defined based on their functions. Each group is governed by the 
same kinetic equation. Distinctions between the groups are represented by 
using different parameter values. A variable stoichiometry with respect to 
each algal group is allowed. Algal sources (+) and sinks (-) include 
photosynthesis or growth, respiration, mortality, and settling. Attenuation 
factor due to low oxygen for algal respiration is computed using the half-
saturation function. For each algae group, internal source (+) and sink (-) 
equation of algae biomass can be written as 
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pipi
pi A

dt
dA

T ⋅= )(µ  Algal growth, (4.1) 

pirpiOxpi AkF T ⋅− )(  Algal respiration,  

pidpi Ak T ⋅− )(  Algal mortality,  

pi
sai A
h

v
−  Algal settling,  

where  

 Api  =  algae (µg-Chla L-1), 
 µpi(T)  =  growth rate of algal group i [d-1], 
 krpi(T)  =  respiration rate of algal group i (d-1), 
 kdpi(T)  =  death rate of algal group i (d-1), 
 vsai  =  settling velocity of algal group i (m d-1), 
 FOxpi  =  oxygen attenuation factor for algal respiration (0–1.0). 

The subscript “i" in the above equation is used to represent a specific algal 
group. 

Attenuation factor due to low oxygen for algal respiration is computed 
using the half-saturation function  

  Oxpi sOxpiF DO K DO  ,  (4.2) 

where  

 KsOxpi  =  half-saturation oxygen attenuation constant for algal 
respiration (mg-O2 L-1). 

Total algal biomass expressed as chlorophyll-a and dry weight can be 
computed as 

 piChla A
3

1
, (4.3a) 

 pd dai piA r A
3

1
, (4.3b) 
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where  

 Chla  =  chlorophyll-a (µg-Chla L-1), 
 rdai  =  algal D : Chla ratio (mg-D µg- Chla-1), 
 Apd  =  algae (dry weight) (mg-D L-1). 

4.2.3 Algal growth rate 

Algal growth is dependent upon temperature, light, and nutrient levels, 
which modify the maximum growth rate to ambient conditions (Kiffney 
and Bull 2000, Weckstrom and Korhola 2001, Cascallar et al. 2003). The 
algal growth rate is a complicated function of the species of algae present 
and their differing reactions to solar radiation, temperature, and the 
balance between nutrient availability and algae requirements. 
Temperature, nutrient, and light impacts on algal growth are simulated 
using a multiplicative formulation. For each algal group, its growth rate is 
determined by the maximum potential growth rate multiplied by the 
minimum value due to limitation by temperature; light; nitrogen; 
phosphorous; and, when diatoms are considered, silica 

 ( )pi mxpi pi pi piTμ μ FT FN FL , (4.4)  

where 

 µmxpi  =  maximum growth rate of algal group i (d-1),   
 FTpi  =  temperature limiting factor of algal group I,  
 FNpi  =  nutrient limiting factor of algal group i (0 - 1.0), 
 FLpi  =  light limiting factor of algal group i (0 -1.0). 

Note that nutrient limitation and harmonic mean options in NSMI are not 
included in NSMII; the multiplicative formulation is likely to provide a 
realistic representation of growth limitation. 

4.2.3.1 Temperature limitation  

Arrhenius Equation or theta temperature function is used in NSMI for 
adjusting essentially all kinetic rates. This correction function does not 
account for algae growth at the temperature optimums. In NSMII, the 
growth rates of algal groups are controlled with temperature optimums that 
maximize growth at a certain temperature and decrease growth above and 
below this temperature. In this manner, growth of winter, summer, and fall 
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algal groups can peak at different times of the year or within different 
temperature ranges. Algal production increases as a function of temperature 
until an optimum temperature is reached. Above the optimum, production 
declines until a temperature lethal to the organism is attained (Figure 10). 
This function is similar to a Gaussian probability curve and different from 
the Arrhenius Equation used in NSMI. The temperature correction 
algorithms for algal growth in NSMII were adapted from ICM. The 
temperature correction function is given by  

 ( )p i w opikt T T
piFT e 

2
1  Tw ≤ Topi, (4.5a) 

 ( )p i opi wkt T T
piFT e 

2
2  Tw > Topi, (4.5b) 

where 

 T0pi  =  optimal temperature for algal growth (0C), 
 ktp1i =  effect of temperature below T0p on algal growth (0C-2), 
 ktp2i  =  effect of temperature above T0p on algal growth (0C-2). 

Figure 10. Dependence of algal growth on temperature. 

 

4.2.3.2 Light limitation 

Sunlight is the most limiting factor for algal growth, followed by nitrogen 
and phosphorus limitations. For the effect of light on the algal growth rate, 
it is assumed that light attenuation through the water follows the Beer-
Lambert law. There are three different models for quantifying the effects 
of light limitation of algal growth: half-saturation function (Baly 1935), 
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Smith’s function (Smith 1936), and Steele’s function (Steele 1962). These 
functions have been described in NSMI.  

Half-saturation function: 

 ln Li
pi λ h

Li

K I
FL

λ h K I e 

         
0

0

1 , (4.6) 

Smith’s function:  

 ln Li Li
pi

λ h λ h

Li Li

I I
K K

FL
λ h I I

K K
e e   

                                

2

0 0

2

0 0

1
1

1

, (4.7) 

Steele’s function: 

 .
I λ h

KLi
Li

I
K

pi

e
FL

λ h
e e

       

     
 
      

0 02 718 , (4.8) 

where  

 λ  =  light attenuation coefficient (m-1), 
 KLi  = light limiting constant for algal growth (W m-2). 

4.2.3.3 Nutrient limitation 

Varying nutrient levels on the growth rate of algae must be evaluated. 
Algae require at least some critical nutrients to stimulate the growth of the 
population. As the nutrient level is increased, growth commences. 
However, as nutrient levels continue to increase, the effect on the growth 
rate of algae is reduced. The nutrient limiting factor for each algal group is 
expressed as 

 ( )
min ,

( )pi
sNpi sPpi

NH NO DIPFN
K NH NO K DIP

        

4 3
4 3

,  (4.9a) 
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where 

 NH4  =  ammonium (mg-N L-1), 
 NO3  =  nitrate (mg-N L-1), 
 DIP  =  dissolved inorganic phosphorus (mg-P L-1), 
 KsNpi  =  half-saturation N limiting constant for algal growth (mg-N L-1), 
 KsPpi  =  half-saturation P limiting constant for algal growth (mg-P L-1). 

When diatoms are modeled, silica limitation should be included as a 
component of nutrient limiting factors. The other groups of algae do not 
require silica for their growth, and therefore silica is not considered as a 
limiting nutrient. For the diatom species, the silica limitation function is 
similar to that for nitrogen and phosphorus in the sense that growth rates 
are reduced owing to the presence of low silica. The nutrient limiting 
factor with silica limitation is expressed as 

 
( )

min , ,
( )pi

sNpi sPpi sPSipi

NH NO DIP DSiFN
K NH NO K DIP K DSi

         

4 3
4 3

,  (4.9b) 

where 

 DSi  =  dissolved silica (mg-Si L-1), 
 KsSipi  =  half-saturation Si limiting constant for algal growth (mg-Si L-1). 

4.2.4 Nitrogen uptake preference 

Nitrogen and phosphorus are essential to algae for assimilation of proteins 
and enzymes. Algae reduce the concentration of nutrients in the water by 
consuming NH4, NO3, and inorganic phosphorous. The uptake of dissolved 
silica is species dependent. With the exception of diatoms, the other groups 
of algae do not require silica for their growth. Through assimilation, these 
nutrients are transformed into organic materials that serve as a food source. 
A portion of the organic matter that is not used for food decomposes, which 
further affects the oxygen and nutrient levels in the water bodies. Although 
algae take up uses both NH4 and NO3, their preference for the former has 
been demonstrated for physiological reasons (Walsh and Dugdale 1972). 
Algae and other microorganisms prefer NH4 above NO3. Stanley and 
Hobbie (1981) observed that the uptake of NH4 by river plankton was three 
times as high as the NO3 uptake, although the NH4 concentration was only 
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half of the NO3 concentration. This means the turnover rate of the NH4 was 
six times higher than the turnover rate of NO3. 

The algal preference factor for NH4 defines the relative preference of algae 
for NH4 and NO3. A preference fraction of algal uptake from NH4 as a 
nitrogen source is expressed as 

 
( )( ) ( )( )

snxpi
Npi

snxpi snxpi snxpi

NH kNH NOP
k NH k NO NH NO k NO


 

   

44 3
4 3 4 3 3

, (4.10) 

where 

 ksnxpi  =  half saturation NH4 preference constant for algal uptake (mg-
N L-1), 

 PNpi  =  preference fraction of algal N uptake from NH4 (0–1.0). 

4.2.5 Algal mortality and settling 

Algal mortality can occur as a response to unfavorable environmental 
conditions. Phytoplankton under stress may suffer greatly increased 
mortality due to autolysis and parasitism (Harris 1986). Stressful changes 
include nutrient depletion, unfavorable temperature, and damage by light 
(LeCren and Lowe-McConnell 1980). A fraction of algal mortality is 
assumed to go to refractory organic matter; a small fraction goes to labile 
organic matter. 

Phytoplankton that settle to the bottom (that are not linked to benthic 
algae) are considered to become sediment organic matter. The settling algae 
can be a significant source of nutrients to the sediments and also contribute 
an important role in the sediment oxygen demand. Reported algal settling 
rates typically range from 0.1 to 5 m d-1 (Bienfang et al. 1982, Riebesell 
1989, Waite et al. 1992). In some instances however, the settling velocity is 
zero or negative. The algal settling rate used in NSMII represents the net 
effect of all physiological and behavioral processes that result in the 
downward transport of algae. Actual settling in natural waters is a complex 
phenomenon, affected by vertical turbulence, density gradients, and the 
physiological state of the different species of algae. Settling velocities for 
each algal group are specified as input parameters. 



ERDC/EL TR-16-1 82 

 

4.2.6 Light attenuation coefficient 

The same formulation included in NSMI is used for calculating the light 
attenuation coefficient (λ). The light attenuation coefficient in the water 
column is the sum of background attenuation (λ0), attenuation due to 
inorganic material (λs), organic matter (λm), linear and nonlinear 
chlorophyll-a (λ1, λ2) 

  s n mλ λ λ m λ POM λ Chla λ Chla     2 3
0 1 2 ,  (4.11) 

where  

 λ0  =  background light attenuation (m-1), 
 λs  =  light attenuation by inorganic suspended solids (L mg-1 m-1), 
 λm  =  light attenuation by organic matter (L mg-1 m-1), 
 λ1  =  linear light attenuation by algae (m-1 (µg-Chla L-1)-1), 
 λ2  =  nonlinear light attenuation by algae (m-1 (µg-Chla L-1)-2/3), 
 POM  =  particulate organic matter (mg-D L-1), 
 mn  =  concentration of inorganic suspended solid “n” (mg L-1). 

4.3 Benthic Algae 

Benthic algae are included in NSMII as an optional state variable. Benthic 
algae are computed on an areal base of benthic sediment and quantified as 
biomass per unit bottom area. Benthic algae are modeled in NSMII as for 
benthic algae in NSMI, except for the temperature limiting factor. The 
growth of benthic algae consumes nutrients and produces oxygen. Benthic 
algae also die and recycle as dissolved and particulate organic matter, 
adding to the aquatic carbon and nutrient pools. 

4.3.1 Stoichiometric ratios 

Table 11 summarizes the stoichiometric ratios related to benthic algae in 
NSMII. Benthic algae nitrogen, phosphorus, and carbon can be converted 
to dry weight biomass or any of the other units. 
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Table 11. Stoichiometric ratios of benthic algae internally computed in NSMII. 

Symbol Definition Unit Formulation* 

rnb

 
benthic algae N : D ratio mg-N mg-D-1

 
dnnb BWBWr =  

rpb

 
benthic algae P : D ratio mg-P mg-D-1

 
dppb BWBWr =  

rcb

 
benthic algae C : D ratio mg-C mg-D-1

 
dccb BWBWr =  

rab

 
benthic Chla : D ratio µg-Chla mg-D-1

 
daab BWBWr =  

* The symbols are defined in Table 21. 

4.3.2 Benthic algae kinetics 

Benthic algae are computed in terms of density per unit bottom area as dry 
weight biomass (g-D m-2). The mass balance equation for benthic algae 
biomass due to the growth, respiration, and death can be written as 

bb
b A

dt
dA

T ⋅= )(µ  Benthic algae growth, (4.12) 

brboxb AkF T ⋅− )(  Benthic algae respiration,  

bdb Ak T ⋅− )(  Benthic algae mortality,  

where  

 Ab  =  benthic algal biomass (g-D m-2), 
 µb(T)  =  benthic algal growth rate (d-1), 
 krb(T)  =  benthic algal base respiration rate (d-1), 
 kdb(T)  =  benthic algal mortality rate (d-1), 
 FOxb  =  oxygen attenuation factor for benthic algal respiration (0–1.0). 

Attenuation factor due to low oxygen for benthic algae respiration is 
computed using the half-saturation function 

  Oxb sOxbF DO K DO  ,  (4.13) 

where 

 KsOxb  =  half-saturation oxygen attenuation coefficient for benthic algae 
respiration (mg-O2 L-1). 
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Benthic algal biomass can be converted into chlorophyll-a using the 
following equation 

 
ab bChlb r A , (4.14) 

where  

 rab  =  benthic Chla : D ratio (µg-Chla mg-D-1). 
 Chlb = benthic chlorophyll-a (mg-Chla m-2). 

4.3.3 Benthic algae growth rate 

The benthic algae kinetic rate is computed in NSMII as is done previously 
with NSMI, with the exception that the temperature limiting factor is 
computed differently. The benthic algae growth rate is a function of 
temperature, nutrients, and light, all based on the maximum rate. Unlike 
algae, bottom light rather than average water column light is used in the 
computation of benthic algae growth 

 ( )b mxb b b b bμ T μ FT FL FN FS , (4.15) 

where  

 µmxb  =  maximum benthic algae growth rate (d-1), 
 FTb  =  temperature effect factor on benthic algal growth, 
 FNb  = nutrient limiting factor for benthic algal growth (0–1.0), 
 FLb  =  light limiting factor for benthic algal growth (0–1.0), 
 FSb  =  space density limiting factor for benthic algae growth (0–1.0). 

4.3.3.1 Temperature limitation 

The theta function is used in NSMI for calculating the temperature 
limiting factor. The effect of temperature on benthic algal growth rate is 
simulated as for floating algae using a Gaussian temperature function 

 ( )b w obkt T T
bFT e 

2
1  Tw ≤ Tob, (4.16a) 

 ( )b ob wkt T T
bFT e 

2
2  Tw > Tob, (4.16b) 
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where 

 T0b  =  optimal temperature for benthic algal growth (0C), 
 ktb1  =  effect of temperature below T0b on benthic algal growth (0C-2), 
 ktb2  =  effect of temperature above T0b on benthic algal growth (0C-2). 

4.3.3.2 Light limitation 

Three alternative formulations are included for calculating the benthic algae 
light limiting factor. These formulations have been described in NSMI.  

Half-saturation function: 

 
λ h

b λ h
Lb

I
FL

K I
e

e

 

 




 
0

0

, (4.17) 

Smith’s function: 
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λ h
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Steele’s function: 
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01
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where 

 KLb  =   light limiting constants for benthic algae growth (W m-2).  

4.3.3.3 Nutrient limitation 

The nitrogen and phosphorous limiting factor for benthic algae growth is 
expressed using a half-saturation function.  

 ( )
min ,

( )b
sNb sPb

NH NO DIPFN
K NH NO K DIP

       

4 3
4 3

,  (4.20) 
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where 

 KsNb =  half-saturation N limiting constant for benthic algae growth 
(mg-N L-1), 

 KsPb  =  half-saturation P limiting constant for benthic algae growth 
(mg-P L-1). 

4.3.3.4 Space limitation 

The following equation is used to attenuate the growth of benthic algae by 
bottom space 

 b
b

Sb b

A
FS

K A
 


1  , (4.21) 

where 

 KSb =  half-saturation density constant for benthic algae growth (g-D m-2). 

4.3.4 Nitrogen uptake preference 

The nitrogen uptake rates for bottom algae depend on both available NH4 
and nitrate. The preference fraction of benthic algae nitrogen uptake from 
NH4 as a nitrogen source is expressed as 

 
( )( ) ( )( )

snxb
Nb

snxb snxb snxb

NH kNH NOP
k NH k NO NH NO k NO


 

   
44 3

4 3 4 3 3
, (4.22) 

where 

 ksnxb  =  half saturation NH4 for benthic algae uptake (mg-N L-1), 
 PNb  =  NH4 preference factor for benthic algae growth (0–1.0). 

Mortality of benthic algae contributes to the concentration of particulate 
organic matter in the sediments. The contribution of benthic algae to 
sediment particulate organic matter is defined as a fraction of the 
mortality rate. 
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4.4 Nitrogen Species 

The nitrogen species commonly found in surface water are NO3, NO2, NH4, 
DON, and PON (Meybeck 1982). The concentration of dissolved organic 
nitrogen (DON) frequently exceeds that of DIN, including NO3, NO2 and 
NH4. The DON pool in natural waters is not inert and can be an important 
sink and source for the nitrogen cycle (Berman and Bronk 2003). Compared 
to NSMI, DON is included as a state variable. Nonliving particulate organic 
nitrogen is represented with two state variables as refractory and labile 
particulate organic nitrogen (RPON and LPON). Figure 11 shows an 
overview of the NSMII representation of nitrogen species and a simplified 
nitrogen cycle involved in the water column. Five nitrogen state variables 
are included in NSMII: RPON, LPON, DON, NH4, and NO3.  

Figure 11. Water column nitrogen species and major processes modeled in 
NSMII. 
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Particulate organic nitrogen, whether refractory or labile, decomposes to 
DON through hydrolysis. The DON mineralizes to NH4, which is 
subsequently nitrified to NO2 and NO3 via a reaction in which DO is 
consumed. The primary internal source of inorganic nitrogen is from 
organic nitrogen as it transforms into NH4. Nitrification is an aerobic 
reaction; therefore, the reaction decreases as DO concentrations decrease 
below a certain value. Thus, the nitrification reaction is dependent on DO 
concentrations and on water temperature. The denitrification of NO3 to 
nitrogen gas is an anaerobic reaction that varies with temperature. The 
primary sink of the inorganic nitrogen forms the algal uptake. NH4 and 
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NO3 are used during algal growth; however, the preferred form is NH4. 
The rate at which each is taken up is a function of its concentration relative 
to the available dissolved inorganic nitrogen (NH4 plus NO3). During algal 
respiration and death, a fraction of the algal cellular nitrogen is returned 
to the inorganic pool in the form of NH4. The remaining fraction is 
recycled to the dissolved and particulate organic nitrogen pools. The 
benthic algae are linked to the nitrogen cycle via the processes of growth, 
respiration, and death, as shown in Figure 11.  

The nitrification rate is computed using Michaelis-Menten kinetics 
(Michaelis and Menten 1913) with respect to both DO and NH4. The first 
function attenuates nitrification due to low DO concentration. The second 
function takes account of the effect of NH4 concentration on nitrification. 
Denitrification is included for the water column and benthic sediments. 
Sediment–water fluxes of NH4 and NO3 are either a source of, or sink for, 
these nutrients in the water column. If the sediment diagenesis module is 
included (see Chapter 5), sediment–water fluxes of NH4 and NO3 are 
explicitly computed, otherwise inorganic nitrogen released from the 
sediment bed is specified by the user. Table 12 presents the pathway terms 
(sources and sinks) for the nitrogen state variables included in NSMII. 

Table 12. Major pathways for nitrogen state variables in NSMII. 

State 
Variables 

Internal Sources (+) Internal Sinks (-) 

RPON Algal mortality (Ap-->RPON) Hydrolysis (RPON-->DON) 
Settling (RPON-->Bed) 

LPON Algal mortality (Ap-->LPON) Hydrolysis (LPON-->DON) 
Settling (LPON-->Bed) 

DON Hydrolysis of LPON and RPON 
(RPON-->DON, LPON-->DON) 
Algal mortality (Ap-->DON) 

Mineralization (DON-->NH4) 

NH4 Algal respiration (Ap-->NH4) 
Mineralization (DON-->NH4) 
Sediment release (Bed<-->NH4) 

Algal uptake (NH4-->Ap) 
Nitrification (NH4-->NO3) 

NO3 Nitrification (NH4-->NO3) Algal uptake (NO3-->Ap) 
Denitrification (NO3-->N2)  
Sediment denitrification (NO3<-->Bed) 

The sum of each of source (+) and sink (-) terms in the appropriate 
column above table can then be used to compute the net rate for each 
nitrogen state variable. The internal source and sink equations for 



ERDC/EL TR-16-1 89 

 

nitrogen state variables (RPON, LPON, DON, NH4, NO3) in the water 
column are given below. 

4.4.1 State variables 

Refractory Particulate Organic Nitrogen (RPON): 

∑ ⋅=
∂

∂ 3

)(
i

pinaidpirponp ArkF
t

RPON
T  Algal mortality (Ap-->RPON), (4.23) 

RPONk Trpon ⋅− )(  RPON hydrolysis (RPON-->DON),  

RPON
h

vsr−  RPON settling (RPON-->Bed),  

wbbnbdbrponb FFArkF
h

T ⋅+ )(1  Benthic algae mortality (Ab-->RPON),  

where  

 RPON  =  refractory particulate organic nitrogen (mg-N L-1), 
 Frponp  =  fraction of benthic algae mortality into RPON (0–1.0), 
 krpon(T)  =  hydrolysis rate of RPON (d-1), 
 vsr  =  refractory organic particulate (C,N,P) settling velocity (m d-1), 
 Frponb  =  fraction of benthic algal mortality into RPON (0–1.0), 
 Fw  =  fraction of benthic algae mortality into the water column (0–1.0), 
 Fb  =  fraction of bottom area available for benthic algae growth (0–1.0).  

Labile Particulate Organic Nitrogen (LPON): 

∑ ⋅=
∂

∂ 3

)(
i

pinaidpilponp ArkF
t

LPON
T  Algal mortality (Ap-->LPON), (4.24) 

LPONTklpon ⋅− )(  LPON hydrolysis (LPON-->DON),  

LPON
h
vsl−  LPON settling (LPON-->Bed),  

wbbnbdblponb FFArkF
h

T ⋅+ )(1  Benthic algae mortality (Ab-->LPON),  

where  
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 LPON  =  labile particulate organic nitrogen (mg-N L-1), 
 Flponp  =  fraction of algal mortality into LPON (0–1.0), 
 klpon(T)  =  hydrolysis rate of LPON (d-1), 
 vsl  =  labile organic particulate (C,N,P) settling velocity (m d-1), 
 Flponb  =  fraction of benthic algal mortality into LPON (0–1.0). 

Dissolved Organic Nitrogen (DON): 

RPONk
t

DON
Trpon ⋅=

∂
∂ )(  RPON hydrolysis (RPON-->DON), (4.25) 

LPONk Tlpon ⋅+ )(  LPON hydrolysis (LPON-->DON),  

DONk
DOK

DO
Tdon

sOxmn

⋅
+

− )(  DON mineralization (DON-->NH4),  

( )∑ ⋅−−+
3

)(1
i

pinaidpilponprponp ArkFF T  Algal mortality (Ap-->DON),  

( ) wbbnbdblponbrponb FFArkFF
h

T ⋅−−+ )(11  Benthic algae mortality (Ab-->DON),  

where  

 DON  =  dissolved organic nitrogen (mg-N L-1), 
 kdon(T)  =  mineralization rate of DON (d-1), 
 KsOxmn  =  half-saturation oxygen attenuation constant for DON, 

mineralization (mg-O2 L-1). 

Ammonium (NH4): 

DONk
DOK

DO
t

NH
Tdon

sOxmn

⋅
+

=
∂

∂ )(4
 DON mineralization (DON-->NH4), (4.26) 

4)(
4

4

4

NHk
NHK

NH
DOK

DO
Tnit

sNhsOxna

⋅
++

−  NH4 nitrification (NH4-->NO3),  

∑ ⋅+
3

)(
i

pinairpiOxpi ArkF T  Algal respiration (Ap-->NH4),  

∑ ⋅−
3

)(
i

pinaipiNpi ArP Tµ  Algal uptake (NH4-->Ap),  
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bbnbrbOxb FArkF
h

T ⋅+ )(1  Benthic algae respiration (Ab-->NH4),  

bbnbbNb FArp
h

T ⋅− )(1 µ  Benthic algae uptake (NH4-->Ab),  

4
1

hnr
h

+  Sediment release (Bed<-->NH4),  

where  

 knit(T)  =  nitrification rate (d-1), 
 rnh4 = sediment release rate of NH4 (g-N m-2 d-1), 
 KsOxna  =  half-saturation oxygen attenuation constant for nitrification 

(mg-O2 L-1). 

Nitrate (NO3): 

4)(
4

43

4

NHk
NHK

NH
DOK

DO
t

NO
Tnit

sNhsOxna

⋅
++

=
∂

∂
 NH4 nitrification (NH4-->NO3), (4.27) 

3)(1 NOk
DOK

DO
Tdnit

sOxdn

⋅







+

−−  NO3 denitrification (NO3--
>Loss), 

 

∑ ⋅−−
3

)()1(
i

pinaipiNpi ArP Tµ  Algal uptake (NO3-->Ap),  

bbnbbNb FArP
h

T ⋅−− )()1(1 µ  Benthic algae uptake from NO3 
(NO3-->Ab), 

 

33 NO
h

vno−  Sediment denitrification (NO3<--
>Bed), 

 

where  

 kdnit(T)  =  denitrification rate (d-1), 
 KsOxdn  =  half-saturation oxygen inhibition constant for denitrification 

(mg-O2 L-1), 
 vno3  =  sediment denitrification velocity (m d-1). 

4.4.2 Derived variables 

Derived variables related to nitrogen species are computed as 



ERDC/EL TR-16-1 92 

 

 DIN NH NO 4 3 , (4.28a) 

 nai pi
i

TON DON LPON RPON r A   
3

,  (4.28b) 

 TKN NH TON 4 , (4.28c) 

 TN NO TKN 3 , (4.28d) 

where 

 DIN  =  dissolved inorganic nitrogen (mg-N L-1), 
 TON  =  total organic nitrogen (mg-N L-1), 
 TKN  =  total Kjeldahl nitrogen (mg-N L-1), 
 TN  =  total nitrogen (mg-N L-1). 

4.5 Phosphorus Species 

Phosphorus is found as soluble organic compounds, such as DNA and 
RNA (collectively known as Dissolved Organic Phosphorus—DOP), and in 
a number of insoluble (particulate) forms. Similar to the nitrogen cycle, 
DOP is included in NSMII as a state variable. Particulate organic 
phosphorus is represented with two state variables: as refractory and as 
labile particulate organic phosphorus (RPOP and LPOP). Similar to NSMI, 
TIP is included as a single state variable. The TIP accounts for both the 
dissolved inorganic phosphorous (DIP) and the particulate inorganic 
phosphorous (PIP). Figure 12 shows an overview of the NSMII 
representation of phosphorous species and a simplified phosphorous cycle 
involved in the water column. Four phosphorus state variables are 
included in NSMII: RPOP, LPOP, DOP, and TIP. 
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Figure 12. Water column phosphorus species and major 
processes modeled in NSMII. 
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The particulate and dissolved forms of organic phosphorus decompose 
through the same reaction pathways as nitrogen with the particulate 
fractions settling to the sediment. The dissolved form of organic phosphorus 
further decomposes through mineralization into the inorganic form of 
phosphorus. Additionally, phosphorus is generally much less mobile than 
nitrogen, being strongly adsorbed to sediment and organic matter. 
Inorganic phosphorus is lost through its utilization by algae as a nutrient 
essential for growth and is supplied from or lost to the sediment through 
sediment fluxes. Inorganic phosphorous is partitioned between the 
dissolved phase and that part adsorbed on solids. Sorption of inorganic 
phosphorous on suspended solids is modeled in NSMII. At equilibrium, the 
distribution of inorganic phosphorus between solids and water is deter-
mined by a linear equilibrium partitioning isotherm. In the sediment bed, if 
the optional sediment diagenesis module is included (see Chapter 5), 
sediment–water flux of inorganic phosphorus is internally computed; 
otherwise inorganic phosphorus released from the sediment bed is a user-
specified input. Most plants, algae, and bacteria are capable of rapid uptake 
of phosphorous, especially in the form of orthophosphate, even when it is 
present at low concentrations. DIP is assumed to be in a completely 
available form for uptake. A fraction of the phosphorus released during algal 
respiration is in the inorganic form. The benthic algae are linked to the 
phosphorus cycle via the processes of growth, respiration, and death, as 
shown in Figure 12. Table 13 presents the pathway terms (sources and 
sinks) for the phosphorus state variables included in NSMII.  
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Table 13. Major pathways for phosphorus state variables in NSMII. 

State 
Variables Internal Sources (+) Internal Sinks (-) 

RPOP Algal mortality (Ap-->RPOP) Hydrolysis (RPOP-->DOP) 
Settling (RPOP-->Bed) 

LPOP Algal mortality (Ap-->LPOP) Hydrolysis (LPOP-->DOP) 
Settling (LPOP-->Bed) 

DOP Hydrolysis of LPOP and RPOP (RPOP--
>DOP, LPOP-->DOP) 
Algal mortality (Ap-->DOP) 

Mineralization (DOP-->DIP) 

TIP Mineralization (DOP-->DIP) 
Algal respiration (Ap-->DIP) 
Sediment release (Bed<-->DIP) 

Algal uptake (DIP-->Ap) 
Algal uptake (DIP-->Ap) 

The sum of each of source (+) and sink (-) terms in the appropriate 
column of Table 13 can then be used to compute the net rate for each 
phosphorous state variable. The internal source and sink equations for 
phosphorus state variables (RPOP, LPOP, DOP, TIP) in the water column 
are given below. 

4.5.1 State variables 

Refractory Particulate Organic Phosphorus (RPOP): 

∑ ⋅=
∂

∂ 3

)(
i

pipaidpirpopp ArkF
t

RPOP
T  Algal mortality (Ap-->RPOP), (4.29) 

( )rpop Tk RPOP   RPOP hydrolysis (RPOP-->DOP),  

RPOP
h

vsr−  RPOP settling (RPOP-->Bed),  

wbbpbdbrpopb FFArkF
h

T ⋅+ )(1  Benthic algae mortality (Ab-->RPOP),  

where  

 RPOP  =  refractory particulate organic phosphorous (mg-P L-1), 
 Frpopp  =  fraction of algal mortality into RPOP (0–1.0), 
 krpop(T)  =  RPOP hydrolysis rate (d-1), 
 Frpopb  =  fraction of benthic algal mortality into RPOP (0–1.0). 

Labile Particulate Organic Phosphorus (LPOP): 
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∑ ⋅=
∂

∂ 3

)(
i

pipaidpilpopp ArkF
t

LPOP
T  Algal mortality (Ap-->LPOP), (4.30) 

LPOPk Tlpop ⋅− )(  LPOP hydrolysis (LPOP-->DOP),  

LPOP
h
vsl−  LPOP settling (LPOP-->Bed),  

wbbpbdblpopb FFAr
h

kF T
1)(+  Benthic algae mortality (Ab-->LPOP),  

where  

 LPOP  =  labile particulate organic phosphorous (mg-P L-1), 
 Flpopp  =  fraction of algal mortality into LPOP (0–1.0), 
 klpop(T)  =  LPOP hydrolysis rate (d-1), 
 Flpopb  =  fraction of benthic algal mortality into LPOP (0–1.0). 

Dissolved Organic Phosphorus (DOP): 

RPOPk
t

DOP
Trpop ⋅=

∂
∂ )(  RPOP hydrolysis (RPOP-->DOP), (4.31) 

LPOPk Tlpop ⋅+ )(  LPOP hydrolysis (LPOP-->DOP),  

DOPk
DOK

DO
Tdop

sOxmp

⋅
+

− )(  DOP mineralization (DOP-->DIP),  

( )∑ ⋅−−+
3

)(1
i

pipaidpilpopprpopp ArkFF T  Algal mortality (Ap-->DOP),  

( ) wbbpbdblpopbrpopb FFArkFF
h

T ⋅−−+ )(11  Benthic algae mortality (Ab-->DOP),  

where  

 DOP  =  dissolved organic phosphorous (mg-P L-1), 
 kdop(T)  =  DOP mineralization rate (d-1), 
 KsOxmp  =  half-saturation oxygen attenuation constant for DOP 

mineralization (mg-O2 L-1). 

Total Inorganic Phosphorus (TIP): 
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DOPk
DOK

DO
t

TIP
Tdop

sOxmp
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∂

∂ )(  DOP mineralization (DOP-->DIP), (4.32) 
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h
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sp−  TIP settling (TIP-->Bed),  
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h
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sp−  Algal respiration (Ap-->DIP),  
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3
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i

pipaipi ArTµ  Algal uptake (DIP-->Ap),  

bbpbrbOxb FArkF
h

T ⋅+ )(1  Benthic algae respiration (Ab-->DIP),  

bbpbb FAr
h

T ⋅− )(1 µ  Benthic algae uptake (DIP-->Ab),  

4
1

por
h

+  Sediment release (Bed<-->DIP),  

where  

 TIP  =  total inorganic phosphorous (mg-P L-1),  
 rpo4 = sediment release rate of DIP (g-P m-2 d-1), 
 fdp, fpp  =  dissolved and particulate fractions of inorganic P (0–1.0). 

The particulate and dissolved fractions of inorganic phosphorus are 
internally computed using the equilibrium partitioning method 

 dp pp
po n n

f f
k m  

 6
4

1 1
1 10

, (4.33) 

where  

 kdpo4n  =  partition coefficient of inorganic P for solid “n” (L kg-1). 

4.5.2 Derived variables 

The derived variables related to phosphorus species are computed as 

 
dpDIP f TIP , (4.34a) 
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 ( )pa pi
i

TOP DOP LPOP RPOP r T A   
3

, (4.34b) 

 TP TIP TOP  , (4.34c) 

where 

 DIP  =  dissolved inorganic phosphorus (mg-P L-1), 
 TOP  =  total organic phosphorus (mg-P L-1), 
 TP  =  total phosphorus (mg-P L-1). 

4.6 Carbon Species 

NSMII models a detailed carbon cycle. The organic carbon is represented by 
four state variables: as refractory and labile dissolved organic carbon 
(RDOC and LDOC) and as refractory and labile particulate organic carbon 
(RPOC and LPOC). The splitting of dissolved organic carbon into labile and 
refractory, reflects obvious differences in carbon derived from internal 
versus external sources (Tillman et al. 2004). Dissolved organic carbon in 
surface water is usually composed of minor amounts of biodegradable plant, 
phytoplankton, bacterial residues, and major amounts of biological 
refractory residues. Highly reactive dissolved organic material, such as 
carbonaceous inputs associated with sewage treatment plants or combined 
sewer outfalls that decay on a time scale of days to a week or two, is 
classified as LDOC. Dissolved organic carbon will be oxidized into CO2 and 
methane. The particulate and dissolved forms of carbon decompose through 
the same reaction pathways as phosphorus and nitrogen with the 
particulate fractions settling to the sediment. Oxidation of dissolved organic 
carbon is aerobic and, therefore, reduced at low DO concentrations. Under 
low DO conditions, the denitrification reaction consumes organic carbon. 
The rate of DIC change is proportional to the net primary production from 
each of the algal groups, and it is lost via plant photosynthesis. Additional 
sources and sinks of DIC are via exchange with the atmosphere, via the 
oxidation of organic carbon material, (i.e. RDOC, LDOC, CBOD) and 
denitrification. The benthic algae are linked to the carbon cycle via the 
processes of growth, respiration, and death. Figure 13 shows an overview of 
the NSMII representation of carbon species and a simplified carbon cycle 
involved in the water column.  
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Figure 13. Water column carbon species and major processes modeled in 
NSMII. 
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Five carbon state variables are included in NSMII: RPOC, LPOC, RDOC, 
LDOC, and DIC. Table 14 presents the pathway terms (sources and sinks) 
for the carbon state variables included in NSMII.  

Table 14. Major pathways for carbon state variables in NSMII. 

State 
Variables Internal Sources (+) Internal Sinks (-) 

RPOC Algal mortality (Ap-->RPOC) Hydrolysis (RPOC-->LDOC) 
Settling (RPOC-->Bed) 

LPOC  Algal mortality (Ap-->LPOC) Hydrolysis (LPOC-->LDOC) 
Settling (LPOC-->Bed) 

RDOC Algal mortality (Ap-->RDOC) Mineralization (RDOC-->DIC) 

LDOC Algal mortality (Ap-->LDOC) 
Hydrolysis of RPOC and LPOC (RPOC-->LDOC, 
LPOC-->LDOC) 

Mineralization (LDOC-->DIC) 
Denitrification 

DIC  Atmospheric rearation (Atm<-->DIC)  
Mineralization (RDOC-->DIC, LDOC-->DIC) 
Algal respiration (Ap-->DIC) 
Sediment release (Bed-->DIC)  
Denitrification (Denitrification-->DIC) 
CBOD oxidation (CBOD-->DIC) 

Algal photosynthesis (DIC-->Ap) 

The sum of each source (+) and sink (-) terms in the appropriate column 
above table can then be used to compute the net rate for each carbon state 
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variable. The internal source and sink equations for carbon cycle state 
variables (RPOC, LPOC, RDOC, LDOC, DIC) in the water column are given 
below. 

4.6.1 State variables 

Refractory Particulate Organic Carbon (RPOC): 

∑ ⋅=
∂

∂ 3

)(
i

picaidpirpocp ArkF
t

RPOC
T  Algal mortality (Ap-->RPOC), (4.36) 

RPOCk Trpoc ⋅− )(  RPOC hydrolysis (RPOP-->LDOC),  

RPOC
h

vsr−  RPOC settling (RPOC-->Bed),  

wbbcbdbrpocb FFArkF
h

T ⋅+ )(1  Benthic algae mortality (Ab-->RPOC),  

where  

 RPOC  =  refractory particulate organic carbon (mg-C L-1), 
 Frpocp  =  fraction of algal mortality into RPOC (0–1.0), 
 krpoc(T)  =  RPOC hydrolysis rate (d-1), 
 Frpocb  =  fraction of benthic algal mortality into RPOC (0–1.0). 

Labile Particulate Organic Carbon (LPOC): 

∑ ⋅=
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∂ 3

)(
i

picaidpilpocp ArkF
t

LPOC
T  Algal mortality (Ap-->LPOC), (4.37) 

LPOCk Tlpoc ⋅− )(  LPOC hydrolysis (LPOP-->LDOC),  

LPOC
h
vsl−  LPOC settling (LPOC-->Bed),  

wbbcbdblpocb FFArkF
h

T ⋅+ )(1  Benthic algae mortality (Ab-->LPOC),  

where  

 LPOC  =  labile particulate organic carbon (mg-C L-1), 
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 Flpocp  =  fraction of benthic algal mortality into LPOC (0–1.0), 
 klpoc(T)  =  LPOC hydrolysis rate (d-1), 
 Flpocb  =  fraction of benthic algal mortality into LPOC (0–1.0). 

Refractory Dissolved Organic Carbon (RDOC): 

∑ ⋅=
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∂ 3
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picaidpirdocp ArkF
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RDOC
T  Algal mortality (Ap-->RDOC), (4.38) 

RDOCk
DOK

DO
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sOxmc

⋅
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− )(  RDOC mineralization (RDOC-->DIC),  

wbbcbdbrdocb FFArkF
h

T ⋅+ )(1  POM dissolution (POM-->RDOC),  

where  

 RDOC  =  refractory dissolved organic carbon (mg-C L-1), 
 Frdocp  =  fraction of algal mortality into RDOC (0–1.0), 
 krdoc(T)  =  mineralization rate of RDOC (d-1), 
 Frdocb  =  fraction of benthic algal mortality into RDOC (0–1.0), 
 KsOxmc  =  half-saturation oxygen attenuation constant for DOC 

mineralization (mg-O2 L-1). 

Labile Dissolved Organic Carbon (LDOC): 
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t

LDOC
Trpoc ⋅=

∂
∂ )(  RPOC hydrolysis (RPOC-->LDOC), (4.39) 
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T ⋅−−−+ )(11  Benthic algal mortality (Ab-->LDOC),  
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where  

 LDOC  =  labile dissolved organic carbon (mg-C L-1), 
 kldoc(T)  =  LDOC mineralization rate (d-1). 

Dissolved Inorganic Carbon (DIC): 

=
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∂
⋅
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DIC31012   (4.40) 
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picairpiOxpi ArkF T  Algal respiration (Ap-->DIC),  

∑ ⋅−
3

)(
i

picaipi ArTµ  Algal photosynthesis (DIC-->Ap),  
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h
)(1

+  Sediment release (Bed-->DIC),  

where  

 DIC  =  dissolved inorganic carbon (mol L-1), 
 kac(T)  =  CO2 reaeration rate (d-1), 
 kH(T) = Henry’s Law constant (mol L-1 atm-1), 
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 pCO2  =  partial pressure of CO2 in the atmosphere (ppm), 

 FCO2  =  fraction of CO2 in total inorganic carbon (0–1.0). 

4.6.2 Derived variables 

Particulate organic matter is a derived variable in NSMII. Suspended 
particulate, colloidal, dissolved organic matter, and the amount of carbon 
in algal biomass are part of the TOC. TSS includes all the inorganic 
suspended solids fractions and all organic matter. Derived carbon 
variables are computed as 

 DOC LDOC RDOC  , (4.41a) 

 POC LPOC RPOC  , (4.41b) 

 
com

POCPOM
f

 , (4.41c) 

 i
cai pi

ioc

CBOD
TOC DOC POC r A

r
    

3

, (4.41d) 

 n da pTSS m POM r A   , (4.41e) 

where  

 fcom  =  fraction of carbon in organic matter (mg-C mg-D-1), 
 DOC  =  dissolved organic carbon (mg-C L-1), 
 POC  =  particulate organic carbon (mg-C L-1), 
 POM =  particulate organic matter (mg-D L-1), 
 TOC  =  total organic carbon (mg-C L-1), 
 TSS  =  total suspended solids (mg-C L-1). 

4.7 Methane and Sulfides 

Methane and sulfides are two major by-products of decomposing organic 
matter in the sediment of aquatic ecosystems. Both constituents are 
modeled in the sediment diagenesis module. Therefore, water column 
methane (CH4) and total dissolved sulfides (HxS) are included as state 
variables in NSMII. Both state variables are modeled as dissolved forms 
with units of mg-O2 L-1. Dissolved sulfides can exist as hydrogen sulfide 
(H2S), bisulfide ion (HS-), and S2-. Negligible amounts (less than 0.5%) of 
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dissolved sulfide exist as S-2 for the pH range of most streams and lakes; 
the distribution between HS- and H2S varies with pH, with high pH 
favoring HS- and low pH favoring H2S (APHA 1992). Sulfides exist as H2S 
and half HS- at a pH of 7.0. Their internal sources and sinks include bed 
sediment release, oxidation, and volatilization (atmospheric reaeration) 
(Figure 14). Table 15 presents the pathway terms (sources and sinks) for 
methane and sulfides included in NSMII. 

Figure 14. Water column methane and 
sulfides processes modeled in NSMII. 
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Table 15. Major pathways for methane and sulfides in NSMII. 

State 
Variables Internal Sources (+) Internal Sinks (-) 

CH4 Atmospheric rearation (CH4-
->Atm) 

Oxidation (CH4-->DIC) 
Sediment release (Bed<-->CH4) 

H2S Atmospheric rearation (H2S--
>Atm) 

Oxidation 
Sediment release (Bed<-->H2S) 

The concentrations of CH4 and H2S in the atmosphere are low (assuming 
saturation values in the atmosphere of 0 mg/L for both gases). The 
reaeration rate equations for CH4 and H2S are identical with the 
reaeration of DO. The reaeration coefficients for CH4 and H2S are scaled 
relative to oxygen reaeration using the following expressions 

 
.

.O
ach a a
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MW
k k k

MW

       
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2
4
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1 188 ,  (4.42a) 
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2
2 0 984 ,  (4.42b) 
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where  

 kach4(T)  =  CH4 reaeration rate (d-1), 
 kah2s(T)  =  H2S reaeration rate (d-1), 
 ka(T)  =  oxygen reaeration rate (d-1), 
 MWCH4  =  molecular weights of CH4 (=16.04) (g mol-1), 
 MWH2S  =  molecular weights of H2S (=34.08) (g mol-1). 

4.7.1 Methane 

Bacteria oxidize methane with DO or sulfite (SO4). The oxidation with 
sulfite has not been extensively investigated and is therefore not 
considered here. The bacterium oxidizes methane to CO2 within the water 
column (Hanson and Hanson 1996), which can be described as 

 OHCOOCH 222 224 +→+ . 

This process requires 5.33 g-O2 g-C-1. In NSMII, methane oxidation is 
simulated as a temperature dependent first-order decay process. The rate 
is computed according to a half-saturation function with regard to both 
the availability of methane and DO.  

The only source (+) of CH4 in the water column is sediment release. The 
sink (-) terms include atmospheric rearation and oxidation given in 
Table 15. The internal source and sink equation for water column CH4 can 
be written as 

4)(4
4 CHk

t
CH

Tach ⋅−=
∂

∂  Atmospheric CH4 rearation (Atm<-->CH4), (4.43) 

4)(4
4

CHk
DOK

DO
Tch

sOch

⋅
+

−  CH4 oxidation (CH4-->DIC),  

h
rch4+  Sediment release (Bed-->CH4),  

where  

 CH4  =  methane (mg-O2 L-1), 
 kch4(T)  =  CH4 oxidation rate (d-1), 
 KsOch4  =  half saturation oxygen attenuation constant for CH4 oxidation 

(mg-O2 L-1), 
 rch4 = sediment release rate of CH4 (g-O2 m-2 d-1). 
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4.7.2 Total dissolved sulfides 

Hydrogen sulfide (H2S) and bisulfide ion (HS-) together constitute total 
dissolved sulfides (HxS), which is included as a state variable in NSMII. 
The distribution between H2S and HS- varies with pH, with high pH 
favoring HS,- and low pH favoring H2S (APHA 1992). H2S is a highly 
volatile dissolved gas that oxidizes very slowly (Chen and Morris 1972). 
The major loss of H2S is through volatilization from the water. HS- is 
removed primarily by its oxidation. There is also general agreement that 
sulfur bacteria play an important role in sulfide oxidation in natural and 
waste waters. These influencing factors help to explain why the first-order 
sulfide oxidation rates reported vary between 0.26 and about 55.0 day-1 
(Millero 1986). The oxidation rate of sulfide is strongly dependent on pH. 
For an increase in pH from about 6.0 to 8.0, there is an eight-fold increase 
in the oxidation rate (Chen and Morris 1972). Millero (1986) attributes 
this to the shift in sulfide concentration from predominantly nonreactive 
H2S to predominantly reactive HS- with increasing pH. This reasoning 
suggests that HS- concentration should be used in the sulfide oxidation 
rate equation. 

The oxidation of dissolved sulfide is modelled as a temperature-dependent 
first-order process with regard to both HS- and DO. Oxidation of sulfide can 
produce sulfur (S), thiosulfate (S2O3-2), sulfite (SO3-2), or sulfate (SO4-2). 
O‘Brien and Birkner (1977) indicated that most experiments observed SO3-2, 
S2O3-2, and SO4-2 as oxidation products of sulfide. They proposed a 
hypothetical reaction 

 HS O S O SO SO H H O         2 2 2
2 2 3 3 4 2

64 2
5

.  

This reaction requires 1.38 mg-O2 L-1 per 1.0 mg-S2- L-1, or 1.33 mg-O2 L-1 
per 1.0 mg-HS-1 L-1 (O’Brien and Birkner 1977). NSMII however, does not 
consider the precipitation of sulfide. 

The only source (+) of HxS in the water column is generated by sulfate 
reduction or sediment release. The sink (-) terms include atmospheric 
rearation and oxidation given in Table 15. The internal source and sink 
equation for water column HxS can be can be written as 
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SHk
t

HxS
Tsah 22 )( ⋅−=

∂
∂  Atmospheric H2S rearation (Atm<-->H2S), (4.44) 

HSk
DOK

DO
Ths

sOhs

⋅
+

− )(  HS oxidation,  

h
r sh2+  Sediment release (Bed-->H2S),  

where  

 HxS  =  total dissolved sulfides (mg-O2 L-1), 
 KsOhs  =  half saturation oxygen attenuation constant for HS oxidation 

(mg-O2 L-1), 
 khs(T)  =  HS oxidation rate (L mg-O2-1 d-1), 
 rh2s = sediment release rate of H2S (g-O2 m-2 d-1). 

The dissolved fractions of H2S and HS- are computed from the HxS 
concentration and the pH. Their fractions are given in Standard Methods 
(APHA 1992). 

. . . .
h s

pH pH pHf    


3 2

2
8 3813 135 898 742 31 1461 46

100
, 5 ≤ pH < 7,  (4.45a) 

. . . .
h s

pH pH pH
f

   


3 2

2

8 25406 213 821 1852 79 5374 11
100

, 7 ≤ pH ≤ 9,  (4.45b) 

where 

 fh2s  =  H2S fraction of HxS (0 – 1.0). 

The fraction of HxS as HS- is then computed as (1 - fh2s). If pH is less than 
5 or greater than 9 (pH < 5 or pH > 9), fh2s is set to 1.0 and 0, respectively. 
The concentrations of the relevant sulfide species (H2S and HS-) are 
computed as 

 
h sH S f HxS2 2

, (4.46a) 

  h sHS f HxS  21 , (4.46b) 

where  

 H2S  =  dissolved hydrogen sulfide (mg-O2 L-1), 
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 HS  =  dissolved bisulfide ion (mg-O2 L-1). 

4.8 Dissolved Oxygen 

Figure 15 provides an overview of the NSMII representation of DO source 
and sink processes. Additional processes for DO kinetics are also considered 
in NSMII. The total consumption of oxygen is the sum of RDOC, LDOC, 
CBOD, CH4, and HS oxidation reactions. These oxidation processes are 
limited by the concentration of DO. SOD is the quantity of oxygen 
transferred from the water column to the benthic sediment that is necessary 
to satisfy the oxygen requirements of bacteria as they decompose previously 
deposited organic matter. If the sediment diagenesis module is activated 
(see Chapter 5), SOD is internally computed in NSMII; otherwise, SOD is a 
user input parameter. Because oxygen moves from water to sediments, 
sediment oxygen consumption is represented as a negative quantity. 

Figure 15. DO source and sink processes modeled in NSMII. 
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Eight water quality state variables are involved in the DO mass balance: 
algae, benthic algae, NH4, LDOC, RDOC, CBOD, CH4, and HxS. Table 16 
summarizes the major processes and mechanisms affecting the DO in the 
water column. The sum of each source (+) and sink (-) terms in the 
appropriate column below table can then be used to compute the net rate 
for water column DO. 

Table 16. Source and sink processes affecting dissolved oxygen in NSMII. 

State 
Variables Internal Sources (+) Internal Sinks (-) 

DO Atmospheric rearation   

Ap Algal photosynthesis (Ap-->DO) Algae respiration (DO-->Ab) 

Ab Benthic algae photosynthesis (Ab-->DO) Benthic algal respiration (DO-->Ap) 

NH4 - Do-->nitrification 

LDOC - Oxidation (DO-->LDOC) 

RDOC - Oxidation (DO-->RDOC) 



ERDC/EL TR-16-1 108 

 

CBOD - Oxidation (DO-->CBOD) 

CH4 - Oxidation (DO-->CH4) 

HS - Oxidation (DO-->HS) 

DO - SOD 

The internal source and sink equation for water column DO can be written 
as 

( )DODOk
dt

dDO
sa T −= )(  Atmospheric O2 reaeration    (Atm<--

>O2), 
(4.47) 

4)( NHrk
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DO
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where  

 DOs  =  dissolved oxygen saturation (mg-O2 L-1), 
 KsSOD  =  half saturation oxygen attenuation constant for SOD (mg-O2 L-1). 

4.8.1 Dissolved oxygen saturation 

The effect of salinity on the DO saturation in surface water is included in 
NSMII. DOs is computed as a function of salinity and temperature via the 
following equation (APHA 1992) 

 . .
exp .s s

wk wk

DO DO Salt
T T


                

1 3
2

2

1 0754 10 2 1407 101 7674 10 ,  (4.48) 

where  

 Salt = salinity (ppt). 

Salinity is the total of all non-carbonate salts dissolved in water, usually 
expressed in parts per thousand (ppt). Salinity is an important 
measurement in seawater or in estuaries where freshwater from rivers and 
streams mixes with salty ocean water. Because most anions in seawater or 
brackish water are chloride ions, salinity can be estimated from chloride 
concentration below 

 . .Salt Cl  0 03 0 0018066 ,  (4.49) 

where  

 Cl = chloride concentration (mg-Cl L-1). 

Vice versa, water column chloride concentration can be computed from 
known salinity. While salinity and chloride are proportional in seawater, 
the above equation is not accurate in freshwater (MDNR 2009). 

4.8.2 Oxygen reaeration 

Depending on whether the water is undersaturated or oversaturated, the 
DO is gained or lost via atmospheric reaeration. The oxygen reaeration 
rate is dependent on either the flow, the wind speed, or both. In NSMII the 
oxygen reaeration rate is estimated as a function of both flow hydraulics 
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and wind velocity as in NSMI. Three options are available to incorporate 
wind effects on the oxygen reaeration: (1) user defined, (2) Banks-Herrera 
formula (Banks and Herrera 1977), and (3) Wanninkhof formula 
(Wanninkhof et al. 1991). The six oxygen reaeration options are included 
in NSMII and listed in Table 4. 

4.9 Silica Species 

Silica is an important nutrient for some algae such as diatoms, because of 
this, the Silica cycle is included in NSMII. Two silica forms are considered: 
particulate biogenic silica (BSi) and dissolved silica (DSi). DSi is also called 
available silica and can be used as a nutrient during algal growth (primarily 
for diatoms). DSi is produced by the dissolution of BSi and can interact with 
the sediment through silica fluxes. Silica is used by only diatoms, so uptake 
by algae depends on the presence of diatoms. If the optional sediment 
diagenesis module is included (see Chapter 5), sediment–water flux of silica 
is internally computed; otherwise, silica released from the sediment bed is 
specified. Particulate or unavailable biogenic silica is produced from diatom 
mortality. BSi dissolutes into DSi or settles to the sediment from the water 
column. Dissolution is a chemical–physical process proceeding in an 
undersaturated solution. The dissolution of the BSi can also be understood 
as the desorption from organic matter, which is proportional to its 
concentration and the difference between the saturation and actual DSi 
concentrations. Once silica is used by the algal group during photosynthesis, 
it is lost from the system. Figure 16 shows an overview of the NSMII 
representation of silica species and a simplified silica cycle involved in the 
water column. Table 17 presents the pathway terms (sources and sinks) for 
silica state variables included in NSMII. 

Figure 16. Silica species and major processes modeled in 
NSMII. 
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Table 17. Major pathways for silica state variables in NSMII. 

State 
Variables Internal Sources (+) Internal Sinks (-) 

BSi Algal mortality (Ap-->BSi) Dissolution (BSi-->DSi) 
Settling (BSi-->Bed)  

DSi Algal mortality (Ap-->DSi) 
Dissolution (BSi-->DSi) 
Algal respiration (Ap-->DSi) 
Sediment release (Bed<-->DSi) 

Algal uptake (DSi-->Ap) 

Note that the silica cycle is modeled in NSMII if the diatom species are 
included. Diatoms are conventionally assigned as one of the algal groups. 
The potential also exists to have multiple diatom groups, or groups of 
mixed algae composed of diatoms and other groups. The sum of each of 
source (+) and sink (-) terms can then be used to compute the net rate for 
each silica state variable. The source and sink equations for silica state 
variables (BSi and DSi) in the water column are given below. 

Particulate Biogenic Silica (BSi): 

∑ ⋅=
∂

∂ 3

)(
i

pisiaidpibsi ArkF
t

BSi
T  Algal mortality (Ap-->BSi), (4.50) 

( )DSiSi
BSiK

BSik s
sSi

bsi T −
+

− )(  BSi dissolution (BSi-->DSi),  

BSi
h

vbsi−  BSi settling (BSi-->Bed),  

where  

 BSi  =  particulate biogenic silica (mg-Si L-1), 
 Fbsi  =  fraction of algal mortality into BSi (0–1.0), 
 rsiai  =  algal Si : Chla ratio (mg-Si/µg-Chla), 
 vbsi  =  BSi settling velocity (m d-1), 
 kbsi(T)  =  BSi dissolution rate (d-1), 
 KsSi  =  half saturation Si constant for dissolution (mg-Si L-1), 
 Sis  =  Si saturation (mg-Si L-1). 
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Dissolved Silica (DSi): 

( )∑ ⋅−=
∂

∂ 3

)(1
i

pisiaidpibsi ArkF
t

DSi
T  Algal mortality (Ap-->DSi), (4.51) 

( )DSiSi
BSiK

BSik s
sSi

bsi T −
+

+ )(  BSi dissolution (BSi-->DSi),  

∑ ⋅+
3

)(
i

pisiairpiOxpi ArkF T  Algal respiration (Ap-->DSi),  

∑ ⋅−
3

)(
i

pisiaipi ArTµ  Algal uptake (DSi-->Ap),  

sir
h
1

+  Sediment release (Bed<-->DSi),  

where  

 rsi = sediment release rate of DSi (g-Si m-2 d-1). 

4.10 Alkalinity  

Alkalinity is modeled in NSMII as is done previously with NSMI except for 
considering multiple algae groups in the water column. The major 
processes and mechanisms affecting the alkalinity in the water column are 
summarized in Table 18. The ratios used in the following alkalinity 
equation have been defined and described in NSMI.  

Table 18. Reaction processes affecting alkalinity in NSMII. 

Reaction Process Utilize Create Source/Sink 

Algae and benthic algae 
growth 

NH4 - Sink (-) 

NO3 - Source (+) 

Algae and benthic algae 
respiration - NH4 Source (+) 

NH4 nitrification NH4 NO3 Sink (-) 

NO3 denitrification NO3 N2 Source (+) 

The change of water column alkalinity (Alk) with respect to time due to 
source (+) and sink (-) mechanisms listed in Table 18 can be written as  
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h
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respiration, 

 

where  

 Alk  =  alkalinity (eq L-1), 
 ralkaai  =  ratio translating algal growth into Alk if NH4 is the N source 

(eq µg-Chla-1), 
 ralkani  =  ratio translating algal growth into Alk if NO3 is the N source 

(eq µg-Chla-1), 
 ralkn  =  ratio translating NH4 nitrification into Alk (eq mg-N-1), 
 ralkden  =  ratio translating NO3 denitrification into Alk (eq mg-N-1), 
 ralkbai  =  ratio translating benthic algae growth into Alk if NH4 is the N 

source (eq mg-D-1), 
 ralkbni  =  ratio translating benthic algae growth into Alk if NO3 is the N 

source (eq mg-D-1). 

The subscript “i" in equation 4.52 represents a specific algal group. 

4.11 NSMII Parameters 

This section describes the input parameters associated with NSMII. The 
user-defined input parameters consist of eight groups. Most of the 
temperature-dependent rate coefficients are specified at 20 oC. Besides 
algae and benthic algae growth rates, the temperature-dependent reaction 
rates in NSMII are adjusted according to a modified Arrhenius Equation. 
As previously stated in NSMI, the default values and suggested ranges of 
NSMII parameters are provided for initial model development. Most of 
them are calibration parameters. All parameter tables will be repeated for 
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each water quality region, allow the user to define the different values for 
input parameters. 

4.11.1 Global parameters 

Table 19 below provides a summary of NSMII global parameters (or 
coefficients) and default values. 

Table 19. NSMII global parameters and coefficients with default values. 

Symbol Definition Unit 
Default 
Value Reference Range 

vsp Solids settling velocity m d-1 0.1 0 - 30c 

vsr Refractory organic matter settling 
velocity 

m d-1 0.01 0 - 2.0b 

vsl Labile organic matter settling velocity m d-1 0.01 0 - 2.0b 

λ0 Background light attenuation m-1 0.02 0.02 - 6.59c 

λs Light attenuation by inorganic 
suspended solids 

L mg-1 m-1 0.052a 
0.019 - 0.37c 

λm Light attenuation by organic matter L mg-1 m-1 0.174a 0.008 - 0.174c 

λ1 Linear light attenuation by algae m-1 (µg-Chla L-1)-1  0.0088a 0.0088 - 0.031d 

λ2 Nonlinear light attenuation by algae m-1 (µg-Chla L-1)2/3  0.054a n/a 

fcom Fraction of carbon in organic matter mg-C mg-D-1 0.01 0 – 1.0 

k
dpo4n

 Partition coefficient of inorganic P for 
solid “n” 

L kg-1 0 0 - 80000d 

a. Chapara et al. (2008). 
b. Wool et al. (2006). 
c. Flynn et al. (2015). 
d. Derived from Table 6. 

4.11.2 Algae parameters 

Table 20 below summarizes a list of NSMII algae parameters (or 
coefficients) and default values. It is important to know the type of algae to 
define the algal growth, respiration, mortality rates, and other coefficients 
accurately. A variable stoichiometry with respect to each algal group is 
allowed. The ratios of C, N, P, Si, and Chla fractions in algae are defined by 
specifying their relative stoichiometry weight to dry weight biomass 
(100 mg-D). The mortality rates of algae are converted into three pools: 
dissolved, particulate, and other organic material. Two fractions of these 
pools are defined by the user while the third fraction is internally computed.  
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Table 20. NSMII algae parameters and rate coefficients with default values. 

Symbol* Definition Unit 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

AWdi Algal dry weight stoichiometry mg-D 100a 65 - 130c   
AWci Algal carbon stoichiometry mg-C 40a 25 - 60c   
AWni Algal nitrogen stoichiometry mg-N 7.2a 4 - 20c   
AWpi Algal phosphorus stoichiometry mg-P 1.0a n/a   
AWai Algal Chla stoichiometry µg-Chla 1000a 400 - 3500c   
AWsi Algal silica stoichiometry mg-Si 18a n/a   
krpi(T) Algal respiration rate d-1 0.2 0.02 - 0.8c Yes 1.08 
kdpi(T) Algal death rate  d-1 0.15 0 - 0.5c Yes 1.07 
vsai Algal settling velocity m d-1 0.15 0 - 1.8e   
ksnxpi Half saturation NH4 concentration 

for algal uptake 
mg-N L-1 0.02 0.005 - 0.03c   

KsOxpi  Half-saturation oxygen attenuation 
constant for algal respiration 

mg-O2 L-1 0.5 n/a   

KsNpi Half-saturation N limiting constant 
for algal growth  

mg-N L-1 0.04 0.005 - 0.3f   

KsPpi Half-saturation P limiting constant 
for algal growth 

mg-P L-1 0.0012 0.001 - 0.06f   

KLi Light limiting constant for algal 
growth 

W m-2 10 3.7 - 44f   

µmxpi Maximum algal growth rate d-1 1.0 0.1 - 3.0f   
Topi Optimal temperature for algal 

growth 
0C 25e n/a   

ktp1i Effect of temperature below T0p on 
algal growth 

0C-2 0.003e n/a   

ktp2i Effect of temperature above T0p on 
algal growth 

0C-2 0.01e n/a   

* Subscript i represents a specific algal group. 
a. Chapara et al. (2008). 
b. Brown and Barnwell (1987). 
c. Flynn et al. (2015). 
d. Tillman et al. (2004). 
e. Cerco et al. (2004). 
f. Derived from Table 6. 

4.11.3 Benthic algae parameters 

Table 21 below summarizes a list of NSMII benthic algae parameters (or 
coefficients) and their associated default values. The ratios of C, N, P, and 
Chla fractions in benthic algae are defined by specifying their relative 
stoichiometry weight to dry weight biomass (100 mg-D). 
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Table 21. NSMII benthic algae parameters and rate coefficients with default values. 

Symbol Definition Unit 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

BWd Benthic algae dry weight stoichiometry mg-D 100a 65 - 130c   
BWc Benthic algae carbon stoichiometry mg-C 40a 25 - 60c   
BWn Benthic algae nitrogen stoichiometry mg-N 7.2a 4 - 20c   
BWp Benthic algae phosphorus stoichiometry mg-P 1.0a n/a   
BWa Benthic Chla stoichiometry µg-Chla 5000a 400 - 3500c   
krb(T) Benthic algal base respiration rate  d-1 0.2 0.01 - 0.8b Yes 1.047b 

kdb(T) Benthic algae death rate d-1 0.3 0 - 0.8b Yes 1.047b 

KLb Light limiting constant for benthic algae growth W m-2 10 1.7 – 44e   
KsOxb  Half-saturation oxygen attenuation constant 

for benthic algae respiration 
mg-O2 L-1 1.0 n/a   

µmxb Maximum benthic algal growth rate  d-1 0.4 0.3 - 2.25b   
Tob Optimal temperature for benthic algal growth 0C 25d n/a   
ktb1 Effect of temperature below T0p on benthic 

algal growth 
0C-2 0.003d n/a   

ktb2 Effect of temperature above T0p on benthic 
algal growth 

0C-2 0.01d n/a   

KSb Half-saturation density constant for benthic 
algae growth 

mg-D m-2 10 10 - 30b   

Fb Fraction of bottom area available for benthic 
algae growth 

unitless 0.9 0 - 1.0   

Fw Fraction of benthic algae mortality into water 
column 

unitless 0.9 0 - 1.0   

Frponb Fraction of benthic algae mortality into RPON unitless 0.8 0 - 1.0   
Flponb Fraction of benthic algae mortality into LPON unitless 0.1 0 - 1.0   
ksnxb Half saturation NH4 concentration for benthic 

algae uptake 
mg-N L-1 0.02 0.005 - 0.3c   

K
sNb

 Half-saturation N limiting constant of benthic 
algae growth 

mg-N L-1 0.25 0.01 - 0.766b   

Frpopb Fraction of benthic algae mortality into RPOP unitless 0.8 0 - 1.0   
Flpopb Fraction of benthic algae mortality into LPOP unitless 0.1 0 - 1.0   
K

sPb
 Half-saturation P limiting constant of benthic 

algae growth 
mg-P L-1 0.125 0.005 - 

0.175c 
  

Frpocb Fraction of benthic algae mortality into RPOC unitless 0.8 0 - 1.0   
Flpocb Fraction of benthic algae mortality into LPOC unitless 0.1 0 - 1.0   
Frdocb Fraction of benthic algae mortality into RDOC unitless 0.05 0 - 1.0   
a. Chapara et al. (2008). 
b. Brown (2002). 
c. Flynn et al. (2015). 
d. Cerco et al. (2004). 
e. Derived from Table 6. 
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4.11.4 Nitrogen cycle parameters 

Table 22 below summarizes a list of NSMII nitrogen cycle parameters (or 
coefficients) with their associated default values. 

Table 22. NSMII nitrogen cycle parameters and rate coefficients with default values. 

Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

Frponp Fraction of algal mortality into RPON unitless 0.8 0 - 1.0   

Flponp Fraction of algal mortality into LPON unitless 0.15 0 - 1.0   

krpon(T) RPON hydrolysis rate  d-1 0.001b 0.007 – 0.01 Yes 1.08 

klpon(T) LPON hydrolysis rate  d-1 0.08b 0.05 – 0.07d Yes 1.08 

kdon(T) DON mineralization rate  d-1 0.018b 0.0025 - 0.025c Yes 1.08 

knit(T) Nitrification rate  d-1 0.1 0.01 - 10a Yes 1.083 

kdnit(T) Denitrification rate  d-1 0.002 0.002 - 2.0a Yes 1.045 

vno3 Sediment denitrification velocity  m d-1 0 0 - 1.0a Yes 1.08 

KsOxmn  Half-saturation oxygen attenuation 
constant for for DON mineralization  

mg-O2 L-1 0.5 n/a   

KsOxna  Half-saturation oxygen attenuation 
constant for nitrification 

mg-O2 L-1 2.0c 

 

n/a   

KsOxdn  Half-saturation oxygen inhibition 
constant for denitrification  

mg-O2 L-1 0.1c n/a   

rnh4 Sediment release rate of NH4 g-N m-2 d-1 0 n/a Yes 1.074b 

a. Flynn et al. (2015). 
b. Cerco et al. (2004). 
c. Wool et al. (2006). 
d. HydroQual (2004). 

4.11.5 Phosphorus cycle parameters 

Table 23 below summarizes a list of NSMII phosphorus cycle parameters 
(or coefficients) with their associated default values. 

4.11.6 Carbon cycle parameters 

Table 24 below summarizes a list of NSMII carbon cycle parameters (or 
coefficients) with their associated default values. 
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Table 23. NSMII phosphorus cycle parameters and rate coefficients with default values. 

Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

Frpopp Fraction of algal mortality into RPOP unitless 0.8 0 - 1.0   
Flpopp Fraction of algal mortality into LPOP unitless 0.15 0 - 1.0   
krpop(T) RPOP hydrolysis rate  d-1 0.001a 0.007 – 0.01d Yes 1.08 
klpop(T) LPOP hydrolysis rate  d-1 0.1a 0.085 – 0.1d Yes 1.08 
kdop(T) DOP mineralization rate d-1 0.22b 0.01 – 0.2d Yes 1.08 
KsOxmp  Half-saturation oxygen attenuation 

constant for DOP mineralization  
mg-O L-1 1.0 n/a   

rpo4 Sediment release rate of DIP g-P m-2 d-1 0 n/a Yes 1.074b 
a. Cerco et al. (2004). 
b. Wool et al. (2006). 
c. Thomann and Pitzpatrick (1982). 
d. HydroQual (2004). 

Table 24. NSMII carbon cycle parameters and rate coefficients with default values. 

Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

Frpocp Fraction of algal mortality into RPOC unitless 0.8 0 - 1.0   
Flpocp Fraction of algal mortality into LPOC unitless 0.1 0 - 1.0   
Frdocp Fraction of algal mortality into RDOC unitless 0.05 0 - 1.0   
Fco2 Fraction of CO2 in total inorganic carbon unitless 0.2 0 - 1.0   
pCO2 Partial pressure of CO2 ppm 383a n/a   

krpoc(T) RPOC hydrolysis rate  d-1 0.0025b 0.007 – 0.01c Yes 1.08 
klpoc(T) LPOC hydrolysis rate  d-1 0.075b 0.007 – 0.1c Yes 1.08 
krdoc(T) RDOC mineralization rate  d-1 0.0025b 0.008 – 0.01c Yes 1.08 
kldoc(T) LDOC mineralization rate  d-1 0.05b 0.1 – 0.15c Yes 1.047 
KsOxmc  Half-saturation oxygen attenuation for 

DOC mineralization  
mg-O2 L-1 1.0 n/a   

a. Chapara et al. (2008). 
b. Tillman et al. (2004). 
c. HydroQual (2004). 

4.11.7 CBOD parameters 

Table 25 below summarizes a list of NSMII CBOD parameters (or 
coefficients) with their associated default values. 
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Table 25. NSMII CBOD parameters and rate coefficients with default values. 

Symbol* Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

kbodi CBOD oxidation rate  d-1 0.12 0.02 - 3.4a Yes 1.047 
KsOxbodi  Half-saturation oxygen attenuation 

for CBOD oxidation  
mg-O2 L-1 0.5b n/a   

ksbodi CBOD sedimentation rate  d-1 0 -0.36 - 0.36a Yes 1.024 
* Subscript i represents a specific CBOD group. 
a. Brown and Barnwell (1987). 
b. Wool et al. (2006). 

4.11.8 Methane and sulfide parameters 

Table 26 below summarizes a list of NSMII methane and sulfide 
parameters (or coefficients) with their associated default values. 

Table 26. NSMII methane and sulfide parameters and rate coefficients with default values. 

Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

kch4 CH4 oxidation rate  d-1 0.1 n/a Yes 1.079 
KsOch4 Half saturation oxygen attenuation 

constant for CH4 oxidation  
mg-O2 L-1 1.0 n/a   

rch4 Sediment release rate of CH4 g-O2 m-2 d-1 0 n/a Yes 1.079 
khs HS oxidation rate  d-1 25a 0.15 – 0.5b Yes 1.08 
KsOhs Half saturation oxygen attenuation 

constant for HS oxidation  
mg-O2 L-1 0.5a 

0.2b 
n/a   

rh2s Sediment release rate of H2S g-O2 m-2 d-1 0 n/a Yes 1.079 
a. Dortch et al. (1992). 
b. HydroQual (2004). 

4.11.9 Dissolved oxygen parameters 

Table 27 below summarizes a list of NSMII DO parameters (or 
coefficients) with their associated default values. 

Table 27. NSMII DO parameters and rate coefficients with default values. 

Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

kah(T) Hydraulic oxygen reaeration rate  d-1 1 0 - 100 Yes 1.024 
kaw(T) Wind oxygen reaeration velocity m d-1 0 n/a Yes 1.024 
SOD(T) Sediment oxygen demand g-O2 m-2 d-1 0.2 0.05 - 10a Yes 1.060 
KsSOD Half saturation oxygen attenuation 

constant for SOD 
mg-O2 L-1 1 n/a   

a. Thomann and Muller (1987). 
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4.11.10 Silica cycle parameters 

Table 28 below summarizes a list of NSMII silica cycle parameters (or 
coefficients) with their associated default values. 

Table 28. NSMII silica cycle parameters and rate coefficients with default values. 

Symbol* Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

Fbsi Fraction of algal mortality into BSi unitless 0.9 0 - 1.0   

KsSipi Half-saturation Si constant for algal 
growth 

mg-Si L-1 0.03b 0.02 - 0.08d   

KsSi Half-saturation Si constant for 
dissolution 

mg-Si L-1 50000 n/a   

vbsi BSi settling velocity m d-1 0.25b 0.5 – 1.0e   

kbsi(T) BSi dissolution rate  d-1 0.03b 0.1 – 0.25e Yes 1.08 

Sis Silica saturation mg-Si L-1  n/a n/a   

rsi Sediment release rate of DSi g-Si m-2 d-1 0 n/a Yes 1.074 
* Subscript i represents an algal group as diatom. 
a Cole and Wells (2008). 
b Tillman et al. (2004). 
c Di Toro (2001). 
d Thomann and Muller (1987). 
e. HydroQual (2004). 

4.11.11 Pathogen parameters 

Table 29 below summarizes a list of NSMII pathogen parameters (or 
coefficients) with their associated default values. 

Table 29. NSMII pathogen parameters and rate coefficients with default values. 

Symbol Definition Units 
Default 
Value 

Reference 
Range 

Temperature 
Correction 

kdx(T) Pathogen death rate  d-1 0.8a n/a Yes 1.07a 

αpx Light efficiency factor for pathogen 
decay 

unitless 1.0a n/a   

vx Pathogen settling velocity m d-1 1.0a n/a   

a Chapara et al. (2008). 

4.12 NSMII Outputs 

This section describes the model outputs associated with NSMII. The 
model output data includes the water quality state varaibles, derived 
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variables, and intermediate variables computed in NSMII. Table 19 lists 
the water quality state variables modeled in NSMII.  

4.12.1 Derived variables 

Nineteen derived water quality variables are computed in NSMII and are 
listed in Table 30.  

Table 30. Derived water quality variables computed in NSMII. 

Variable Definition Units 

Apd Algae (dry weight) mg-D L-1 

Chla Chlorophyll-a µg-Chla L-1 

Chlb Benthic chlorophyll-a mg-Chla m-2 

DIN Dissolved inorganic nitrogen mg-N L-1 

TON Total organic nitrogen mg-N L-1 
TKN Total kjeldahl nitrogen mg-N L-1 
TN Total nitrogen mg-N L-1

 
DIP Dissolved inorganic phosphorus mg-P L-1 

TOP Total organic phosphorus mg-P L-1 

TP Total phosphorus mg-P L-1 
DOC Dissolved organic carbon mg-C L-1 

POC Particulate organic carbon mg-C L-1 

POM Particulate organic matter mg-D L-1 

TOC Total organic carbon mg-C L-1 

CBOD5 5-day carbonaceous biochemical oxygen demand mg-O2 L-1
 

H2S Dissolved hydrogen sulfide mg-O2 L-1 

λ Light attenuation coefficient m-1
 

ka Oxygen reaeration rate d-1 

pH pH - 

CBOD5 is computed as the sum of the contributions from dissolved 
organic matter represented by CBOD and labile anf refractory dissolved 
organic carbon 
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4.12.2 Pathway fluxes 

Table 31 provides a summary of pathway fluxes and additional variables 
that can be reported in NSMII model outputs. 

Table 31. Pathway fluxes and additional variables computed in NSMII. 

Name Definition Units 

Algae i 

Ap growth Algal growth  µg-Chla/L/d 

Ap respiration  Algal respiration  µg-Chla/L/d 

Ap mortality  Algal mortality  µg-Chla/L/d 

Ap settling  Algal settling  µg-Chla/L/d 

FL Algal growth light limit factor Unitless 
FN Algal growth N limit factor Unitless 

FP Algal growth P limit factor Unitless 
FT Algal growth temperature limit factor Unitless 

Benthic algae 

Ab growth Benthic algae growth  mg-D/L/d 

Ab respiration  Benthic algae respiration  mg-D/L/d 

Ab mortality  Benthic algae mortality  mg-D/L/d 

FLb Benthic algae growth light limit factor Unitless 
FNb Benthic algae growth N limit factor Unitless 

FPb Benthic algae growth P limit factor Unitless 
FTb Benthic algal growth temperature limit factor Unitless 
FSb Benthic algae growth space limit factor Unitless 

Nitrogen cycle 
Ap-->RPON Algal mortality into RPON mg-N/L/d 

RPON-->DON RPON hydrolysis  mg-N/L/d 

RPON-->Bed RPON settling  mg-N/L/d 

Ap-->LPON Algal mortality into LPON mg-N/L/d 

LPON-->DON LPON hydrolysis  mg-N/L/d 

LPON-->Bed LPON settling mg-N/L/d 

Ap-->DON Algal mortality into DON mg-N/L/d 

DON-->NH4 DON mineraliztion  mg-N/L/d 

Ap-->NH4 Algal respiration into NH4 mg-N/L/d 

NH4-->Ap Algal uptake from NH4 mg-N/L/d 

Bed<-->NH4 Sediment release of NH4  mg-N/L/d 

NH4-->NO3 NH4 nitrification  mg-N/L/d 
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Name Definition Units 

NO3 denitrification NO3 denitrification  mg-N/L/d 

NO3<-->Bed Sediment denitrification mg-N/L/d 

NO3-->Ap Algal uptake from NO3 mg-N/L/d 

Ab-->RPON Benthic algae mortality into RPON mg-N/L/d 

Ab-->LPON Benthic algae mortality into LPON mg-N/L/d 

Ab-->DON Benthic algae mortality into DON mg-N/L/d 

Ab-->NH4 Benthic algae respiration into NH4  mg-N/L/d 

NH4-->Ab Benthic algae uptake from NH4 mg-N/L/d 

NO3-->Ab Benthic algae uptake from NO3 mg-N/L/d 

Phosphorous cycle 

Ap-->RPOP Algal mortality into RPOP mg-P/L/d 

RPOP-->DOP RPOP hydrolysis  mg-P/L/d 

RPOP-->Bed RPOP settling mg-P/L/d 

Ap-->LPOP Algal mortality into LPOP mg-P/L/d 

LPOP-->DOP LPOP hydrolysis  mg-P/L/d 

LPOP-->Bed LPOP settling  mg-P/L/d 

Ap-->DOP Algal mortality into DOP mg-P/L/d 

DOP-->DIP DOP mineraliztion mg-P/L/d 

Ap-->DIP Algae respiration into DIP  mg-P/L/d 

DIP-->Ap Algal uptake from DIP mg-P/L/d 

TIP-->Bed TIP settling mg-P/L/d 

Bed<-->DIP Sediment release of DIP  mg-P/L/d 

Ab-->RPOP Benthic algae mortality into RPOP mg-P/L/d 

Ab-->LPOP Benthic algae mortality into LPOP mg-P/L/d 

Ab-->DOP Benthic algae mortality into DOP mg-P/L/d 

Ab-->DIP Benthic algae respiration into DIP  mg-P/L/d 

DIP-->Ab Benthic algae uptake from DIP mg-P/L/d 

Carbon cycle 

Ap-->RPOC Algal mortality into RPOC mg-C/L/d 

RPOC-->LDOC RPOC hydrolysis  mg-C/L/d 

RPOC-->Bed RPOC settling  mg-C/L/d 

Ap-->LPOC Algal mortality into LPOC mg-C/L/d 

LPOC-->LDOC LPOC hydrolysis mg-C/L/d 

LPOC-->Bed LPOC settling mg-C/L/d 

Ap-->RDOC Algal mortality into RDOC mg-C/L/d 

Ap-->LDOC Algal mortality into LDOC mg-C/L/d 
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Name Definition Units 

RDOC-->DIC RDOC mineraliztion mg-C/L/d 

LDOC-->DIC LDOC mineraliztion  mg-C/L/d 

CBOD-->DIC CBOD oxidation mg-C/L/d 

LDOC-->Denitrification LDOC consumed by denitrification mg-C/L/d 

Atm<-->DIC Atmospheric CO2 reaeration  mol/L/d 

Ap-->DIC Algal respiration into DIC  mol/L/d 

DIC-->Ap Algal uptake from DIC mol/L/d 

Bed<-->DIC Sediment release of DIC  mol/L/d 

Ab-->RPOC Benthic algae mortality into RPOC mg-C/L/d 

Ab-->LPOC Benthic algae mortality into LPOC mg-C/L/d 

Ab-->RDOC Benthic algae mortality into RDOC mg-C/L/d 

Ab-->LDOC Benthic algae mortality into LDOC mg-C/L/d 

Ab-->DIC Benthic algae respiration into DIC  mol/L/d 

DIC-->Ab Benthic algae uptake from DIC mol/L/d 

CBOD i 

CBOD i oxidation  CBOD oxidation mg-O2/L/d 

CBOD i sedimentation  CBOD sedimentation mg-O2/L/d 

Methane and sulfides 

CH4-->Atm Atmospheric CH4 reaeration  mg-O2/L/d 

Bed<-->CH4 Sediment release of CH4  mg-O2/L/d 

CH4-->DIC CH4 oxidation mg-C/L/d 

H2S-->Atm Atmospheric H2S reaeration  mg-O2/L/d 

Bed<-->H2S Sediment release of H2S  mg-O2/L/d 

Dissolved oxygen 

Atm<-->O2 Atmospheric O2 reaeration  mg-O2/L/d 

Ap--> O2 O2 produced by algal photosynthesis mg-O2/L/d 

O2-->Ap O2 consumed by algal respiration mg-O2/L/d 

O2-->RDOC O2 consumed by RDOC oxidation mg-O2/L/d 

O2-->LDOC O2 consumed by LDOC oxidation mg-O2/L/d 

O2-->CBOD O2 consumed by CBOD oxidation mg-O2/L/d 

O2-->CH4 O2 consumed by CH4 oxidation mg-O2/L/d 

O2-->HS O2 consumed by H2S oxidation mg-O2/L/d 

O2-->Nitrification O2 consumed by nitrification rate mg-O2/L/d 

DOs O2 saturation mg-O2/L 

O2-->Bed Sediment oxygen demand mg-O2/L/d 

Ab-->O2 O2 produced by benthic algae photosynthesis mg-O2/L/d 
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Name Definition Units 

O2-->Ab O2 consumed by benthic algae respiration mg-O2/L/d 

Silica cycle 

Ap-->BSi Algal mortality into BSi mg-Si/L/d 

BSi-->Bed BSi settling mg-Si/L/d 

BSi-->DSi BSi dissolution mg-Si/L/d 

Ap-->DSi Algal mortality into DSi mg-Si/L/d 

Ap-->DSi Algal respiration into DSi mg-Si/L/d 

DSi-->Ap Algal uptake from DSi mg-Si/L/d 

Bed<-->DSi Sediment release of DSi  mg-Si/L/d 

Pathogen 

PX death Pathogen death  cfu/100mL/d 

PX decay Pathogen decay by sunlight cfu/100mL/d 

PX settling Pathogen settling  cfu/100mL/d 

Alklinity 

Ap-->Alk Alk increased by algae respiration mg-CaCO3/L/d 

Alk-->Ap Alk decreased by algal growth mg-CaCO3/L/d 

Alk-->Nitrification Alk decreased by nitrification mg-CaCO3/L/d 

Denitrification-->Alk Alk increased by denitrification mg-CaCO3/L/d 

Ab-->Alk Alk increased by benthic algae respiration mg-CaCO3/L/d 

Alk-->Ab Alk decreased by benthic algae growth mg-CaCO3/L/d 
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5 Benthic Sediment Diagenesis Module 

5.1 Overview 

Sediments process, store, and release carbon and nutrients. The benthic 
sediments are not just depositories for the material from the water 
column, but the flux of constituents from the sediments into the water 
column, and vice versa. Therefore, benthic sediments are an important 
part of controlling the composition of the water quality. Both NSMI and 
NSMII, as described in previous chapters, have the capability of specifying 
rather than predicting SOD and sediment nutrient releases. The use of a 
zero-order rate or constant source term in water quality modeling has a 
major limitation. The models do not provide for a mechanistic link 
between sediment organic matter and its conversion into oxygen demand 
and nutrient release (Martin and Wool 2012). An overview of the benthic 
sediment diagenesis processes is illustrated in Figure 17.  

Figure 17. Diagram of the benthic sediment diagenesis processes. 
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The basis of sediment diagenesis models was laid out by Berner (1980) 
and further developed by authors such as by Di Toro and Fitzpatrick 
(1993). Di Toro (2001) provides a comprehensive analysis of dynamic 
sediment-water flux models. The sediment diagenesis model has been 
successfully integrated into several water quality models, including CE-
QUAL-ICM (Cerco and Cole 1993, Cerco et al. 2004), QUAL2K (Chapra et 
al. 2008) and WASP (Martin and Wool 2012). To have a full sediment 
diagenesis model capability, a benthic sediment diagenesis module was 
coupled with NSMII’s water column kinetics. This module was developed 
based on the algorithms and formulations presented by Di Toro (2001), it 
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is henceforth referred to as NSMII-SedFlux. NSMII-SedFlux is used to 
track the effects of organic matter decomposition and to dynamically 
compute the SOD and fluxes of key solutes (e.g., nitrogen, phosphorus, 
methane, sulfide, silica, oxygen) from the pore waters to the water column. 
Sediment-water fluxes computed in NSMII-SedFlux are supplied to 
appropriate water quality mass-balance equations. 

The basic framework of the NSMII-SedFlux used here consists of two well-
mixed sediment layers: a thin upper layer (layer 1) and a thicker active layer 
on the order of 10 cm (layer 2). The upper layer (layer 1), in contact with the 
water column, may be oxic or anoxic depending on the DO concentration. 
The lower layer (layer 2) is always anoxic. The upper layer depth is at its 
maximum when only a small fraction of the active sediment thickness 
(~ 0.1 cm) is present. The NSMII-SedFlux models four basic processes: 
(1) algae and particulate organic matter (POC, PON, POP) delivery to 
benthic sediments from the water column; (2) diagenesis of the sediment 
particulate organic matter in the second layer that produces dissolved 
chemicals; (3) production, diffusion, and burial of sediment dissolved 
chemicals; and (4) sediment–water exchanges of dissolved chemicals. 
Figure 18 provides an overview of the model representation of state 
variables and the major processes modeled in NSMII-SedFlux. Sediment 
diagenesis (mineralization) reactions only occur in the second layer. 

The heterogeneous nature of the sediment organic matter is recognized and 
typically accommodated by adopting a multi-G approach. The basis of the 
multi-G assumption came from laboratory experiments that showed organic 
matter decay could be approximated as a function of different pools (Berner 
1980). Three “G classes,” labile, refractory, and inert, are included. Labile, 
refractory, and inert distinctions are based upon the timescales of oxidation 
or decomposition. The G1 class has a half-life of 20 days. The G2 class has a 
half-life of one year. The G3 class undergoes no significant decay before 
burial into deep, inactive sediments (Di Toro 2001). 

The sediment diagenesis module focuses on four components of organic 
matter: carbon, nitrogen, phosphorous, and silica. This results in an 
additional 27 sediment diagenesis state variables. Table 32 lists the 
sediment diagenesis state variables and their associated symbols. Each one 
is associated with the benthic sediments. The units of these variables are 
depicted as grams per sediment layer volume basis, or mg L-1. The silica 
state variables are included in the sediment diagenesis module only if the 
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water column silica is activated within the model. Methane, sulfate, and 
sulfide are tracked in units of oxygen equivalents (mg-O2 L-1) to easily 
balance the model’s computations. The sediment diagenesis computational 
time step is set equal to the water quality model time step. 

Figure 18. State variables and major processes modeled in NSMII-SedFlux. 
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CH4 H2S (d) NH4 (d) NO3 DIP Partitioning

Particle 
mixing

DO demand

Diffusion

Burial

CH4 H2S NH4 NO3 DIP

Transfer

BSi Si (d)

Si (d)

DSi
Deposition

Dissolution

NH4 (p)

PIP

H2S (p)

Si (p)

Partitioning

Partitioning

Partitioning

H2S (p)

NH4 (p)

PIP

Si (p)

 

Table 32. Sediment diagenesis state variables. 

Variable Layer Definition Units 

NH41
 1 Sediment ammonium  mg-N L-1 

NO31
 1 Sediment nitrate mg-N L-1 

CH41 1 Sediment methane mg-O2 L-1 

TH2S1 1 Sediment total hydrogen sulfide mg-O2 L-1 

SO41 1 Sediment sulfate mg-O2 L-1 

DIC1 1 Sediment dissolved inorganic carbon mg-C L-1 

TIP1 1 Sediment total inorganic phosphorous  mg-P L-1 

DSi1 1 Sediment dissolved silica mg-Si L-1 

NH42
 2 Sediment ammonium  mg-N L-1 

NO32
 2 Sediment nitrate  mg-N L-1 

CH42 2 Sediment methane mg-O2 L-1 

TH2S2 2 Sediment total sulfide mg-O2 L-1 
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Variable Layer Definition Units 

SO42 2 Sediment sulfate mg-O2 L-1 

DIC2 2 Sediment dissolved inorganic carbon mg-C L-1 

TIP2 2 Sediment total inorganic phosphorous  mg-P L-1 

DSi2 2 Sediment dissolved silica mg-Si L-1 

POCGi,2 2 Sediment particulate organic carbon (G1 – G3)  mg-C L-1 

PONGi,2 2 Sediment particulate organic nitrogen (G1 – G3)  mg-N L-1 

POPGi,2 2 Sediment particulate organic phosphorous (G1 – G3) mg-P L-1 

BSi2 2 Sediment particulate biogenic silica mg-Si L-1 

ST 2 Sediment benthic stress d 

The NSMII-SedFlux offers two options for the numerical solutions of mass 
balance equations of sediment diagenesis state variables: (1) steady-state 
and (2) unsteady-state. The first option does not require initial conditions 
for state variables. However, the initial conditions are required for the 
second option. The initial conditions are specified separately for the 
sediment segments, and differ from those for the water column. In NSMII-
SedFlux, initial conditions are only required for sediment diagenesis state 
variables in layer 2. The steady-state solution is typically used as an initial 
condition for time-dependent, unsteady-state simulations. Some caution 
should be exercised using this approach, particularly for phosphorus. As 
indicated by Di Toro (2001), a steady-state model cannot be used to 
successfully predict the range of phosphorus fluxes from the sediments, 
particularly under anoxic water column conditions. As a result, the steady-
state option for computing initial conditions of diagenesis segments 
should not be used where the initial DO concentrations in the overlying 
water column are near zero. 

In general, the quasi-dynamic approach is used to refine the initial 
conditions and the model is run for a period of a year or more with 
reasonably repeating water column conditions. The predicted 
concentrations in sediment diagenesis segments at the end of that period 
are used to refine and replace the specified initial conditions. This process 
is repeated until the resulting predictions approach a quasi-steady state 
condition (Di Toro 2001). 

5.2 Water Column Depositional Fluxes 

Sedimentation of solids and entrapment of water in the pore spaces are 
two major fluxes of materials across the sediment-water interface. As 
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organic matter settle to the bottom, they are converted to organic 
sediment. Settling phytoplankton are assumed to contribute to sediment 
organic matter. Due to the negligible thickness of the first layer, deposition 
of particulates from the water column is directly delivered to the anaerobic 
sediments. Once deposition in the sediments occurs, water column state 
variables are required to convert into the benthic sediment’s state 
variables that are listed in Table 32. If the benthic algae are included in 
NSMII, the effect of benthic algae mortality is taken into account in 
computing sediment diagenesis flux. Three classes of organic sediment are 
modeled in NSMII-SedFlux: labile (G1), refractory (G2), and inert (G3). 
Labile particulates from the water column are transferred directly into the 
sediment G1 class. Refractory particulates from the water column need to 
be split among G1, G2 and G3 classes upon entering the sediments based 
upon user-supplied fractions. The depositional fluxes of algae are first 
converted into PON, POP, and POC based on stoichiometric ratios and 
then split into three organic sediment G classes.  

In NSMII-SedFlux, the depositional fluxes of organic matter are computed 
using the water column concentrations and specified settling rates and 
given below. 

Sediment Particulate Organic Carbon (POC): 

  
,POC G AP sai cai pi sl RPOC sr w AB cb b

i

J F v r A v LPOC F v RPOC F F r A    
3

1 1 1 1
1 ,  (5.1a) 

  ,POC G AP sai cai pi RPOC sr w AB cb b
i

J F v r A F v RPOC F F r A   
3

2 2 2 21 , (5.1b) 

 
   

  

,POC G AP AP sai cai pi RPOC RPOC sr
i

w AB AB cb b

J F F v r A F F v RPOC

F F F r A

     

   


3

3 1 2 1 2

1 2

1 1

1 1

, (5.1c) 

where  

 FAP1  =  fraction of algae deposit to sediment G1 (0–1.0), 
 FAP2  =  fraction of algae deposit to sediment G2 (0–1.0), 
 FAB1  =  fraction of dead benthic algae to sediment G1 (0–1.0), 
 FAB2  =  fraction of dead benthic algae to sediment G2 (0–1.0), 
 JPOC,G1  =  total deposition to sediment POC G1 (g-C m-2 d-1), 
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 JPOC,G2  =  total deposition to sediment POC G2 (g-C m-2 d-1), 
 FRPOC1  =  fraction of RPOC deposit to sediment POC G1 (0–1.0), 
 FRPOC2  =  fraction of RPOC deposit to sediment POC G2 (0–1.0), 
 JPOC,G3  =  total deposition to sediment POC G3 (g-C m-2 d-1). 

Sediment Particulate Organic Nitrogen (PON): 

  ,PON G AP sai nai pi sl RPON sr w AB nb b
i

J F v r A v LPON F v RPON F F r A    
3

1 1 1 11 , (5.2a) 

  ,PON G AP sai nai pi RPON sr w AB nb b
i

J F v r A F v RPON F F r A   
3

2 2 2 21 , (5.2b) 

   

  

,PON G AP AP sai nai pi RPON RPON sr
i

w AB AB nb b

J F F v r A F F v RPON

F F F r A

     

   


3

3 1 2 1 2

1 2

1 1

1 1

, (5.2c) 

where  

 JPON,G1  =  total deposition to sediment PON G1 (g-N m-2 d-1), 
 JPON,G2  =  total deposition to sediment PON G2 (g-N m-2 d-1), 
 FRPON1  =  fraction of RPON deposit to sediment PON G1 (0–1.0), 
 FRPON2  =  fraction of RPON deposit to sediment PON G2 (0–1.0), 
 JPON,G3  =  total deposition to sediment PON G3 (g-N m-2 d-1). 

Sediment Particulate Organic Phosphorus (POP): 

  ,POP G AP sai pai pi sl RPOP sr w AB pb b
i

J F v r A v LPOP F v RPOP F F r A    
3

1 1 1 11 , (5.3a) 

  ,POP G AP sai pai pi RPOP sr w AB pb b
i

J F v r A F v RPOP F F r A   
3

2 2 2 21 , (5.3b) 

   

  

,POP G AP AP sai pai pi RPOP RPOP sr
i

w AB AB pb b

J F F v r A F F v RPOP

F F F r A

     

   


3

3 1 2 1 2

1 2

1 1

1 1

, (5.3c) 
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where  

 JPOP,G1  =  total depositional flux to sediment POP G1 (g-P m-2 d-1), 
 JPOP,G2  =  total depositional flux to sediment POP G2 (g-P m-2 d-1), 
 FRPOP1  =  fraction of RPOP deposit to sediment POP G1 (0–1.0), 
 FRPOP2  =  fraction of RPOP deposit to sediment POP G2 (0–1.0), 
 JPOP,G3  =  total organic P deposit to sediment POP G3 (g-P m-2 d-1). 

Sediment Particulate Biogenic Silica (BSi): 

 BSi sai siai pi bsi
i

J v r A v BSi 
3

, (5.4) 

where  

 JBSi  =  total deposition to sediment BSi (g-Si m-2 d-1). 

5.3 Sediment Organic Matter 

Once algae and particulate organic matter deposited on the bottom, 
sediment particulate organic matter is assumed to be located exclusively in 
the second layer of sediment. The sediment diagenesis is simulated by 
partitioning deposited organic matter into three reactivity classes. The 
diagenesis processes are assumed to follow first-order kinetics. The end 
products of diagenesis or decay of sediment organic matter include 
ammonium, methane, sulfide, inorganic phosphorus, and silica. These 
constituents can undergo additional biological, chemical, and physical 
processing and reactions in sediments. Burial of sediment organic matter 
is included in the sediment diagenesis module. Although the sediment 
layer is assumed not to move vertically, its position relative to the 
sediment–water interface changes as additional material is deposited on 
the bed. Thus, deposition of solids from the water column results in older 
sediments moving further from the sediment-water interface. For all state 
variables, burial is solved as a function of the user input burial rate. 
Magnitude of the burial rate is influenced by the depositional flux of solids 
from the water column. In NSMII-SedFlux, the mass balance equations 
are solved for each form of particulate organic matter (N, P and C) and for 
each G class (1-3) are analogous. 
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5.3.1 Sediment particulate organic carbon 

Sediment POC is a component of the particulate organic matter that settles 
from the water column into the second layer. Three state variables are used 
to represent three reactivity classes (G1 to G3). The mass balance equation 
of each G class (i) of the sediment POC diagenesis can be written as 

i,
i,2

2 GPOC
G J

dt
dPOC

h =  Organic carbon settling to sediment POC, (5.5) 

i,2,2 )( GGiPOC POCKh T ⋅−  Sediment POC diagenesis (POC2-->CH42),  

i,22 GPOCw−  Sediment POC burial,  

where  

 h2 = sediment layer thickness (m), 
 POCGi,2  =   sediment POC (G1 to G3) (mg-C L-1), (i = 1 to 3), 
KPOC,Gi(T) = sediment POC (G1 to G3) diagenesis rate (d-1), 
 w2  =  sediment burial rate (m d-1). 

As there is no decay or byproduct, KPOC,G3(T) is set as zero. Equation 5.5 is 
solved using an implicit integration scheme for sediment POC (G1 to G3) 
at the present time step (t + Δt). 

 i,2 i,2 i
i,2 i,2

Δ
, Δ Δ

, ( )
Δ

t t t t
G G POC G t t t t

POC Gi G GT
POC POC J w

K POC POC
t h h


 

   2

2 2

, (5.6) 

Steady-state solution: 

 
i

i,2  

,

Δ

, ( )

t
POC G

t t
G

POC Gi T

J
h

POC
wK
h

 


2

2

2

, (5.7) 
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Unsteady-state solution: 

 
i

i,2

i,2  

,

Δ

,

Δ

( )Δ Δ

t
POC G t

G
t t
G

POC Gi T

J
t POC

h
POC

wK t t
h






 

2

2

2

1
, (5.8) 

Once the concentrations of sediment particulate organic carbon are known, 
as described above, sediment diagenesis fluxes for carbon reactions and 
transfers at the present time step (t + Δt) are computed below:  

 ,2
Δ Δ

, , ( )t t t t
C G POC G GTJ K h POC 1 1 2 1 , (5.9a) 

 ,2
Δ Δ

, , ( )t t t t
C G POC G GTJ K h POC 2 2 2 2 , (5.9b) 

 Δ Δ Δ
, ,

t t t t t t
C C G C GJ J J   1 2 , (5.9c) 

where  

 JC,G1  =  sediment POC G1 diagenesis flux (g-C m-2 d-1), 
 JC,G2  =  sediment POC G2 diagenesis flux (g-C m-2 d-1), 
 JC  =  sediment POC diagenesis flux (g-C m-2 d-1). 

5.3.2 Sediment particulate organic nitrogen 

The mass balance equation of each G class (i) of the sediment PON 
diagenesis is developed in a similar manner to POC for computing the 
diagenesis flux of nitrogen, JN. 

i,
i,2

2 GPON
G J

dt
dPON

h =  Organic N settling to sediment PON, (5.10) 

i,2,2 )( GGiPON PONKh T ⋅−  Sediment PON diagenesis (PON2-->NH42),  

i,22 GPONw−  Sediment PON burial,  

where  

 PONGi,2  =   sediment PON (G1 to G3) (g-N m-3), 
KPON,Gi(T) = sediment PON (G1 to G3) diagenesis rate (d-1). 
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Equation 5.10 is solved algebraically for three G-class sediment PON at the 
present time step (t + Δt) as follows  

Steady-state solution: 

 
i

i,2  

,

Δ

, ( )

t
PON G

t t
G

PON Gi T

J
h

PON
wK
h

 


2

2

2

, (5.11) 

Unsteady-state solution: 

 
i

i,2

i,2  

,

Δ

,

Δ

( )Δ Δ

t
PON G t

G
t t
G

PON Gi T

J
t PON

h
PON

wK t t
h






 

2

2

2

1
, (5.12) 

Total sediment diagenesis fluxes for nitrogen reactions and transfers at the 
present time step (t + Δt) are computed below 

 1,2
Δ Δ

, , ( )t t t t
N G PON G GTJ K h PON 1 1 2 , (5.13a) 

 ,2
Δ Δ

, , ( )t t t t
N G PON G GTJ K h PON 2 2 2 2 , (5.13b) 

 Δ Δ Δ
, ,

t t t t t t
N N G N GJ J J   1 2 , (5.13c) 

where  

 JN,G1  =  sediment PON G1 diagenesis flux (g-N m-2 d-1), 
 JN,G2  =  sediment PON G2 diagenesis flux (g-N m-2 d-1), 
 JN  =  sediment PON diagenesis flux (g-N m-2 d-1). 

5.3.3 Sediment particulate organic phosphorus  

The mass balance equation of each G class (i) of the sediment POP 
diagenesis is developed in a similar manner to POC and PON for 
computing the diagenesis flux of phosphorus, JP. 
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i,
i,2

2 GPOP
G J

dt
dPOP

h =  Organic P settling to sediment POP, (5.14) 

i,2,2 )( GGiPOP POPKh T ⋅−  Sediment POP diagenesis (POP2-->DIP2),  

i,22 GPOPw−  Sediment POP burial,  

where  

 POPGi,2  =   sediment POP (G1 to G3) (g-P m-3), 
KPOP,Gi(T) = sediment POP (G1 to G3) diagenesis rate (d-1). 

Equation 5.14 is solved algebraically for three G-class sediment POP at the 
present time step (t + Δt) as follows  

Steady-state solution: 

 
i

i,2  

,

Δ

, ( )

t
POP G

t t
G

POP Gi T

J
h

POP
wK
h

 


2

2

2

, (5.15) 

Unsteady-state solution: 
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i,2

i,2  

,

Δ

,

Δ

( )Δ Δ

t
POP G t

G
t t

G

POP Gi T

J
t POP

h
POP

wK t t
h






 

2

2

2

1
, (5.16) 

Total sediment diagenesis fluxes for phosphorus reactions and transfers at 
the present time step (t + Δt) are computed below  

 1,2
Δ Δ

, , ( )t t t t
P G POP G GTJ K h POP 1 1 2 , (5.17a) 

 ,2
Δ Δ

, , ( )t t t t
P G POP G GTJ K h POP 2 2 2 2 , (5.17b) 

 Δ Δ Δ
, ,

t t t t t t
P P G P GJ J J   1 2 , (5.17c) 

where  

 JP,G1  =  sediment POP G1 diagenesis flux (g-P m-2 d-1), 
 JP,G2  =  sediment POP G2 diagenesis flux (g-P m-2 d-1), 
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 JP  =  sediment POP diagenesis flux (g-P m-2 d-1). 

5.3.4 Sediment particulate biogenic silica 

Silica associated with diatoms and deposited from the water column is 
represented as particulate biogenic silica (BSi) and is modeled in layer 2. 
Sediment biogenic silica can then undergo either deep burial or 
dissolution to dissolved silica. Production of dissolved silica in sediments 
occurs via a different mechanism than the diagenesis used for carbon, 
nitrogen and phosphorous. It results from the dissolution of sediment 
particulate biogenic silica. The dissolution releases silica to the pore water 
(Hurd 1973, Di Toro 2001). The kinetics of biogenic silica dissolution is 
computed using Michaelis-Menton expression (Conley and Kilham 1989). 
The mass balance equation of the sediment BSi can be written as 

BSiJ
dt

dBSih =2
2  Organic silica settling to sediment BSi, (5.18) 

( )22
2

2
22 )( SifSi

BSiK
BSikh dsis

sSi
bsi T −

+
−  Sediment BSi dissolution (BSi2-->DSi2),  

22BSiw−  Sediment BSi burial,  

where  

 BSi2  =   sediment BSi (mg-Si L-1), 
 KsSi  =  half saturation Si constant for BSi dissolution (mg-Si L-1), 
 kbsi2(T)  =  sediment BSi dissolution rate (d-1), 
 Sis  =  Si saturation (mg-Si L-1). 

Equation 5.18 can be solved for the sediment BSi. Unsteady state solution 
at the present time step (t + Δt) is derived from an explicit scheme due to a 
nonlinear relationship. 

Steady-state solution:  

i
2  Δ

t
sSi BSt t b b w K J

BSi
w

   


2
2

2

4
2

, ( )t
dsisbsisSi

t
BS SifSikhKwJb T 22222i )( −−+=

, (5.19) 
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Unsteady-state solution: 

 2
2 2 i 2 2

2

 Δ Δ
( )

t
t t t t t t

BS bsi s dsit
sSi

T
BSit

BSi BSi J w BSi h k Si f Si
h K BSi

     


 
 
  

2 2 2 2
2

, (5.20) 

Biogenic silica dissolution rate at the present time step (t + Δt) is 
computed using the following equation  

  2
2

2

Δ
Δ

Δ( )
t t

t t t
Si bsi sat dsit t

sSi

T
BSi

J h k Si f Si
K BSi




 
2 2 2 , (5.21) 

where  

 JSi  =  sediment BSi dissolution rate (g-Si m-2 d-1). 

5.4 Sediment Reaction Constants and Coefficients 

Sediment inorganic state variables in the two layers are subject to a 
number of reactions and mass transfer. This section describes the 
sediment reaction processes and their rates internally computed in 
NSMII-SedFlux. These constants are necessary for solving the mass 
balances of sediment inorganic state variables. 

5.4.1 Temperature dependent coefficients 

Most of sediment diagenesis reaction rates are temperature dependent 
and must be corrected according to the temperature correction function 
described earlier in Chapter 2. The following coefficients must be 
corrected with a modified temperature correction equation 

 , ,( ) ( )
T

nh nhTv v θ



20

2
4 1 4 1 20 , (5.22a) 

 , ,( ) ( )
T

no noTv v θ



20

2
3 1 3 1 20 , (5.22b) 

 , ,( ) ( )
T

ch chTv v θ



20

2
4 1 4 1 20 , (5.22c) 

 , ,( ) ( )
T

h s d h s dTv v θ



20

2
2 2 20 , (5.22d) 
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 , ,( ) ( )
T

h s p h s pTv v θ



20

2
2 2 20 , (5.22e) 

where  

 vnh4,1(T)  =  sediment layer 1 nitrification transfer velocity at local temperature 
(m d-1), 

vnh4,1(20) = sediment layer 1 nitrification transfer velocity at 20oC (m d-1), 
 vno3,1(T)  =  sediment layer 1 denitrification transfer velocity at local 

temperature (m d-1), 
vno3,1(20) =  sediment layer 1 denitrification transfer velocity at 20oC (m d-1), 
 vnh4,1(T)  =  sediment layer 1 CH4 oxidation transfer velocity at local 

temperature (m d-1), 
vnh4,1(20) = sediment layer 1 CH4 oxidation transfer velocity at 20oC (m d-1), 
 vh2s,d(T)  =  sediment layer 1 H2S dissolved oxidation transfer velocity at 

local temperature (m d-1), 
 vh2s,p(T)  =  sediment layer 1 H2S particulate oxidation transfer velocity at 

local temperature (m d-1), 
vh2s,d(20) =  sediment layer 1 H2S dissolved oxidation transfer velocity at 20oC 

(m d-1), 
vh2s,p(20) =  sediment layer 1 H2S particulate oxidation transfer velocity 1 at 

20oC (m d-1). 

5.4.2 Sediment equilibrium partitioning fractions 

Dissolved constituents, including ammonium, sulfide, inorganic 
phosphorous, and silica, can sorb to the sediment particles. A linear 
equilibrium partitioning is assumed at all times between dissolved and 
adsorbed phases in the two layers. The dissolved (fd), and particulate (fp), 
fractions are computed using the partition coefficients and the 
concentration of sediment solids in each layer 

 di pi
ssi di

f f
C k

  


1 1
1

, (5.23) 

where  

 kdi = partition coefficient in sediment layer i (L-1 kg), 
 Cssi = solids concentration in sediment layer i (kg L-1). 
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5.4.3 Sediment half-saturation oxygen attenuation 

Sediment DO is not included as a state variable in the sediment diagenesis 
module.DO is assumed to be zero in the anaerobic layer (layer 2). Using 
the overlying water DO concentration as a boundary, a linear decline of 
DO is assumed from water column the aerobic layer. Therefore, DO in 
aerobic layer is approximately half of DO in the water column. Oxygen 
attenuation factors for sediment nitrification and oxidation are computed 
using the half-saturation function 

  . .Oxna sOxnaF DO K DO   1 10 5 0 5 ,  (5.24a) 

  . .Oxch sOxchF DO K DO   1 0 5 0 5 ,  (5.24b) 

where  

 KsOxna1  =  half-saturation oxygen attenuation constant for sediment 
nitrification (mg-O2 L-1), 

 KsOxch  =  half-saturation oxygen attenuation constant for CH4 oxidation 
(mg-O2 L-1), 

 FOxna1  =  oxygen attenuation factor for sediment nitrification (0–1.0), 
 FOxch1  =  oxygen attenuation factor for sediment CH4 oxidation (0–1.0). 

5.4.4 Sediment-water transfer  

The surface mass transfer velocity controls dissolved constituent exchange 
between the aerobic layer and the overlying water column. The sediment 
diagenesis module uses the same mass transfer coefficient for all sediment 
dissolved state variables since differences in the diffusion coefficients are 
subsumed in the kinetic parameters (Di Toro 2001). The mass transfer 
velocity between the overlying water and the aerobic layer is defined as 

 L
SODK
DO

01 , (5.25) 

where  

 KL01  =  sediment-water mass transfer velocity (m d-1). 
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5.4.5 Dissolved mass transfer between two layers 

The dissolved and particulate phase mixing coefficients between the two 
layers determine the rate at which chemicals stored in the anaerobic layer 
are transferred to the aerobic layer and potentially to the overlaying water 
column. Dissolved phase mixing between layers 1 and 2 is via molecular 
diffusion, which is enhanced by the mixing activities of the benthic 
organisms. Benthic organisms cause bio-irrigation and the dispersion of 
dissolved substances. The overall mass transfer coefficient includes the 
effects of flow, bio-irrigation, and molecular diffusion. The dissolved mass 
transfer velocity is estimated through specifying a sediment pore-water 
diffusion coefficient  

 
( )

.
d

L
TD

K
h

12
20 5

, (5.26) 

where  

 KL12  =  dissolved mass transfer velocity between layers 1 and 2 (m d-1), 
 Dd(T)  =  sediment pore-water diffusion coefficient (m d-1). 

KL12 is used to compute sediment diffusion of NH4, NO3, CH4, H2S, DIC, 
DIP, and DSi between layers 1 and 2. 

5.4.6 Particle mixing transfer between two layers 

Particle mixing transfer velocity is used to compute transfer of particulate 
ammonium, sulfide, phosphorous, and silica between layers 1 and 2. 
Sediment particle phase mixing is controlled by temperature, carbon input, 
and oxygen. The particle phase mixing transfer velocity is computed using 
the apparent particle diffusion coefficient and sediment organic carbon 

 
 

,( )
.
p G

ss r

TD POC
ω

h C POC
 1 2

12 3
2 20 5 10

, (5.27) 

where  

 ω12  =  sediment particle phase mixing transfer velocity due to 
bioturbation (m d-1), 

 POCr  =  reference POCG1 for sediment particle phase mixing (mg-C g-1).  
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The above formulation assumes that particle mixing is correlated with the 
amount of labile carbon (e.g., POCG1,2) present in the sediment. However, if 
excess carbon loading creates unfavorable oxygen conditions, the model 
accumulates a benthic stress (equation 5.28). After the stress has passed, 
the minimum is carried forward for the rest of the year to simulate the 
observation that benthic communities do not recover until the following 
year (Diaz and Rosenberg 1995). Therefore, particle mixing transfer 
velocity is corrected by modeled benthic stress.  

Note that the same formulations for computing KL12 and ω12 are used in 
QUAL2K and WASP. However, h2 is used in original sediment diagenesis 
models, rather than 0.5h. 

5.4.7 Sediment benthic stress 

One additional impact, if anoxia occurs for periods of time, the benthic 
population will be ultimately reduced or eliminated, so that bioturbation is 
consequently reduced or eliminated. To include this effect, the benthic 
stress that low DO conditions impose on the population is simulated using 
a benthic stress defined by Di Toro (2001). 

 sDp
st

sDp

KST k ST
t K DO


 

 
,  (5.28) 

where  

 ST  =  sediment benthic stress (d), 
 kst  =  decay rate for benthic stress (d-1), 
 KsDp  =  half-saturation oxygen constant for sediment particle mixing 

(mg-O2 L-1). 

Equation 5.28 can be solved for the sediment benthic stress  

 Δ

Δ

Δ

sDpt

sDpt t

st

K
ST t

K DO
ST

k t


     


1
, (5.29) 

Particle phase mixing coefficient given in equation 5.27 is modified to 
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  Δt t
stω ω k ST  12 12 1 . (5.30) 

5.4.8 Sediment sulfate penetration  

Sulfate reduction removes sulfate and ultimately produces sulfide in the 
anaerobic layer. Sulfate is also produced in the aerobic layer because of 
sulfide oxidation. Sulfate reduction and sulfide production are competing 
processes, and the preference of pathway is dependent solely on the 
concentration of sulfate causing inhibition. The sediment sulfate 
concentration decreases with sulfide formation and increases with sulfide 
consumption. Because sulfate in the anaerobic layer may become limiting 
to sulfate reduction in low-salinity sediments, the thickness of sulfate 
penetration is often less than the active sediment layer thickness; 
therefore, KL12 is scaled to sulfate penetration thickness to yield a sulfate 
specific mass-transfer coefficient, KL12,SO4. 

Sediment sulfate specific mass-transfer velocity, KL12,SO4 and thickness of 
sulfate penetration, hso4 , are given by Di Toro (2001) 

 
( )

.
d

SO
so

D T
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h
12 4

40 5
, (5.31a) 

 ( )d
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D T SO h
h

J
 

 2 2
4

2 4 , (5.31b) 

where  

 KL12,SO4  =  sediment sulfate specific mass-transfer velocity (m d-1), 
 hso4  =  thickness of sediment sulfate penetration (m), 
 JCc  =  total sediment POC diagenesis flux corrected for 

denitrification (g-O2 m-2 d-1). 

5.5 Sediment Inorganic Constituents 

The sediment inorganic constituent state variables include ammonium, 
nitrate, inorganic phosphorus, dissolved silica, methane, sulfide, and 
hydrogen sulfide. This section describes mass-balance equations of these 
state variables and their numerical solutions. Each state variable is 
modeled for two layers: an aerobic layer and an anaerobic layer. The 
NSMII-SedFlux models biogeochemical reactions, burial, diffusion of 
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dissolved material between the aerobic sediments and overlying water 
column and between sediment layers, and the mixing of particulate 
material between layers. Burial from layer 1 is added to layer 2, whereas 
burial from layer 2 is considered deep burial out of the modeled system. 

Two solutions for each state variable are included in NSMII-SedFlux. One 
is solved based on steady state conditions. The other is solved based on the 
unsteady-state conditions. Because the aerobic layer is thinner when 
compared to the anaerobic layer, it is always assumed that the aerobic 
layer is under a steady-state when compared to the slower processes that 
are occurring within the anaerobic layer. The finite difference equations 
are solved using the same matrix solution provided in this chapter. 

5.5.1 Sediment ammonium 

Sediment ammonium (NH4) is produced by decomposition of the reactive 
G1 and G2 classes of PON (PONG1 and PONG2) in layer 2. NH4 may be 
transferred to layer 1 through porewater diffusion. While in the aerobic 
layer, NH4 is converted to nitrate via nitrification. The nitrification rate is 
computed according to Michaelis-Menten kinetics with respect to NH4 and 
DO. The nitrification rate decreases as the NH4 concentration increases. 
Similarly, the nitrification reaction decreases with the decreasing DO. 
Sediment-water transfer of NH4 depends on the concentration gradient 
between aerobic layer and overlying water. Sediment NH4 may undergo 
burial due to sedimentation. Sorption of NH4 on sediments is modeled. At 
equilibrium, the distribution of NH4 between sediments and pore water can 
be described by the equilibrium partitioning isotherm. So sediment total 
ammonium (TNH4) is used as a single state variable. The mass balance 
equations of TNH4 in layers 1 and 2 can be written as 

=
dt

dTNHh 1
1

4  12 4TNHw−  NH4 burial from layer 1, 
(5.32a

) 
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nh

dnsNH

sNH
Oxna
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+
−  NH4 nitrification in layer 1 (NH41--

>NO31), 
 

( )112212 44 TNHfTNHf pnpn −+ ω  NH4 particulate transfer between layers 1 
and 2 (PNH42<-->PNH41), 

 

( )112212 44 TNHfTNHfK dndnL −+  NH4 dissolved transfer between layers 1 
and 2 (NH42<-->NH41), 

 



ERDC/EL TR-16-1 145 

 

( )441101 NHTNHfK dnL −−  NH4 sediment-water transfer (NH41<--
>NH4), 

 

 

NJ
dt

dTNHh =2
2

4  Total PON diagenesis flux in layer 2  (5.32b) 

12 4TNHw+  NH4 burial from layer 1,  

22 4TNHw−  NH4 burial from layer 2,  

( )112212 44 TNHfTNHf pnpn −− ω  NH4 particulate transfer between layers 
1 and 2 (PNH42<-->PNH41), 

 

( )112212 44 TNHfTNHfK dndnL −−  NH4 dissolved transfer between layers 
1 and 2 (NH42<-->NH41), 

 

where  

 TNH4i  =  total ammonium in sediment layer i (mg-N L-1), 
 KsNh4  =  half saturation NH4 constant for sediment nitrification (mg-N L-1), 
 fdni, fpni  =  dissolved and particulate fractions of NH4 in sediment layer i. 

Implicit finite difference forms of above mass balance equations of TNH4 
are written as 

 Δ Δt t t ta TNH a TNH b  11 1 12 2 14 4 , (5.33a) 

 Δ Δt t t ta TNH a TNH b  21 1 22 2 24 4 , (5.33b) 

Unsteady-state solution: 

,
( )

nhsNH
pn L dn dn Oxna L dn

sNH dn L

TvK
a ω f K f w f F K f

K f TNH K
    



2

4 14
11 12 1 12 1 2 1 1 01 1

4 1 1 01
4

, (5.34a) 

 
pn L dna ω f K f 12 12 2 12 2

, (5.34b) 

 t
Lb K NH1 01 4 , (5.34c) 

 
pn L dna ω f K f w  21 12 1 12 1 2

, (5.34d) 
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, (5.34e) 
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  2

2 24 , (5.34f) 

Steady-state solution: 

 
pn L dna ω f K f w  22 12 2 12 2 2

, (5.35a) 

 Δt t
Nb J 2

, (5.35b) 

Initial sediment ammonium in sediment layers 1 and 2 need to be 
converted into total concentration for solving TNH4. Dissolved 
ammonium in each layer is computed as 

 
i dni iNH f TNH4 4 , (5.36a) 

 dni pni
ssi dnh i

f f
C k

  
 4

1 1
1

, (5.36b) 

where  

 NH4i  =  ammonium in sediment layer i (mg-N L-1) (i = 1, 2). 

When oxygen is available, sediment ammonium may be nitrified and then 
denitrified to nitrogen gas. Nitrification reaction can be represented by 

 
−+ ++→+ 322 224 NOOHHONH , 

2 · 32/14 = 4.57 g-O2 are required for 1 g-N-1 oxidized. The sediment 
nitrification process consumes oxygen, which is defined as nitrogenous 
SOD (NSOD) 

 , ( )nhsNH
Oxna dn on

sNH dn L

TvK
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K f TNH K
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4 14

1 1 1
4 1 1 01

4
4

, (5.37) 

where  

 ron  =  O2 : N ratio for nitrification (g-O2 g-N-1). 
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5.5.2 Sediment nitrate 

The only source term for sediment nitrate is nitrification in the aerobic 
layer. Sediment nitrate (NO3) is produced by the nitrification of 
ammonium in the aerobic layer and can be reduced to gaseous nitrogen 
through denitrification in either layer. Sediment denitrification is 
simulated for both layers. The mass balance equations of NO3 in layers 1 
and 2 can be written as 

=
dt

dNOh 1
1

3
1
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2
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no T
−  NO3 denitrification in layer 1, (5.38a) 
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(NH41-->NO31), 
 

( )1212 33 NONOKL −+  NO3 transfer between layers 1 
and 2   (NO32<-->NO31), 

 

( )33101 NONOKL −−  NO3 sediment-water transfer 
(NO3<-->NO31), 

 

 

22,3
2

2 3)(3 NOv
dt

dNOh Tno ⋅−=  NO3 denitrification in layer 2, (5.38b) 

( )1212 33 NONOKL −−  NO3 transfer between layers 1 
and 2 (NO32<-->NO31), 

 

where  

 NO3i  =  nitrate in sediment layer i (mg-N L-1). 

Implicit finite difference forms of the above mass balance equations of 
NO3 are written as 

 Δ Δt t t ta NO a NO b  11 1 12 2 13 3 , (5.39a) 

 Δ Δt t t ta NO a NO b  21 1 22 2 23 3 , (5.39b) 
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Unsteady-state solution: 
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, (5.40b) 
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La K21 12

, (5.40d) 
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, (5.40e) 
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t
 2

2 23 , (5.40f) 

Steady-state solution: 

 
, ( )L no Ta K v 22 12 3 2

, (5.41a) 

 b 2 0 , (5.41b) 

Movement of nitrate between water and sediments is strongly influenced 
by the concentration of nitrate in the water column. When nitrate is 
abundant in the water column, nitrate usually diffuses from overlying 
water into the sediments where it is denitrified to gaseous form. Sediment 
is a net sink for nitrate in the overlying water in this case. When nitrate is 
absent from the water column, small quantities of nitrate may diffuse from 
sediment interstitial water into the overlying water. 

5.5.3 Sediment methane 

Sediment carbon diagenesis in the anaerobic layer produces either 
hydrogen sulfide (H2S) or methane (CH4) (Di Toro 2001). In fresh water 
sediments, the organic carbon decomposes to yield methane. In salt water, 
hydrogen sulfide is produced by the diagenesis through reduction of sulfate. 
The process of sulfate reduction is very important; sulfate is a major 
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constituent of salt water (28 mM). Sediment carbon diagenesis produces 
methane and hydrogen sulfide via the following reactions (Di Toro 2001). 

 22 42 COCHOCH +→ , 

 OHSHCOSOHOCH 222422 222 ++→+ , 

where CH2O is a simplified representation of sediment organic matter. 
One gram of organic matter would yield 0.5 g of methane or 0.5 g of 
hydrogen sulfide in the anaerobic sediments. However, some of the 
sediment organic carbon does not decompose. Sediment organic carbon is 
first used by denitrification (Di Toro 2001)  

 OHNCONOHOCH 22232 725445 ++→++ −+

.  

The sediment carbon diagenesis flux consumed during denitrification, 
JC,dn, is computed as 

 ,Δ Δ Δ
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. (5.42) 

Any remaining carbon is processed by sulfate reduction, after which 
methanogenesis occurs. Remaining sediment carbon flux become 

 Δ Δ Δ
,

t t t t t t
Cc oc C C dnJ r J J    . (5.43) 

Methane dissolves and often increases rapidly in concentration until 
saturation in the sediments of fresh water bodies. The methane saturation 
is primarily a function of water pressure (depth) and water temperature 
although salinity will affect the saturation, too. Di Toro (2001) provides 
the following methane saturation equation 

 . T
s

hCH      
204 100 1 1 024

10
, (5.44) 

where 

 CH4s  =  methane saturation (mg-O2 L-1), 
 h  =  overlying water depth (m).  



ERDC/EL TR-16-1 150 

 

After interstitial waters become saturated with respect to methane, 
methane may then be stored and removed as gas bubbles (Rudd and 
Taylor 1980). The loss of methane as bubbles is an important sink. Two 
options are included in NSMII-SedFlux for computing sediment methane 
and its oxygen demand: (1) numerical solutions and (2) analytical 
solutions. If the methane saturation is exceeded, the numerical solution is 
not appropriate because the CSOD becomes constant and hits a ceiling 
(Chapra 1997). 

5.5.3.1 Numerical solution 

The mass balance equations of sediment methane (CH4) in layers 1 and 2 
can be written as 

1
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1 4
)(4 CH

K
v

F
dt

dCHh
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ch
Oxch

T
−=  CH4 oxidation in layer 1 (CSODCH4), (5.45a) 

( )1212 44 CHCHKL −+  CH4 transfer between layers 1 and 2 
(CH42<-->CH41), 

 

( )44101 CHCHKL −−  CH4 sediment-water transfer (JCH4(d)),  

 

4,
2

2
4

CHCJ
dt

dCHh =  Total POC diagenesis into CH4 in layer 2, (5.45b) 

( )1212 44 CHCHKL −−  CH4 transfer between layers 1 and 2 
(CH42<-->CH41), 

 

where  

 CH4i  =  methane in sediment layer i (mg-O2 L-1), 
 JC,CH4  =  total sediment POC diagenesis flux into CH4 (g-O2 m-2 d-1). 

Implicit finite difference forms of above mass balance equations of CH4 
are written as 

 Δ Δt t t ta CH a CH b  11 1 12 2 14 4 , (5.46a) 

 Δ Δt t t ta CH a CH b  21 1 22 2 24 4 . (5.46b) 
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Unsteady-state solution: 
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Steady-state solution: 

 
La K22 12

, (5.48a) 

 Δ
,

t t
C CHb J 2 4 . (5.48b) 

If the modeled concentration in layer 2 (CH42) exceeds the saturation, 
then the CH42 is set to saturation (CH4s) and the concentration in layer 1 
(CH41) is recomputed from equations 5.44a,b. It is assumed that super-
saturation does not occur and that all methane produced in excess of the 
saturation is immediately transferred to gas bubbles. This means that all 
methane produced after the establishment of the saturation is lost to the 
atmosphere. The gas flux of methane is computed via a mass balance of 
sediment methane when CH42 > CH4s. 

  ΔΔ Δ Δ Δ
( ) , ( ) Δ

t tt t t t t t t t t
CH g C CH CH d CH

h
J J J CSOD CH CH

t
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4 4 4 4 2 24 4 ,  (5.49) 

If CH42 < CH4s, then no gas forms and dissolved methane flux is equal to 
carbon diagenesis flux. 

The dissolved methane produced by carbon diagenesis can either be 
oxidized by bacteria in the aerobic layer, which then exerts an oxygen 
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demand on the overlying water, or released as a flux to the water column. 
Methane consumes oxygen to produce CO2. If the overlying water oxygen is 
low, the methane is not completely oxidized. Therefore, methane oxidation 
is computed according to Michaelis-Menten kinetics with regard to both 
methane and the oxidizing agent, whereas the oxidation with DO excludes 
the oxidation with sulfide (Di Toro 2001). The oxygen consumed by 
oxidation of methane is a part of SOD and expressed as 
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CH Oxch
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2
4 1

4 1 1
01

4 , (5.50) 

Where CSOD represents the ultimate amount of biodegradable organic 
matter oxidized by methane, excluding organic nitrogen. 

5.5.3.2 Analytical solution 

Di Toro (2001) provided an analytical solution that can be used to 
determine the SOD consumed by oxidation of methane and steady-state 
flux of dissolved methane. The oxygen consumed by oxidation of methane 
is computed as a function of the methane saturation in pore water 
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  max , ,min ,L s C CH C CHCSOD K CH J J 12 4 42 4 , (5.51b) 

where  

CSODmax =  maximum SOD when all CH4 in layer 1 is oxidized (g-O2 m-2 d-1), 
CSODCH4  =  SOD generated by CH4 oxidation (g-O2 m-2 d-1). 

In this approach, sediment carbon is mineralized to produce methane 
only. Sediment methane is only computed for layer 1, and its concentration 
is computed as 
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If the overlying water oxygen is low, the methane that is not completely 
oxidized can escape the sediment into the overlying water either as 
aqueous flux or as gas flux. The dissolved methane flux, which contributes 
to the water column model, is computed using the analytical solution 

 
Δ ΔΔ
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t t t tt t
CH d CHJ CSOD CSOD

   4 4 . (5.53) 

The loss of sediment methane as bubbles become 
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5.5.4 Sediment sulfate 

Sulfate (SO4) reduction is an important diagenetic process occurring in 
high-salinity sediments and is the source of sulfide. The sulfide oxidation is 
a large portion of SOD (Howarth and Jorgensen 1984); and therefore, 
sediment sulfate is included in NSMII-SedFlux. Sulfate in the water column 
is not modeled and is computed via a linear regression with salinity. The 
mass balance equations of sediment SO4 in layers 1 and 2 can be written as 

=
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dSOh 1
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4   (5.55a) 
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)44( 124,12 SOSOK SOL −−  SO4 transfer between layers 1 and 2 
(SO42<-->SO41), 

 

where  
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 SO4i  =  sulfate in sediment layer i (mg-O2 L-1) (i = 1, 2),  
 JC,H2S  =  total sediment POC diagenesis flux into H2S (g-O2 m-2 d-1),  
 KL12,SO4  =  sediment sulfate specific mass-transfer velocity (m d-1). 

Two options are included when calculating sediment total POC diagenesis 
flux that is reduced by sulfate into sulfide and methane: (1) sulfate 
penetration thickness and (2) sulfate half-saturation function. The optional 
use of sulfate as a factor is meant to reflect the possibility that a greater 
fraction of overall sediment POC diagenesis may be associated with sulfate 
reduction if sulfate concentrations are higher. If users want to eliminate any 
dependency of sediment diagenesis on sulfate, set the water column SO4 to 
zero in the model inputs. Using the first approach, the following equations 
are used to compute the sediment POC diagenesis flux reduced by sulfate  
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For mixing zones, sediment POC diagenesis flux is more appropriately 
computed using this approach. The following half-saturation functions can 
be used to compute sediment POC diagenesis flux reduced by sulfate 
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,  (5.57b) 

where  

 KsSO4  =  sediment SO4 half-saturation constant (mg-O2 L-1). 

This function has been used in saltwater sediments. Sediment POC 
diagenesis flux, JC,H2S, results in dependencies that are nearly linear when 
sediment sulfate concentration is much less than KsSO4. Conversely, JC,H2S 
does not vary with sulfate if sulfate concentration is much greater than 
KsSO4. 
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Implicit finite difference forms of above mass balance equations of SO4 are 
written as 

 Δ Δt t t ta SO a SO b  11 1 12 2 14 4 ,  (5.58a) 

 Δ Δt t t ta SO a SO b  21 1 22 2 24 4 . (5.58b) 

Unsteady-state solution: 

 
,L L SOa K K 11 01 12 4

, (5.59a) 

 
,L SOa K12 12 4

, (5.59b) 

  , ,( ) ( ). h s d dh h s p pht t
L

sH S L

v T f v T fDOb K SO TH S
K K


 

2 2
2 1 2 1

1 01 2 1
2 01

0 54  , (5.59c) 

 
,L SOa K21 12 4

, (5.59d) 

 
, ΔL SO

h
a K

t
  2

22 12 4
, (5.59e) 

 
Δ

th
b SO

t
 2

2 24 . (5.59f) 

Steady-state solution: 

 
,L SOa K22 12 4

, (5.60a) 

 b 2 0 . (5.60b) 

5.5.5 Sediment total hydrogen sulfide 

Sulfate reduction produces hydrogen sulfide (H2S) in the anaerobic layer. 
A portion of it reacts with the iron to form particulate iron sulfide (FeS) 
(Morse et al. 1987). The remainder diffuses into the aerobic layer where a 
portion is oxidized to sulfate, consuming oxygen in the process. In 
addition, particle mixing can move some of the particulate iron sulfide into 
the aerobic layer where it can be oxidized to form ferric oxyhydroxide 
(Fe2O3), again consuming oxygen from the water column. The oxidation of 
both dissolved and particulate hydrogen sulfides are modeled in the 
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sediment diagenesis module. If the overlying water oxygen is low, then the 
sulfide that is not completely oxidized in the aerobic layer can diffuse into 
the overlying water. Hydrogen sulfides in sediments may undergo burial 
due to the sedimentation. The mass balance equations of sediment total 
hydrogen sulfide (TH2S) in layers 1 and 2 can be written as 

122
12

1 STHw
dt

SdTHh −=  TH2S burial from layer 1, (5.61a) 

12
01

1
2

,21
2

,2

2

)()(5.0 STH
K

fvfv
K

DO
L

phpshdhdsh

SsH

TT +
−  H2S oxidation in layer 1 (CSODH2S),  

( )12122212 STHfSTHf phph −+ ω  H2S particulate transfer between 
layers 1 and 2 (PH2S2<-->PH2S1), 

 

( )1212224,12 STHfSTHfK dhdhSOL −+  H2S dissolved transfer between 
layers 1 and 2 (H2S2<-->H2S1), 

 

( )SHSTHfK dhL 212101 −−  H2S sediment-water transfer (H2S1<-
->H2S), 

 

 

SHCJ
dt

SdTHh
2,

22
2 =  Total POC diagenesis into H2S in layer 2, (5.61b) 

( )12122212 STHfSTHf phph −− ω  H2S particulate transfer between layers 1 
and 2 (PH2S2<-->PH2S1), 

 

( )1212224,12 STHfSTHfK dhdhSOL −−  H2S dissolved transfer between layers 1 
and 2 (H2S2<-->H2S1), 

 

122 STHw+  TH2S burial from layer 1,  

222 STHw−  TH2S burial from layer 2,  

where  

 TH2Si  =  total hydrogen sulfide in sediment layer i (mg-O2 L-1) (i = 1, 2),  
 KsH2S  =  H2S oxidation normalization constant (g-O2 m-3), 
 fdhi, fphi =  dissolved and particulate fractions of H2S in sediment layer i. 

Implicit finite difference forms of the above mass balance equations of 
TH2S are written as 



ERDC/EL TR-16-1 157 

 

 Δ Δt t t ta TH S a TH S b  11 2 1 12 2 2 1
 , (5.62a) 

 Δ Δt t t ta TH S a TH S b  21 2 1 22 2 2 2
, (5.62b) 

 

Unsteady-state solution: 

, ,
,

( ) ( ). h s d dh h s p ph
ph L SO dh m dh

sH S L

v T f v T fDO
a ω f K f w v f

K K


    

2

2 2
2 1 2 1

11 12 1 12 4 1 2 1
01

0 5 , (5.63a) 

 
,ph L SO dha ω f K f 12 12 2 12 4 2

 , (5.63b) 

  t
Lb K TH S1 01 2

 , (5.63c) 

 
ph L dha ω f K f w  21 12 1 12 1 2

, (5.63d) 

  , Δph L SO dh
h

a ω f K f w
t

    2
22 12 2 12 4 2 2

, (5.63e) 

 Δ
, Δ

t t t
C H S

h
b J TH S

t
 

2

2
2 2 2

. (5.63f) 

Steady-state solution: 

 
,ph L SO dha ω f K f w  22 12 2 12 4 2 2

, (5.64a) 

 Δ
,

t t
C H Sb J 

22 . (5.64b) 

Dissolved hydrogen sulfide in each layer is computed as 

 
i dni iH S f TH S2 2

, (5.65a) 

 dhi phi
ssi dh si

f f
C k

  
 2

1 1
1

. (5.65b) 

The oxygen consumed by the oxidation of hydrogen sulfide is computed 
using the following equation 
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 , ,( ) ( ). h s d dh h s p ph
H S

sH S L

Tv T f v fDOCSOD TH S
K K




2

2 2
2 1 2 1

2 2 1
01

0 5 . (5.66) 

5.5.6 Sediment dissolved inorganic carbon 

The POC diagenesis in the anaerobic layer and methane oxidation in the 
aerobic layer produce CO2. Sediment denitrification also releases CO2. The 
mass balance equations of sediment dissolved inorganic carbon (DIC) in 
layers 1 and 2 can be written as 

1
01

2
1,4

1
1

1 4
)(

2
1 CH

K
v

F
rdt

dDICh
L

ch
Oxch

oc

T
=  CH4 oxidation in layer 1 (CH41-->DIC1), (5.67a) 

1
01

2
1,3 3

)(
144
125 NO

K
v

L

no T

×
×

+  Denitrification (Denitrification-->DIC1),  

( )1212 DICDICKL −+  DIC transfer between layers 1 and 2 (DIC2<-
->DIC1), 

 

( )DICDICKL ⋅−− 12000101  DIC sediment-water transfer (DIC1<-->DIC),  

 







 += SHCCHC

oc

JJ
rdt

dDICh 2,4,
2

2 2
11

 Carbon diagenesis into DIC in layer 2, (5.67b) 

22,3 3)(
144
125 NOv Tno ⋅

×
×

+  Denitrification (Denitrification-->DIC2),  

( )1212 DICDICKL −−  DIC transfer between layers 1 and 2 
(DIC2<-->DIC1), 

 

where  

 DICi  =  dissolved inorganic carbon in sediment layer i (mg-C L-1). 

Sediment DIC is tracked in units of mg-C L-1 for convenience. However, 
water column DIC is computed using mol L-1, 1 mol L-1 = 12000 mg-C L-1. 
Implicit finite difference forms of above mass balance equations of DIC are 
written as 

 Δ Δt t t ta DIC a DIC b  11 1 12 2 1
, (5.68a) 
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 Δ Δt t t ta DIC a DIC b  21 1 22 2 2
. (5.68b) 

Unsteady-state solution: 

 
L La K K 11 12 01

, (5.69a) 

 
La K12 12

, (5.69b) 

 Δ, ,
( ) ( )

t t tch no

Oxch L

oc L L

T Tv v
b F CH NO K DIC

r K K
 

  


2 2

4 1 3 1

1 1 1 1 01

01 01

1 5 12
4 3 1200

2 4 14
, (5.69c) 

 
La K21 12

, (5.69d) 

 
ΔL
h

a K
t

  2
22 12

, (5.69e) 

 , , , ( )
Δ

t t t
C CH C H S no

oc

T
h

b J J v NO DIC
r t


   



    
2

2 4 2 3 2 2 2

1 1 5 12
3

2 4 14
. (5.69f) 

Steady-state solution: 

 
La K22 12

, (5.70a) 

 b 2 0 . (5.70b) 

5.5.7 Sediment total inorganic phosphorous 

The dissolved and particulate fractions of sediment inorganic phosphorus 
(TIP) are considered. There are two sources of TIP: (1) Phosphorus 
produced by decomposition of the reactive G1 and G2 classes of POP 
(POPG1 and POPG2) in the anaerobic layer and (2) Phosphorus sorbed onto 
suspended solids deposited to benthic sediments. Inorganic phosphorus in 
sediments may undergo burial and flux to the water column. The mass 
balance equations of TIP in layers 1 and 2 can be written as 

12
1

1 TIPw
dt

dTIPh −=  TIP burial from layer 1, (5.71a) 

( )112212 TIPfTIPf pppp −+ ω  TIP particulate transfer between layers 1 
and 2 (PIP2<-->PIP1), 
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( )112212 TIPfTIPfK dpdpL −+  TIP dissolved transfer between layers 1 and 
2 (DIP2<-->DIP1), 

 

( )TIPfTIPfK dpdpL −− 1101
 DIP sediment-water transfer (DIP1<-->DIP),  

 

PJ
dt

dTIPh =2
2  Total POP diagenesis flux in layer 2, (5.71b) 

( )112212 TIPfTIPf pppp −− ω  PIP between layers 1 and 2 (PIP2<-->PIP1),  

( )112212 TIPfTIPfK dpdpL −−  DIP transfer between layers 1 and 2 
(DIP2<-->DIP1), 

 

12TIPw+  TIP burial from layer 1,  

22TIPw−  TIP burial from layer 2,  

TIPfv ppsp+  Water column PIP deposition,  

where  

 TIPi  =  total inorganic P in sediment layer i (mg-P L-1) (i = 1, 2), 
 fdpi, fppi =  dissolved and particulate fractions of inorganic P in layer i. 

Di Toro (2001) incorporates the effect of oxygen on phosphate flux into his 
model by making the dissolved fraction of phosphate a function of oxygen in 
the water column. For the aerobic layer, the partition coefficient of sediment 
inorganic phosphorous is adjusted based on the DO in the overlying water 
column and compared with a critical concentration, DOc. When the oxygen 
in water increases above a critical threshold, the partition coefficient for 
inorganic phosphorous is increased by a user-entered factor. As the oxygen 
goes to zero, the partition coefficient is smoothly reduced to the anaerobic 
coefficient by using an exponential function 

  Δdpo dpo POk k k41 42 41 , 
cDO DO , (5.72a) 

   /Δ cDO DO
dpo dpo POk k k41 42 41 , 

cDO DO , (5.72b) 
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where  

 ∆kPO4,1  =   incremental partition coefficient of inorganic P in aerobic 
layer. 

Implicit finite difference forms of above mass balance equations of TIP are 
written as 

 Δ Δt t t ta TIP a TIP b  11 1 12 2 1
 , (5.73a) 

 Δ Δt t t ta TIP a TIP b  21 1 22 2 2
. (5.73b) 

Unsteady-state solution: 

 
pp L dp L dpa ω f K f w K f   11 12 1 12 1 2 01 1

,  (5.74a) 

 
pp L dpa ω f K f 12 12 2 12 2

 , (5.74b) 

 t
L dpb K f TIP1 01 1  , (5.74c) 

 
pp L dpa ω f K f w  21 12 1 12 1 2

, (5.74d) 

  
Δpp L dp
h

a ω f K f w
t

    2
22 12 2 12 2 2

, (5.74e) 

 Δ

Δ
t t t t
P s pp

h
b J v f TIP TIP

t
   2

2 2
. (5.74f) 

Steady-state solution: 

 
pp L dpa ω f K f w  22 12 2 12 2 2

, (5.75a) 

 Δt t t
P s ppb J v f TIP 2 . (5.75b) 

Dissolved inorganic phosphorous (DIPi) in each layer is computed as 

 
i dpo i iDIP f TIP 4

, (5.76a) 



ERDC/EL TR-16-1 162 

 

 dpi ppi
ssi dpo i

f f
C k
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 4

1 1
1

. (5.76b) 

5.5.8 Sediment dissolved silica 

Sediment dissolved silica (DSi) will be included in NSMII-SedFlux as a 
state variable if the silica cycle is simulated for the water column. DSi is 
produced when biogenic silica breaks down due to dissolution. Silica in 
sediments may undergo burial and flux to the water column. The mass 
balance equations of sediment total silica (Si) in layers 1 and 2 can be 
written as 

12
1

1 Siw
dt

dSih −=  Silica burial from layer 1, (5.77a) 

( )  112212 SifSif psps −+ ω  Silica particulate transfer between layers 1 
and 2 (PSi2<-->PSi1), 

 

( )112212 SifSifK dsdsL −+  Silica dissolved transfer between layers 1 
and 2 (DSi2<-->DSi1), 

 

( )DSiSifK dsL −− 1101  Silica sediment-water transfer (DSi1<--
>DSi), 

 

 

SiJ
dt

dSih =2
2  BSi dissolution in layer 2, (5.77b) 

( )112212 SifSif psps −−ω  Silica particulate between layers 1 and 2 
(PSi2<-->PSi1), 

 

( )112212 SifSifK dsdsL −−  Silica dissolved between layers 1 and 2 
(DSi2<-->DSi1), 

 

12Siw+  Silica burial from layer 1,  

22Siw−  Silica burial from layer 2,  

where 

 Sii = silica in sediment layer i (mg-Si L-1) (i = 1, 2), 
 fdsii, fpsii =  dissolved and particulate fractions of Si in layer i (i = 1, 2). 
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Similar to inorganic phosphorous, DO affects the sediment-water flux of 
silica. The sediment partition coefficient of silica in layer 1 is adjusted 
based on overlying water column DO and compared with a critical 
concentration, DOc. 

  Δdsi dsi sik k k1 2 1 , 
cDO DO , (5.78a) 

   /Δ cDO DO
dsi dsi sik k k1 2 1 , 

cDO DO , (5.78b) 

where  

 ∆ksi1  =   incremental partition coefficient of sediment Si in aerobic layer. 

Implicit finite difference forms of above mass balance equations of 
sediment Si are written as 

 Δ Δt t t ta Si a Si b  11 1 12 2 1
 , (5.79a) 

 Δ Δt t t ta Si a Si b  21 1 22 2 2
. (5.79b) 

Unsteady-state solution: 

 
psi L dsi L dsia ω f K f w K f   11 12 1 12 1 2 01 1

 , (5.80a) 

 
psi L dsia ω f K f 12 12 2 12 2

 , (5.80b) 

  t
Lb K DSi1 01

 , (5.80c) 

 
psi L dsia ω f K f w  21 12 1 12 1 2

, (5.80d) 

 
Δpsi L dsi
h

a ω f K f w
t

    2
22 12 2 12 2 2

, (5.80e) 

 Δ

Δ
t t t
si

h
b J Si

t
  2

2 2
. (5.80f) 

Steady-state condition: 

 
psi L dsia ω f K f w  22 12 2 12 2 2

, (5.81a) 
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 Δt t
sib J 2

. (5.81b) 

Initial sediment dissolved silica in layers 1 and 2 is first converted into 
total concentration for solving sediment silica. Dissolved silica (DSi) in 
each layer is computed as 

 
i dsii iDSi f Si , (5.82a) 

 dsii psii
ssi dSii

f f
C k

  


1 1
1

, (5.82b) 

where  

 DSii  =  dissolved silica in sediment layer i (mg-Si L-1). 

5.6 Sediment-Water Flux 

Sediment–water fluxes of the following state variables are computed from 
the sediment diagenesis module. The flux may be in either direction across 
the sediment–water interface, depending on the concentration gradient. 
Positive fluxes are from benthic sediment to the water column. Negative 
fluxes are from the water column to sediments. These fluxes will be 
incorporated into the appropriate source and sink equations of water 
column state variables and substitute user-specified sediment release rates 
in NSMII. 

• Ammonium (NH4) 
• Nitrate (NO3) 
• Inorganic Phosphorous (TIP) 
• Dissolved Inorganic Carbon (DIC) 
• Methane (CH4) 
• Dissolved Sulfide (HxS) 
• Dissolved Silica (DSi) 
• Dissolved Oxygen (DO) 

5.6.1 Ammonium 

The sediment–water flux of NH4 is internally computed as the product of 
concentration difference between the water column, sediment layer 1, and 
the mass transfer coefficient when the sediment diagenesis module is 
activated. The internal source and sink equation for NH4 in the water 
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column (equation 4.26) is modified to include the sediment–water flux of 
NH4 from the sediment diagenesis module 

 

 

( )

( )

( )

( )

don
Oxmn

nit
Oxna sNh

Oxpi rpi nai pi
i

Npi pi nai pi
i

Oxb rb nb b b

Nb b nb b w b

L
dn

T

T

T

T

NH DO k DON
t K DO

DO NH k NH
K DO K NH

F k r A

P μ r A

F k r A F
h

p μ r A F F
h
K

f TNH NH
h




 


 









 





4

3

3

01
1 1

4

4 4
4

1

1

4 4

 (5.83) 

5.6.2 Nitrate 

Sediment denitrification is set to zero when the sediment diagenesis 
module is activated, because denitrification in the sediment layer is 
tracked within the sediment diagenesis module. The internal source and 
sink equation for NO3 in the water column (equation 4.27) is modified to 
account for the sediment flux of NO3 to the overlying water. 
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 (5.84) 
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5.6.3 Total inorganic phosphorus 

The internal source and sink equation for TIP in the water column 
(equation 4.32) is modified to include the sediment–water flux of DIP 
from the sediment diagenesis module. 
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 (5.85) 

5.6.4 Dissolved inorganic carbon 

The internal source and sink equation for DIC in the water column 
(equation 4.40) is modified to include the sediment–water flux of DIC 
from the sediment diagenesis module. 
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5.6.5 Methane 

The internal source and sink equation for dissolved methane in the water 
column (equation 4.43) is modified to include the sediment–water flux of 
CH4 from the sediment diagenesis module. 
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  (5.87) 

5.6.6 Total dissolved sulfides 

The internal source and sink equation for HxS in the water column 
(equation 4.44) is modified to include the sediment–water flux of H2S 
from the sediment diagenesis module. 
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  (5.88) 

5.6.7 Dissolved silica 

The internal source and sink equation for DSi in the water column 
(equation 4.51) is modified to include the sediment–water flux of DSi from 
the sediment diagenesis module. 
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  (5.89) 

5.6.8 Dissolved oxygen 

When the sediment diagenesis module is activated, SOD becomes a 
function of specific chemical reactions that follow the decomposition of 
organic matter. The processes affect SOD are the oxidation of methane, 
sulfide and the nitrification. SOD(T) in the source and sink equation for 
DO, equation 4.47, will be internally computed instead of user specified. 

5.7 Sediment Oxygen Demand and Numerical Solution 

5.7.1 Sediment oxygen demand 

Within the aerobic layer, the diagenetic products undergo oxidation that 
consumes diffused oxygen from the water column, thereby exerting SOD 
on the overlying water column. SOD is computed by summing all 
processes that consume oxygen, including ammonium, sulfide and 
methane. Carbonaceous SOD (CSOD) consists of CSODH2S and CSODCH4. 

 
CH H SSOD CSOD NSOD CSOD CSOD NSOD    4 2

. (5.90) 

The SOD and the surface transfer rate (KL01) are computed in NSMII-
SedFlux through the following procedure. 

1. Compute the diagenesis fluxes at t + Δt: tt
BSI

tt
P

tt
N

tt
C JJJJ ∆+∆+∆+∆+ ,,, . 

2. Define an initial estimate of SOD: 

 Δ Δ.i t t t t
oc C NSOD r J J  1 714  (5.91) 

3. Compute KL01 using 
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L t

SODK
DO

01
 (5.92) 

4. Compute sediment concentration at t + Δt using equation 5.31a, b for 
NH4, 5.38a, b for NO3, 5.45a, b for CH4, 5.61a, b for H2S. 

The finite difference equations are solved using an implicit numerical 
scheme for the unknown concentration at t + Δt through the following 
matrix solution.  

5. Compute the CSOD and NSOD using equation 5.49 and 5.65, 5.36 
respectively. 

6. Compute an updated SOD using the following weighted average. 

 
Δ Δi t t t tSOD CSOD NSODSOD

  


2
. (5.93) 

7. Check the convergence by calculating an approximate relative error (ɛa) 

 %
i

a
SOD SODε

SOD


 100 . (5.94) 

If εa > εs, a user-specified criterion, then set SODi = SOD and return to 
step 2. 

If εa ≤ εs convergence is adequate, then compute the sediment DIC, 
TIP, and DSi concentrations using equations 5.67a,b; 5.72a,b; and 
5.78a,b based on the matrix solutions. 

8. Compute the sediment-water fluxes of NH4, NO3, TIP, DIC, CH4, HxS, 
and DSi. 

9. Compute updated source and sink terms for the water column’s NH4, 
NO3, TIP, DIC, CH4, HxS, and DSi by using corresponding rate equations 
5.82, 5.83, 5.84, 5.85, 5.86, 5.87 and 5.88. 

5.7.2 Matrix solution 

The mass balance equations of inorganic substances for layer 1 and layer 2 
include two unknown variables. These equations are written in their 
general forms as 
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 a x a x b 11 1 12 2 1 , (5.95a) 

 a x a x b 21 1 22 2 2 . (5.95b) 

The above equations are solved using a matrix solution provided by Chapra 
and Canale (2006). 

 
a b a b

x
a a a a





22 1 12 2

1
11 22 12 21

, (5.96a) 

 
a b a b

x
a a a a





11 2 21 1

2
11 22 12 21

. (5.96b) 

5.8 Sediment Diagenesis Parameters 

Table 33 summarizes sediment diagenesis input parameters with their 
associated default values. These parameters and coefficients are compiled 
from Di Toro (2001) and Martin and Wool (2012). The first group includes 
global parameters and the second group includes all parameters associated 
with layer 1. The third group contains parameters related to the diagenesis 
in layer 2. POC, PON, or POP in the settled material must be assigned by a 
fraction to the three reactivity classes (G1 to G3). The temperature 
dependent coefficients are specified at 20 oC. Di Toro (2001) noted some 
of sediment diagenesis coefficients frequently required revision. This table 
will be repeated for each water quality region, allow the user to define the 
different values for input parameters. 
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Table 33. Sediment diagenesis parameters and coefficients with default values. 

Symbol Definition Units 
Default 
Valuea 

Reference 
Rangec 

Temperature 
Dependent  

Global Parameters 
h2 Sediment layer thickness m 0.01 0.001 – 

1.0 
  

Dd(T) Sediment pore-water diffusion coefficient  m2 d-1 0.0025 0.0005 – 
0.005 

Yes 1.08 

Dp(T) Sediment particle mixing diffusion coefficient  m2 d-1 0.00006 n/a Yes 1.117 
KsDp Half-saturation oxygen constant for sediment 

particle phase mixing 
mg-O2 L-1 4.0 n/a   

POCr Reference sediment POC for bioturbation mg-C g-1 0.1 n/a   
SO4 Overlaying freshwater SO4 mg-O2 L-1 9.14b n/a   

εno Maximum iterations of numerical solution unitless 50 n/a   

εs Relative error of numerical solution unitless 0.001 n/a   

Sediment Layer 1 
DOc Critical O2 for incremental sorption mg-O2 L-1 2.0 n/a   

∆kPO41  Incremental inorganic P partition coeff. unitless 20 20 – 300   

∆kSI1  Incremental Si partition coefficient unitless 20 10 – 100   

vch4,1(T) CH4 oxidation transfer velocity  m d-1 0.7 n/a Yes 1.079 
vh2s,d(T) Dissolved H2S oxidation transfer velocity m d-1 0.2 n/a Yes 1.079 
vh2s,p(T) Particulate H2S oxidation transfer velocity m d-1 0.4 n/a Yes 1.079 
ksH2S H2S oxidation normalization constant mg-O2 L-1 4.0 n/a   
KsOxch Half-saturation oxygen constant for CH4 

oxidation 
mg-O2 L-1 0.1 n/a   

vnh4,1(T) Nitrification transfer velocity  m d-1 0.1313 0.13 – 0.2 Yes 1.123 
KsOxna1 Half-saturation oxygen constant for 

nitrification 
mg-O2 L-1 0.37 n/a   

KsNh4 Half-saturation NH4 constant for nitrification mg-N L-1 0.728 n/a   
vno3,1(T) Denitrification transfer velocity  m d-1 0.2 0.2 – 1.25 Yes 1.08 
Css1 Solids concentration  kg L-1 0.5 0.2 – 1.2   

Sediment Layer 2 

FAP1 Fraction of algae deposit into sediment G1 unitless 0.6 0 – 1.0   

FAP2 Fraction of algae deposit into sediment G2 unitless 0.2 0  - 1.0   

FAB1 Fraction of dead benthic algae into sediment 
G1 

unitless 0.6 0 – 1.0   

FAB2 Fraction of dead benthic algae into sediment 
G2  

unitless 0.2 0  - 1.0   

FRPOC1 Fraction of RPOC deposit into sediment POC 
G1 

unitless 0.0 0 – 1.0   

FRPOC2 Fraction of RPOC deposit into sediment POC 
G2 

unitless 0.5 0  - 1.0   

FRPON1 Fraction of RPON deposit into sediment PON 
G1 

unitless 0.0 0 – 1.0   
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FRPON2 Fraction of RPON deposit into sediment PON 
G2 

unitless 0.6 0  - 1.0   

FRPOP1 Fraction of RPOP deposit into sediment POP 
G1 

unitless 0.0 0 – 1.0   

FRPOP2 Fraction of RPOP deposit into sediment POP 
G2 

unitless 0.5 0  - 1.0   

KPOCG1(T) Diagenesis rate of sediment POC G1  d-1 0.035 n/a Yes 1.1 
KPOCG2(T) Diagenesis rate of sediment POC G2 d-1 0.0018 n/a Yes 1.15 
KPONG1(T)  Diagenesis rate of sediment PON G1  d-1 0.035 n/a Yes 1.1 
KPONG2(T) Diagenesis rate of sediment PON G2  d-1 0.0018 n/a Yes 1.15 
KPOPG1(T) Diagenesis rate of sediment POP G1  d-1 0.035 n/a Yes 1.1 
KPOPG2(T) Diagenesis rate of sediment POP G2  d-1 0.0018 n/a Yes 1.15 
kdnh42 NH4 partition coefficient  L kg-1 1.0 n/a   
kdh2s2 H2S partition coefficient L kg-1 100 n/a   
vno3,2(T) Denitrification transfer velocity  m d-1 0.25 n/a Yes 1.08 
kdpo42 Inorganic P partition coefficient L kg-1 20 20 – 1000   
kbsi2(T) BSi dissolution rate d-1 0.5 n/a Yes 1.10 
KsSi Half-saturation Si constant for dissolution mg-Si L-1 50000 n/a   
kdsi2 Si partition coefficient L kg-1 100 n/a   
kst Decay rate of sediment benthic stress d-1 0.03 n/a   
KsSO4 SO4 half-saturation constant for reduction mg-O2 L-1 0.0032 n/a   
Css2 Solids concentration kg L-1 0.5 0.2 – 1.2   
w2 Sediment burial rate cm yr-1 0.25 0.25 – 

0.75 
  

a. Di Toro (2001) and Martin and Wool (2012) 
b. Morel and Hering (1993). 
c. HydroQual (2004). 

5.9 Sediment Diagenesis Outputs 

This section describes the model outputs associated with the sediment 
diagenesis simulation. The NSMII-SedFlux outputs include the 
concentrations of state variables listed in Table 32. Derived sediment 
variables and the pathway fluxes can also be reported in model outputs. 

5.9.1 Derived variables 

Table 34 lists the eight derived variables computed in NSMII-SedFlux.  
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Table 34. Derived benthic sediment variables computed in sediment diagenesis. 

Variable Layer Definition Units 

H2S1 1 Sediment dissolved hydrogen sulfide mg-O2 L-1 

DIP1 1 Sediment dissolved inorganic phosphorous  mg-P L-1 

H2S2 2 Sediment dissolved hydrogen sulfide mg-O2 L-1 

DIP2 2 Sediment dissolved inorganic phosphorous  mg-P L-1 

POC2 2 Sediment particulate organic carbon mg-C L-1 

POM2 2 Sediment particulate organic matter mg-D L-1 

PON2 2 Sediment particulate organic nitrogen mg-N L-1 

POP2 2 Sediment particulate organic phosphorous mg-P L-1 

The sediment concentration of particulate organic matter is the sum of the 
contribution of the three G classes 

 ,Gj
j

POC POC
3

2 2 , (5.96a) 

 
com

POC
POM

f
 2

2 , (5.96b) 

 ,Gj
j

PON PON
3

2 2 , (5.96c) 

 ,Gj
j

POP POP
3

2 2 . (5.96d) 

5.9.2 Pathway fluxes 

Table 35 provides a summary of pathways and additional variables that 
can be reported in NSMII-SedFlux outputs. 

Table 35. Pathway fluxes and additional variables computed in sediment diagenesis. 

Name Definition Units 
Carbon Diagenesis 

JPOC,G1 Total deposition to sediment POC G1 g-C/m2/d 
JPOC,G2 Total deposition to sediment POC G2 g-C/m2/d 
JPOC,G3 Total deposition to sediment POC G3 g-C/m2/d 
POCG12 diagenesis Sediment POC G1 diagenesis  g-C/m2/d 
POCG22 diagenesis Sediment POC G2 diagenesis g-C/m2/d 
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Name Definition Units 
POCG12 burial Sediment POC G1 burial g-C/m2/d 
POCG22 burial Sediment POC G2 burial g-C/m2/d 
POC2 diagenesis Sediment POC diagenesis g-C/m2/d 
POC2 denitrification Sediment POC consumed by denitrification g-O2/m2/d 
POC2-->CH42 Sediment POC diagenesis into CH4 g-O2/m2/d 
POC2-->H2S2 Sediment POC diagenesis into H2S g-O2/m2/d 
CH4s Saturated methane g-O2/m3 
CH41-->CSOD CH4 oxidation from layer 1 g-O2/m2/d 
CH41<-->CH4 CH4 sediment-water transfer g-O2/m2/d 
CH42-->Gas CH4 gas loss from layer 2 g-O2/m2/d 
SO41<-->SO4 SO4 sediment-water transfer g-O2/m2/d 
SO42<-->SO41 SO4 dissolved transfer between layers 1 and 2 g-O2/m2/d 
H2S1-->CSOD H2S oxidation from layer 1 g-O2/m2/d 
H2S1<-->H2S H2S sediment-water transfer g-O2/m2/d 
TH2S1 burial H2S burial from layer 1 g-O2/m2/d 
H2S2<-->H2S1 H2S dissolved transfer between layers 1 and 2 g-O2/m2/d 
PH2S2<-->PH2S1 H2S particulate transfer between layers 1 and 2 g-O2/m2/d 
TH2S2 burial H2S burial from layer 2 g-O2/m2/d 
POC2<-->DIC2 Sediment POC diagenesis into CO2 g-C/m2/d 
DIC1<-->DIC DIC sediment-water flux g-C/m2/d 
DIC2<-->DIC1 DIC transfer between layers 1 and 2 g-C/m2/d 
NO31 denitrification -
->DIC1 

DIC produced by denitrification from layer 1 g-C/m2/d 

NO32 denitrification -
->DIC2 

DIC produced by denitrification from layer 2 g-C/m2/d 

Nitrogen Diagenesis 
JPON,G1 Total deposition to sediment PON G1  g-N/m2/d 
JPON,G2 Total deposition to sediment PON G2  g-N/m2/d 
JPON,G3 Total deposition to sediment PON G3  g-N/m2/d 
PONG12 burial Sediment PON G1 burial g-N/m2/d 
PONG22 burial Sediment PON G2 burial g-N/m2/d 
PONG12-->NH42 Sediment PON G1 diagenesis  g-N/m2/d 
PONG22-->NH42 Sediment PON G2 diagenesis g-N/m2/d 
PON2 diagenesis Sediment PON diagenesis g-N/m2/d 
NH41<-->NH4 NH4 sediment-water transfer g-N/m2/d 
TNH41-->TNH42 NH4 buried from layer 1 g-N/m2/d 
NH41-->NO31 NH4 nitrification in layer 1 g-N/m2/d 
PNH42<-->PNH41 NH4 particulate transfer between layers 1 and 2 g-N/m2/d 
NH42<-->NH41 NH4 dissolved transfer between layers 1 and 2 g-N/m2/d 
TNH42 burial NH4 burial from layer 2 g-N/m2/d 
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Name Definition Units 
NO31<-->NO3 NO3 sediment-water transfer g-N/m2/d 
NO31 denitrification NO3 denitrification in layer 1 g-N/m2/d 
NO32<-->NO31 NO3 transfer between layers 1 and 2 g-N/m2/d 
NO32 denitrification NO3 denitrification in layer 2 g-N/m2/d 

Phosphorous Diagenesis 
JPOP,G1 Total deposition to sediment POP G1 g-P/m2/d 
JPOP,G2 Total deposition to sediment POP G2  g-P/m2/d 
JPOP,G3 Total deposition to sediment POP G3  g-P/m2/d 
PIP-->PIP2 PIP deposition to sediment PIP g-P/m2/d 
POPG12 burial Sediment POP G1 burial g-P/m2/d 
POPG22 burial Sediment POP G2 burial g-P/m2/d 
POPG12-->DIP2 Sediment POP G1 diagenesis  g-P/m2/d 
POPG22-->DIP2 Sediment POP G2 diagenesis g-P/m2/d 
POP2 diagenesis Sediment POP diagenesis  g-P/m2/d 
DIP1<-->DIP DIP sediment-water transfer g-P/m2/d 
TIP1-->TIP2 TIP burial from layer 1 g-P/m2/d 
PIP2<-->PIP1 PIP transfer between layers 1 and 2 g-P/m2/d 
DIP2<-->DIP1 DIP transfer between layers 1 and 2 g-P/m2/d 
TIP2 burial TIP burial from layer 2 g-P/m2/d 

Silica Diagenesis 
JBSi Total deposition to sediment BSi g-Si/m2/d 
BSi2 burial Sediment BSi burial g-Si/m2/d 
BSi2 dissolution Sediment BSi dissolution  g-Si/m2/d 
DSi1<-->DSi Si dissolved sediment-water transfer g-Si/m2/d 
Si1-->Si2 Si burial from layer 1 g-Si/m2/d 
PSi2<-->PSi1 Si particulate transfer between layers 1 and 2 g-Si/m2/d 
DSi2<-->DSi1 Si dissolved transfer between layers 1 and 2 g-Si/m2/d 
Si2 burial Si burial from layer 2 g-Si/m2/d 

Additional Variables 
SOD Sediment oxygen demand mg-O2/L/d 

ω12 Sediment particle mass transfer velocity m/d 

KL12 Sediment dissolved mass transfer velocity m/d 
KL01 Sediment-water transfer velocity m/d 
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6 Integrating Water Quality Modules into 
Hydrologic Engineering Center-River 
Analysis System (HEC-RAS) 

The water quality modules that have been developed include several DLLs 
(TEMP, NSMI, and NSMII). These modules have, and will be integrated 
into a variety of Hydrologic and Hydraulic (H&H) models. H&H models 
vary considerably in the way they store spatial variables such as flow 
outputs, the manner they process the transport terms, and solving relevant 
differential equations. This chapter focuses on a framework for integrating 
“plug in” water quality modules into 1-D HEC-RAS wherein the HEC-RAS 
is used to describe the physical processes of advection and dispersion, and 
when the water quality module is used to quantify speciation, reactions 
and transformations. The model integration approach and mechanisms we 
developed here are applicable to other H&H models. 

6.1 HEC-RAS 

HEC-RAS is an industry standard hydraulic tool that is used worldwide. It 
is designed to perform 1-D hydraulic simulation for a full network of open 
channels and a wide variety of hydraulic structures, such as bridges, 
culverts, spillways, and weirs. The HEC-RAS system contains five 
components (HEC 2010a): (1) 1-D steady flow water surface profile 
computations, (2) 1-D unsteady flow simulation, (3) 1D unsteady flow 
simulation, (4) movable boundary sediment transport computations, and 
(5) water quality analysis through “plug in” water quality modules. All five 
components use a common geometric data representation and common 
geometric and hydraulic computation routines. In HEC-RAS, its graphical 
user interface (GUI) standardizes many aspects of data entry, facilitates an 
efficient display of model results, data checking, data conversion, and 
communication between model subcomponents. The latest HEC-RAS 
model can be freely accessed and downloaded from the HEC website: 
http://www.hec.usace.army.mil. Water quality modules have been integrated with 
only a 1-D flow computation engine. 

It is useful to first present the fundamental model that will be used to 
compute the hydraulic information required for simulating water quality. 
The 1-D unsteady flow component uses a numerical solution derived from 
the complete equations of gradually varied unsteady flow, commonly 

http://www.hec.usace.army.mil/
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referred to as the Saint Venant equations. The mass and momentum 
equations that govern the unsteady flow are given as (HEC 2010b):  

 l
A Q q
t x

 
  

 
0 , (6.1a)  

 f
A Q zgA S
t x x

           
0 , (6.1b)  

where  

 Q  =  volumetric flow rate, 
 A  =  channel cross-sectional flow area, 
 x  =  distance along channel, 
 ql  =  lateral inflow per unit length of channel, 
 z  =  elevation of the water surface,  
 Sf  =  friction slope,  
 g  =  gravitational acceleration. 

To solve the above equations, the required input data include channel 
network connectivity, cross-section geometry, reach lengths, energy loss 
coefficients, stream junction information, and hydraulic works data. Cross 
sections are required at representative locations throughout the reach and 
at locations where changes in discharge, slope, shape, or roughness occur. 
Boundary conditions are necessary to define discharge and water depth at 
the system endpoints, (i.e. upstream and downstream). Lateral inflows can 
also be prescribed in the model.  

The HEC-RAS model solves the mass conservation and momentum 
conservation equations with an implicit linearized system of equations 
using Preissman’s second-order box scheme (HEC 2010b). The state 
variables for the numerical scheme are flow and stage, which are 
computed and stored at each cross section. 

6.2 Model Integration 

A seamless internal coupling of the 1-D HEC-RAS and “plug in” DLLs is 
implemented for performing water quality analysis. Figure 19 shows an 
overview of the model integration. The NSMs and its supporting water 
quality modules define standard functions and interfaces that allow HEC-
RAS to make data calls from each DLL. The DLL obtains water-quality-
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specific parameters and hydraulic information from the HEC-RAS GUI 
and performs the kinetics computation for each state variable. HEC-RAS 
obtains source and sink terms from the water quality module and 
performs the transport and mass balance computation for each cell and 
each state variable. Note that HEC-RAS has the control over the initial and 
boundary conditions. The DLL returns the state variables, derived 
variables, and pathways to HEC-RAS for model outputs. 

Figure 19. HEC-RAS integrated with “plug in” water quality 
modules. 

Graphic User 
Interface

Water Quality 
Modules

(NSMI.dll, 
NSMII.dll)

HEC-RAS

Outputs: State Variables, 
Derived Variables, Pathways

Inputs: Parameters, Initial 
conditions, Boundary conditions

 

6.2.1 Transport of water quality constituents 

Contaminant inputs to streams vary in time and space. Inputs can be both 
point sources, such as sewage outfalls, or more widely distributed, non-
point sources. Contaminant may reach the stream network at the surface 
and via the subsurface. Regardless of the source type, the processes of 
transport and biogeochemical reactions control the spatial and temporal 
distributions of constituent concentrations and loads (as the product of 
discharge and concentration) throughout stream networks. Further, the 
transport of constituents occurs in several processes simultaneously. The 
transport of contaminants in surface water is generally described with the 
advection–dispersion equation, or appropriate modifications. The 
constituent transport model included in 1-D HEC-RAS is based on an 
advection and dispersion equation with additional terms to account for 
inflow boundary and kinetics.  

 ( ) ( )Δ Δx B K
CVC QC x AD x S S

t x x x
             

, (6.2)  

where  
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 V  =  volume of the water quality cell (m3), 
 C  =  concentration of a constituent (g m-3), 
 Dx  =  dispersion coefficient (m2 s-1), 
 SB  =  total source sink term representing boundary loading rate (g s-1), 
 SK  =  total source sink term representing internal rate (g s-1). 

Equation 6.2 describes the transport and fate of constituents in stream 
networks. The dispersion term, which is the second term on the right side 
of equation 6.2, often plays a small role in 1-D water quality modeling 
(Fischer et al. 1979). Two options are available for defining the dispersion 
coefficient. First, the user can simply specify estimated values. Secondly, 
the dispersion coefficient is internally computed based on the channel’s 
hydraulics. 

The above mass balance relationship is the same regardless of the state 
variable. This equation requires boundary conditions if there exists a 
source of mass at a location, the mass being introduced must be accounted 
for. Source and sink terms of kinetic change occur due to biochemical 
reactions and sediment–water interactions. These are obtained from the 
water quality modules (TEMP.dll, NSMI.dll, and NSMII.dll). Water quality 
modules operate on local variable values (e.g., local temperature, light, and 
concentration) and return local sink and source terms—they need not be 
aware of their physical locations. The source and sink terms (Sk) for each 
of the state variables included in NSMI and NSMII have been discussed in 
Chapters 3 to 5. 

6.2.2 Numerical solution 

Differential equation 6.2 must be solved numerically because the 
analytical solution to the full equation is impossible for most of real world 
cases. To present a numerical solution, a schematic diagram of a 1-D river 
system is illustrated in Figure 20. Each element or segment represents a 
control volume over which the governing equations apply. Heat and mass 
pass through each segment by advection and diffusion. The model domain 
defines the spatial limit of model representation. 
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Figure 20. Schematic diagram of 1-D segmented system. 

 

The coupled advection-dispersion-reaction, equation 6.2, that governs the 
behavior of constituents in aquatic systems is conceptually split into the 
reaction part (i.e. sink and source terms) provided by water quality modules 
and “everything else,” to be handled by the hydraulic model. “Everything 
else” includes transport (advection, dispersion), lateral inflow, and any 
boundaries. Effectively, the advection – dispersion – reaction equation is 
solved (time integrated) by the hydraulic model, with the reaction terms 
that it in turn obtains from the active water quality modules.  

Numerical solutions for solving differential equations may be loosely 
grouped into explicit and implicit methods. In short, explicit methods 
compute a solution using values of the dependent variable (for example, 
constituent concentration) from the current time level. Implicit methods 
use values from both current and future time levels. For reasons of 
accuracy, efficiency, and stability, the QUICKEST–ULTIMATE explicit 
numerical scheme has been implemented in HEC-RAS (Leonard 1979, 
1991). Using this scheme, equation 6.2 is approximated as 

  
* *

* *Δ Δn n n n

up up dn dn dn dn up up B K
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      
 

     
1 1 ,  (6.3)  

where  

 Cn+1  =  concentration of a constituent at present time step (g m-3), 
 Cn  =  concentration of a constituent at previous time step (g m-3), 
 Cup*  =  QUICKEST concentration of a constituent at upstream (g m-3), 
 𝜕𝜕𝐶𝐶∗

𝜕𝜕𝜕𝜕 𝑢𝑢𝑢𝑢
 =  QUICKEST derivative of a constituent at upstream (g m-4), 

 Cdn*  =  QUICKEST concentration of a constituent at downstream (g m-3), 
 𝜕𝜕𝐶𝐶∗

𝜕𝜕𝜕𝜕 𝑑𝑑𝑑𝑑
 =  QUICKEST derivative of a constituent at downstream (g m-4), 

 Dup  =  upstream face dispersion coefficient (m2 s-1), 
 Vn+1  =  volume of the water quality cell at present time step (m3), 
 Vn  =  volume of the water quality cell at previous time step (m3), 
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 Qup  =  upstream face flow (m3 s-1), 
 Aup  =  upstream face cross section area (m2), 
 Qdn  =  downstream face flow (m3 s-1), 
 Adn  =  downstream face cross section area (m2). 

The transport scheme used is common to all water quality modules. The 
primary difference in NSMI and NSMII is in the number of state variables. 
HEC-RAS solves equation 6.3 for each water quality cell and for each state 
variable selected. Equation 6.3 that governs the behavior of constituents in 
aquatic systems is conceptually split into the reaction part (i.e. sink and 
source terms) provided by water quality modules and “everything else,” to 
be handled by the hydraulic model. “Everything else” includes transport 
(advection, dispersion), lateral inflow, and any boundaries. Effectively, the 
advection – dispersion - reaction equation is solved (time integrated) by 
the hydraulic model, with the reaction terms that it in turn obtains from 
the active water quality modules. During each time step, state variable 
derivatives are computed for each water quality cell based on the 
biogeochemical processes (i.e. reaction kinetics) included in NSMs. 
Hydraulic information required for executing the NSM is passed from the 
HEC-RAS model. This step provides a partial computation of Σ S in 
equation 6.3. The effects of lateral and boundary loads are added to the 
complete computation of the total source and sink term in equation 6.3. 
Finally, concentrations at time t+Δt in the model domain combined from 
transport, kinetics, and external loads are solved.  

The water quality model’s time step is dynamically computed and adjusted 
so that Courant and Peclet constraints are automatically met. The water 
quality time step varies throughout a model run. The auto-stepping 
algorithm estimates the maximum time step to maintain stability. This 
differs from the hydraulic model where the user may specify the time step. 
Typical practice in water quality modeling is to select the largest time step 
possible to minimize computation time while remaining within predefined 
model stability limits. The selection of the time step within the transport 
model must satisfy Courant and Peclet constraints 

 Δ
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where 

 Cus  =  Courant number, 
 uus  =  velocity at water quality cell face (m s-1), 
 αus  =  local Peclet number, 
 Dus  =  dispersion coefficient at water quality cell face (m2 s-1). 

The Courant and Peclet numbers are cross section face properties. Both 
constraints can force a short time step if water quality cells are small. 
Therefore small water quality cells within the model domain should be 
avoided. The numerical solution of above equation 6.3 requires initial and 
boundary conditions for each state variable in water quality modules. 

Boundary conditions: 

The QUICKEST solution uses a three-point interpolation scheme to 
estimate concentrations at a face. This requires that the solution scheme 
know the concentration in the two upstream cells for a positive flow and 
the two downstream cells for a negative flow. Thus, for each face, four cell 
numbers are required. For the case of a 1-D stream network shown in 
Figure 20, water quality boundary conditions are required at the upstream 
and downstream boundaries. The upstream boundary condition is the 
constituent concentration at the upstream end of the domain during the 
period of simulation. The downstream boundary condition is specified as a 
constant longitudinal gradient of constituent. Where flow enters or leaves 
the model domain (i.e., crosses the domain boundary) information must 
be supplied to the model. Lateral boundary conditions can be specified 
either of two approaches within the model. One approach is to specify the 
concentrations at the hydraulic boundaries where in which concentrations 
of state variables are provided. This approach requires that the boundary 
receives flows from the hydraulic model. Concentrations may be specified 
at arbitrary intervals. The other approach is to specify the inflow boundary 
as a load (mass/time) where the inflow enters. The product of flow and 
concentration is load. This approach does not require a flow from the 
hydraulic model at the boundary. Some water quality variables are best 
specified as a concentration at the inflow boundary, such as temperature 
and dissolved oxygen. Other water quality variables, such as nutrients, 
may be more conveniently specified as loads. 
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Initial conditions: 

The above differential equations also require starting values or initial 
conditions at the beginning of the simulation period. These initial 
conditions may consist of temperature and constituent profile conditions 
for the modeled domain. Initial conditions of the state variables must be 
specified in each water quality cell (Figure 20). They are used only to start 
the model simulation. Initial conditions can be derived from measured 
data, from other model simulations, or estimated. Initial conditions of the 
sediment diagenesis state variables can be defined from a steady-state 
solution included in the sediment diagenesis module. Because the assigned 
initial concentrations usually do not reflect the actual conditions in the 
system, model “spin-up” (Thornton and Rosenbloom 2005) is often 
applied to create quasi-steady-state concentrations and then used for 
initial conditions. 

6.3 Model Inputs and Outputs 

To run a water quality module in HEC-RAS, a working hydraulic model 
must already be in place. Once the hydraulic model has been calibrated, 
the user can turn on the water quality modules in HEC-RAS. Water quality 
cells are initially established between cross sections. The user can adjust 
the water quality cells to avoid model instability and longer simulation 
times. Note that model results can often be improved with accurate 
channel geometry, planned model construct based on specific questions to 
be answered, and a computational cross-section-reach configuration 
designed to capture hydrodynamic, thermal, and water quality constituent 
gradients. The HEC-RAS model GUI is responsible for handling data input 
and output. Input and output data for the HEC-RAS model with water 
quality modules are managed as shown in Figure 19.  

6.3.1 Water quality inputs 

Major water quality model inputs include meteorological data, measured 
boundary input water quality from all inflow sources, initial water quality 
throughout the modeled reach, and water quality parameters. Complete 
sets of meteorological and water quality data at the appropriate time 
intervals are required for all low flow or high flow conditions; these are 
used for model development and calibration. In addition, accurate 
measurements of water quality parameters are required to represent 
controlling conditions for modeled systems. Model calibration requires an 
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entire set of several types of data. Proper collection of complete modeling 
data sets is critical to ensure adequate model calibration. 

Accurate meteorological data is an essential part of a water quality 
simulation. These data points provide the basis for coefficients applied in 
model equations affecting water quality. Hourly meteorological data 
points are typically required for modeling water quality due to large 
fluctuations in air temperature and solar radiation. There are often 
numerous NWS and other nearby meteorological stations that provide this 
data. Meteorological data influences the water quality processes and 
should reflect actual conditions near the model domain. In general, 
meteorological stations that are installed near the water body specifically 
for modeling purposes tend to produce better results. The following 
meteorological data is needed for a full energy balance temperature 
simulation module: atmospheric pressure, air temperature, dew point, 
humidity, short-wave radiation, cloud cover, and wind speed. 

Inflow temperature and water quality information are required to capture 
diurnal thermal and water quality dynamics for water quality model 
development and calibration. Adequate temperature and water quality 
data must be collected at modeled flow boundaries and tributary inflow 
locations. If more complicated water quality issues must be modeled, a 
significant amount of data collection may be required for the water quality 
model calibration.  

Local water quality parameters and coefficients used to describe 
biochemical transformation properties of the model domain are specified 
by the user. Input parameters for NSMI, NSMII, and NSMII-SedFlux have 
been discussed in previous chapters. 

6.3.2 Water quality outputs 

With respect to output, the HEC-RAS model offers a mechanism to include 
the water quality constituents as defined by the water quality module in its 
output, along with defining any pathway and diagnostic variables. The 
primary outputs of a HEC-RAS water quality simulation include 
concentrations of water column state variables at designated cells and 
benthic sediment–water quality concentrations at the same locations (if 
the benthic sediment diagenesis is being activated). In addition, derived 
water quality variables and pathway fluxes for individual biogeochemical 
process are available for model outputs. These values are typically 
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produced as time series and/or tabulated values. Desired output 
parameters, specific locations, reporting time interval, period of interest, 
and summary statistics can be defined. The model also produces a binary 
water quality output file. The restart output file is produced for use as 
input in subsequent model runs.  
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7 Summary 

The Nutrient Simulation Modules (NSMs) are developed to describe 
chemical, biological processes, interactions between state variables, and 
the physical process of sedimentation of state variables. The newly 
developed NSMs and its supporting water quality modules are written in 
Fortran for Windows and are packaged as “plug in” DLLs. Each module 
must be coupled with available H&H models in order to perform water 
quality analysis from various stressors. It can be implemented as a basic 
water quality model or as a complex eutrophication model depending on 
the needs of the user. The NSMI approach for water quality analysis 
provides more flexibility where each state variable can be turned on and 
off. This approach allows for the rapid assessments that can be conducted 
with minimum modeling expertise and limited data input requirements. 
NSMII is better suited than NSMI for assessing the impact for multiple 
algae groups and benthic sediment diagenesis effects on water quality. The 
best way to accurately assess water quality is to use the more advanced 
models, but only if the data needs of the models can be met and there is 
sufficient time to run the data. 

This report provides mathematical and programming formulations used 
within the newly developed NSMs and its supporting water quality 
modules. It describes the basis for the water quality modules and how they 
are formulated. The scientific basis of the NSMs reflects empirical and 
theoretical support precedence found within the literature, and in widely 
used water quality models. The NSMs have been tested and verified with a 
variety of examples, and compared against other water quality models. 
The results from the comparison showed that the predictions were similar. 
Additional validation of the NSMs against observations in aquatic systems 
is underway. 

The variable names in the report correspond to those used in the computer 
code so that the mathematical formulations and codes can be compared. 
The computer codes in all modules has been checked for consistency with 
the formulations described in the report. The modularity forms the basis 
for the flexibility of all the water quality modules, including the ability to 
add and modify state variables and processes for future enhancement. The 
water quality modules have been integrated into HEC-RAS with pre- and 
post-processer to setup the model, perform the runs, and to present and 
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analyze the results. This report is primarily intended for use as a technical 
reference for applying these modules. 

Integrating the water quality modules described in the report into HEC-
ResSim (Hydrologic Engineering Center-Reservoir System Simulation) 
and other H&H models is currently planned and will be implemented in 
the future. As the scope and scale of environmental and ecosystem studies 
expands, coupled with advances in science and improved understanding, 
these water quality modules can be continuously enhanced and further 
developed through revision of water quality formulations and computer 
codes. 
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Appendix A: Definition of Mathematical 
Symbols used in the TEMP 

Symbol Definition Units 

As surface area of the water column  m2 

a user defined coefficient on order of 10-6 unitless 

b user defined coefficient on order of 10-6 unitless 

c user defined coefficient on order of one unitless 

Cp specific heat capacity of air at constant pressure J kg-1 °C-1 

Cpw specific heat capacity of water J kg-1 °C-1 

CL percent sky covered with clouds unitless 

Cps specific heat capacity of benthic sediments J kg-1 °C-1 

es saturated vapor pressure at water temperature mb 

ea vapor pressure of overlying air mb 

f(uw) wind function  m s-1 

g acceleration of gravity (= 9.806) m s-2 

h2  sediment layer thickness m 

hr  local hour angle rad 

Kh/Kw diffusivity ratio  unitless 

KT overall heat exchange coefficient  W m-2 °C-1 

k(T) kinetic rate at local temperature d-1 

k(20) measured kinetic rate at 20oC d-1 

L latent heat of vaporization J kg-1 

P atmospheric pressure  mb 

qnet   net heat flux W m-2 

qsw  short-wave solar radiation flux  W m-2 

qatm atmospheric (downwelling) longwave radiation flux  W m-2 

qb  back (upwelling) longwave radiation flux W m-2 

qh  sensible heat flux  W m-2 

ql  latent heat flux  W m-2 

qsed  sediment-water heat flux  W m-2 

q0 extraterrestrial radiation  W m−2 

Q0  solar constant (= 1360) W m-2 

Rs reflectivity of the water surface unitless 
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Symbol Definition Units 

Ri Richardson number unitless 

r normalized radius of the earth’s orbit unitless 

t time d 

Tw  water temperature in Celsius oC 

Twk water temperature in Kelvin oK 

Ta air temperature in Celsius oC 

Tak air temperature in Kelvin oK 

Tsed  sediment temperature  oC 

Td dew point temperature oC 

Teq equilibrium temperature oC 

uw wind speed measured at a fixed height m s-1 

uw2 wind speed measured at 2 m m s-1 

uw7 wind speed measured at 7 m m s-1 

V volume of the water column cell m3 

z station height m 

z0 wind roughness height m 

Greek 

αs  sediment thermal diffusivity  m2 d-1 

αt  atmospheric attenuation unitless 

σ Stefan-Boltzman constant  W m-2 0K-1 

δ declination of the sun rad 

ϕ  latitude of the site  rad 

θ temperature correction coefficient unitless 

ρair density of moist air at air temperature kg m-3 

ρsat  density of saturated air at water temperature kg m-3 

ρs  density of sediments kg m-3 

ρw  density of water kg m-3 
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Appendix B: Definition of Mathematical 
Symbols used in NSMI 

Symbol Definition Units 

A site specific parameter for turbidity unitless 

Ap algae (phytoplankton)  µg-Chla L-1 

Apd algae (dry weight) mg-D L-1 

Ab benthic algae biomass g-D m-2 

Ac cross-sectional area m2 

Alk alkalinity eq L-1 

AWd algal dry weight stoichiometry mg-D 

AWc algal carbon stoichiometry mg-C 

AWn algal nitrogen stoichiometry mg-N 

AWp algal phosphorus stoichiometry mg-P 

AWa algal Chla stoichiometry µg-Chla 

B site specific parameter for turbidity unitless 

BWd benthic algae dry weight stoichiometry mg-D 

BWc benthic algae carbon stoichiometry mg-C 

BWn benthic algae nitrogen stoichiometry mg-N 

BWp benthic algae phosphorus stoichiometry mg-P 

BWa benthic Chla stoichiometry µg-Chla 

Bt top width of the channel m 

CBODi carbonaceous biochemical oxygen demand mg-O2 L-1 

CBOD5 5-day carbonaceous biochemical oxygen demand mg-O2 L-1 

CBODU ultimate carbonaceous biochemical oxygen demand mg-O2 L-1 

Chlb benthic chlorophyll-a mg-Chla m-2 

DIN dissolved inorganic nitrogen mg-N L-1 

DIP dissolved inorganic phosphorus mg-P L-1 

DO dissolved oxygen mg-O2 L-1 

DOs dissolved oxygen saturation  mg-O2 L-1 

DIC dissolved inorganic carbon  mol L-1 

DOC dissolved organic carbon mg-C L-1 

fcom fraction of carbon in organic matter mg-C mg-D-1 

fdp dissolved fraction of inorganic P  unitless 
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Symbol Definition Units 

fpp particulate fraction of inorganic P unitless 

FCO2 fraction of CO2 in total inorganic carbon unitless 

F1 preference fraction of algal uptake from NH4 unitless 

F2 preference fraction of benthic algae uptake from 
NH4 

unitless 

Fpocp fraction of algal mortality into POC unitless 

Fpocb fraction of benthic algal mortality into POC unitless 

Fw fraction of benthic algae mortality into the water 
column 

unitless 

Fb fraction of bottom area available for benthic algae 
growth 

unitless 

FL light limiting factor for algal growth unitless 

FN N limiting factor for algal growth unitless 

FP P limiting factor for algal growth unitless 

FLb light limiting factor for benthic algae growth unitless 

FNb N limiting factor for benthic algae growth unitless 

FPb P limiting factor for benthic algae growth unitless 

FSb bottom area density limiting factor for benthic algae 
growth 

unitless 

FLz light attenuation factor for algal growth at depth z unitless 

Iz PAR intensity at a depth z below the water surface W m-2 

I0 surface light intensity W m-2 

h water depth m 

h2  sediment layer thickness m 

ka(T) oxygen reaeration rate  d-1 

kah(T) hydraulic oxygen reaeration velocity m d-1 

kaw(T) wind oxygen reaeration velocity m d-1 

kac(T) CO2 reaeration rate d-1 

kbodi(T) CBOD oxidation rate d-1 

ksbodi(T) CBOD sedimentation rate d-1 

krp(T) algal respiration rate  d-1 

kdnit(T) denitrification rate  d-1 

kdp(T) algal mortality rate  d-1 

krb(T) benthic algae base respiration rate  d-1 

kdb(T) benthic algae mortality rate d-1 
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Symbol Definition Units 

k
dpo4n

 partition coefficient of inorganic P for solid “n” L kg-1 

kpom(T) POM dissolution rate  d-1 

kpom2(T) sediment POM dissolution rate  d-1 

kpoc(T) POC hydrolysis rate  d-1 

kdoc(T) DOC oxidation rate  d-1 

knit(T) nitrification rate  d-1 

kon(T) decay rate of organic N to NH4  d-1 

kop(T) decay rate of organic P to DIP  d-1 

kdx(T) pathogen death rate  d-1 

KsOxbodi half saturation oxygen attenuation constant for 
CBOD oxidation  

mg-O2 L-1 

KsOxdn half-saturation oxygen inhibition constant for 
denitrification  

mg-O2 L-1 

KsOxmc half saturation oxygen attenuation constant for the 
DOC oxidation  

mg-O2 L-1 

kH(T) Henry’s Law constant  mol L-1 atm-1 

KNR oxygen inhibition factor for nitrification mg-O2 L-1 

KL light limiting constant for algal growth W m-2 

KsN half-saturation N limiting constant for algal growth mg-N L-1 

KsP half-saturation P limiting constant for algal growth mg-P L-1 

KLb light limiting constant for benthic algae growth W m-2 

KsNb half-saturation N limiting constant for benthic algae mg-N L-1 

KsPb half-saturation P limiting constant for benthic algae 
growth 

mg-P L-1 

KsSOD half saturation oxygen attenuation constant for SOD mg-O2 L-1 

KSb half-saturation density constant for benthic algae 
growth 

g-D m-2 

K1 first acidity constant mol L-1 

K2 second acidity constant mol L-1 

Kw ion product of water (mol L-1)2 

mn inorganic suspended solid “n” mg L-1 

MWO2 molecular weight of O2 g mol-1 

MWCO2 molecular weight of CO2 g mol-1 

NH4 ammonium mg-N L-1 

NO3 nitrate  mg-N L-1 
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Symbol Definition Units 

OrgN organic nitrogen  mg-N L-1 

OrgP organic phosphorous  mg-P L-1 

patm atmospheric pressure atm 

pwv partial pressure of water vapor atm 

PN NH4 preference factor for algal growth unitless 

PNb NH4 preference factor for benthic algae growth unitless 

POC particulate organic carbon  mg-C L-1 

POM particulate organic matter  mg-D L-1 

POM2 sediment particulate organic matter  mg-D L-1 

PX pathogen cfu (100 mL)-1 

pCO2 partial pressure of CO2 in the atmosphere  ppm 

qsw short-wave solar radiation W m-2 

rna

 
algal N : Chla ratio mg-N µg-Chla-1

 
rpa

 
algal P : Chla ratio mg-P µg-Chla-1

 
rca

 
algal C : Chla ratio mg-C µg-Chla-1

 
rcd

 
algal C : D ratio mg-C mg-D-1

 rda algal D : Chla ratio mg-D µg- Chla-1 

roc O2 : C ratio for oxidation mg-O2 mg-C-1 

ron O2 : N ratio for nitrification mg-O2 mg-N-1 

rnb

 
benthic algae N : D ratio mg-N mg-D-1

 
rpb

 
benthic algae P : D ratio mg-P mg-D-1

 
rcb

 
benthic algae C : D ratio mg-C mg-D-1

 
rab

 
benthic Chla: D ratio µg-Chla mg-D-1

 rpo4 sediment release rate of DIP  g-P m-2 d-1 

rnh4 sediment release rate of NH4 g-N m-2 d-1 

ralkaa ratio translating algal growth into Alk if NH4 is the N 
source 

eq µg-Chla-1 

ralkan ratio translating algal growth into Alk if NO3 is the N 
source  

eq µg-Chla-1 

ralkn ratio translating NH4 nitrification into Alk  eq mg-N-1 

ralkden ratio translating NO3 denitrification into Alk  eq mg-N-1 

ralkba ratio translating benthic algae growth into Alk if NH4 
is the N source 

eq mg-D-1 

ralkbn ratio translating benthic algae growth into Alk if NO3 
is the N source 

eq mg-D-1 
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Symbol Definition Units 

Rh channel hydraulic radius m 

sl channel slope  unitless 

SOD(T) sediment oxygen demand g-O2 m-2 d-1 

Twk water temperature in Kelvin oK 

TIP total inorganic phosphorous  mg-P L-1 

TON total organic nitrogen mg-N L-1 
TKN total Kjeldahl nitrogen mg-N L-1 
TN total nitrogen mg-N L-1

 
TOP total organic phosphorus mg-P L-1 

TP total phosphorus mg-P L-1 
TOC total organic carbon mg-C L-1 

TSS Total suspended solids mg L-1 

u water velocity m s-1 

vson organic N settling velocity m d-1 

vsop organic P settling velocity m d-1 

vsoc POC settling velocity m d-1 

vsom POM settling velocity m d-1 

vsa algal settling velocity m d-1 

vsp solids settling velocity m d-1 

vno3 sediment denitrification transfer velocity m d-1 

vx pathogen settling velocity m d-1 

z depth from the water surface m 

CO32− carbonate ion mol L-1 

H+ hydronium ion mol L-1 

H2CO3* sum of dissolved carbon dioxide and carbonic acid mol L-1 

HCO3− bicarbonate ion mol L-1 

OH− hydroxyl ion mol L-1 

Greek 

α correction coefficient Unitless 

αpx light efficiency factor for pathogen decay Unitless 

μmxp(T) maximum algal growth rate  d-1 

µp algal growth rate  d-1 

µmxb(T) maximum benthic algae growth rate  d-1 
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Symbol Definition Units 

µb growth rate for benthic algae d-1 

λ light attenuation coefficient m-1 

λ0 background light attenuation m-1 

λs light attenuation by inorganic suspended solids L mg-1 m-1 

λm light attenuation by organic matter L mg-1 m-1 

λ1 linear light attenuation by algae m-1 (µg-Chla L-1)-1 

λ2 nonlinear light attenuation by algae m-1 (µg-Chla L-1)-

2/3 

w2 sediment burial rate m d-1 
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Appendix C: Definition of Mathematical 
Symbols used in NSMII 

Symbol Definition Units 

Apd algae (dry weight) mg-D L-1 

Api algae (phytoplankton)  µg-Chla L-1 

Ab benthic algae  g-D m-2 

Alk alkalinity mg-CaCO3 L-1 

AWdi algal dry weight stoichiometry mg-D 

AWci algal carbon stoichiometry mg-C 

AWni algal nitrogen stoichiometry mg-N 

AWpi algal phosphorus stoichiometry mg-P 

AWai algal Chla stoichiometry µg-Chla 

AWsi algal silica stoichiometry mg-Si 

BSi particulate biogenic silica mg-Si 

BWd benthic algae dry weight stoichiometry mg-D 

BWc benthic algae carbon stoichiometry mg-C 

BWn benthic algae nitrogen stoichiometry mg-N 

BWp benthic algae phosphorus stoichiometry mg-P 

BWa benthic Chla stoichiometry µg-Chla 

CBODi carbonaceous biochemical oxygen demand mg-O2 L-1 

CBOD5 5-day carbonaceous biochemical oxygen demand mg-O2 L-1 

CH4 dissolved methane mg-O2 L-1 

Chla chlorophyll-a µg-Chla L-1 

Chlb benthic chlorophyll-a mg-Chla L-2 

Cl chloride  mg L-1 

DIN dissolved inorganic nitrogen mg-N L-1 

DIP dissolved inorganic phosphorus mg-P L-1 

DO dissolved oxygen mg-O2 L-1 

DOs dissolved oxygen saturation  mg-O2 L-1 

DOC dissolved organic carbon mg-C L-1 

DON dissolved organic nitrogen  mg-N L-1 

DOP dissolved organic phosphorus  mg-P L-1 

DIC dissolved inorganic carbon  mol L-1 



ERDC/EL TR-16-1 205 

 

Symbol Definition Units 

DSi dissolved silica mg-Si 

fcom fraction of carbon in organic matter mg-C mg-D-1 

fpp particulate fraction of inorganic P unitless 

Frponp fraction of algal mortality into RPON unitless 

Flponp fraction of algal mortality into LPON unitless 

Frpopp fraction of algal mortality into RPOP unitless 

Flpopp fraction of algal mortality into LPOP unitless 

Frpocp fraction of algal mortality into RPOC unitless 

Flpocp fraction of algal mortality into LPOC unitless 

Frdocp fraction of algal mortality into RDOC unitless 

Fco2 fraction of CO2 in total inorganic carbon unitless 

Fbsi fraction of algal mortality into BSi unitless 

Frponb fraction of benthic algae mortality into RPON unitless 

Flponb fraction of benthic algae mortality into LPON unitless 

Frpopb fraction of benthic algae mortality into RPOP unitless 

Flpopb fraction of benthic algae mortality into LPOP unitless 

Frpocb fraction of benthic algae mortality into RPOC unitless 

Flpocb fraction of benthic algae mortality into LPOC unitless 

Frdocb fraction of benthic algae mortality into RDOC unitless 

Fw fraction of benthic algae mortality into the water column unitless 

Fb fraction of bottom area available for benthic algae 
growth 

unitless 

FLpi  light limiting factor for algal growth unitless 

FNpi algal nutrient limiting factor unitless 

FTpi effect of temperature on algal growth unitless 

FOxpi oxygen attenuation for algal respiration unitless 

FOxb oxygen attenuation for benthic algal respiration unitless 

FLb light limiting factor for benthic algae growth unitless 

FNb nutrient limiting factor for benthic algae growth unitless 

FTb temperature effect factor on benthic algal growth unitless 

FSb bottom area density limiting factor for benthic algae 
growth 

unitless 

FLz light limiting factor for algal growth at depth z unitless  

Iz PAR intensity at a depth z below the water surface W m-2 
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Symbol Definition Units 

I0 surface light intensity W m-2 

h water depth m 

HxS total dissolved sulfides mg-O2 L-1 

H2S dissolved hydrogen sulfide mg-O2 L-1 

HS bisulfide ion mg-O2 L-1 

kbodi(T) CBOD oxidation rate  d-1 

ksbodi(T) CBOD sedimentation rate  d-1 

krpi(T) algal respiration rate  d-1 

kdpi(T) algal mortality rate  d-1 

krb(T) benthic algae base respiration rate  d-1 

kdb(T) benthic algae mortality rate  d-1 

kdpo4n partition coefficient of inorganic P for solid “n” L kg-1 

ktp1i effect of temperature below T0p on algal growth 0C-2 

ktp2i effect of temperature above T0p on algal growth 0C-2 

ktb1 effect of temperature below T0p on benthic algal growth 0C-2 

ktb2 effect of temperature above T0p on benthic algal growth 0C-2 

ka(T) oxygen reaeration rate  d-1 

krpon(T) hydrolysis rate of RPON d-1 

klpon(T) hydrolysis rate of LPON d-1 

kdon(T) mineralization rate of DON d-1 

khs(T) HS oxidation rate L mg-O2-1 d-1 

kah2s(T) H2S reaeration rate d-1 

kbsi(T) BSi dissolution rate  d-1 

knit(T) nitrification rate  d-1 

kdnit(T) denitrification rate  d-1 

kah(T) hydraulic derived oxygen reaeration rate  d-1 

kaw(T) wind derived oxygen reaeration rate m d-1 

krpop(T) RPOP hydrolysis rate  d-1 

klpop(T) LPOP hydrolysis rate d-1 

kdop(T) DOP mineralization rate  d-1 

krpoc(T) RPOC hydrolysis rate  d-1 

klpoc(T) LPOC hydrolysis rate  d-1 

kpom(T) POM decay rate  d-1 
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Symbol Definition Units 

krdoc(T) RDOC mineralization rate  d-1 

kldoc(T) LDOC mineralization rate  d-1 

KH(T) Henry’s Law constant mol L-1 atm-1 

kac(T) CO2 reaeration coefficient  d-1 

ktb1 effect of temperature below T0b on benthic algal growth 0C-2 

ktb2 effect of temperature above T0b on benthic algal growth 0C-2 

KLi light limiting constant for algal growth W m-2 

Ksnxpi half-saturation NH4 preference constant for algal uptake mg-N L-1 

KsOxpi  half-saturation oxygen attenuation constant for algal 
respiration 

mg-O2 L-1 

KsNpi half-saturation N limiting constant for algal growth  mg-N L-1 

KsPpi half-saturation P limiting constant for algal growth mg-P L-1 

KsSipi Half-saturation Si limiting constant for algal growth mg-Si L-1 

KsSi Half-saturation Si constant for dissolution mg-Si L-1 

KsOxmn  half-saturation oxygen attenuation constant for DON 
mineralization  

mg-O2 L-1 

KsOxna  half-saturation oxygen attenuation constant for 
nitrification 

mg-O2 L-1 

KsOxdn  half-saturation oxygen attenuation constant for 
denitrification  

mg-O2 L-1 

KsOxmp  half-saturation oxygen attenuation constant for DOP 
mineralization 

mg-O2 L-1 

KsOxmc  half-saturation oxygen attenuation constant for DOC 
mineralization  

mg-O2 L-1 

KsSOD half saturation oxygen attenuation constant for SOD mg-O2 L-1 

KLb light limiting constant for benthic algae growth W m-2 

KsOxb half-saturation oxygen attenuation coefficient for 
benthic algae respiration 

mg-O2 L-1 

Ksnxb half-saturation NH4 preference constant for benthic 
algae uptake 

mg-N L-1 

KsNb half-saturation N limiting constant for benthic algae 
growth 

mg-N L-1 

KsPb half-saturation P limiting constant for benthic algae 
growth 

mg-P L-1 

KSb half-saturation density constant for benthic algae growth g-D m-2 

KsOhs half saturation oxygen attenuation constant for HS 
oxidation 

mg-O2 L-1 

LPON labile particulate organic nitrogen  mg-N L-1 
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Symbol Definition Units 

LPOP labile particulate organic phosphorus  mg-P L-1 

LPOC labile particulate organic carbon  mg-C L-1 

LDOC labile dissolved organic carbon  mg-C L-1 

mn inorganic suspended solid “n” mg L-1 

NH4 ammonium mg-N L-1 

NO3 nitrate  mg-N L-1 

PNpi preference fraction of algal uptake from NH4 unitless 

PNb NH4 preference factor for benthic algae growth unitless 

pCO2 partial pressure of CO2 in the atmosphere ppm 

POC particulate organic carbon  mg-C L-1 

POM particulate organic matter  mg-D L-1 

PX pathogen cfu (100 mL)-1 

RPON refractory particulate organic nitrogen  mg-N L-1 

RPOP refractory particulate organic phosphorus  mg-P L-1 

RPOC refractory particulate organic carbon  mg-C L-1 

RDOC refractory dissolved organic carbon  mg-C L-1 

rdai algal D : Chla ratio mg-D-1 µg- Chla-1 

rnai

 
algal N : Chla ratio mg-N µg-Chla-1

 
rpai

 
algal P : Chla ratio mg-P µg-Chla-1

 rcai

 
algal C : Chla ratio mg-C µg-Chla-1

 rcdi

 
algal C : D ratio mg-C mg-D-1

 rsiai

 
algal Si : Chla ratio mg-Si µg-Chla-1

 roc O2 : C ratio for oxidation mg-O2 mg-C-1 

ron O2 : N ratio for nitrification mg-O2 mg-N-1 

rnb

 
benthic algae N : D ratio mg-N mg-D-1

 rpb

 
benthic algae P : D ratio mg-P mg-D-1

 rcb

 
benthic algae C : D ratio mg-C mg-D-1

 rab

 
benthic Chla : D ratio µg-Chla mg-D-1

 rccai algal mol-C : Chla ratio mol-C µg-Chla-1 

rccb benthic algae mol-C : D ratio mol-C mg-D-1 

ralkaai ratio translating algal growth into Alk if NH4 is the N 
source 

eq µg-Chla-1 

ralkani ratio translating algal growth into Alk y if NO3 is the N 
source  

eq µg-Chla-1 
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Symbol Definition Units 

ralkn ratio translating NH4 nitrification into Alk  eq mg-N-1 

ralkden ratio translating NO3 denitrification into Alk  eq mg-N-1 

ralkba ratio translating benthic algae growth into Alk if NH4 is 
the N source 

eq mg-D-1 

ralkbn ratio translating benthic algae growth into Alk if NO3 is 
the N source 

eq mg-D-1 

rpo4 sediment release rate of DIP  g-P m-2 d-1 

rnh4 sediment release rate of NH4 g-N m-2 d-1 

rsi sediment release rate of DSi g-Si m-2 d-1 

rh2s sediment release rate of H2S g-O2 m-2 d-1 

Sis Si saturation mg-Si L-1 

Salt salinity ppt 

SOD(T) sediment oxygen demand  g-O2 m-2 d-1 

Twk water temperature in Kelvin oK 

Topi optimal temperature for algal growth 0C 

Tob optimal temperature for benthic algal growth 0C 

TIP total inorganic phosphorous  mg-P L-1 

TON total organic nitrogen mg-N L-1 
TKN total Kjeldahl nitrogen mg-N L-1 
TN total nitrogen mg-N L-1

 
TOP total organic phosphorus mg-P L-1 

TP total phosphorus mg-P L-1 
TOC total organic carbon mg-C L-1 

TSS total suspended solids mg L-1 

uw10 wind speed measured at 10 m above the water surface m s-1 

vsai algal settling velocity m d-1 

vspi solids settling velocity m d-1 

vsr refractory particulate organic matter settling velocity m d-1 

vsl labile particulate organic matter settling velocity m d-1 

vbsi BSi settling velocity m d-1 

vno3 sediment denitrification transfer velocity m d-1 

Greek 

μmxpi maximum algal growth rate d-1 

µpi(T) algal growth rate d-1 
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Symbol Definition Units 

µmxb maximum benthic algae growth rate d-1 

µb growth rate for benthic algae d-1 

λ light attenuation coefficient m-1 

λ0 background light attenuation m-1 

λs light attenuation by suspended solids L mg-1 m-1 

λm light attenuation by organic matter L mg-1 m-1 

λ1 linear light attenuation by algae m-1 (µg-Chla L-1)-1 

λ2 nonlinear light attenuation by algae m-1 (µg-Chla L-1)-

2/3 
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Appendix D: Definition of Mathematical 
Symbols used in the Sediment Diagenesis 
Module 

Symbol Definition Units 

a11 matrix coefficient unitless 

a12 matrix coefficient unitless 

a21 matrix coefficient unitless 

a22 matrix coefficient unitless 

b1 matrix coefficient unitless 

b2 matrix coefficient unitless 

BSi particulate biogenic silica mg-Si L-1 

BSi2 sediment particulate biogenic silica mg-Si L-1 

Cssi solids concentration in sediment layer i kg L-1 

CH4i methane in sediment layer i mg-O2 L-1 

CH4s methane saturation mg-O2 L-1 

CSOD carbonaceous SOD  g-O2 m-2 d-1 

CSODmax maximum CSOD g-O2 m-2 d-1 

CSODCH4 SOD generated by CH4 oxidation g-O2 m-2 d-1 

DICi
 dissolved inorganic carbon in sediment layer i M-C L-1 

DIPi
 dissolved inorganic P in sediment layer i mg-P L-1 

DSii
 dissolved silica in sediment layer i mg-Si L-1 

DOc critical oxygen for incremental inorganic P partition mg-O2 L-1 

Dd(T) sediment pore-water diffusion coefficient  m2 d-1 

Dp(T) sediment particle phase mixing diffusion coefficient m2 d-1 

fcom fraction of carbon in organic matter mg-C mg-D-1 

fdpi dissolved fraction of inorganic P in sediment layer i unitless 

fppi particulate fraction of inorganic P in sediment layer i unitless 

fdhi dissolved fraction of H2S in sediment layer i unitless 

fphi particulate fraction of H2S in sediment layer i unitless 

fdsii dissolved fraction of Si in sediment layer i unitless 

fpsii particulate fraction of Si in sediment layer i unitless 

FOxna1 oxygen attenuation factor for sediment nitrification unitless 

FOxch1 oxygen attenuation factor for sediment CH4 oxidation unitless 
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FRPON1 fraction of RPON deposit to sediment PON G1 unitless 

FRPON2 fraction of RPON deposit to sediment PON G2 unitless 

FRPOP1 fraction of RPOP deposit to sediment POP G1 unitless 

FRPOP2 fraction of RPOP deposit to sediment POP G2 unitless 

FRPOC1 fraction of RPOC deposit to sediment POC G1 unitless 

FRPOC2 fraction of RPOC deposit to sediment POC G2 unitless 

FAP1 fraction of algae deposit to sediment G1 unitless 

FAP2 fraction of algae deposit to sediment G2 unitless 

FAB1 fraction of dead benthic algae to sediment G1 unitless 

FAB2 fraction of dead benthic algae to sediment G2 unitless 

h  overlying water depth m 

h2  sediment layer thickness m 

hso4 thickness of sediment SO4 penetration m 

H2Si dissolved hydrogen sulfide in sediment layer i mg-O2 L-1 

JBSi total deposition to sediment BSi g-Si m-2 d-1 

JPOC,G1   total deposition to sediment POC G1  g-C m-2 d-1 

JPOC,G2 total deposition to sediment POC G2 g-C m-2 d-1 

JPOC,G3 total deposition to sediment POC G3 g-C m-2 d-1 

JPON,G1 total deposition to sediment PON G1 g-N m-2 d-1 

JPON,G2 total deposition to sediment PON G2 g-N m-2 d-1 

JPON,G3 total deposition to sediment PON G3 g-N m-2 d-1 
JPOP,G1 total deposition to sediment POP G1 g-P m-2 d-1 
JPOP,G2 total deposition to sediment POP G2 g-P m-2 d-1

 
JPOP,G3 total deposition to sediment POP G3 g-P m-2 d-1 

JC,G1 sediment POC G1 diagenesis flux g-C m-2 d-1 
JC,G2 sediment POC G2 diagenesis flux g-C m-2 d-1 

JC sediment POC diagenesis flux g-C m-2 d-1 

JCc total sediment POC diagenesis flux corrected for 
denitrification 

g-O m-2 d-1 

JC,CH4 sediment POC diagenesis into CH4 g-O2 m-2 d-1 

JC,H2S sediment POC diagenesis into H2S g-O2 m-2 d-1 

JN,G1 sediment PON G1 diagenesis flux g-N m-2 d-1 

JN,G2 sediment PON G2 diagenesis flux g-N m-2 d-1 

JN sediment PON diagenesis flux g-N m-2 d-1 
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JP,G1 sediment POP G1 diagenesis flux g-P m-2 d-1 

JP,G2 sediment POP G2 diagenesis flux  g-P m-2 d-1 

JP sediment POP diagenesis flux g-P m-2 d-1 

JSi sediment BSi dissolution g-Si m-2 d-1 

kbsi2(T) sediment BSi dissolution rate d-1 

kdnh4i partition coefficient of NH4 in sediment layer i L kg-1 

kdh2si partition coefficient of H2S in sediment layer i L kg-1 

kdpo4i partition coefficient of inorganic P in sediment layer i L kg-1 

kdsii partition coefficient of Si in sediment layer i L kg-1 

kdi partition coefficient in sediment layer i L kg-1 

kst decay rate for benthic stress d-1 

KL01 sediment-water mass transfer velocity m d-1 

KL12 dissolved mass transfer velocity between sediment layers   m d-1 

KL12,SO4 sediment sulfate specific mass-transfer velocity m d-1 

KsOxch half-saturation oxygen constant for sediment CH4 oxidation mg-O2 L-1 

KsOxna1 half-saturation oxygen constant for sediment nitrification mg-O2 L-1 

KsNh4 half-saturation NH4 constant for sediment nitrification mg-N L-1 

KsOxpm half-saturation oxygen constant for sediment particle phase 
mixing 

mg-O2 L-1 

KPONG1(T)  sediment PON G1 diagenesis rate d-1 

KPONG2(T) sediment PON G2 diagenesis rate d-1 

KPOPG1(T) sediment POP G1 diagenesis rate d-1 

KPOPG2(T) sediment POP G2 diagenesis rate d-1 

KPOCG1(T) sediment POC G1 diagenesis rate d-1 

KPOCG2(T) sediment POC G2 diagenesis rate d-1 

KsDp half-saturation oxygen constant for sediment particle mixing mg-O2 L-1 

KsSi half-saturation Si constant for dissolution mg-Si L-1 

KsSO4 SO4 half-saturation constant for SO4 reduction g-O2 m-3 

kSh2s H2S oxidation normalization constant  g-O2 m-3 

NO3i
 nitrate in sediment layer i mg-N L-1 

NH4i
 ammonium in sediment layer i mg-N L-1 

NSOD nitrogenous SOD g-O2 m-2 d-1 

POM2 sediment particulate organic matter  mg-D L-1 

POCGi,2
 sediment particulate organic carbon Gi mg-C L-1 
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POC2
 sediment total particulate organic carbon mg-C L-1 

POCr reference POCG1 for sediment particle phase mixing mg-C g-1 

PONGi,2
 sediment particulate organic nitrogen Gi mg-N L-1 

PON2
 sediment total particulate organic nitrogen mg-N L-1 

POPGi,2
 sediment particulate organic phosphorous Gi mg-P L-1 

POP2
 sediment total particulate organic phosphorous mg-P L-1 

ron O2 : N ratio for nitrification g-O2 g-N-1 

SO4
 

freshwater sulfate mg-O2 L-1 

Sii total silica in sediment layer i mg-Si L-1 

Sis Si saturation mg-Si L-1 

SO4i sulfate in sediment layer i mg-O2 L-1 

ST sediment benthic stress d 

TH2Si total sulfide in sediment layer i mg-O2 L-1 

TNH4i
 total ammonium in sediment layer i mg-N L-1 

TIPi total inorganic phosphorous in sediment layer i mg-P L-1 

vnh4,1(20) sediment layer 1 nitrification transfer velocity at 20oC m d-1 

vnh4,1(T) sediment layer 1 nitrification transfer velocity  m d-1 

vno3,1(20) sediment layer 1 denitrification transfer velocity at 20oC m d-1 

vno3,1(T) sediment layer 1 denitrification transfer velocity  m d-1 

vch4,1(20) sediment layer 1 CH4 oxidation transfer velocity at 20oC m d-1 

vch4,1(T) sediment layer 1 CH4 oxidation transfer velocity  m d-1 

vh2s,d(20) sediment layer 1 H2S dissolved oxidation transfer velocity at 
20oC 

m d-1 

vh2s,d(T) sediment layer 1 H2S dissolved oxidation transfer velocity  m d-1 

vh2s,p(20) sediment layer 1 H2S particulate oxidation transfer velocity at 
20oC 

m d-1 

vh2s,p(T) sediment layer 1 H2S particulate oxidation transfer velocity  m d-1 

vno3,2(20) sediment layer 2 denitrification transfer velocity at 20oC m d-1 

vno3,2(T)
 

sediment layer 2 denitrification transfer velocity  m d-1

 w2 sediment burial rate  m d-1 

ω12 sediment particle phase mixing transfer velocity due to 
bioturbation 

m d-1 

∆kPO41   incremental partition coefficient of sediment inorganic P  unitless 

∆kSi1   incremental partition coefficient of sediment Si  unitless 
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