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Section 1.0 

Background 

1.0 Background  

Task D of the Florida Onsite Sewage Nitrogen Reduction Strategies Study includes de-

velopment of a complex soil model (Task D.8) to aid evaluation of nitrogen reduction in 

Florida soils.  This complex soil model will enable estimation of site-specific soil treat-

ment in the vadose zone with the model output ultimately serving as the input to the 

aquifer model (Task D.11).  This specification memo was prepared by the Colorado 

School of Mines (CSM) to document the conceptual framework, code modification, and 

code evaluation for the complex soil model (STUMOD-FL) including the coding and code 

evaluation required to implement the theory described herein.  Final documentation will 

be conducted as part of Tasks D.16 and D.17. 

The basis of the complex soil model is STUMOD (Soil Treatment Unit Model), a user 

friendly spreadsheet model that is also rigorous enough to include hydraulic and nitro-

gen-transformation processes.  STUMOD is a detailed tool that can estimate nitrogen 

removal in the unsaturated soil below the infiltrative surface of an onsite wastewater 

treatment system (OWTS; referred to in Florida as “onsite sewage treatment and dis-

posal systems”). STUMOD was developed at Colorado School of Mines through support 

from the Water Environment Research Foundation (McCray et al., 2010).  Spreadsheet 

tools, such as STUMOD, enable evaluation of user-specified conditions, but are pre-

sented in a simple-to-use format that does not require prior modeling knowledge or leng-

thy model run times.  Of course, achieving these advantages requires that the incorpo-

rated treatment processes and operating conditions are simplified (e.g., constant loading 

rate, one-dimensional infiltration and treatment, etc). 

STUMOD is based on fundamental principles of water movement and contaminant 

transport using an analytical solution to calculate pressure and moisture content profiles 

in the vadose zone and a simplification of the general advection dispersion equation 

(Geza et al., 2009 and 2010).  STUMOD has been adapted to Florida-specific soil and 

climate data that includes parameters representing dominant soil properties.  In addition, 

STUMOD was adapted to account for evapotranspiration (ET) and the effect of 

high/seasonally variable water tables on nitrogen removal in soil.  Modifications were 

also made to the method of calculation for travel time and incorporation of three soil lay-
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ers.  This modified and adapted soil model developed in Task D.8 will be referred to as 

STUMOD-FL.   

The following description of STUMOD is summarized from McCray et al. (2010).  The 

same description applies to STUMOD-FL.  STUMOD was developed for transport in the 

unsaturated zone.  Vertical flow is assumed to predominate with contaminants trans-

ported by advection (the effect of dispersion ignored).  Continuous, steady state effluent 

application and infiltration is assumed.  As the infiltration reaches steady state, the pres-

sure profile or soil moisture profile does not change with time and a steady state concen-

tration with depth is computed based on Monod reaction rates for nitrification and denitri-

fication correlated to the soil moisture profile. The effect of temperature on nitrification 

and denitrification is also considered.  For STUMOD-FL, in addition to a biomat, three 

soil layers have also been added.  STUMOD can accept nitrogen input concentrations 

as ammonium, nitrate, or a combination of ammonium and nitrate.  Ammonium-nitrogen 

can be removed through both adsorption and denitrification.  Nitrate-nitrogen is removed 

through denitrification.  

The STUMOD-FL input parameters include operational parameters (effluent concentra-

tions, hydraulic loading rates) and calibration parameters for hydraulics and nutrient 

transformation.  Default values are provided to aid the user during selection of inputs.  

However, STUMOD-FL allows user-specified input and can be calibrated to site-specific 

data.  The output is the expected steady-state performance (i.e., constituent concentra-

tion) at the centerline under the point of effluent application.   

The overall goal is to develop a user friendly tool that enables a wide range of users to 

assess soil treatment unit performance over a relevant range of Florida conditions.  Ap-

propriate use of STUMOD-FL depends on the nature of the problem at hand, the desire 

and ability to incorporate specific site complexities or climate conditions, the sophistica-

tion of the user, the resources available to the user, and the relative risk associated with 

an improper design or model output. Use of STUMOD-FL requires familiarity with 

spreadsheets and parameter selection, and understanding of soil hydraulic and treat-

ment mechanisms. 

STUMOD-FL primarily addresses the most common operating conditions associated 

with trench and mound systems.  Model outputs provide insight into the behavior of soil 

treatment and quantitative estimations of nitrogen removal as affected by a range of 

conditions.  These insights and outcomes then aid decisions during design and/or plan-

ning through better understanding of the influence of operating and site conditions on 

soil treatment unit performance.  However, it must be recognized that numerous investi-
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gations into the fate of nitrogen below OWTS have shown that the percent removal is 

quite variable even for sites that appear similar.  The effects of dispersion, dilution, spa-

tial variability in soil properties, wastewater infiltration rates, and temperature impacts 

are a few of the factors resulting in this variability in removal rates (Siegrist et al., 2001; 

Otis, 2007; McCray et al., 2009).  Thus, more complex models must address the perfor-

mance of many complex processes and less-common operating conditions. 

Development of STUMOD-FL as described above required modification of STUMOD in-

cluding: 1) parameter estimation for Florida conditions, 2) development of the theory and 

associated coding to incorporate the effects of ET, and 3) development of the theory and 

associated coding to incorporate a high/seasonally variable water table. 
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Section 2.0 

Soil Parameter Estimations for Florida Conditions 

2.0 Soil Parameter Estimations for Florida Conditions  

The model requires a significant level of user sophistication with regard to using the ap-

propriate input parameters.  To aid in this process, the STUMOD-FL graphical user inter-

face includes default parameters estimated from Florida soils.  Because, over 400 soil 

series are described in Florida, it is recognized that no simple tool (or model) can en-

compass each soil condition.  Thus, the methodology used to estimate default STU-

MOD-FL parameters for Florida soils is described below. 

An assessment of soil properties included evaluating all available data records from the 

Florida Soil Characterization Data Retrieval System (University of Florida, 2007). This 

database contains a total of 8,272 individual data records.  All data records were sorted 

by soil textural classification and then screened for complete data sets (incomplete data 

sets were removed from further analysis) and data records applicable to depths of less 

than 5ft below ground surface.  Complete data sets included field sample measurements 

for:  sample depth interval; fraction of sand, silt, and clay; particle size distributions for 

the sand fraction; saturated hydraulic conductivity (Ksat); bulk density; and corresponding 

water contents at suctions of 3.5, 20, 30, 45, 60, 80, 150, 200, 340, and 15,000 cm.  All 

records for a given soil texture (e.g., sandy clay loam, clay, etc.) were then combined 

and descriptive statistics were evaluated.  Descriptive statistics are:  minimum value, 

maximum value, average, median, standard deviation, and the interquartile range (25 

and 75th percentiles).  Median values were then used to represent Florida specific prop-

erties for the soil texture classification and are used as the default parameter in the 

STUMOD-FL graphical user interface.  

The relevant input parameters for STUMOD-FL are Ksat, residual water content (θr), wa-

ter content at saturation (θs), and the van Genuchten fitting parameters α and n.  Ksat, θr, 

and θs were estimated as the median value from the reported field data described 

above.  Water content at 15,000 cm suction (15 bar) was assumed to represent θr and 

water content at 3.5 cm suction was assumed to represent θs.  To approximate the van 

Genuchten parameters (α and n), the median reported soil moisture values at each suc-

tion head were paired.  Solver was then executed using the van Genuchten equation 

while minimizing the sum of the squares.  A summary of the default input parameters to 

be used in STUMOD-FL are summarized in Table 2.1. 
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Due to the wide variation in the number of complete individual data records within the 

Florida Soil Characterization Data Retrieval System, parameter estimates were then also 

determined for individual soil series (e.g., Millhopper, Candler, Myakka, etc.) based on 

several different approaches depending on the level of information available (Sections 

2.1 – 2.3).  This approach incorporates soils that represent 70% of the issued permits for 

trench or beds (information provided by FDOH) and approximately 68% of the total land 

area.  Specifically soils were included in the evaluation and estimation of input parame-

ters for 15,619 of the total 22,362 permits issued and ~18 million of the total ~26 million 

acres of land area. 
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Table 2.1  
Summary of Estimated Default Parameters for STUMOD-FL based on Florida Soils 

 

  Texture Fractions 
Hydraulic  

Conductivity 

Bulk  

Density 

Residual  

Water  

Content 

 (at 15 

bars) 

Saturated  

Water  

Content 

 (at 3.5 

cm) 

Estimated  

Van Genuch-

ten  

Parameters

Classification n Sand Silt Clay Ksat  θr θs  

 - % % % cm/d g/cm3 cm3/cm3 cm3/cm3 1/cm 

Sand, more  

permeable* 

1092 

96.2 2.1 1.5 670.8 1.51 1.30 38.74 0.024 2.52 

Sand, less  

permeable* 

707 

92.5 4.4 2.5 352.6 1.55 1.10 37.94 0.020 2.24 

Clay 88 29.2 13.0 51.3 3.4 1.37 21.46 48.62 0.004 3.79 

Clay Loam 9 38.0 30.5 31.4 7.4 1.44 15.24 46.21 0.009 1.76 

Loam 23 45.0 35.4 20.1 17.0 1.36 10.35 42.14 0.012 1.63 

Loamy Sand 460 84.8 8.1 7.2 164.9 1.57 3.64 37.78 0.020 1.76 

Sandy Clay 56 51.9 7.6 38.8 14.2 1.55 15.41 41.64 0.004 3.45 

Sandy Clay 

Loam 

122 

66.2 7.3 25.2 17.5 1.60 10.54 38.85 0.009 1.84 

Sandy Loam 468 76.6 7.8 15.2 36.8 1.61 6.60 36.88 0.011 1.73 

Silt 6 0.6 88.7 9.2 371.5 1.08 5.14 60.14 0.003 1.73 

Silt Loam 9 5.7 82.0 15.8 185.3 1.01 5.78 60.54 0.003 1.69 

Silty Clay** 0 - - - - - - - - - 

Silty Clay Loam 5 5.8 65.6 28.9 7.4 1.13 27.71 59.86 0.009 1.51 

* Sand soil series split into two groupings based on HCA, not textural classification – See D.7 80% Progress Report. 
** No complete data records in the Florida database for silty clay (<5ft deep). 
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2.1 Parameter Estimation Method for Sand 

Due to the prevalence of sandy soil textures in Florida, and in context of the finding that 

relatively few soils series comprise the majority of the land area, a sand soil series was 

included for further evaluation if the series was ranked in the top 30 of any of three fol-

lowing criteria:  1) most frequently permitted soil series (based on number of recent per-

mits issued), 2) largest areal extent based on total land area (acreage) in Florida, or 3) 

largest areal extent (again based on acreage) within all sand series.  All sand textures 

(sand, fine sand, very fine sand, etc.) were included in the analysis.  Excluded from the 

analysis were the Urban series.  This approach resulted in analyses of 1,799 complete 

data records representing 40 individual sand series (see Tables 2.2 and 2.4 in the Task 

D.7 80% Progress report also included in Appendix A for completeness).   

For the Task D.7 HYDRUS-2D simulations, these 1,799 data records for sand soil series 

were summarized into two representative subgroups:  a more permeable sand and a 

less permeable sand.  This was done using a hierarchical cluster analysis to determine 

the subgrouping of sand soil series (see Task D.7 80% Complete progress report).  Two 

groupings were identified: “More Permeable Sand” characterized generally by Ksat > 500 

cm/d, % very fine sand <10%, and total sand fractions of >95%; and “Less Permeable 

Sand” characterized generally by Ksat <500 cm/d, % very fine sand >10%, and total sand 

fractions of <95%.  These two groupings will be incorporated into the STUMOD-FL 

graphical user interface to enable users to select either more permeable sand characte-

ristics or less permeable sand characteristics. 

To determine the default input parameters, all data records from each grouping were 

combined and descriptive statistics calculated.  Following the method described above 

(i.e., paring of median soil moisture values at each suction head then solving the van 

Genuchten equation while minimizing the sum of the squares), default parameters were 

estimated as listed in Table 2.1.  In addition, parameter estimates for each of the 40 in-

dividual sand series will be incorporated into STUMOD-FL as a look-up table. 

2.2 Parameter Estimation Method for Sandy Clay Loam 

To determine model parameters for the sandy clay loam, an individual data record was 

included for evaluation based on three criteria:  1) the Florida Soil Characterization Data 

Retrieval System listed the textural classification as “sandy clay loam”, 2) the series was 

included in the top 60 frequently permitted soil series, and 3) the series was included 

within the top 60 largest areal extent based on total land area in Florida.  This ensured 

that the data evaluated was representative of a sandy clay loam even though the series 

and/or shallow depths might have a higher sand fraction (e.g., Orangeburg, Dothan, 

etc.).  This approach resulted in analyses of 122 complete data records representing 31 
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individual soil series (see Table 2.3 in the Task D.7 80% Progress report also included in 

Appendix A for completeness).   

To determine the default input parameters for sandy clay loam, all 122 data records 

were combined and descriptive statistics calculated.  Following the method described 

above (i.e., paring of median soil moisture values at each suction head then solving the 

van Genuchten equation while minimizing the sum of the squares), default parameters 

were estimated as listed in Table 2.1.  In addition, parameters were estimated for indi-

vidual series if 5 or more complete data records were available.  These parameter esti-

mates for the individual soil series will be incorporated into STUMOD-FL as a look-up 

table.   

2.3 Parameter Estimation Method for Other Soil Textures 

Relative to the sand textures, less data was available for other soil textures (loamy sand, 

sandy loam, loam, silt loam, silt, silty clay loam, sandy clay, clay loam, and clay) in the 

Florida Soil Characterization Data Retrieval System (see Table 2.1).  For these remain-

ing soil textures, a data record was included for evaluation based on the textural classifi-

cation listed in the Florida Soil Characterization Data Retrieval System and soil depths 

<5 ft below the ground surface.  For silts, only 11 data records were in the Florida Soil 

Characterization Data Retrieval System and of these 11 data records, only two were 

complete data records in the top 5ft of soil.  Rather than omit silt textures from STU-

MOD-FL, the Data Retrieval System was sorted by the % silt and complete records with 

silt fractions >40% were retained for further analysis.  This subset, was further sorted by 

the silt fraction to identify data records for silt (>87% silt and <20% sand), silt loam (73 – 

87% silt and < 50% sand), silty clay loam (>60% silt and >25% clay), and silty clay (> 

40% silt and >40% clay).  There were no records that qualified as a silty clay. 

Again, to determine the default input parameters for each soil texture, all applicable data 

records were combined and descriptive statistics calculated.  Following the method de-

scribed above (i.e., paring of median soil moisture values at each suction head then 

solving the van Genuchten equation while minimizing the sum of the squares), default 

parameters were estimated as listed in Table 2.1.  In addition, parameters were esti-

mated for individual series if 5 or more complete data records were available.  These 

parameter estimates for the individual soil series will be incorporated into STUMOD-FL 

as a look-up table. 
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Section 3.0 

Modifications to Travel Time and Soil Layers 

3.0 Modifications to Travel Time and Soil Layers  

The method of calculation for travel time was modified in STUMOD-FL.  In the previous 

version (i.e., STUMOD) the velocity was calculated based on unsaturated hydraulic con-

ductivity and hydraulic gradient.  The hydraulic gradient was estimated based on pres-

sure profile.  While this method is valid, it requires accurate prediction of the unsaturated 

hydraulic conductivity and hydraulic gradient and thus the pressure profile.  An alternate 

approach, which has been incorporated into STUMOD-FL, is to estimate the velocity or 

travel time based on hydraulic loading rate and soil porosity.  This approach is also valid 

assuming the hydraulic loading rate is less than the saturated hydraulic conductivity 

which is the case of OWTS.  Both approaches yield the same result provided that the 

unsaturated hydraulic conductivity and hydraulic gradient are estimated accurately.  The 

approach incorporated into STUMOD-FL requires fewer parameters and is less uncer-

tain than the approach previously used in STUMOD.  

Three soil layers have been incorporated into STUMOD-FL, in addition to a biomat.  The 

user can choose only one layer if the soil is assumed to have homogenous properties, 

otherwise 2 or 3 layers can be selected.  If more than one layer is selected due to hete-

rogeneity, STUMOD-FL allows a different soil type to be defined for each of the layers 

with default parameter values for the selected soil type automatically populated for the 

layer.  The thickness of each layer has to be specified.  The user can input the depth to 

the top of layer 2, and the depth to the top of layer 3 depending on the number of layers 

to be simulated.  The total depth is already specified as either the selected treatment 

depth or the depth to the water table (STUMOD-FL is specific to the vadose zone only). 

These soil layers are further divided into several segments for computational purposes 

to calculate the changing suction head, soil moisture profile, and nitrogen removal with 

depth.  During development of STUMOD varying the segment interval between 0.5 and 

1 cm had insignificant impact on the output results.   The number of segments in each 

layer is set to a default value in STUMOD-FL, but the user can change this value to alter 

the resolution of the model.  

A biomat (also referred to as a clogging zone), typically ranging from 0.5 to 5 cm thick, 

may form at the infiltrative surface of the soil as a result of the accumulation of sus-
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pended solids and organic matter reducing the infiltration rate (Siegrist, 1987; Tyler et 

al., 1994; McKinley and Siegrist, 2010).  The biomat has a lower permeability than the 

native soil, which enhances unsaturated conditions below the biomat.  Other studies 

have also shown that the biomat affects the hydraulics for a variety of soils with a wide 

range of hydraulic conductivities (Beach and McCray, 2003; Bumgarner and McCray, 

2005; Beal et al., 2008).  In STUMOD-FL, the user can select the biomat thickness.  In 

the case of no biomat, the user can enter “0” for the thickness.   

The biomat properties in STUMOD-FL are then assigned based on literature values 

(Ksat) or assumed to equal the properties of the top soil layer (van Genuchten parame-

ters).  Because data specific to the biomat is not readily available, determination of indi-

vidual van Genuchten parameters is not possible.  Radcliffe and West (2009) assumed 

that the biomat water retention parameters (θr, θs, α, and n) were the same as those of 

the loam textural class.  This was a somewhat arbitrary assumption.  Beal et al. (2004) 

assumed that the biomat in their simulations had a silty clay texture, but noted the lack of 

information in the literature on biomat retention properties.  Radcliffe and West (2009) 

further tested the effect of the biomat water retention properties, by running Hydrus 2D 

model for 12 soil textural classes with biomat water retention parameters with the values 

of a loam textural class and with the values of the simulated underlying soil.  Assuming 

that the biomat water retention parameters were the same as the underlying resulted in 

a slightly wider range of steady trench bottom fluxes for 12 soil textural class simulations 

and concluded that the saturated hydraulic conductivity of the biomat was more impor-

tant than the biomat water retention parameters. 
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Section 4.0 
Theory for Evapotranspiration (ET) Effects 

4.0 Theory for Evapotranspiration (ET) Effects  
The effects of ET are expressed in two primary ways: root water uptake and root nutrient 
uptake.  Thus, the root depth relative to the point of infiltration (i.e., trench depth) is con-
sidered.  If the root depth extends below the trench depth, the nutrient source is as-
sumed to come from the applied effluent.  Even when the point of infiltration is below the 
maximum root depth, it is assumed that there is still a nutrient contribution from the ef-
fluent as a result of capillary movement and diffusion.  For this case, the contribution 
from the effluent is assumed to be partial and in proportion to thickness of the soil be-
tween the maximum root depth and the point of infiltration.  Thus, the removal efficiency, 
as a result of plant uptake, is reduced when the plant root does not extend below the 
point of infiltration.  The plant uptake is assumed to be distributed uniformly across the 
ground surface. 

Another key assumption is that both nitrate (NO3) and ammonium (NH4) species are as-
sumed to be equally available to plants.  Uptake from each species is proportional to its 
relative amount in the total mineral nitrogen pool (Johnsson et al., 1987).  In STUMOD-
FL, the nitrogen demand is mainly supplied by ammonium at shallow depths and nitrate 
at deeper depths.  The modeling approach followed here has a flexible formulation that 
considers a maximum allowable uptake, cmax, Michaelis–Menten constant (Km) that ac-
counts for the effect of concentration on uptake, and minimum uptake (cmin) values that 
will allow users to vary uptake mechanisms among nutrienttypes. 

4.1 Root Water Uptake 
A large number of approaches to modeling water uptake have been proposed over the 
years including Molz (1981), Hopmans and Bristow (2002), Wang and Smith (2004), and 
Feddes and Raats (2004).  Some approaches use crop coefficients (Kc) with potential 
evapotranspiration to estimate specific crop evapotranspiration rates and other methods 
use soil water suction.  Because STUMOD-FL calculates the suction profile, we chose a 
more rigorous approach where the root water uptake is a function of the soil water pres-
sure head, root characteristics, and meteorological conditions such as evaporative de-
mand.  Several approximations have been suggested for root water uptake.  One ap-
proach assumes that the water uptake rate is proportional to the difference between the 



O
:\4

42
37

-0
01

R
00

5\
W

pd
oc

s\
R

ep
or

t\F
in

al
 

 

4.0 Theory for Evapotranspiration (ET) Effects August 2013 

FLORIDA ONSITE SEWAGE NITROGEN REDUCTION STRATEGIES STUDY  PAGE 4-2 
COMPLEX SOIL MODEL DEVELOPMENT HAZEN AND SAWYER, P.C. 

soil water pressure head, h, and an effective root water or plant pressure head (or poten-
tial), hr, leading to the general form: 

(4-1) 

where S is the root water uptake term, β is a root density function that has been hy-
pothesized in various studies to depend on depth z, and h is the local average soil water 
pressure head.  Another version of equation 1 that has been used in many numerical 
simulations is (Whisler et al., 1968; Bresler et al., 1982): 

(4-2) 

in which β(z) has been assumed to reflect the relative root distribution in the soil profile, 
and has been equated to the normalized root density function with units of root length 
per unit volume of soil (Whisler et al., 1968), K(h) is the soil hydraulic conductivity.  The 
value of hr depends on specific soil, plant, and climatic conditions, and cannot become 
less than some critical value.  

Feddes et al. (1978) and Belmans et al. (1983) suggested a much simpler root extraction 
term that depends only on the pressure head, root distribution and potential transpiration 
rate: 

(4-3) 

where β(z) is the normalized root density distribution (L-1), Tp the potential transpiration 
rate (L3 L-2 T-1), and α(h) is a dimensionless water stress response function (0 ≤ α ≤1). 
Under conditions of no stress, α = 1 and equation 4-3 reduces to:  

(4-4) 

The mathematical form of the equation in STUMOD-FL follows equation 4-3 suggested 
by Feddes et al. (1978) and Belmans et al. (1983).  The details about the method of ob-
taining α and β are discussed below. 

4.1.1 Water Stress Function (α) 
van Genuchten (1987) proposed a smooth, S-shaped reduction function to account for 
water stress: 

(4-5) 

S(z) = β(z)(h−hr )

S(z) = β(z) K(h)(h− hr )

S(z) = β(z)α(h)Tp

( ) ( ) pS z z Tβ=

( ) 1

50

1( )
1 ph

h h
α =

+
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where α(h) is a dimensionless water stress response function, p1 is the rate at which the 
function drops from unity to zero, and h50 is the suction at which the transpiration rate is 
half the potential evapotranspiration, PT.  The parameter h50 has a potentially large effect 
on the rate of water removal from soil when the soil is relatively dry.   Values of p1 = 4 
and h50 = 1330 cm were chosen based on the vegetation types and soils published by 
Grinevskii (2011). 

Equation 4-5 is implemented in STUMOD-FL where the soil layer is divided into several 
segments and the soil water pressure, h, is calculated using an analytical approach for 
each segment (Geza et al., 2010).  The average of the pressure head at the top and bot-
tom of each elemental depth in STUMOD-FL is used to calculate α(h) for each layer in 
equation 4-5. 

4.1.2 Root Distribution Function (β) 
A large number of functions for root distribution, β(z) have been proposed and used, in-
cluding constant, linearly decreasing, trapezoidal, and exponential functions.  Details are 
available in Hoffman and van Genuchten (1983) and Hao et al. (2005).  The root distri-
bution function by Gale and Grigal (1987) is used in STUMOD-FL given by equation 4-6.  
The potential transpiration in STUMOD-FL is distributed along the soil profile according 
to a user-defined root density function.  The function results in an exponential decrease 
in root density. 

(4-6) 

Y/YT is the cumulative root distribution from the soil surface down to rooting depth and 
varies from zero to one as z varies from zero to user defined maximum root depth (D).  
Y/YT becomes unity at D.  Y/YT at any depth corresponds to the proportion of roots from 
the surface to depth D.  High values of Y/YT correspond to a greater proportion of roots 
with depth and the vice versa. 

In STUMOD-FL the treatment zone is discretized into several layers and the root distri-
bution for a given layer is calculated as the incremental root distribution (i.e., the differ-
ence between the cumulative root fractions between two successive layers).  Plant water 
and nutrient uptake occurs only when this value is greater than zero.  Equation 4-6 has 
been widely used to represent cumulative root biomass distribution data (Jackson 1999; 
Jackson et al. 1996; 1997; 2000; Feddes et al. 2001; Zeng et al. 1998; Zeng 2001).   

 

β z( ) = Y
YT

=1− b z
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The general form of the cumulative root biomass, β, is shown in Figure 4-1.  STUMOD-
FL will automatically calculate a value for b based on user input root depth.  The higher 
the root depth, the larger the b value required to distribute the roots throughout the root 
depth (see Figure 4-1).  The user can also input values for b.  However, appropriate val-
ues should be selected for the value of b since the model distributes the roots through-
out the root depth.  If appropriate values are not selected, roots may be distributed too 
shallow or too deep.  Although the drainfield depth will not exceed 75 cm, root uptake 
will still occur if the roots are present. Values for b and properties like the ratio fine/total 
root biomass, root length, maximum rooting depth, root/shoot ratio, and nutrient content 
of different terrestrial biomes, can be found in the above-cited references.  The root bio-
mass is distributed between the ground surface and the maximum depth based on equa-
tion 4-
6. 

 

 

 

 

 

 

Figure 4-1:  Illustration of the Root Distribution Function for Selected Values of 
Maximum Root Depth (D) and the Root Distribution Parameter (b) 
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4.1.3 Combined Water Uptake Adjustment Factor, w  
In STUMOD-FL, the water stress function α(h) is calculated for each soil layer using eq-
uation 4-5 and varies with depth and soil type because suction may vary with depth and 
soil type.  The root distribution function, β(z) is represented by the incremental fraction 
Δ(Y/YT), which is the difference between the cumulative fractions of two successive lay-
ers.  Thus, Δ(Y/YT) is the root fraction within elemental depth in STUMOD-FL.  Thus, the 
combined uptake adjustment in each soil layer wi is calculated as the product of Δ(Y/YT) 
and α(h) at z.  The combined stress, w, for the entire treatment zone is calculated as the 
discrete sum.  Thus, the total reduction function for the entire root treatment zone is cal-
culated as: 

(4-7) 

where n is the number of segments in a layer.  Note that the value of w varies between 0 
and 1. The actual transpiration (Ta) is then calculated from the combined stress function 
and potential transpiration (Tp) as Ta = wTp.  A similar procedure has been implemented 
in previous studies Simunek and Hopmans (2008) which used a continuous integral sum 
approach to calculate the combined water uptake adjustment factor, w.  A discrete sum 
approach is implemented in STUMOD-FL.  Although this is a simplification over the me-
thod described by Simunek and Hopmans (2008), it is still detailed enough to account for 
spatial variation in water stress and root distribution. 

4.1.4 Further Adjustment to Water Uptake Function: Root Water Uptake with Com-
pensation  

As previously discussed, the potential transpiration rate is adjusted for the water stress 
and root distribution (note, Ta = wTp).  However, plants have the ability to take water 
against the moisture gradient.  Thus, a factor that accounts for a plants ability to take 
water under stress is included in STUMOD-FL.  As stated earlier, the ratio of actual to 
potential transpiration for the case of root uptake without compensation is defined as: 

or 
(4-8) 

A critical value of the water stress index wc is introduced which represents a threshold 
value above which root water uptake reduced in stressed parts of the root zone is totally 
compensated by increased uptake from other parts as described in Simunek and Hop-
mans (2008).  Some reduction in potential transpiration will occur below this threshold 
value, although smaller than for water uptake without compensation as shown in Figure 

w = ΔYi

YT1

n

∑ αi h( )

Ta

Tp

= αi z( )βi z( )
1

n

∑ = w Ta = wTp
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4-2.  wc accounts for the plants ability to take water against gradient.  The ratio of actual 
ET to potential ET for the case of root water uptake with compensation is defined as: 

(4-9) 

 

A general form of the equation that combines both uncompensated and fully or partially 
compensated water uptake can be written as: 

(4-10) 

 

When w > wc, Ta/Tp = 1 and Ta/Tp < 1 when w < wc.  This means that the actual evapo-
transpiration rates are equal to the potential for w > wc.  For the interval where w is 
smaller than the threshold value wc, one has Ta < Tp. The introduction of the critical value 
wc increases the actual water uptake as shown in Figure 4-2 and used to compensate for 
reduced uptake in stressed parts of the root zone by increased uptake from other parts.  
When the parameter wc is equal to 1, non-compensated root water uptake applies, and 
when wc is equal to zero we obtain fully compensated uptake (i.e, uptake is equal to the 
water demand). 

Ta

Tp

=
αi z( )βi z( )

1

n

∑
wc

= w
wc

Ta

Tp

=
αiβi z( )

1

n

∑
max w, wc[ ]



O
:\4

42
37

-0
01

R
00

5\
W

pd
oc

s\
R

ep
or

t\F
in

al
 

 

4.0 Theory for Evapotranspiration (ET) Effects August 2013 

FLORIDA ONSITE SEWAGE NITROGEN REDUCTION STRATEGIES STUDY  PAGE 4-7 
COMPLEX SOIL MODEL DEVELOPMENT HAZEN AND SAWYER, P.C. 

 

 
Figure 4-2:  Ratio of Actual to Potential Transpiration 

as a Function of the Stress Index, w 

4.1.5 Potential Evapotranspiration  
The actual evapotranspiration in STUMOD-FL is calculated from the potential evapo-
transpiration and reduction factors for soil moisture content and root distribution.  Thus, 
the potential evapotranspiration Tp has to be calculated first.  Hargreaves Method is 
used to calculate Tp.  The Hargreaves (1985) equation is one of the simplest and most 
accurate empirical equations used to estimate ET0 (Jensen et al., 1997).  This equation 
expressed by Hargreaves and Allen (2003) as:  

(4-11) 

where Tp is the reference evapotranspiration (mm/day), Ra is the daily value of extrater-
restrial radiation in equivalent mm of water evaporation for a day (mm/day), TC is the 
average daily air temperature (oC) and TR is the daily temperature range (oC) (TR = Tmax 
– Tmin) where Tmax is the mean daily maximum temperature and Tmin is the mean daily 
minimum temperature. 

0.50.0023 ( 17.8)p aT R TC TR= +
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Various equations for prediction of Ra for a given month and latitude were developed by 
many investigators such as Allen et al. (1989), Yitaew and Brown (1990), Allen (1996), 
Kotsopoulos and Babajimopoulos (1997) and Chuanyan et al. (2004).  Ra was estimated 
using the equation recommended by Kotsopoulos and Babajimopoulos (1997), devel-
oped for latitudes (La) 0 ≤ La ≤ 50oN, is expressed as: 

(4-12) 

 

where: 

J = order of the month 
M = 14.9423 – 0.0098La – 0.00175(La)2 
C1 = -0.5801 + 0.1834 La – 0.00066La 
C2 = 3.1365 – 0.00489 La + 0.00061(La)2 
C3 = 0.597 – 5.36 – 10-6(La)2 
C4 = 2.9588 – 0.00909 La + 0.00024(La)2 

4.2 Root Nutrient Uptake 
The approach used in STUMOD-FL is similar to one presented in Simunek and Hop-
mans (2008), but with some simplifications.  STUMOD-FL allows for both passive and 
active root nutrient uptake.  The passive uptake describes the mass flow of dissolved 
nutrients by plant roots associated with water during transpiration.  It is also assumed 
that the passive uptake is the primary mechanism of supplying plants with nutrients, and 
that active uptake is initiated only if passive uptake is inadequate.  The active uptake in-
cludes all other possible nutrient uptake mechanisms, including energy-driven processes 
against concentration gradients. 

4.2.1 Uncompensated Nutrient Uptake Model  
Simunek and Hopmans (2008) define nutrient uptake as the sum of active and passive 
uptakes.  A time dependent point nutrient uptake function is used to calculate the root 
uptake throughout the root domain for the entire duration by integrating over time and 
space.  For STUMOD-FL a layer is used instead of a point.  The root uptake for each soil 
layer is used to calculate uptake throughout the root domain using a discrete sum ap-
proach and a steady state solution where neither nutrient concentration nor uptake is 
time dependent. 

(4-13) 

1 2 3 4
2 2cos cos
12 12a

J JR M C C C Cπ π⎛ ⎞ ⎛ ⎞= + + + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

a a ar  = p (z) + a (z)
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(4-14) 

where ra, pa, and aa define actual total, passive, and active root nutrient uptake rates 
[ML−2T−1], respectively, at any layer (equation 4-13), and Ra, Pa, and Aa denote actual 
total, passive, and active root nutrient uptake rates [ML−2T−1], respectively, for the root 
zone domain (equation 3-14). 

Passive nutrient uptake, Pa, is simulated by multiplying root water uptake with the dis-
solved nutrient concentration for concentration values below apriori defined maximum 
concentration (cmax).  Passive root nutrient uptake for the whole root domain, is calcu-
lated as discrete sum of passive root nutrient uptake rate, pa, over the entire root zone, 
as: 

(4-15) 

 

where c is the dissolved nutrient concentration [ML−3] and cmax is the maximum allowed 
solution concentration [ML−3] that can be taken up by plant roots during passive root up-
take.  All nutrient dissolved in water could be taken up if c < cmax demanding on ET and 
potential nutrient demand.  No nutrient is taken up when cmax = 0 with only active uptake 
remaining in this case.  The maximum solution concentration for passive root uptake, 
cmax, thus controls the proportion of passive root water uptake to total uptake.  Using this 
flexible formulation that considers cmax, Michaelis–Menten constant (Km) and a cmin dis-
cussed later, uptake mechanisms can vary between specific nutrients. 

The potential active uptake is defined as the difference between the potential nutrient 
demand and the passive nutrient uptake as: 

(4-16) 

This implies that the active nutrient uptake is initiated only if the passive root nutrient up-
take does not fully satisfy the potential nutrient demand of the plant.  If passive uptake is 
reduced or completely turned off (cmax = 0), the potential active nutrient uptake (Ap) is 
equal to the potential nutrient demand (Rp).  Once Ap is known, the values of potential 
active nutrient uptake rates for a layer in STUMOD-FL, ap(z), are obtained by distributing 
the potential root zone active nutrient uptake rate, Ap, over the root zone domain, using a 
predefined spatial root distribution, β(z), as was done for root water uptake or; 

a a aR  = P + A

Pa =
Tp

max w, wc[ ]
αi h( )

1

n

∑ βi z( )min c z( ), cmax
⎡⎣ ⎤⎦

p p aA  = max[R - P , 0] 
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(4-17) 

Using Michaelis–Menten kinetics (e.g., Jungk, 1991) provides for actual distributed val-
ues of active nutrient uptake rates, aa, allowing for nutrient concentration dependency, 
or: 

(4-18) 

where Km is the Michaelis–Menten constant [ML−3] and cmin is the minimum nutrient con-
centration required for active uptake to take effect [ML−3] (Jungk, 2002), thus assuming 
that active nutrient uptake will occur only if the dissolved nutrient concentration in the soil 
solution is sufficiently high.  The Michaelis–Menten constants for selected nutrients (e.g., 
N, P, and K) and plant species (e.g., grass, corn, soybean, wheat, tomato, pepper, let-
tuce, and barley) can be found in the literature (e.g., Bar-Yosef, 1999). 
 
Finally, total active uncompensated root nutrient uptake rate, Aa is calculated as the dis-
crete sum of actual active root nutrient uptake rate, aa, for each soil layer in STUMOD-
FL, over the root domain in analogy with the passive root water uptake term in equation 
4-15, or: 

(4-19) 

 

4.2.2 Compensated Nutrient Uptake Model  

The nutrient uptake model includes compensation of the passive nutrient uptake. A simi-
lar compensation concept as used for root water uptake in equations 4-9 and 4-10, was 
implemented for active nutrient uptake rate, by invoking a nutrient stress index. 

(4-20) 

After defining the critical value of the nutrient stress index πc above which value active 
nutrient uptake is fully compensated for by active uptake in other less stressed soil re-
gions, the total compensated active root nutrient uptake rate, Aac is calculated as: 

(4-21) 

Equation 4-21 implies that reduction in root water uptake will decrease passive nutrient 
uptake, thereby increasing active nutrient uptake proportionally.  Thus, total nutrient up-
take is not affected by soil water stress, as computed by the proportion of actual to po-

ap(z) = β(z)Ap

min min
a p p

m min m min

c(z) - c c(z) - ca (z) = a (z) = (z) A  
K  + c(z) - c K  + c(z) - c

β

Aa = aa z( )
1

n

∑ = Ap

c z( ) − cmin

Km + c z( ) − cmin1

n

∑ β z( )

πβ =
−+

−
= ∑ )(

)(
)(

0 min

min z
czcK

czc
A
A D

mp

a

[ ] )(
)(

)(
,max 0 min

min z
czcK

czcA
A

D

mc

p
ac β

ππ ∑ −+
−
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tential root water uptake.  This is not realistic because plant nutrient requirements will be 
reduced for water-stressed plants.  For that reason, the uptake model includes additional 
flexibility, by reducing the potential nutrient demand Rp in proportion to the reduction of 
root water uptake, as defined by the actual to potential transpiration ratio, or: 

(4-22) 

In summary, the presented root nutrient uptake model with compensation requires as 
input the potential nutrient uptake rate (demand), Rp, the spatial root distribution function 
β(z) as needed for the water uptake term, the Michaelis–Menten constant Km, the maxi-
mum nutrient concentration that can be taken up passively by plant roots cmax, the mini-
mum concentration cmin needed to initiate active nutrient uptake, and the critical nutrient 
stress index πc.  The passive nutrient uptake term can be turned off by selecting cmax 
equal to zero.  Moreover, active nutrient uptake can be eliminated by specifying a zero 
value for Rp, or by selecting a very large cmin value.  It can be expected that πc for agri-
cultural crops is relatively high implying less capability to compensate for nutrient stress 
when compared to natural plants that are likely to have more ability to compensate for 
soil environmental stresses.  Other parameters, such as cmax will likely need to be cali-
brated to specific conditions before the model can be used for predictive purposes. 

The passive nutrient uptake term can be turned off by selecting cmax equal to zero.  Ac-
tive nutrient uptake can be eliminated by specifying a very large cmin value.  It is likely 
that values of these parameters are nutrient and plant specific.  To ignore plant uptake 
for example if an onsite system is built on bare land, one can set Rp = 0. 

 

,0a c
p p a

p

T
A  = max R P

T
⎡ ⎤

−⎢ ⎥
⎢ ⎥⎣ ⎦
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Section 5.0 

Theory for High/Seasonal Water Table Effects 

5.0 Theory for High/Seasonal Water Table Effects  

Groundwater level fluctuations can directly impact the migration potential of groundwater 

plumes (Parker et al., 1994; Parker, 2003).  For OWTS, knowledge of groundwater fluc-

tuations is beneficial because the amount of nitrogen that reaches the water table is af-

fected by the separation distance between the water table and the trench bottom. 

STUMOD-FL is able to handle a lower boundary condition of saturation that was not 

present in STUMOD.  For applications with a constant head, users can set a pressure 

head of zero for the lower boundary condition.  Two options are provided for the location 

of the water table.  Users can enter either a known water table depth or use the model 

calculated water table as determined by a water table fluctuation model included in 

STUMOD-FL described in this section.  Free drainage conditions assume that there is 

no effect on soil moisture distribution from capillary water and is mimicked by setting the 

water table to a greater depth.  Both conditions are included in STUMOD-FL since signif-

icant differences were observed in denitrification rates similar to what has been ob-

served in HYDRUS-2D (see Task D-7, 80% complete progress report).  

Various approaches have been used to assess the fluctuation of a water table.  Several 

different analytical models have been developed including Hantush (1967), Rao and 

Sarma (1984), Latnopoulos (1985), Rai and Singh (1995), Rai and Manglik (1999) and 

Rai et al. (2006).  Rasmussen and Andreasen (1959) presented a simple model relating 

water level fluctuations in response to recharge events for the purpose of estimating 

groundwater recharge from precipitation events.  They assumed that the change of wa-

ter level over a given time multiplied by the specific yield is equal to the change in sto-

rage due to precipitation, extraction/injection, evapotranspiration, etc.  An analytical solu-

tion has been derived by linearizing the two-dimensional Boussinesq equation to predict 

time-varying water table height based on groundwater recharge as a function of time 

(Rai and Singh, 1995; Rai and Manglik, 1999; and Rai et al., 2006). 

Park and Parker (2008) presented an extension of the Rasmussen and Andreasen mod-

el to describe water table fluctuations in response to precipitation time-series.  They de-

veloped a simple model to predict water table fluctuations based on discrete record of 

precipitation such as daily or monthly precipitation data. The model requires precipitation 
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time series and other inputs related to soil that control the reduction in ground water lev-

el with time when precipitation is not occurring and water table build up during precipita-

tion.  OWTS could then be designed on a more conservative approach based on a max-

imum precipitation year or a year with high precipitation to PET ratio.  The method was 

implemented in STUMOD-FL. The model was selected because it is a physically based 

model and was specially developed for aquifer response to precipitation time-series.  

Model performance was assessed by comparing predicted and observed groundwater 

fluctuations over a multi-year period in response to precipitation.  The model by (Park 

and Parker, 2008) computes head as: 

(5-1) 

 

(5-2) 

 

(5-3) 

where h is the head, defined as H-Hmin, H is the groundwater elevation relative to the 

reference elevation, Hmin is the minimum groundwater level in the modeled area, n is the 

fillable porosity (assumed to be equal to the aquifer specific yield), and k is the rate coef-

ficient (T-1).  The rate coefficient, k, controls the water table decline during dry periods 

and the build-up of the water table during recharge periods and is related to soil proper-

ties and hydraulic gradient by: 

(5-4) 

where K is the hydraulic conductivity, i is the main hydraulic gradient of the domain, h is 

the mean hydraulic head in the domain, h/ x and is the hydraulic gradient at the inlet at 

the inlet and outlet of the domain.  For the case of very low aquifer permeability, the wa-

ter table build-up is very high and the decline during dry periods is low.  With the same 

amount of recharge, lower permeability aquifer shows slower response. 

Park and Parker (2008) further assumed that the recharge rate can be approximated as 

a fixed fraction of precipitation as: 

(5-5) 

where α is the recharge-precipitation ratio.  

(exp( ) 1)
exp( )

P kt
h ho kt

kn

1 (exp( ) 1)
exp( )i i i i

i

P k t
h h k t
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H i+1 = hi +H
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Since precipitation data is available at discrete intervals, tabulated time-intervals can be 

applied treating precipitation as a piecewise-constant function.   

We are in the process of evaluating the groundwater fluctuation model for predicting wa-

ter table elevations in the State of Florida (Task D.9).  Groundwater elevation (elevation 

above NGVD 1029) data was gathered from the USGS National Water Information Ser-

vices website and precipitation data was obtained from the National Climate Data Cen-

ter. To make the tool more practical from the user perspective, water table parameter 

values will be related to readily available inputs such as soil property and topography.  

We are evaluating extensive data on water table, soils and soil topography to infer plaus-

ible relationships. 
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Section 6.0 

Coding and Code Evaluation 

6.0 Coding and Code Evaluation  

Based on the conceptual framework described in the previous sections, coding and code 

evaluation has been conducted. Figure 6-1 illustrates the STUMOD-FL graphical user 

interface (GUI) with code modification to incorporate an ET and plant uptake module, 

variable water table, and additional input and output tabs. An additional modification to 

code is the inclusion within STUMOD-FL to handle a lower boundary condition. For ap-

plications with a constant head, users can set a pressure head of zero for the lower 

boundary condition. Users can enter either a known water table depth or use the model 

calculated water table as determined by a water table fluctuation model. Free drainage 

conditions assume that there is no effect on soil moisture distribution from capillary water 

and is mimicked by setting the water table to a greater depth. STUMOD-FL has also 

been modified such that users can easily see or modify inputs and navigate through out-

puts from the GUI (Figure 6-1).  

Figure 6-2 illustrates the STUMOD-FL GUI when a user inputs multiple soil layers. Flori-

da specific soil parameters are not reflected in Figure 6-2, which is presented to show 

differences the modified code. From the GUI in Figure 6-2 the user may choose different 

materials/soil types for layer 2 and 3 and the model will automatically populate layer 

properties with default inputs. The user can also modify the inputs for any of the layers if 

site specific values are different from the default values. 
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Figure 6-1:  STUMOD-FL graphical user interface. 



O
:\
4

4
2

3
7
-0

0
1
R

0
0
5
\W

p
d

o
c
s
\R

e
p

o
rt

\F
in

a
l 

 

6.0 Summary August 2013 

FLORIDA ONSITE SEWAGE NITROGEN REDUCTION STRATEGIES STUDY  PAGE 6-3 

COMPLEX SOIL MODEL DEVELOPMENT HAZEN AND SAWYER, P.C. 

 
 

Figure 6-2:  STUMOD-FL graphical user interface for multiple layer inputs. 

 
Code evaluation is best illustrated by a series of STUMOD-FL outputs. The following il-

lustrations show the effects of boundary conditions, nutrient uptake, and heterogeneities. 

Note that Florida specific sand parameters are not reflected in the illustrations below, 

thus, the illustrations show differences in expected performances based on the modified 

code. Code evaluation included comparing these performance differences to gain confi-

dence that the modified code was performing as planned. Coorboration and calibration 

of the code are not part of Task D.8. 

Two options are available for a lower boundary condition in STUMOD-FL. For applica-

tions with a constant head, users can set a pressure head of zero for the lower boundary 

condition at the water table. The location of the water table is either user input value or 

calculated water table as determined by a water table fluctuation model. For free drai-

nage conditions it is assumed that there is no effect on soil moisture distribution from 

capillary water and is mimicked by setting the water table to a greater depth. Figures 6-3 
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and 6-4 illustrate outputs for concentrations of nitrogen species for the two conditions. 

Note that there is more removal in shallow water table condition in the capillary zone. 

This is attributed to higher moisture content at the capillary zone resulting in improved 

denitrification. We observed that this is effect more pronounced on sandy soil than on 

clay soil because clayey soils tend to retain more moisture even under free drainage 

condition.  

 

 
Figure 6-3:  STUMOD-FL output: Sandy soil with a deep water table. 
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Figure 6-4:  STUMOD-FL output: Sandy soil with a water table at 2ft below the infil-

trative surface. 

 
Figure 6-5 shows code evaluation for the plant uptake module to account for possible 
removal of nutrient and reduction in concentration.  Figure 6-5 illustrates the STUMOD-
FL total nitrogen outputs with and without plant uptake. The effect of layering is illu-
strated in Figure 6-6 with a sandy layer on top of a clay layer. More removal occurred in 
clay layer due to better denitrification. The dashed line represents the output when the 
entire domain (soil layers) was sand and shoes less nitrogen removal as expected in 
sands compared to clays. 
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Figure 6-5:  STUMOD-FL output: Predicted total nitrogen concentrations with and 

without plant uptake. 

 
 

 

 

 

 

 

 

 

Figure 6-6:  STUMOD-FL output: Predicted nitrogen concentrations in heteroge-

neous layered soils (dashed line illustrates total nitrogen concentration is a ho-

mogeneous sandy soil). 
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Section 7.0 

Summary 

7.0 Summary  

This specification memo documents the conceptual framework, code modification, and 

code evaluation for the complex soil model (STUMOD-FL).  STUMOD-FL is based on 

fundamental principles of water movement and contaminant transport using an analytical 

solution to calculate pressure and moisture content profiles in the vadose zone and a 

simplification of the general advection dispersion equation (Geza et al., 2009 and 2010).  

STUMOD-FL has been adapted to:  1) Florida-specific soil and climate data that includes 

parameters representing dominant soil properties, 2) account for ET, and 3) account for 

the effect of high/seasonally variable water tables on nitrogen removal in soil. STUMOD-

FL primarily addresses the most common operating conditions associated with trench 

and mound systems.   

Use of STUMOD-FL requires familiarity with spreadsheets and parameter selection, and 

understanding of soil hydraulic and treatment mechanisms.  Default values based on 

median values obtained from the Florida Soil Characterization Data Retrieval System 

are used in the STUMOD-FL graphical user interface.  However, STUMOD-FL allows 

user-specified input and can be calibrated to site-specific data.  The output is the ex-

pected steady-state performance (i.e., constituent concentration) at the center under the 

point of effluent application.  Model outputs provide insight into the behavior of soil 

treatment and quantitative estimations of nitrogen removal as affected by a range of 

conditions. 

The effects of ET are expressed in two primary ways: root water uptake and root nutrient 

uptake.  The contribution of water and nutrients from the effluent is assumed to be in 

proportion to thickness of the soil between the maximum root depth and the point of infil-

tration.  Both nitrate (NO3) and ammonium (NH4) species are assumed to be equally 

available to plants.  Thus, the removal efficiency, as a result of plant uptake, is reduced 

when the plant root does not extend below the point of infiltration.  This modeling ap-

proach for STUMOD-FL has a flexible formulation that considers a maximum allowable 

uptake, the effect of concentration on uptake, and minimum uptake mechanisms. 
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STUMOD-FL estimates the water table fluctuations in response to precipitation based on 

the equation for one-dimensional flow in unconfined aquifers.  Assumptions in the model 

development include that the major cause of water table fluctuation is precipitation and 

that the time lag from precipitation to water table response is negligible.  This is recog-

nized to reduce the model accuracy for deep (> 100 ft) water table conditions.  As part of 

Task D.9 testing the model performance using precipitation data and observed water 

table fluctuations from diverse locations in State of Florida and determining parameter 

values is ongoing.  Parameter values will be related to readily available inputs such as 

soil property and topography. To make STUMOD-FL more user friendly, users can add 

or modify all inputs through a graphical interface and obtain numerical and graphical 

outputs also through the user interface. 
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Appendix A 

Supporting Soil Data 
 

Table A.1  

Listing of Florida Sand Series Evaluated for Parameter Estimation 

Soil Series 
# of 

Permits
1
 

Ranking 
based on 
Permits 

Areal  
Extent 
(acres) 

Ranking 
within Total 

Florida 
Land Area 

Ranking 
within Sand 
Series only 

# of  
Records 
Used in 

Parameter 
Estimate 

Adamsville 200 30 137,213 57 49 25 

Albany 175 36 371,187 19 18 90 

Alpin 175 37 249,585 33 29 39 

Apopka 265 17 119,259 64 55 13 

Arrendondo 235 22 199,867 39 34 26 

Astatula 1136 4 493,691 8 8 36 

Basinger 221 25 657,908 6 6 46 

Blanton 461 10 475,052 10 10 69 

Bonifay 226 24 234,420 34 30 27 

Candler 2305 1 839,202 3 3 46 

Eau Gallie 543 7 465,679 11 11 86 

Felda 48 74 253,462 31 27 42 

Holopaw 133 43 272,244 28 24 14 

Immokalee 462 9 910,565 2 2 64 

Lake 273 16 115,712 67 57 29 

Lakeland 700 6 739,457 4 4 56 

Leon 161 39 572,007 7 7 98 

Malabar 121 47 344,605 20 19 62 

Matlacha
2
 238 21 78,194 80 66 0 

Millhopper 216 27 133,846 58 50 46 

Myakka 1028 5 1,400,072 1 1 76 

Oldsmar 254 20 297,163 23 21 63 

Ortega 234 23 157,567 45 39 15 

Otela 202 29 138,103 55 48 32 

Paola 531 8 128,181 61 52 43 

Pineda 184 33 421,044 16 16 63 

Placid 24 102 267,790 29 25 19 

Plummer 35 87 438,056 14 14 35 

Pomello 265 18 216,530 36 32 55 

Pomona 116 48 440,266 13 13 124 

Riviera 159 40 491,995 9 9 44 

Rutledge 23 103 303,268 21 20 11 
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Table A.1 (cont.) 

Listing of Florida Sand Series Evaluated for Parameter Estimation 

Soil Series 
# of 

Permits
1
 

Ranking 
based on 
Permits 

Areal  
Extent 
(acres) 

Ranking 
within Total 

Florida 
Land Area 

Ranking 
within Sand 
Series only 

# of  
Records 
Used in 

Parameter 
Estimate 

Sapelo 66 66 273,399 27 23 83 

Smyrna 350 13 714,008 5 5 61 

Sparr 279 15 162,728 44 38 59 

St Lucie 257 19 49,231 105 79 22 

Tavares 1554 3 375,455 18 17 54 

Troup 435 11 459,785 12 12 38 

Wabasso 200 31 434,075 15 15 79 

Zolfo 337 14 141,258 53 46 27 

1 Information on number of recent permits provided by FDOH (2012). 

2 Excluded from further analysis – no data records reported in the Florida Soils Characterization Data Re-

trieval System. 
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COMPLEX SOIL MODEL DEVELOPMENT HAZEN AND SAWYER, P.C. 

 Table A.2 

Listing of Florida Sand Series Evaluated for Parameter Estimation 

Soil Series 
Series  

Textural  
Classification

1
 

# of 
Permits

2
 

Ranking 
based on 
Permits 

Areal 
Extent 
(acres) 

Ranking 
within  
Total  

Florida 
Land Area 

# of  
Records 
Used in 

Parameter 
Estimate 

Blanton fine sand 461 10 475,052 10 1 

Boca sand 145 41 210,718 37 1 

Bonifay sand 226 24 234,420 34 2 

Bonneau loamy sand 111 49 147,125 51 9 

Chaires fine sand 11 132 221,332 35 5 

Chobee loamy fine sand 12 130 177,511 41 10 

Dothan sandy loam 193 32 297,410 22 10 

Eau Gallie sand 543 7 465,679 11 1 

Esto fine sandy loam na na 24,783 155 1 

Felda fine sand 48 74 253,462 31 1 

Floridana sand 17 118 250,303 32 4 

Fuquay sand 125 46 262,070 30 4 

Kendrick loamy sand 97 56 106,231 70 6 

Lucy loamy sand 70 62 133,837 59 5 

Mascotte fine sand 43 78 281,023 26 2 

Maxton loamy sand 2 215 1,739 307 1 

Millhopper sand 216 27 133,846 58 3 

Orangeburg loamy sand 207 28 282,002 25 15 

Otela fine sand 202 29 138,103 55 1 

Pelham loamy sand 93 57 393,382 17 4 

Pineda sand 184 33 421,044 16 1 

Pomona sand 116 48 440,266 13 8 

Riviera sand 159 40 491,995 9 2 

Sapelo fine sand 66 66 273,399 27 2 

Sparr fine sand 279 15 162,728 44 2 

Surrency loamy sand 1 238 284,796 24 3 

Tooles fine sand 2 221 144,731 52 1 

Troup fine sand 435 11 459,785 12 1 

Wabasso fine sand 200 31 434,075 15 6 

Waccasassa sandy clay loam na na 27,154 147 2 

Winder loamy sand 43 79 20,2519 38 8 
1
 Soil series textural classification is listed.  However, only individual data records with classification listed 

as “sandy clay loam” were included in the evaluation. 
2
 Information on number of recent permits provided by FDOH (2012). 
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Table A.3   

Summary of Soil Parameters for Individual Sand Series1. 

Soil Series 

 
Model Fitting  
Parameters Sand Particle Distribution (%) 

Particle  
Distribution (%) 

    

Very  
Coarse  
Sand 

Coarse  
Sand 

Medium  
Sand 

Fine  
and 

Very  
Fine  
Sand 

Total  
Sand 

Total  
Silt 

Total  
Clay 

Ksat 
(cm/) 

Bulk  
Density 
(g/cm

3
) 

Θr 
(cm

3
/ cm

3
) 

Θs 
(cm

3
/ cm

3
) 

α 
(1/cm) 

n 

Adamsville 0 1.9 25.0 51.3 8.4 97.0 1.8 1.1 938.4 1.55 0.62 38.13 0.025 2.92 

Albany 0.2 3.2 18.9 50.3 12.4 91.0 6.3 2.3 337.6 1.54 1.36 38.18 0.020 2.25 

Alpin 0.1 4.2 25.3 51.4 14.8 95.0 3.5 1.6 615.6 1.52 0.92 38.53 0.023 2.65 

Apopka 0.1 1.5 26.9 61.6 6.8 95.8 2.3 2.0 946.8 1.53 1.27 37.74 0.034 2.11 

Arredondo 0 2.1 20.2 51.4 11.0 92.6 4.0 2.9 445.2 1.54 1.62 36.11 0.021 2.42 

Astatula 0 0.6 12.2 78.9 3.0 98.0 0.9 1.0 1515.4 1.43 0.54 39.54 0.030 2.96 

Basinger 0 2.5 24.1 64.5 4.3 97.3 1.2 1.2 567.6 1.58 1.20 36.94 0.020 2.63 

Blanton 0.1 3.4 17.0 53.4 11.4 91.4 5.4 2.6 552.0 1.54 1.35 38.92 0.023 2.43 

Bonifay 0.5 11.0 32.1 29.7 7.3 87.6 6.0 5.2 195.6 1.61 2.87 35.83 0.032 1.80 

Candler 0 0.8 17.6 65.9 6.1 97.3 1.4 1.4 890.4 1.50 0.79 38.56 0.023 3.57 

Eau Gallie 0 1.1 16.8 61.6 10.2 95.0 2.8 1.6 342.0 1.53 2.12 38.74 0.017 2.08 

Felda 0 1.0 8.2 51.6 13.6 93.6 2.9 3.3 211.8 1.58 2.88 37.97 0.015 2.29 

Floridana 0 2.0 35.0 39.3 4.5 90.1 5.5 4.6 184.1 1.59 4.09 40.18 0.015 1.58 

Holopaw 0 0.2 3.0 75.2 5.2 92.7 3.4 1.5 295.8 1.54 1.17 38.36 0.017 2.23 

Immokalee 0 4.1 36.0 51.4 4.0 97.4 1.6 1.2 717.6 1.54 1.66 38.08 0.026 2.34 

Lake 0 1.0 20.0 69.8 5.0 95.0 2.1 2.8 1435.2 1.45 1.63 40.03 0.030 2.52 

Lakeland 0.3 9.7 48.0 30.0 2.2 93.6 3.8 2.5 1174.8 1.52 1.20 39.72 0.037 2.38 

Leon 0 5.6 30.2 48.8 5.0 94.3 3.8 1.8 481.0 1.53 1.82 38.58 0.026 2.02 

Malabar 0 2.4 18.0 63.6 8.0 97.1 1.8 0.9 448.8 1.58 1.31 36.83 0.021 2.43 

Millhopper 0 2.8 27.0 50.4 7.2 95.0 2.9 2.2 690.6 1.54 1.30 38.98 0.026 2.41 

Myakka 0 1.6 17.3 65.0 7.2 95.3 2.4 2.0 433.2 1.50 2.60 40.96 0.022 2.00 

Oldsmar 0 3.8 40.5 40.7 5.0 96.5 2.0 1.5 607.2 1.55 2.07 37.18 0.030 2.06 

Ortega 0 0.8 11.5 80.6 3.3 97.6 1.2 1.2 994.8 1.47 0.61 40.10 0.024 3.56 

Otela 0.1 2.1 16.6 53.4 22.1 94.4 3.8 2.0 397.8 1.58 0.85 37.20 0.016 2.96 
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Table A.3 (cont.) 

Summary of Soil Parameters for Individual Sand Series1  

Soil Series 

 
Model Fitting  
Parameters Sand Particle Distribution (%) 

Particle Distribution 
(%) 

    

Very  
Coarse  
Sand 

Coarse  
Sand 

Medium  
Sand 

Fine  
Sand 

Very  
Fine  
Sand 

Total  
Sand 

Total  
Silt 

Total  
Clay 

Ksat 
(cm/d) 

Bulk  
Density 
(g/cm

3
) 

Θr 
(cm

3
/ 

cm
3
) 

Θs 
(cm

3
/ 

cm
3
) 

α 
(1/cm) 

n 

Paola 0 6.2 33.6 54.3 1.7 98.2 0.8 1.0 1684.8 1.45 0.85 38.98 0.041 2.68 

Pineda 0 2.4 19.0 59.8 4.6 96.1 2.0 1.8 350.4 1.63 1.12 36.21 0.017 2.49 

Placid 0 0.9 12.9 52.4 13.3 93.3 3.6 2.9 330.7 1.56 1.68 38.67 0.021 1.76 

Plummer 0.1 3.0 18.3 52.2 17.4 92.3 4.5 2.4 232.8 1.57 1.48 38.28 0.017 2.34 

Pomello 0 1.6 18.3 65.3 8.1 97.2 1.9 0.9 673.8 1.44 1.60 39.19 0.022 2.80 

Pomona 0 1.8 16.9 51.4 14.0 93.4 3.8 2.5 305.2 1.52 2.74 38.02 0.021 1.92 

Riviera 0 0.8 11.0 61.6 9.8 93.2 2.4 3.6 310.0 1.60 2.06 38.66 0.017 2.42 

Rutledge 0 0.6 3.0 78.4 9.0 90.8 3.7 3.6 102.7 1.56 2.61 36.90 0.016 1.97 

Sapelo 0 1.4 11.2 60.0 13.0 92.3 5.2 2.3 294.0 1.51 1.78 39.07 0.019 2.06 

Smyrna 0 0.7 11.6 67.4 10.3 94.8 2.9 2.4 438.0 1.47 2.21 40.83 0.021 2.25 

Sparr 0 1.4 16.5 52.2 16.6 94.0 3.8 2.2 426.0 1.53 1.46 38.03 0.023 2.32 

St Lucie 0 5.0 61.6 30.9 1.0 98.7 0.6 0.5 2170.2 1.46 1.50 39.00 0.060 2.84 

Tavares 0 1.3 16.7 68.5 6.6 96.8 1.7 1.6 825.6 1.50 0.74 38.96 0.024 2.97 

Troup 1.5 11.0 30.6 37.4 8.9 88.6 5.7 4.0 528.6 1.58 2.01 35.69 0.037 1.90 

Wabasso 0 2.2 22.5 48.6 11.7 92.1 3.9 2.1 219.7 1.55 2.75 37.90 0.019 1.90 

Zolfo 0 0.8 10.2 70.6 15.6 96.0 2.5 1.3 598.8 1.0 0.89 39.69 0.019 4.21 
1
 Median values listed for soil properites were determined based on complete records in the Florida Soils Characterization Data Retrieval System.  Model fitting 

parameters ( and n) listed were estimated using solver to and the lowest sum of the squares for the van Genuchten equation. 
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