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Abstract 

 

  Many efforts have been undertaken to restore, maintain, and remediate impacted and 

lost wetlands. Wetlands provide natural habitat for amphibians and significantly support the 

ecosystem. Researchers have dedicated their continuous efforts to support these wetlands. 

This research is an effort to support wetland functionality by developing an assessment tool 

that helps in decision making for mitigation efforts. It also will assist in analyzing landscape 

to determine how much and for how long water will exist on the soil surface necessary for the 

existence of wetlands. The primary goal was to represent infiltration and evapotranspiration 

spatially and temporally by the creation of a Python code that can be used automatically and 

that produces a GIS representation of results. One way to connect these two main components 

and other hydrological components such as excess water, direct evaporation from open water 

surface, and drainage is through soil water content. The overall goal was to apply water 

balance at a potential wetland site to determine the potential existence of the excess water 

component. The study area is a location within Pershing State Park within Linn County, 

Missouri. Three goals have been set in this research in order to achieve the ultimate goal: 
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simulate evapotranspiration (ET); 2) simulate infiltration using the Green Ampt (G-A) model, 

and 3) represent the simultaneous processes of ET and infiltration by linking them through 

soil water content. The effort used publicly available data. Various tests indicate that the 

results produced by GAINS2 quantify the various hydrological parameters consistent with the 

applicable hydrological processes.  

 GAINS2 is a single tool that can be used for long-term simulation of integrated 

hydrologic processes to support crop management and decision making for wetland mitigation 

programs. 
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CHAPTER 1 

INTRODUCTION 

 

 Wetlands have been disappearing and altering at a rapid rate by activities such as logging, 

and agricultural, industrial, and constructional activities (Dahl 1990). The national wetland loss 

rate of the 48 continental states from the mid-1950s to the mid-1970s was estimated by Tiner 

(1984) to be an average of 458,000 acres per year. These wetlands provide significant habitats 

for many species. These habitats provide suitable environment and undisturbed places for many 

amphibians for breeding, oviposition, and juvenile development, especially near these wetlands. 

Wetlands have been recognized as vital areas that produce productive and invaluable public 

resources (Dahl 1990). Wetlands have also benefits for the natural ecosystems and human life. 

The benefits may be environmental or economic, and function in both long and short terms 

(Epperson 1992). Sediment, nutrients and multiple pollutants are removed by these wetlands 

which function as the “kidneys” of the land, naturally filtering these non-point source pollutants 

that would otherwise enter various water bodies. Other benefits include supporting fishing, 

providing habitat for other animals and plants, accumulating water for recharging groundwater, 

protecting shorelines from erosion, attenuating the impacts of floods, and improving the weather 

(Dahl 1990). 

 Over one third of the species living in wetland habitats are threatened with extinction, as 

reported by Shulse (2012), Stuart et al. (2004), and Wake and Vredenburg (2008). Habitat 

destruction and alteration are the main reasons for amphibian reductions. Dodd and Smith (2003) 

mentioned that designing mitigation wetlands for these threatened species will be very important 

steps to support wetland mitigation efforts if these designing mitigation efforts continue for long 



2 
 

term periods. Many efforts have been underway to mitigate and restore wetlands through 

different organizations and public activities. Shulse (2009) conducted a study in northern 

Missouri to evaluate wetland health by establishing a biotic index based on the presence of  

amphibians. The index incorporated ecological and abundance information for each species in 

the tested wetlands. The study suggested that the development of infrastructure in locations close 

to wetlands caused disturbance of these natural habitats and thus impacted the amphibians living 

there. Developers of these new projects should take into consideration long term conservation 

plans to maintain wetland functions. One of the efforts suggested to maintain wetlands is the 

restoration of historical wetlands that had previously experienced drainage and to mitigate them 

to perform as permanent functioning wetlands. Many recommendations and suggestions have 

been raised and focused on finding new suitable hydric soil sites that could be the basis for these 

restored wetlands (National Research Council 1992). More studies and research are suggested to 

be focused on analyzing the landscape in term of the main hydrological processes that control the 

availability of the existence of surface water on these natural depressions.    

Geographic information systems (GIS), with their various applications, would be one of 

the tools that could be used to assess hydrological processes and to analyze small-scale 

landscapes. The rapid development in software and modeling techniques using new computer 

languages such as Python which can be incorporated into a GIS with other science applications 

makes it an efficient tool for scientists and engineers to employ to analyze spatial landscapes for 

various targets. GIS data includes two formats of data: vector, and raster. The vector format 

includes points, lines, and polygons. This format ensures that the polygons retain their sharpness 

regardless of resolution. The raster format consists of pixels, each pixel has a single color, which 

means less sharp graphic with different resolutions in comparison with the vector format. 
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 A methodology for examining and analyzing the landscape is necessary to assist in 

determining those shallow, connected sites that in their past history experienced periods of 

flooding. Such prior flooding produced hydric soils that are the foundation of fully functioning 

wetlands. The presences of hydric soils, hydrophytic vegetation, and wetlands hydrology 

indicators will give the technical, easily defensible, and logical basis for the existing of wetlands 

(USACE 1987). Identifying locations with the necessary hydric soil and depressional landscape 

means that fewer resources and less labor would be needed to create and maintain wetlands for 

determining those sites that, because of their prior history, have a greater likelihood when 

incorporated into a restoration/mitigation wetland, of developing into a functioning wetland. 

 The main hydrological components are required in order to  apply water budget 

calculations to wetlands. These main components include precipitation, infiltration, direct 

evaporation from water surfaces, evapotranspiration (ET), drainage, water content, and surface 

water. Generally, any GIS model needs four elements (Aslan and Trauth 2014). The first element 

consists of the inputs which should be prepared in geospatial data format. Some of the data may 

need to be converted to raster data. The second element is the empirical model that connects and 

incorporates all of the input parameters. The third element is that the human input to model and 

to represent the flowcharts for the hydrological problem and to translate that flowchart into an 

acceptable computer language that will be implemented by available tools. An additional 

element which represents the tools for spatial analysis (for example, the Python language, 

ArcMap, an Excel spreadsheet, and the hardware to visualize the results) is the fourth element.   

Finally, the calculations using the required tools is the last element for this model.   

 Chapter 2 presents the treatment of evapotranspiration (ET) from the soil profile and the 

direct evaporation from open water surfaces such as in wetlands. This part of the study has 
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application to agriculture, especially for management assessment practices. This assessment 

would be used as a valuable tool for the decision making. A spatial and temporal analysis has 

been conducted at a small area in Pershing State Park in Linn County, Missouri. A GIS 

methodology has been developed by the incorporation a Python script and ArcGIS for multiple 

land covers and soil textures. Inputs which are publicly accessible for the study area have been 

used to compute ET and direct evaporation. The inputs to the model are the surfaces area, initial 

water content, water content at wilting point, water content at field capacity, rooting depth, Class 

A Pan evaporation, and plant-water-use coefficients for existing land covers. Outputs have been 

obtained in spatial and temporal representations that can be visualized in ArcGIS for the study 

area as well as a text file for the potential ET. The text file of potential ET is used in the second 

part of this study to compute the infiltration rate and other related components of hydrological 

processes.  

 The representation of ET is particularly difficult to quantify, as it is a function of water 

content in the soil in addition to factors impacting an energy budget. Various available methods 

have different characteristics that support the particular usage of the information. Some 

researchers have developed programs to assist in the identification of ET as input to inform 

irrigation schedules. Ramirez-Cuesta et al. (2020) created METRIC-GIS to improve the 

utilization of METRIC, a widely used model for determining ET through energy balance 

equations. The result is an “irrigation advisory strategy” for real-time implementation. It is date-

specific in requiring remote sensing data (both thermal and short-wave imagery) as well as field 

measurements (e.g., crop life stage) to calculate ET from the latent heat flux of the field under 

consideration. While the program allows the user to input many pieces of data, it is loaded with 

many standard default values to compensate for the times and locations when site-specific data 
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are not available. The extensive use of satellite imagery creates a robust process to make 

irrigation more effective, but heavy data requirements may limit its usage and the model cannot 

be used for forward-looking land use planning efforts. Being an energy balance method, it 

ignores the role of soil moisture in determining ET. Espana et al. (2011) created a model to 

calculate monthly and annual ET using temperature and precipitation. Potential ET is calculated 

from daily temperature and multiple solar parameters describing the solar radiation received at a 

site. Actual ET is calculated from potential ET and precipitation. The model was demonstrated 

for multiple stations within the 2,651 km2 Almanzora River basin in southeastern Spain, where 

the land use was described in broad terms (e.g., sparsely vegetated area, rain-fed crops and 

irrigated crops. The outstanding feature of the model is the ability to use data from an undefined 

number of surrounding weather stations, but it is not able to differentiate what is occurring with 

individual crops. As with Ramirez-Cuesta et al. (2020), the model ignores the essential 

component of soil moisture in establishing ET. Researchers at the University of Montana (Esri 

2015) have developed a data layer of ET developed from estimations of land surface temperature 

and albedo from MODIS imagery within the Penman-Monteith equation. Average annual ET is 

supplied using a 1 km cell sized raster, with urban areas, barren land and water surfaces being 

reported as no data. The cell size is much larger than individual farm fields or proposed 

mitigation wetlands, and may, in fact, represent areas that may already be wet. Because of the 

intention to combine the ET process developed in Chapter 2 with infiltration in an overall water 

balance assessment, the decision was made to approach ET from the soil perspective that also 

impacts the infiltration process.   

 Chapter 3 discusses the infiltration process as described by the Green-Ampt (G-A) model 

(Rawls et al. 1983). The relation between rainfall, runoff, and infiltration have been studied and 
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modeled by many physically based hydrological models (Lee et al. 2015). However, the G-A 

model is considered as the most generally applicable, it is based on physical characteristics of the 

soil as well as the precipitation rate and distribution over time (Prevedello et al. 2009). The 

infiltration process is an important part of the hydrological cycle to maintain wetlands and to 

provide sufficient water content for the soil profile at wetlands over the entire year. The 

infiltration rate could be influenced by many factors such as soil characteristics and vegetation 

land cover. Rachman et al. (2004) reported that the infiltration rate may be influenced by soil 

management which may have a more pronounced effect than soil type (Sharma et al. 1980; 

Tricker 1981). The model is implemented by means of a Python script (GAINS) and ArcGIS on 

spatial and temporal bases for multiple land covers and a single soil texture under varying 

artificial rainfall. The results were compared with the results from a spreadsheet to ensure the 

accurate development of the Python script. The study site (again within Pershing State Park) 

contains two vegetated land covers and one non-vegetated land cover. Different initial water 

contents were assumed for the different land covers. The model was demonstrated with an 

assumed sequence of varying precipitation rates. The text file for ET and the direct evaporation 

from exposed surfaces from the prior research effort were used to perform calculations to 

quantify the potential losses from the study area. Each land cover has its vegetation and initial 

water content at the beginning of the simulation, and they continuously change over time based 

on different values of ET, direct evaporation, drainage, surface water values for each time step of 

the simulation. The methodology showed the ability to model the hydrological processes using a 

Python script that could be visualized spatially over time on a landscape and that could be 

incorporated with other hydrological processes to develop a comprehensive model for a water 

balance at a wetland.  
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 Chapter 4 focuses on the simultaneous quantification of infiltration (using the G-A 

model), direct evaporation, and ET as linked by soil moisture content that impacts the other 

parameters. The model, implemented using a Python script, was run for a single vegetated land 

cover, on a cell-by-cell basis, as might exist in an individual wetland under variable real rainfall 

and for long period of time (i.e., a one- year simulation). The ability to model the infiltration 

process for the periods before and after the occurrence of surface saturation allows for a closer 

approximation of the actual hydrologic processes. The procedure is demonstrated for a location 

within Pershing State Park in Missouri, with a homogeneous soil., Two scenarios have been used 

in this part to perform a comparison between the results due to water content values that would 

affect the spatial infiltration rates and other important processes such as drainage and the 

occurrence of excess water on the surface, as well as ET and direct evaporation. The first 

scenario, Case 1, was conducted using the actual saturated hydraulic conductivity for the 

drainage rate. In the second scenario, Case 2, the drainage rate was set to 10% of the saturated 

hydraulic conductivity to represent site modification by the introduction of tighter soil and/or 

physical compaction of the site soil. The outputs from the model are in spatial and temporal 

representations for all of main hydrological components as well as a text file for the ET and the 

infiltration rates in cm/hr. All the hydrological components are calculated simultaneously and 

showed a noticeable change in the water content and the required excess water at wetlands. The 

methodology has been successfully developed to analyze the land scape and to give spatial and 

temporal hydrological representations. 
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CHAPTER 2 
 

A PYTHON-BASED GIS SIMULATION OF THE SPATIAL AND 

TEMPORAL VARIATION IN EVAPOTRANSPIRATION1  

 

Mohammed G. Mohammed 

Kathleen M. Trauth 

Abstract 

 

 An assessment of potential evapotranspiration (ET) and direct evaporation is important 

for informed land management from agriculture to wetlands restoration. These processes vary in 

space and time, depending on vegetation, soils, and climate throughout the year. Much data have 

been collected in order to quantify ET for individual plots of land, but means have not been 

available to provide an integrated view on a landscape scale. A methodology has been developed 

and an implementing Python script has been written to assess and display the spatial and 

temporal variability of ET and direct evaporation using a geographic information system (GIS). 

The methodology utilizes publicly available inputs for broad applicability, and the calculations 

can be performed for a site with multiple land covers and soil textures. In addition to a visual 

representation of ET and direct evaporation in space and time, the Python script produces a text 

file of water losses that could be used in water balance calculations also incorporating 

precipitation, overland flow and infiltration. The methodology has been demonstrated on a site 

within Pershing State Park in Linn County, Missouri, and produces results consistent with those 

 
1 This paper is reprinted exactly as it was published in 2019 in American Society of Agricultural and Biological 

Engineers (ASABE) Vol. 35(5): 759-765.  ISSN 0883-8542 https://doi.org/10.13031/aea.13139. 
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expected from hand calculations. All data and code are available in GitHub 

(https://github.com/TrauthK/Wetlands). 

Keywords. Evapotranspiration, Evaporation, GIS simulation, Hydrologic modeling, Hydrologic 

cycle, Python, Raster data, 

Wetland restoration. 

 

Many land management practices require consideration of a water budget, particularly the 

evapotranspiration (ET) component. This is clearly the case in agriculture, where an assessment 

of ET can inform irrigation practices. A high rate of ET, combined with a limitation on the 

availability and/or cost of irrigation, may impact decisions of farming practices. Wetlands are 

another application in which ET is important, where it can impact the areal extent of the free 

water surface and of the saturated soil necessary for the development and maintenance of a 

location as a wetland. This paper describes work undertaken as a part of an Environmental 

Protection Agency (EPA) funded research project. The overall thrust of the project is to develop 

a water balance methodology in order to determine where wetland remediation tasks should be 

undertaken so that there is a greater likelihood of the sites developing into functioning wetlands. 

While wetlands are identified based on water, soil, and plants, it is the water that is foundational 

to their existence. This water balance exercise is intended to track the occurrence of water over 

the landscape due to precipitation, overland flow, infiltration, direct evaporation from open water 

surfaces and ET. This tracking can indicate locations where there is sufficient water available for 

a long enough duration to support wetland functions. This paper focuses on the effort to 

characterize the ET from a specific landscape location (i.e., a field or a wetland) over time in 

order to inform management decisions.  

 A Python-based geographic information system (GIS) script is used to model the direct 

evaporation and evapotranspiration portions of the water balance, in order to illustrate a 

https://github.com/TrauthK/Wetlands
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methodology for analyzing the landscape, and then integrating this component with other 

components of the hydrologic cycle. The methodology from this study will ultimately be applied 

to a watershed to develop spatial and temporal variations for direct evaporation and ET and to 

incorporate them later with the other components of the hydrologic cycle. 

BACKGROUND 

 Direct evaporation can be calculated based on potential evapotranspiration (PET) and the 

area exposed to the atmosphere, and it is calculated as shown in equation (1):      

𝑉𝑒𝑣𝑎𝑝 = 10−3𝐸𝑜  𝑆𝐴 (1) 

where Vevap = volume of water lost by evaporation from open surfaces (m3) 

           Eo = PET = potential evapotranspiration for the day (mm) 

           SA = surface area (m2). 

As it is based on climate, PET varies from location to location and throughout the year. Jensen et al. 

(1970) present one example of a study developing PET values from Class A pan evaporation. They 

proposed equation (2) for ET, with Stephens (1996) proposing the development of Kc from equations (3) 

– (5): 

𝐸𝑇 = 𝐾𝑐(𝑃𝐸𝑇) (2) 

𝐾𝑐  = 𝐾𝑐𝑜   𝑙𝑛 (100 𝐴𝑊/𝐴𝑊𝑚𝑎𝑥 + 1) / 𝑙𝑛101 (3) 

𝐴𝑊 = (θ - 𝜃𝑤𝑝)𝑑 (4) 

𝐴𝑊𝑚𝑎𝑥 = (𝜃𝑓𝑐 − 𝜃𝑤𝑝)𝑑 (5) 

where Kc = a crop coefficient 

Kco = a plant-water-use coefficient for a field where water is not limiting 

AW = available water content (cm) 

AWmax = maximum water content (cm) 

θ = water content (cm3 ·cm-3) 
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θwp = water content at the permanent wilting point (cm3 · cm-3) 

θfc = water content at field capacity (cm3 cm-3), and  

d = rooting depth (cm). 

Crop coefficients are available from Stephens (1996) and Food and Agriculture Organization 

(undated). 

Geographic Information Systems 

  Geographic information systems (GIS) can represent a host of watershed characteristics 

and are a powerful means to analyze many geographical conditions in order to inform decision-

making. They utilize various tools to collect, retrieve, map, store, and analyze spatial data layers, 

as for example, with landscape features. Landscape features of interest to a user may include 

land cover, soil texture, soil parameters (e.g., water content), precipitation, temperature and 

elevation. The spatial data then can be manipulated, modeled, and analyzed in order to create 

new information (Church and Murray, 2009). The multiple resulting layers of GIS information 

can then assist with location-based decisions, particularly with the visualization of location 

alternatives. Another advantage of using GIS is the ability to code different applications using a 

programming language, such as Python, which allows users to combine many elements and has 

become a fundamental tool to increase the capabilities of ArcGIS (Zandbergen, 2015). Python is 

the scripting language most widely used with ArcGIS because of its flexibility for developing 

new applications and because of the many tools using it that are embedded inside ArcGIS and 

available for general usage.  

  Two kinds of data formats can be used for Python scripting: vector and raster. With the 

vector format, data may be represented using points, lines and polygons. Vector processing 

converts feature boundaries to straight-sided polygons that approximate the original feature. This 
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format requires much less storage space than the alternative raster format. The outputs from the 

vector format are usually shape files that have attribute tables that characterize the parameters of 

each feature. 

 With the cell-based raster format, each cell is referenced by a row number and a column 

number and takes the value of the attribute of interest. The raster format is easier to use to 

mathematically manipulate multiple raster layers that have the same cell sizes (e.g., 1 m, 10 m, 

30 m). This format can also be used to incorporate data made available from remote sensing, 

maps and aerial photographs. The output from the raster format takes the form of a grid of cells. 

This kind of data does not have attribute tables as a vector format does. 

METHODOLOGY 

 A process has been developed to quantitatively assess both direct evaporation from a 

water surface and evapotranspiration from plant and soil surfaces over a landscape as they vary 

in space and time. The methodology implementation is accomplished using Python scripting 

Version 2.7.10 and ArcGIS version 10.2.2. Some of the data already exist and are available as 

raster data, while other information must be converted from vector to raster as input for the 

model.  

Process of a GIS-Based Assessment of Evapotranspiration and Direct Evaporation 

   A literature review indicates that while a number of equations exist to calculate ET, they 

often require considerable site-specific data that may not be readily available. At the same time, 

other equations exist that are used to calculate ET as a function of Class A pan evaporation and 

coefficients based on vegetation type, month of the year and soil characteristics that are all 

widely available. For this effort, which is intended to be used broadly for decision making, the 

calculations are based on this second type of equations (referenced above as equations (2) – (5)). 
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The equations are utilized in a process to (1) establish a flowchart to represent the entirety of the 

ET process, (2) develop an Excel spreadsheet to calculate ET over space and time, (3) use the 

Excel spreadsheet as the basis to create a Python script for considering a landscape on a raster 

basis, (4) collect all of the necessary vector input data, (5) convert the vector data (e.g., Kco for 

each vegetation covering a certain plot of land or the extent of a given soil texture) to the raster 

format, (6) run the Python code with the raster data over the time period of interest and (7) 

compare the results of the Excel and Python calculations for consistency and reasonableness. 

This methodology produces raster output data that can be displayed as maps of ET for any given 

location and for any month of the year.  

    The accuracy of the Excel spreadsheet is checked by performing hand calculations of 

equations (2) through (5). The accuracy of the Python script is checked by comparison with the 

Excel spreadsheet. All three types of calculations utilize the same equations and have the same 

accuracy. 

Flowchart for Raster-based Determination of Evapotranspiration and Direct Evaporation 

      Figure 1 is a flowchart of the steps by which to identify and link all of the individual 

processes necessary to accurately depict direct evaporation from exposed water surfaces, 

transpiration from plants, and evaporation from the soil profile on a raster basis for a given 

location of interest. The flowchart is used for a specific period throughout the year (i.e., 1 April 

through 31 October), and it is consistent with available data in assuming that the average 

evaporation and ET are constant over a given month. 
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Fig. 1. Flowchart for calculating evapotranspiration and direct evaporation as a function of time. 
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 The process starts with data collection. Soil parameters of water content at both wilting point 

and field capacity are readily available, and once a site for evaluation has been selected, the 

surface area of various land covers can be measured. Average plant rooting depth can be 

assessed from the land cover at the site. Initial water content may come from field measurements 

or an assumption based on the questions raised for decision making. For the development and 

demonstration of this methodology, an initial moisture content of 0.25 (deciduous), 0.27 

(miscellaneous/woody), and 0.30 (open water/no vegetation) are assumed for all of the pixels 

over all of the calculations, making it easier to confirm the performance of the Python script with 

hand calculations and an Excel spreadsheet. The next step in the methodology development will 

be to track the variation in moisture content that occurs over space and time with evaporation and 

plant uptake and that is also impacted by precipitation. Because the script can be used as a 

planning tool, decision makers will then be able to run multiple simulations to assess the impact 

on ET of initial moisture content when the calculations are begun, as well as from assumptions 

as to whether it is a wet year or a dry year. 

 The second input step represents variables that change over the period of calculation, as 

with the daily Class A pan evaporation and the plant-water-use coefficient, Kco. As this process 

is undergoing development, initial water content is assumed to be constant for this script for the 

entire period of consideration. Monthly PET is calculated as 0.70 of the Class A pan evaporation 

and is used to calculate the hourly rate for direct evaporation from an open water surface and ET. 

Hourly values are necessary because this module will be integrated into a larger landscape water 

balance model that will include hourly precipitation and infiltration. Based on equations (2) – 

(5), the available water content, the maximum available water content and the crop coefficient 
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are calculated and then used to compute hourly ET. The program iterates with these calculations 

until the end of the assessment period has been reached. 

Study Site 

 Pershing State Park, located within Linn County, Missouri is the demonstration location. 

The area was selected because there are wetlands in the area, the area historically contained 

wetlands, and wetlands restoration activities are currently taking place, all of which are important 

within the confines of the grant supporting this research. The nearest weather station to Pershing 

State Park is Spickard (7 w No. 7963), which only has evaporation data reported for April through 

October with monthly Class A pan evaporation values ranging from 96.0 mm (3.78”) in October 

to 203.2 mm (8.00”) in July (Farnsworth and Thompson, 1982). Three existing land cover zones 

are shown in Figure 2 for the study area as indicated from the land data downloaded from the U.S. 

Geological Survey (USGS, 2014). The category of miscellaneous vegetation is consistent with a 

woody area and is represented as (A), while an open water surface is shown as (B), and the 

deciduous forest is shown as (C). 
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Fig. 2. Land cover at the Pershing State Park site: A. miscellaneous vegetation (3062 m2), B. open water surface (998 m2), C. 

deciduous forest (703 m2) (USGS, 2014). 
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Preparation of Raster Inputs 

 Create a geodatabase file, prepared through the ArcCatalog, to contain all raster data 

before starting the following steps. 

1. Identify the location of interest. The polygon shape file of the KML data format from 

Google Earth Pro 7.3.2.5491 (32-bit) for the study area can be obtained by digitizing the 

boundary of the site, saving it in the KML format (polygon layer data) and importing it to 

ArcGIS using the Conversion Tools/From KML to Layer under the ArcGIS window. 

2. Generate a 1-meter constant raster from inside ArcGIS using Spatial Analyst Tools/ 

Raster Creation/ Create Constant Raster or use a digital elevation model (DEM 30 

meters) and resample it to a 1-meter resolution by using Data Management/ Tools/ 

Raster/ Resample (Missouri Spatial Data Information Service (MSDIS), 2014; USGS, 

2016). This generated raster layer can be employed to generate and set all the inputs in 

the raster format. 

3. Identify the land cover zones as raster data from the USGS (2014). This land cover is 

used as a “mask” to differentiate boundaries to prepare raster inputs for different 

vegetation types. 

4. Determine the soil texture from the Natural Resources Conservation Service website 

(U.S. Department of Agriculture and U.S. Department of Interior, 1974-1980). At the 

study site, the soil type is classified as Kalona silty clay loam.  

a) From the soil texture, one can extract the corresponding properties of water content at 

field capacity, θfc, and water content at wilting point, θwp (Rawls et al., 1982; Rawls et al., 

1983). The initial water content, θi, may be set from current field measurements or as an 
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assumed value to represent conditions of interest. The rooting zone depth, d, can be 

estimated based on vegetation type.  

b) A soil map is needed as a “mask” in case of multiple soil textures in the study area to 

differentiate between the physical soil parameters for each texture.  

5.  Determine the monthly Class A pan evaporation as reported in meteorological station 

records from the National Oceanic and Atmospheric Administration (NOAA) National 

Weather Service Report 34 (Farnsworth and Thompson, 1982).  

6.  Determine the plant-water-use coefficient (Kco) for each vegetation type at the site of 

interest, for the duration of the assessment (McWhorter and Sunada, 1977).  

7. Import the inputs into ArcMap, where all inputs in the raster format should have the same 

resolution (e.g., 1 m). The Add tool is used to add the existing raster data such as the 

DEM and the land cover raster. 

8. Set the inputs with the clipped site boundary in step 1 and the generated raster from step 

2 using the Raster Calculator tool in Spatial Analyst Tools/Map Algebra tool. The 

constant values of the cells can be changed according to the input values by using the 

Con Function available under Raster Calculator Tool. For example, for three vegetation 

types, initial water parameters can be entered (e.g., Con(“OID” = =111, 0.30, 

Con(“OID”= =190, 0.27, Con(“OID”= =141, 0.25))). 

Running the Python Script 

9. Run the script (the Python window is already incorporated in the ArcMap window under 

Geoprocessing/Python). Results are stored inside the geodatabase file. 
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Outputs 

10. Once the script runs, it will use the input raster layers and will produce raster layers of the 

output parameters as well as a text file for each month. The results stored in the 

geodatabase can be added to the ArcMap environment by adding it directly from the 

ArcCatalog into the ArcMap table of contents, and applying the Symbology/ Unique 

values tool, and then the spatial and temporal cell values will be visualized.  

a)  Monthly direct evaporation rates are calculated and converted to an hourly basis in 

the raster format. Data can be imported and visualized spatially for all cells by using 

ArcMap. 

b)  Monthly evapotranspiration rates have been calculated and converted to an hourly 

basis in two formats. 

c)  The outputs may be exported to produce a text file that is useful for data over a longer 

period, especially for incorporation with the overland and infiltration Python scripts 

to be developed. 

RESULTS 

 

 A Python script was created to calculate ET and represent it visually as it varies over 

space and time. The functionality of the script is confirmed through a comparison with hand 

calculations. Table 1 displays the results of the hand calculation of ET rates for the study site 

vegetation of deciduous forest and miscellaneous vegetation, while Table 2 displays the hand 

calculations for direct evaporation from an open water surface, all based on currently available 

references. 
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Table 1. Hand calculations of mean monthly evapotranspiration rates 

[a]ND = no data 

Table 2. Hand calculations of mean monthly direct evaporation rates 
 

State number Station index 
         

23 7963 
Jan.- 

Mar. 
Apr. May Jun. Jul. Aug. Sep. Oct. 

Nov.-

Dec. 

Class A Pan Evap (cm/day) ND[a] 0.445 0.497 0.594 0.655 0.572 0.413 0.310 ND 

PET (cm/day) = 0.70*Class A 
Evap 

ND 0.311 0.348 0.415 0.459 0.400 0.289 0.217 ND 

Eevap (cm/h) ND 0.013 0.015 0.017 0.019 0.017 0.012 0.009 ND 

[a]ND = no data 

 

  

Vegetation                            Jan Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. 

D
ec

id
u
o
u

s 

PET (cm/day) ND[a] ND ND 0.311 0.348 0.415 0.459 0.400 0.289 0.217 ND ND 

Kco 0.60 0.60 0.60 0.67 0.850 0.90 0.86 0.75 0.65 0.60 0.60 0.60 

Kc 0.571 0.571 0.571 0.638 0.809 0.857 0.819 0.714 0.619 0.571 0.571 0.571 

ET (cm/h) ND ND ND 0.008 0.012 0.014 0.016 0.012 0.008 0.005 ND ND 

M
is

ce
ll

an
eo

u
s PET (cm/day) ND ND ND 0.311 0.348 0.415 0.459 0.400 0.289 0.217 ND ND 

Kco 0.50 0.50 0.50 0.60 0.650 0.65 0.65 0.60 0.50 0.50 0.50 0.50 

Kc 0.476 0.476 0.476 0.571 0.619 0.619 0.619 0.571 0.476 0.476 0.476 0.476 

ET (cm/h) ND ND ND 0.007 0.009 0.011 0.012 0.010 0.006 0.004 ND ND 
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            Tables 1 and 2 display the highest values in July and the lowest values in October, 

consistent with temperature variations. The losses from the open water surface are always greater 

than the losses from ET, and ET losses from the deciduous forest (with the larger leaves) are 

greater than the miscellaneous vegetation (which may include grasses, flowers and shrubs) as 

expected because of the larger Kco values. Tables 1 and 2 also show ND (no data) for the months 

of November through March as no ET is recorded in the literature for this location. Table 3 

displays the ET for the two vegetation types and direct evaporation as calculated using an Excel 

spreadsheet and a Python script. 

  The results of the Excel calculations in Table 3 are the same as the hand calculations in 

Tables 1 and 2, indicating that the spreadsheet is accurately calculating ET and direct 

evaporation. Within Table 3, a comparison of the results between the Excel spreadsheet and the 

Python script shows them to be exactly the same, indicating that the script is accurately 

calculating both ET and direct evaporation.  

 Table 4 depicts estimated ET for “short crop” at the Spickard weather station (7 w No. 

7963), which is the closest weather station to the study site. The weather station is approximately 

11.5 km (7.4 miles) away and only has full-year data for the years 2012 through 2018. A 

comparison of the calculated ET from Table 3 with the estimated ET from Table 4 indicates that 

the values calculated through the methodology presented here are generally within the range 

presented for each month. Variations may be expected because Table 3 is produced from long-

term data while the estimates in Table 4 are for individual years that may express greater 

variability in the conditions impacting ET. 
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Table 3. A comparison of the results from an Excel spreadsheet and a Python script 
Method                           Month Jan.-

Mar. 

Apr. May Jun. Jul. Aug. Sep. Oct. Nov.- 

Dec. 

E
x

ce
l 

sh
ee

t Deciduous - ET (cm/h) ND[a] 0.0083 0.0117 0.0148 0.0157 0.0119 0.0075 0.0052 ND 

Miscellaneous - ET (cm/h) ND 0.0074 0.0090 0.0107 0.0118 0.0095 0.0057 0.0043 ND 

Open water - (cm/h) ND 0.0130 0.0145 0.0173 0.0191 0.0167 0.0121 0.0090 ND 

P
y

th
o
n

 s
cr

ip
t Deciduous - ET (cm/h) ND 0.0083 0.0117 0.0148 0.0156 0.0119 0.0075 0.0052 ND 

Miscellaneous - ET (cm/h) ND 0.0074 0.0090 0.0107 0.0118 0.0095 0.0057 0.0043 ND 

Open water- (cm/h) ND 0.0130 0.0145 0.0173 0.0191 0.0167 0.0121 0.0090 ND 

[a]ND = no data 

 

Table 4. Estimated ET for short crop at Spickard Weather station for April through October for 2012 through 2018 

(University of Missouri Extension (CAFNR), 2019) 
Year Apr. May Jun. Jul. Aug. Sep. Oct. 

2012 0.0191 0.0148 0.0174 0.0245 0.0255 0.0046 0.0101 

2013 0.0111 0.0227 0.0159 0.0261 0.0213 0.0181 0.014 

2014 0.0116 0.0065 0.0225 0.0232 0.0143 0.0118 0.0035 

2015 0.0233 0.0189 0.0107 0.0128 0.021 0.0203 0.0143 

2016 0.0070 0.0058 0.0227 0.024 0.0051 0.0171 0.0047 

2017 0.0096 0.0055 0.0199 0.0241 0.0211 0.0156 0.0174 

2018 0.0023 0.0178 0.0264 0.0139 0.0231 0.0184 0.0148 

Average 0.012 0.0131 0.0194 0.0212 0.0188 0.0151 0.0113 
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  Figures 3.a and 3.b. include multiple raster representations of the loss rates (both ET and direct 

evaporation) for the different land covers as they vary throughout the year. Darker areas indicate greater 

losses, be they ET or direct evaporation. As also displayed in Figure 2, the open water surface is shown as 

the longest north-south region. No matter the month, it is always darker, representing greater losses. The 

small region in the northwest portion of the study site is the deciduous forest. Consistent with the relative 

losses, it is always lighter in color than the open water surface, but always darker than the miscellaneous 

vegetation comprising the remainder of the test site. In comparing the losses across the months, the rates 

are shown to increase as the temperature increases (i.e., April through July), and to decrease as the 

temperature decreases (i.e., August through October). There is no year listed for Tables 1 through 3 or 

Figure 3 because they are based on the average values found in the literature. In order to assess ET and 

direct evaporation more accurately at a specific location over a finite period of time, it is necessary to 

incorporate precipitation and infiltration, and track water content in the soil, that also impacts ET. Now 

that this Python script is available and works properly, it will be possible to extend the functionality.  
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Fig. 3a. Average ET at the Pershing State Park for April through June. 



28 
 

 

Fig. 3b. Average ET at the Pershing State Park for June through October. 
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CONCLUSIONS 

 

 A methodology has been developed and an implementing GIS-based Python script has 

been written that is able to assess the spatial and temporal variability of ET and direct 

evaporation. The methodology utilizes publicly available inputs, so it can have broad 

applicability. Assessments can be conducted for a site with multiple land covers and soil 

textures, with resulting visual representations of ET and direct evaporation in space and time. 

The results are consistent between hand calculations and those produced by an Excel spreadsheet 

and the Python script, which is able to produce raster data maps as well as a text file of water 

losses that could be used in a water balance that also incorporates precipitation and infiltration. 

Future Work 

  This study is a part of a comprehensive project focused on modeling the main 

hydrological processes that have a significant impact on the water balance on the landscape—

precipitation, ET and direct evaporation, overland flow and infiltration. Future work will focus 

on refining the ET and direct evaporation Python script in order to accommodate variable soil 

water content as the precipitation and infiltration portions of the overall project are addressed. 
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CHAPTER 3 

GIS-BASED PYTHON SIMULATION OF INFILTRATION OVER A 

LANDSCAPE2 

 

Mohammed G. Mohammed 

Kathleen M. Trauth 

Abstract 

 

 Accounting for variation in infiltration over space and time is essential in planning for 

land management. One such example is the consideration of sites for mitigation wetlands, where 

knowledge of the water cycle is essential to a determination of whether a site will have sufficient 

water to support wetland functioning. A methodology and an implementing script (GAINS) have 

been developed using the Green-Ampt equation to calculate instantaneous and cumulative 

infiltration, moisture content, and excess water on the land surface. Results are available in 

tabular form, as well in geographic information system (GIS) maps displaying the individual 

parameters at a site at any given point in time. GAINS, written in Python, is demonstrated for a 

site within Pershing State Park in Missouri, a location traditionally supporting wetland. Results 

show that the Green-Ampt equation was being correctly modeled. The successful demonstration 

is an important step forward in an effort aimed at providing a single tool to support decision-

 
2 This paper is reprinted exactly as it was published in 2020 in the American Society of Civil Engineers (ASCE) 

Journal of Irrigation and Drainage Engineering. 146(9): ISSN 0733-9437 DOI: 10.1061/(ASCE)IR.1943-

4774.0001495. 
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making regarding potential wetland mitigation sites. DOI: 10.1061/(ASCE)IR.1943-

4774.0001495. © 2020 American Society of Civil Engineers. 

Keywords: Infiltration, Green-Ampt, Wetland mitigation, Wetland restoration, GIS simulation, 

Python, Raster data, Hydrologic modeling, Moisture content, Water content, Landscape, Land 

cover 

INTRODUCTION 

Land management practices are important to develop and maintain a healthy environment 

for humans and other species, including through the maintenance of aquatic environments. 

Wetlands are an important aquatic resource and their areas have decreased with land use changes 

for agriculture and development. In order to continue to have wetlands to maintain species 

habitat, consideration has turned to the option of mitigation wetlands. Mitigation wetlands are 

areas with shallow impoundments that are created with the intention that, through hydrology, can 

develop hydric soils and support the plant and animal life found in natural wetlands. The basis of 

all wetlands, natural or mitigation, is hydrology. Consideration of locations for mitigation 

wetlands must focus on whether there is sufficient water available for sufficient periods of time 

throughout the year in order to develop and maintain hydric soils and the plants and animals that 

would follow. An assessment of potential locations for mitigation wetlands must consider 

precipitation (p), infiltration, evapotranspiration (ET) and direct evaporation, along with the 

surface process of water moving across the landscape, to correctly assess moisture content over 

space and time. A single tool incorporating all of these processes must be available for decision 

makers to evaluate and compare potential locations and identify those where more detailed, on-

site assessment would be warranted.   

This study focused on quantifying the infiltration process on small sites (up to 10s of 

hectares) of the scale of interest for potential mitigation wetlands. This study is part of a larger 

research effort involving multiple modules (i.e., infiltration, ET, direct evaporation and surface 
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water flow) utilized to create an integrated approach to assessing the water balance for small 

sites.  

METHODOLOGY 

Geographic Information Systems (GIS) 

There are many ways to study a site location. One of the approaches is to map what is 

seen by positioning its locational coordinates. One can use such maps to accomplish specific 

tasks such as modeling. A GIS can also provide a means to collect, store, analyze, map, and 

retrieve spatial data. As relates to this study, these spatial data that can be stored and analyzed by 

a GIS include soil type, land cover, precipitation, slope, elevation, and soil moisture content. The 

ability to manipulate these data in both space and time has improved dramatically the ability to 

inform decision making (Church and Murray 2009). 

ArcGIS version 10.2.2is widely used to introduce scripting support for many languages. 

The Python language has become a fundamental tool for GIS professionals to develop new 

capabilities for utilizing the various data layers efficiently to extend the possibilities of GIS. 

Python has become the most widely used of the available languages (Zandbergen 2015). 

Methodology Development Using GIS 

 A GIS-based methodology has been developed to compute infiltration over a given 

landscape, as it varies over space and time that is implemented using the Python script Green 

Ampt Infiltration Script (GAINS). This approach is based on the infiltration work of Green and 

Ampt (G-A) (1911) and utilizes readily available sources for the required inputs. The Python 

script produces a spatial visual representation of the G-A infiltration model that can be displayed 

through ArcGIS.  
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The G-A concepts were integrated into GIS through Arc Hydro (Maidment and 

Morehouse 2002). Arc Hydro requires the input of a moisture deficit (the difference between the 

saturation moisture content and the initial moisture content) and an initial loss value (infiltration 

that occurs prior to surface saturation) once for all of the calculations. They are treated as 

constant values, when in reality, they change over time (with water additions from infiltration 

and subtractions from evapotranspiration). Because of the ultimate use of these calculations, for 

potential mitigation wetland decision making, the ability to track moisture content over time is 

essential. This methodology developed herein tracks moisture content over time that Arc Hydro 

does not. The lack of a methodology that tracks these varying parameters over space and time 

required the creation of this new methodology.  

 The methodology development process consists of (1) creating multiple flowcharts that 

represent the infiltration process that varies over time, (2) developing an Excel spreadsheet that 

calculates infiltration over time for single cells, and (3) writing a Python script that builds on the 

Excel spreadsheet process to calculate infiltration over both space (i.e., all the cells in a location 

of interest) and time. The calculations were developed within an Excel spreadsheet for ease of 

tracking all of the components of the water balance to ensure that the calculations are being 

performed correctly. Once the processes were correctly coded in the Excel spreadsheet, and the 

infiltration calculations were confirmed, the calculations were able to be coded in Python in a 

straight-forward fashion. With the creation of the Python script and the confirmation that the 

modeling results were exactly the same as those of the Excel spreadsheet, the Excel spreadsheet 

was no longer used. Although this study focused on infiltration, ET was included because it can 

create the conditions for additional infiltration. ET is based on pan evaporation and vegetative 

cover and accessed via a text file. The intent in the development of all the individual modules 
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was to use readily available information to facilitate broad utilization for decision making. 

Therefore, a pan evaporation-based methodology was utilized in this effort. Whereas plant and 

soil characteristics are provided as constants, the impact of varying climate throughout the year 

is addressed with a set of monthly coefficients. Thus, the methodology calculates a rate of ET 

that is constant for any given month, as impacted by the soil and plant characteristics of each cell 

of the landscape. This constancy allows for the creation of a text file for use in the infiltration 

calculations throughout the entire modeling period. More detail on the development of the text 

file were given by Mohammed and Trauth (2019).  

Green-Ampt Infiltration Model 

Green and Ampt (1911) developed an equation for infiltration that is an application of 

Darcy’s law (Skaggs and Khaleel 1982) 

 𝑓 = 𝐾𝑠 (𝐻 + 𝑆𝑓 + 𝐿)/𝐿 (1)  
where f = infiltration rate at a given time (cm/h); 𝐾𝑠  = saturated hydraulic conductivity (cm/h); H 

= depth of water ponded on the surface (cm); 𝑆𝑓 = effective suction at wetting front (cm); and L 

= distance from the surface to wetting front (cm). Morel-Seytoux (1976) showed that the G-A 

equation has a rational basis. The G-A approach is based on fundamental physics and produces 

results that match empirical observations. It has given satisfactory results when it has been 

applied to non-uniform profiles that become denser with depth (Childs and Bybordi 1969). It 

also can be used for the case of a partially sealed soil layer (Hillel and Gardner 1970). In 

addition, calculations can be performed for non-uniform moisture contents throughout layers 

(Bouwer 1969). 

Although Darcy’s law is applicable at any time during the process, it is at the moment of 

saturation that a useful relationship can be developed when the surface moisture and conductivity 
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are known (Mein and Larson 1973). The G-A equation assumes that the soil profile can be 

separated into two zones: a saturated upper zone and an unsaturated lower zone. Darcy’s law for 

infiltration based on the G-A concept is  

 
𝑓 = −𝐾𝑆

𝑑ℎ

𝑑𝑧
 

(2) 

   

where f = infiltration rate (cm/h); Ks = saturated hydraulic conductivity (cm/h); dh = hydraulic 

head difference between the water surface and wetting front (cm); dz = depth difference between 

the soil surface and the wetting front (cm); and 
𝑑ℎ

𝑑𝑧
 = hydraulic gradient (cm/cm). The wetting 

front is defined as H + z - 𝜓𝑓, where H is the depth of surface ponding (cm), z is the depth of the 

wetting front (cm) and 𝜓𝑓 is the capillary pressure head at the wetting front (cm of water). In G-

A, the cumulative infiltration depth can be estimated by iteration. The total amount of infiltrated 

water needed to reach saturated conditions is 

 𝐹 = −𝑧(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙) (3) 

 

where θs = saturated moisture content; and θinitial = initial moisture content before infiltration 

begins. The maximum difference between the moisture content at saturation, θs, and initial 

moisture content, θinitial, is the pore space which is occupied by infiltrated water; Because H is 

zero and 𝜓𝑓 always has a negative value, so this value of capillary pressure head may be 

represented by a positive value at the wetting front. The infiltration rate, f, in this model can be 

estimated for the applicable conditions (Mein and Larson 1973) based on 

 𝑓(𝑡) = 𝐾𝑠 + 𝐾𝑠
|𝜓𝑓|(𝜃𝑠−𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝐹
, 𝑓𝑜𝑟 𝑡 >  𝑡𝑝                                                                                           

(4) 

   

 𝑓(𝑡) = 𝑃,                                𝑓𝑜𝑟 𝑡 ≤  𝑡𝑝 (5) 
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where P = rainfall intensity (cm/h) and t is an arbitrary time (h). The variable t can be calculated 

based on (Mein and Larson 1973)  

 𝑡 = tp + 
1

𝐾𝑠
 [F-Fp +| 𝜓𝑓|(𝜃𝑠 −  𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )  ln (

 |𝜓𝑓|(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )+𝐹𝑝

|𝜓𝑓|(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )+𝐹
)] (6) 

 

where t = current time (h); tp = time to ponding (h); and Fp = depth of water that infiltrates before 

water begins to pond at the surface (cm). The cumulative water depth to reach saturation status 

(Fp) and the time required to reach ponding can be calculated based on  

 
Fp = 

𝐾𝑠|𝜓𝑓|(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )

𝑃−𝐾𝑠
,       𝑓𝑜𝑟 𝑡 =  𝑡𝑝 𝑎𝑛𝑑 𝑃 >  𝐾𝑠 

(7) 

 tp = Fp/P  (8) 

   

 The empirical parameters in the G-A model such as hydraulic conductivity at saturation 

(Ks), water content at saturation (𝜃𝑠), water content at field capacity (𝜃𝑓𝑐), water content at 

wilting point (𝜃𝑤𝑝), and capillary pressure head at the wetting front (𝜓𝑓) must be determined. 

Initial water content (𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙) is also needed for the calculation, which can either be measured 

from the field or can be assumed for decision-making purposes. 

 The relationship between the matric potential and the hydraulic conductivity as a function 

of soil water content is necessary to incorporate the principle of soil water physics into 

hydrologic watershed modeling (Mein and Larson 1973). Measurement of these relationships is 

very costly and time consuming which leads researchers to use soil texture as a means to extract 

the necessary input parameters to determine infiltration.  

Analysis of Infiltration 

The G-A infiltration curve has two parts: 
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1. The pre ponding portion of the curve is flat, representing conditions in which the infiltration 

rate is equal to the rainfall rate. It continues until ponding occurs (i.e., once surface 

saturation has been reached). During this time there is no surface water. 

2. Once ponding occurs, the infiltration rate decreases, creating the post ponding portion of the 

curve (asymptotically approaching the saturated hydraulic conductivity). The infiltration 

rate is a function of the cumulative infiltration, F. During this period, if precipitation is 

greater than the infiltration rate, excess water will occur. 

Water Content Cases 

Three conditions of water content (θi) may exist at any given time i for these analyses:  

1. 𝜃 = 𝜃𝑤𝑝  if 𝜃𝑖 < 𝜃𝑤𝑝: the water content is not allowed to be less than the wilting 

 point because a water content less than the wilting point is not practicably possible under 

 natural conditions. 

2. θ = 𝜃𝑖   if 𝜃𝑖  > 𝜃𝑤𝑝, and  𝜃𝑖 < 𝜃𝑓𝑐: the water content is allowed to change between 

 the wilting point and the field capacity. 

3. θ = 𝜃𝑓𝑐                    if (𝜃𝑖  > 𝜃𝑓𝑐  and 𝜃𝑖  < 𝜃𝑠: the water content is eventually returned to field 

 capacity because of gravity. Any calculation of a water content above field capacity is 

 capped at the field capacity because of the drainage that will take place.  

The question may arise as to whether it is appropriate to utilize the G-A process 

described above or whether it is necessary to incorporate treatment of potentially hydraulically 

steep slopes as addressed by Chen and Young (2006). Wetlands, particularly the small, isolated 

locations that may be most important to species maintenance, exist on relatively mild slopes. 

Because the methodology is intended to be used on slopes that may be described as hydraulically 

mild, it is appropriate to use the G-A process as described previously. 
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Landscape Clock 

 The module utilizes a landscape clock. This landscape clock keeps track of time for the 

entire period of the simulation. The use of a landscape clock is necessary in order to track the 

time of the year for the precipitation events and ET processes that impact the water balance in a 

given depression.  

Flowchart Explanation  

 Consistent with the G-A model, the methodology employs both pre ponding and post 

ponding conditions. The flowcharts in Figs. 1 through 4 describe the entire water-balance 

assessment process.  

 Fig. 1 depicts the processing necessary to derive a power or a polynomial equation for 

infiltration. The inputs are rainfall intensity over time, hydraulic conductivity at saturation, initial 

water content, saturated water content, and the capillary pressure head at the wetting front. The 

processing utilizes Eqs (7) and (8) to calculate the cumulative infiltration at ponding and the time 

to ponding, respectively. Once ponding has occurred, and the infiltration curve shifts from a 

horizontal line to a decreasing function, Eqs (4)-(6) are used to calculate the sequence of 

instantaneous infiltration rates. Once that sequence has been developed, the curve is analyzed to 

produce either a power or polynomial equation to represent the infiltration rate in subsequent 

calculations. The development of an equation allows for the assessment of infiltration with time 

as a storm progresses. The module currently uses a power equation, but could easily be modified 

for the use of a polynomial equation.   
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Fig. 1.  Flowchart for deriving a power or polynomial equation to describe the infiltration rate curve. 
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 Fig. 2 depicts the process of quantifying infiltration, from the initial infiltration of all  

precipitation until the occurrence of surface saturation, with the subsequent decrease in 

infiltration rate. As a part of an overall mass balance, precipitation and evapotranspiration are 

necessary elements. Precipitation over time is provided via a text file created from precipitation 

records. For the purposes of this effort in focusing on quantifying infiltration, the sequence of ET 

over time is also represented by a text file produced from the previously discussed module 

(Mohammed and Trauth 2019). The other required inputs are surface area (SA), rooting depth 

(d), initial water content (θinitial), water content at the wilting point (θwp), capillary pressure at the 

wetting front (ψf), water content at field capacity (θfc), saturated water content (θs), and hydraulic 

conductivity at saturation (Ks). The cumulative water depth at ponding and the time to ponding 

are calculated for each time step which is 1 h for this model, and upon reaching surface 

saturation, the instantaneous infiltration rate at any time is calculated based on the previously 

developed power equation. The cumulative infiltrated water depth (F) is summed and stored. 

 Fig. 3 shows the processes to incorporate direct evaporation and ET into the 

consideration, as well as water content and drainage. Because of the relatively short time 

durations, direct evaporation and ET are not accounted for during rainfall events. The water 

content is calculated in each time step, but it is not allowed to go below the wilting point (a 

condition which is not expected to be seen under normal landscape conditions). At the same 

time, when the calculations for water content might take the value above the field capacity, the 

drainage process becomes active and the water content is capped at field capacity. Because the 

soil profile is not be able to hold water against gravity, it will be lost to drainage over time, 

which is calculated by subtracting the current water content at this time step from the water 
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content at field capacity times the rooting depth. The incremental and cumulative ET, and 

drainage depth are stored for each time step.  

 Fig. 4 is the flowchart of the calculation of the excess water that exists on the surface as a 

result of the rainfall minus the losses due to infiltration. The cumulative depth of excess water on 

the surface is also exposed to direct evaporation and the net excess water is stored for each time 

step. At the same time, the volume of the excess water and the elevation of the water surface are 

calculated and stored to record the changes over time to understand the temporal variation values 

for all the main parameters. Excess water on the surface could be used in a subsequent water 

balance calculation for a landscape where the overland flow of water from one cell to another 

becomes important. All spatial and temporal calculation values for all land covers are stored and 

can be then visualized graphically in GIS maps through the ArcMap version 10.2.2 window. 

 This study used artificial storms to verify the calculations associated with the infiltration 

process within both an Excel spreadsheet and a Python script. The Excel calculations were 

performed on three single cells (one each for the deciduous, miscellaneous and bare earth land 

covers) where it is easy to confirm the correct implementation of the G-A methodology. The 

Excel coding then formed the basis for the Python coding that calculates and displays infiltration 

as it varies over space and time. 
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Fig. 2. Flowchart for determining incremental and cumulative infiltration. 
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Fig. 3. Flowchart for calculating evaporation, evapotranspiration, water content, and drainage. 
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Fig. 4. Flowchart for calculating excess surface water depth, water volume, and water surface elevation at the location of interest. 
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Assumptions/Limitations 

 This paper documents the effort to develop a Python script that constitutes a module 

within a larger modeling effort. This module implements the G-A methodology for infiltration 

over a landscape. As such, it contains assumptions and limitations of which potential users 

should be aware.  

 The overall model, of which this study is a part, is intended to be used for decision-

making with regard to potential sites for mitigation wetlands. The model is intended to be used to 

compare sites to identify those that would warrant a more detailed, on-site assessment of their 

applicability. Methods that approach ET considering solar radiation, humidity, and other 

parameters are clearly physically based. However, because the model will be used for decision 

making purposes for the future (rather than modeling specific events in the past), the 

determination of specific input parameters such as solar radiation or humidity for a given 

precipitation event would suggest more knowledge than future users would have access to and 

could skew the results. In an effort to eliminate the need to speculate about many input 

parameters, the decision for Mohammed and Trauth (2019) utilized the simplified method of 

considering pan evaporation and plant characteristics. Although pan evaporation is a simple 

assessment for ET, the coefficients are widely available and would not require a future user to 

make more assumptions than absolutely necessary. 

 The G-A methodology is based on the assumption that a depth of water can build up on 

the land surface once surface saturation has been reached. This depth of water then drives 

infiltration until there is no more water remaining on the surface. To confirm the ability of the 

module to continue to track infiltration until no surface water exists, the demonstration was 

performed on an essentially a flat surface without run-on or runoff. This situation might only 
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occur with a landscape feature such as a mitigation wetland with a constructed berm for a 

watershed boundary and no upslope contributing area, rather than a lake to which water would 

flow downslope to the depression. Now that it has been demonstrated that the module is able to 

cease infiltration once surface water is eliminated, the overall modeling effort can address the 

real-world processes of water running on to a cell and running off from a cell on a landscape 

with a slope. 

 Once there is no excess water on the land surface, infiltration will cease and the water in 

the saturated zone will begin to drain out. Drainage initially will occur at the saturated hydraulic 

conductivity and the rate will decrease to become negligible over the next 2-3 days as the 

moisture content approaches field capacity (Hillel 1998). Because the actual rate of drainage is 

unknown, the module assumes that once precipitation ceases, the moisture content immediately 

goes to field capacity. Thus, any potential impact on the water balance accounting would occur 

over those 2-3 days during actual drainage, and the magnitude of any impact would be, at most, 

the difference between saturated moisture content and field capacity for the given soil. Taking 

the moisture content immediately to field capacity would suggest less water available for ET 

(particularly on hot, dry days and with mature trees that can process several hundred gallons of 

water per day). Thus, the assumption of immediate drainage suggests that ET may be 

underestimated in locations with tree coverage during summer months.  

Study Area 

 The methodology is demonstrated for a 0.7 ha location within the overall 133.6 ha 

Pershing State Park in Linn County, Missouri. Fig. 5 shows the site within the Park and in the 

State of Missouri. Because of the size of the study site, it contains only one soil texture (i.e.,  
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Fig. 5. Digitized watershed boundary for a site within Pershing State Park and surrounding contour lines.(Data from MSDIS 2008.) 
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methodology. The location includes three different land cover classifications [deciduous forest 

(deci), miscellaneous (misc) and sparse vegetation/bare earth (bare)], in which different initial 

water contents are modeled. The outputs from running the Python-based module are spatial and 

temporal values (in the raster format) for infiltration rates; cumulative depths of infiltration; 

evapotranspiration; drainage; and instantaneous values for water content; excess surface water 

depth; surface water volume; and surface water elevation. 

Demonstration 

 The geodatabase file is the first product to be created through the ArcCatalog and all 

inputs/data must be available in a raster format with the same resolution. Some data are readily 

available in a raster format such as a digital elevation model (DEM) from MSDIS (2008) or land 

cover from the USGS) (2016) (Fig. 6), while other data must be converted to a vector format 

(e.g., a site boundary polygon) that could be created using Google Earth Pro version 7.3.37699. 

The 30-m land-cover raster is resampled to provide the corresponding land cover for each 1 m 

cell within the raster, although the input source remains a 30 m raster. With time and the 

utilization of evolving sensor technology, one might expect all inputs to be available at a fine 

resolution. Hourly precipitation data are available from the National Oceanic and Atmospheric 

Administration (NOAA) (Farnsworth and Thompson. 1982) that can be extracted and saved as a 

text file. Additional inputs may vary over time and must be generated separately (i.e., ET and 

direct evaporation) and made available in a text format.  

 The procedure for implementing the methodology is given in the following steps as 

(Fig.7). Table 1 lists the required inputs, including the format of the input, the source and the 

resolution. 
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Fig. 6. Land covers at the study site: (a). miscellaneous vegetation; (b). bare earth (sparse vegetation); (c). deciduous forest. (Data 

from USGS 2016.) 
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  Fig. 7. Methodology flowchart. 
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Table 1. Required inputs for GAINS 

Symbol Description Format Data Source GIS Resolution 

(m) 

θ = θinitial water content (cm3/cm3) Raster Assumed or measured from file  1 

θwp water content at the permanent 

wilting point 

(cm3/cm3) 

Raster Rawls et al (1982, 1983) 

 

1 

θfc water content at field capacity 

(cm3/cm3) 

Raster Rawls et al (1982, 1983) 1 

D rooting depth (cm) Raster Vegetation type 1 

LC land cover Raster USGS (2016) 

 

30 

Soil texture soil texture at the steady site Raster USDA (1980) and Rawls et al (1982, 1983) * 

θs water content at saturation 

(cm3/cm3) 

 

Raster Rawls et al (1982, 1983)  1 

𝜓𝑓 capillary pressure head (cm) Raster Rawls et al (1982, 1983) 1 

P precipitation (cm/hr) Text Farnsworth et al. 1982 1 

Ks saturated hydraulic 

conductivity (cm/hr) 

Raster Rawls et al (1982, 1983) 1 

ET  Evapotranspiration rate 

(cm/hr) 

Text Mohammed and Trauth (2019)  1 

* has no GIS resolution. 

  



53 
 

1. Indicate the study area boundary. The delineation of the site boundary can be made using 

Google Earth Pro. The polygon shape file in KML data format from Google Earth for the study 

area can be obtained by digitizing the boundary of the site and saving it in the KML format 

(polygon layer data). Then this KML data can be imported into ArcGIS using the Conversion 

Tools/From KML to Layer under the ArcGIS window. 

2. Generate a 1-meter constant raster layer using ArcGIS that encompasses the study area 

(Spatial Analyst Tools/ Raster Creation/ Create Constant Raster).  

3. Identify the land cover zones mask using ArcGIS to establish the boundaries for each land 

cover in raster format from the USGS (2016). This land cover is used as a mask to differentiate 

boundaries later and to prepare raster inputs for different existing vegetation. For this study, the 

land cover raster layer from 2016 for the area of study within Pershing State Park was 

downloaded. Three zones were identified: deciduous forest, woody wetlands (referenced as 

miscellaneous vegetation) and locations of sparse vegetation referenced as bare earth, (Fig. 6).  

4. Determine the soil textures from the Natural Resources Conservation Service (NRCS) website 

(U.S. Department of Agriculture and cooperating agencies (USDA) 1974-1980) and associate 

them with the corresponding land covers. At the study site, the soil type is classified as a Kalona 

silty clay loam. 

a. From the soil texture, one can determine the corresponding properties of water content at 

field capacity (θfc), water content at wilting point (θwp), water content at saturation (θs), 

matric pressure (𝜓𝑓) at the wetting front, and saturated hydraulic conductivity Ks (Rawls et 

al. 1982, 1983). The initial water content, θinitial, may be set from current field measurements 

or as an assumed value to represent conditions of interest. The rooting zone depth, d, can be 

estimated based on vegetation type.  
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b. A soil map is needed as a mask in case of multiple soil textures in the study area to 

differentiate between the physical soil parameters for each texture (NRCS 2014). 

5.  Download the precipitation data from the NOAA website (Farnsworth and Thompson 1982) 

and save them as a text file. For this demonstration of the capabilities of the methodology and the 

implementing Python-based module, two artificial precipitation events were utilized to assess the 

changes in soil water parameters during and between rainfall events. 

6.  Prepare the sequence of ET values according to Mohammed and Trauth (2019) for the period 

of interest and save as a text file. As indicated previously, the pan evaporation-based ET 

assessment produces a single value representing the combined impact of land cover, soil texture 

and month of the year. Table 2 is an example of the text file for ET for the month of August for 

each of the three land covers over the Kalona silty clay loam that is the single soil texture of the 

study site. 

7. Collect soil-based inputs (Table 1) into ArcMap. All inputs in a raster format must have the 

same resolution (i.e., 1 m) for accuracy of establishing boundaries. The Add tool is used to add 

the existing raster data such as the DEM and the land cover raster. 

8.  Set the inputs from Step 7 into a single raster format geodatabase using Steps 1, 2 and 3 using 

the Raster Calculator Tool in Spatial Analyst Tools/Map Algebra Tool. The values for individual 

cells can be changed according to the input values by using the Con Function available under 

Raster Calculator Tool. For example, the initial water content associated with different land 

covers can be entered using (e.g., Con(“OID” = =111, 0.30, Con(“OID”= =190, 0.27, 

Con(“OID”= =141, 0.25))). The OID = 111, 190, and 141 are the identification numbers for bare 

earth, miscellaneous, and deciduous land covers, respectively. The 0.30, 0.27, and 0.25 are the 

initial water contents for bare earth, miscellaneous, and deciduous land covers, respectively; 
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Table 2. Inputs required for P and ET in a text file format 

P 

(cm/r) 

t 

(r) 

ET 

(cm/r) 

  Deci. Misc. Bare 

0.5 0 0.016 0.012 0.019 

0.5 1 0.016 0.012 0.019 

0.5 2 0.016 0.012 0.019 

0.5 3 0.016 0.012 0.019 

0.5 4 0.016 0.012 0.019 

0.5 5 0.016 0.012 0.019 

0.5 6 0.016 0.012 0.019 

0.5 7 0.016 0.012 0.019 

0 8 0.016 0.012 0.019 

0 9 0.016 0.012 0.019 

0 10 0.016 0.012 0.019 

0.5 11 0.016 0.012 0.019 

0.5 12 0.016 0.012 0.019 

0.5 13 0.016 0.012 0.019 

0.5 14 0.016 0.012 0.019 

0.5 15 0.016 0.012 0.019 

0.5 16 0.016 0.012 0.019 

0 17 0.016 0.012 0.019 

0 20 0.016 0.012 0.019 

- - - - - 

- - - - - 

0 552 0.016 0.012 0.019 

0 576 0.016 0.012 0.019 
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9. Run the Python 2.7.10 script GAINS representing the calculations and flowcharts in Figs. 1-4. 

10. Import the outputs into ArcGIS using the ArcCatalog tool. The script uses the input raster 

layers and produces raster layers of the output parameters as well as a text file for each month. 

The results are stored inside the geodatabase file and can be added to the ArcMap environment 

by adding it directly from the ArcCatalog into the ArcMap table of contents and applying the 

Symbology/Unique Values Tool, and then the spatial and temporal cell values will be visualized. 

RESULTS AND DISCUSSION  

 

 Fig. 8 compares the estimated infiltration rates calculated by a polynomial equation 

[(Eq.(9)]and a power equation [(Eq 10)] 

𝑦 =  −0.00001𝑥5 + 0.0005𝑥4 − 0.0093𝑥3 + 0.0787𝑥2 − 0.3235𝑥 + 0.6979        (9) 

𝑦 = 0.4158𝑥−0.491                     (10) 

with the G-A model. The polynomial equation had only an insignificantly higher R2 value 

(0.993) than the power equation (0.991). However, the polynomial equation oscillated slightly as 

the infiltration rate decreased. This oscillation may suggest that the physical process of the post-

surface-saturation G-A curve is not well approximated by even a six-term polynomial curve. For 

these reasons, as well as the fact that the power equation tracked the G-A plot very closely, the 

power equation was used in this demonstration. The benefit from using an equation is the 

incorporation of a time increment (∆t) directly in the G-A infiltration equation that is consistent 

with the occurrence of precipitation as a function of time. 
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Time (hrs.)  

Fig. 8. Infiltration rates predicted over 17 h using the G-A method, power, and polynomial equations. 

 

 

 

 

 

 

 

 

 

 



58 
 

 The spatial and temporal instantaneous infiltration rates, cumulative infiltration depths, 

cumulative depths of ET, and water content are listed in Table 3 using Δt = 1 hr for a simulation 

period of 576 h (24 days). These parameters are displayed for the three land covers of deciduous 

forest, miscellaneous vegetation and sparse vegetation/bare earth. All values are shown for the 

first 24 h, during which all precipitation occurred. Two different precipitation events were 

modeled to demonstrate the impact of excess water on the surface on infiltration rates and water 

contents during and between storms. The intensities were selected to ensure surface saturation 

and excess surface water. For the present calculation, any water remaining on the surface was 

designated excess water and continued to contribute to infiltration. The topography was assumed 

to be flat so that there is no run on to or run off from a cell. In the overall scheme of this research 

endeavor, the intention ultimately is to track this excess water that might run on to or run off 

from a cell in terms of water available to continue the infiltration process. 

 All precipitation ceased after 16 h, and the simulation continued for the remainder of the 

24 days, continuing to document changes in the other parameters. For convenience of 

presentation, after the first 24 h, results for the last 6 days are shown in 12-h and then in 24 h 

increments.  

 Initial moisture content values were arbitrarily at 0.25, 0.27 and 0.30 for deci, misc, and 

bare, respectively, in order to display parameter variations with precipitation. For the first of the 

two storms, Table 3 lists the infiltration rates as constant for a period (the F column lists all 

precipitation being infiltrated) until surface saturation is reached, after which time, the rates 

decrease. Because the Bare land cover started with a higher moisture content, it reached surface 

saturation sooner than the other two land covers and the infiltration rate began decreasing sooner. 

The intensity and duration of the precipitation were sufficient to take all three land covers to 
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surface saturation. Once surface saturation is achieved, excess water on the surface will drive 

continued infiltration and the movement of the wetting front. Once there is no excess water on 

the surface, soil processes cannot hold water in excess of field capacity, and gravity will cause 

drainage. The rate at which this drainage from saturation to field capacity occurs varies from 

saturated hydraulic conductivity to virtually zero, over a period of 2-3 days (Hillel 1998). Within 

the 2-3-day period, soil scientists have not developed a specific curve or equation to represent the 

variation in the rate of drainage. Because the rate of this drainage is not well characterized, the 

calculations assume field capacity rather than saturation. These capped field capacities are 

indicated in Table 3. This conservative assumption of less water available for plant uptake is not 

inappropriate given the interest in knowing whether sufficient water will exist at a site to support 

wetland functioning. 

 With the second storm occurring shortly after the end of the first, while there was excess 

water on the surface, there was no period of constant infiltration, and the infiltration rates 

continued to decrease. The fact that infiltration continued after the end of the precipitation events 

indicates the occurrence of excess water on the surface. Cumulative infiltration, F, continued to 

increase during the storms, and after, accepting the excess surface water and finally reaching 

constant values by the end of the simulation. Cumulative ET continued to increase because that 

process is able to continue as long as the water content is above the wilting point. For Hour 492 

and beyond, the cumulative ET for deciduous forest remains at 7.442 cm, which corresponded to 

the water content reaching the wilting point of 0.110. By hour 504, the cumulative ET for the 

miscellaneous vegetation was 5.794 cm and it continued to increase, indicating a moisture 

content that was still above the wilting point. By the end of simulation, at Hour 576 cumulative 
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ET for the deciduous forest and bare earth reached 7.442 cm and 7.812 cm, respectively, and no 

longer were increasing because the soil had reached the wilting point.  

 The infiltration rates for the three zones differed slightly due to the different initial 

moisture contents and the time at which surface saturation was reached. Although the misc and 

bare land covers reached surface saturation at the same time, the infiltration rate for deci was 

greater than for the misc because the initial moisture content for deci was lower. The soil profile 

needed more water to fill the voids located beneath this zone. The second reason is that for the 

deciduous zone, the losses due to ET generally were higher than those for the miscellaneous 

vegetation or the bare earth zone, which had minimal vegetation. 
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Table 3. Infiltration rates, cumulative infiltration, ET, and water content 

P 

(cm/h) 

t 

(h) 

f 

(cm/h) 

F 

(cm) 

ETD 

(cm) 

θ 

(decimal fraction) 

  Deci. Misc Bare Deci. Misc Bare Deci. Misc Bare Deci. Misc Bare 

0.5 0 0.500 0.500 0.500 0.000 0.000 0.000 0.000 0.000 0.000 0.250 0.270 0.300 

0.5 1 0.500 0.500 0.500 0.500 0.500 0.500 0.000 0.000 0.000 0.323 0.340* 0.340* 

0.5 2 0.500 0.500 0.446 1.000 1.000 0.946 0.000 0.000 0.000 0.340* 0.340* 0.340* 

0.5 3 0.434 0.403 0.365 1.434 1.403 1.311 0.000 0.000 0.000 0.340* 0.340* 0.340* 

0.5 4 0.371 0.348 0.317 1.805 1.751 1.628 0.000 0.000 0.000 0.340* 0.340* 0.340* 

0.5 5 0.328 0.310 0.284 2.134 2.061 1.912 0.000 0.000 0.000 0.340* 0.340* 0.340* 

0.5 6 0.297 0.282 0.260 2.431 2.344 2.171 0.000 0.000 0.000 0.340* 0.340* 0.340* 

0.5 7 0.273 0.261 0.241 2.704 2.605 2.412 0.000 0.000 0.000 0.340* 0.340* 0.340* 

0 8 0.254 0.244 0.225 2.958 2.848 2.637 0.016 0.012 0.019 0.340* 0.340* 0.340* 

0 9 0.238 0.229 0.213 3.196 3.077 2.850 0.031 0.024 0.038 0.340* 0.340* 0.340* 

0 10 0.225 0.217 0.202 3.421 3.295 3.052 0.047 0.035 0.057 0.340* 0.340* 0.340* 

0.5 11 0.213 0.207 0.193 3.634 3.501 3.245 0.047 0.035 0.057 0.340* 0.340* 0.340* 

0.5 12 0.203 0.198 0.185 3.837 3.699 3.429 0.047 0.035 0.057 0.340* 0.340* 0.340* 

0.5 13 0.195 0.190 0.177 4.032 3.889 3.607 0.047 0.035 0.057 0.340* 0.340* 0.340* 

0.5 14 0.187 0.183 0.171 4.219 4.072 3.778 0.047 0.035 0.057 0.340* 0.340* 0.340* 

0.5 15 0.180 0.176 0.165 4.399 4.248 3.943 0.047 0.035 0.057 0.340* 0.340* 0.340* 

0.5 16 0.174 0.171 0.160 4.573 4.418 4.104 0.047 0.035 0.057 0.340* 0.340* 0.340* 

0 17 0.168 0.165 0.156 4.573 4.584 4.259 0.063 0.047 0.076 0.340* 0.340* 0.340* 

0 18 0.163 0.161 0.157 4.736 4.744 4.410 0.283 0.212 0.325 0.340* 0.340* 0.340* 

0 19 0.158 0.156 0.147 4.894 4.901 4.558 0.298 0.224 0.344 0.340* 0.340* 0.340* 

0 20 0.154 0.152 0.144 5.048 5.053 4.701 0.314 0.236 0.363 0.340* 0.340* 0.340* 

0 21 0.150 0.148 0.140 5.197 5.201 4.841 0.330 0.248 0.382 0.340* 0.340* 0.340* 

0 22 0.146 0.145 0.137 5.343 5.346 4.978 0.345 0.260 0.401 0.340* 0.340* 0.340* 

0 23 0.142 0.142 0.134 5.486 5.487 5.112 0.361 0.271 0.420 0.340* 0.340* 0.340* 

0 24 0.139 0.138 0.131 5.625 5.626 5.244 0.173 0.130 0.210 0.340* 0.340* 0.340* 

0 - - - - - - - - - - - - - 

0 384 0.000 0.000 0.000 6.481 6.481 6.500 5.825 4.378 7.086 0.340* 0.340* 0.214 

0 396 0.000 0.000 0.000 6.481 6.481 6.500 6.013 4.519 7.315 0.318 0.340* 0.181 

0 408 0.000 0.000 0.000 6.481 6.481 6.500 6.201 4.661 7.544 0.291 0.340* 0.147 

0 - - - - - - - - - - - - - 

0 480 0.000 0.000 0.000 6.481 6.481 6.500 7.332 5.511 7.812 0.125 0.340* 0.110 

0 492 0.000 0.000 0.000 6.481 6.481 6.500 7.442 5.652 7.812 0.110 0.340* 0.110 

              

0 504 0.000 0.000 0.000 6.481 6.481 6.500 7.442 5.794 7.812 0.110 0.340* 0.110 

0 528 0.000 0.000 0.000 6.481 6.481 6.500 7.442 6.077 7.812 0.110 0.329 0.110 

0 552 0.000 0.000 0.000 6.481 6.481 6.500 7.442 6.360 7.812 0.110 0.288 0.110 

0 576 0.000 0.000 0.000 6.481 6.481 6.500 7.442 6.643 7.812 0.110 0.246 0.110 

*Denotes that the water content is greater than or equal to the field capacity (0.34). 
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After approximately 1 day (Hour 31 for deci, Hour 32 for misc, and Hour 35 for bare), actual 

infiltration rates were zero because there was neither precipitation nor any excess water 

remaining on the soil surfaces.  

 Table 3 also includes water content, which was calculated on a volumetric basis. When 

surface saturation has been reached, excess water will start to accumulate on the soil surface. At 

the same point, infiltration will begin. When there is no more excess water on the surface, 

infiltration will cease, and gravity will cause soil water above filed capacity to drain out. This 

drainage process will continue as long as the moisture content is above field capacity. After 2 h 

all zones reached a level that was equal to or greater than field capacity level (0.34). As 

discussed previously, the model cannot predict a moisture content greater than the field capacity 

because the ongoing rate of drainage is not well characterized. Although the first storm ends after 

7 h, the water content remained at or above field capacity, indicating continued excess water on 

the surface. With the second storm running from h 11 through Hour 16, the additional water was 

sufficient to keep the water content at or above field capacity past 1 day. Thus, water content in 

Table 3 ranges from the wilting point (0.11) to the field capacity (0.34). At the end of the 

simulation, Hour 576, the water content for deci and bare zones will have reached the minimum 

level (i.e., wilting point) of 0.11, while it is 0.246 for the misc zone. The response of water 

content to precipitation, drainage and ET indicates the extent to which water is available for the 

formation and maintenance of hydric soils over time. The fact that the moisture content for the 

deci zone did not reach the wilting point for more than 20 days, and that the misc zone had still 

not reached the wilting point after 24 days without precipitation indicates that plant available 

moisture may remain in the soil for several weeks.   
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 Fig. 9 shows infiltration rates for each land-cover zone at different time steps throughout 

the simulation, i.e., 3, 9, 24, and 504 h, consistent with Table 3, the rates varied between the 

three zones and the rates for all three zones decreased over time. By Hour 24, all three rates had 

decreased and were close enough that they appear to be of the same shade. All parameters can be 

displayed in this raster format using the developed script. 
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Fig. 9. Spatial outputs of infiltration rates at 3, 9, 24, and 504 h of simulation. 



65 
 

CONCLUSIONS 

 

1. This study introduced a methodology based on the G-A method to calculate infiltration over 

space and time. The inputs needed for the calculation are available from the literature and from 

an ET Python-based module developed previously by the authors. The methodology is able to 

accept multiple land covers and multiple soil types.  

2. The methodology utilizes a landscape clock that allows it to incorporate precipitation, direct 

evaporation, and evapotranspiration over the period of calculation. 

3. The methodology was developed by first using an Excel spreadsheet to calculate the various 

parameters associated with infiltration on the landscape and a very simplified precipitation 

pattern. The Excel spreadsheet accurately implemented the G-A equations and the Python-based 

module results matched those of the Excel spreadsheet. 

4. The results can be represented in either tabular form or presented in a raster format for spatial 

and temporal visualization. 

5.  The methodology can be used to model different precipitation sequences (that represent, for 

example, wet years or dry years) in order to assess the availability of water in the rooting zone to 

support wetland vegetation.  

6. Confidence in the ability of GAINS to accurately represent the G-A methodology was gained 

by examining the calculation results. GAINS was consistent with the G-A methodology in 

calculating 

a. infiltration of all precipitation until surface saturation is reached; 

b. continued infiltration with a decreasing rate once surface saturation is reached; 

c. continued infiltration as long as there is excess water on the surface; and 
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d. cumulative depth of infiltration reaching a constant once instantaneous infiltration ceases. 

7. GAINS is able to accurately represent soil moisture processes in calculating 

a. soil moisture contents that vary after drainage, representing the impact of different lands 

covers; and  

b. continued increases in the cumulative depth of ET until the soil moisture content reaches 

the wilting point. 

8. The ability of GAINS to accurately represent the G-A methodology on a landscape is an 

important step forward in the effort to provide a single tool to support decision-making regarding 

potential wetland mitigation sites.  

Perspectives for Future Work  

 This effort is a part of a comprehensive study modeling the main hydrological processes 

that can have significant impacts on the water balance for a proposed mitigation wetland. The 

outputs from this model can be used as inputs to characterize other hydrologic processes such as 

overland surface flow to synthesize an integrated model for analyzing the water balance for a 

location of interest. The benefit of the development of this model is that it simulates infiltration, 

which can be a significant loss in the hydrologic cycle. Now that the infiltration process can be 

characterized with a Python script, the next effort is to couple infiltration and ET in a single 

script to simultaneously calculate both parameters as they are linked through moisture content, 

and to investigate lateral flow in the subsurface. In addition, the script will be enhanced to 

perform calculations within a vector format for more efficient calculation, which would allow for 

longer simulations. 
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Notation 

The following symbols are used in this paper: 

Accu.rain = cumulative rainfall depth (cm); 

DR = cumulative drainage depth (cm); 

DRi = cumulative drainage depth at the time i (cm); 

DW = cumulative difference between cumulative infiltration FD and cumulative 

evapotranspiration ETD (cm); 

D = rooting zone can be estimated based on vegetation type (cm); 

DWi = instantaneous difference between cumulative infiltration FDi and cumulative 

evapotranspiration ETDi (cm); 

dh/dz = hydraulic gradient (cm/cm); 

ELEV = elevation of surface water (m); 

ET = average evapotranspiration at time step i (cm/h); 

ETD = cumulative evapotranspiration depth (cm); 

ETDi = cumulative evapotranspiration depth at time i (cm); 
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ETD(i-1) = cumulative evapotranspiration at previous time i-1 (cm); 

EVi = average direct evaporation from open water surface at time i (cm); 

EXC(i-1) = excess rain depth at the previous time step at time i-1 (cm); 

F = cumulative water depth of infiltration (cm); 

Fi = cumulative water depth of infiltration at time i (cm); 

Fp = cumulative water depth to reach surface ponding (cm); 

f = infiltration rate (cm/h); 

H = depth of water ponded on the surface (cm); 

Ks = saturated hydraulic conductivity (cm/h); 

L = distance from the ground surface to the wetting front (cm); 

LC = land cover; 

P = precipitation (cm/h); 

PDi = cumulative rain depth at time i (cm); 

𝑆𝑓 = effective suction at the wetting front (cm); 

SD = cumulative depth of surface water (cm); 

t = time (h); 

tm = total time for modeling (h); 

tp = time to ponding (h); 

tr = total time for rainfall (h); 

VOL = total volume of surface water (m3); 

z = thickness of the wetted zone of saturated soil (cm); 

ΔF = increment of cumulative amount of infiltration (cm); 

Δt = time interval (h); 
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∆θ = change in water content in time step i (decimal fraction); 

θfc = water content at field capacity (decimal fraction) 

θi = volumetric water content at time i (decimal fraction); 

θinitial = initial water content (decimal fraction); 

θs = water content at saturation (decimal fraction); 

θwp = water content at wilting point (decimal fraction); and 

ψf = matric pressure (effective suction) at the wetting front (cm). 
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CHAPTER 4 
 

A PYTHON - BASED GIS SIMULATION OF WATER CONTENT FOR 

INTEGRATED WATER BALANCE ASSESSMENT OVER A 

LANDSCAPE 

 
Mohammed G. Mohammed  

Kathleen M. Trauth 

 

Abstract 

 

 An integrated methodology for landscape-based water balance assessments has been 

developed. This methodology is built around the ongoing tracking of water content that impacts 

the rates of infiltration and evapotranspiration (ET), so important for land management decision 

making. These decisions can range from crop management to the selection of sites that might be 

suitable for the development of mitigation wetlands. The methodology is implemented through 

the Python script GAINS2 which utilizes both raster and vector data formats for the GIS-based 

calculations that are conducted with readily available public information, and is an advancement 

over existing models that require the input of a single moisture deficit for the entire simulation 

even though the moisture content will vary over time. The methodology is demonstrated through 

a one-year simulation, where the variation in infiltration, ET and excess water on the surface are 

consistent among the parameters and with the rainfall record and the seasons of the year. A 

further simulation modeling on the strategy of developing a mitigation wetland demonstrated that 
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it is possible to create conditions where surface saturation may exist for long enough periods of 

time to support the development of hydric soils and the water requirements for functional habitat. 

 

Keywords. Infiltration, Green-Ampt, Wetland restoration, GIS simulation, Python, Raster data, 

Vector data, Hydrologic modeling, Moisture content, Precipitation 

INTRODUCTION 

 

 Of all the essential water-based landscape functions, the role played by wetlands is of 

particular importance. These natural features serve as habitat for many species of plants and 

animals, and also provide esthetic and recreational benefits. Humans also benefit more directly 

from these complex systems as they are able to improve water quality (through sedimentation 

and the removal of other contaminants through microbial action and plant uptake) and mediate 

the impact of flood waters through temporary storage. 

 Evaporation, evapotranspiration (ET), and infiltration are important processes of the 

hydrological assessment for a landscape or depression surfaces such as lakes, reservoirs, ponds, 

or wetlands. Generally, 70% of the mean annual rainfall is returned to the atmosphere as 

evaporation and ET in the U.S. (Bedient et al., 2008). An understanding of these processes and 

their interrelationships is critical for decision making for land management, from planting and 

irrigation to the creation of mitigation wetlands. These processes are directly or indirectly 

influenced by the water content in the soil profile. Combining these processes with those of 

precipitation, drainage, and excess water on the surface through water content for simultaneous 

interactions would provide an accurate representation of the water balance on a site.  
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 This paper describes work undertaken as a part of an Environmental Protection Agency 

(EPA)- funded research project. The overall thrust of the project is to develop a water balance 

methodology in order to determine where wetland remediation tasks should be undertaken so 

that there is a greater likelihood of the sites developing into functioning wetlands. While 

wetlands are identified based on water, soil, and plants, it is the water that is foundational to their 

existence. This water balance effort is intended to track the occurrence of water over the 

landscape as impacted by precipitation, infiltration, direct evaporation from open water surfaces, 

and ET. This tracking can indicate locations where there is sufficient water available for a long 

enough duration to support wetland functions.  

 Although many approaches have been developed to simulate infiltration, the Green-Ampt 

(G-A) method is still considered as the most generally applicable, being based on the physical 

characteristics of the soil as well as the precipitation rate and distribution over time. The ability 

to model the infiltration process for the periods before and after the occurrence of surface 

saturation would allow for a closer approximation of the actual hydrologic process. Existing 

computer models such as HEC-HMS (Feldman 2000) and Arc Hydro (Maidment & Morehouse 

2002) incorporate the G-A infiltration concept, but require the input of a single moisture deficit 

(the difference between the saturated water content and the current water content) for use over 

the entire period of simulation, even though the deficit will actually vary over time. The ability to 

overcome this limitation would enhance the ability to make informed land management 

decisions, particularly at the small scales of farm fields or mitigation wetlands.  

 This paper focuses on the effort to enhance the current treatment of ET and infiltration by 

integrating their temporal variability as a function of soil water content to provide an accurate 

representation of landscape conditions over time to inform management decisions. In order to 
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address the limitation of the assumption of a constant soil moisture deficit found in other models, 

a Python script, GAINS2, has been developed to model the direct evaporation, 

evapotranspiration, excess water, drainage, and G-A infiltration over time on a cell-by-cell basis, 

as impacted by variable soil moisture content. A long-term simulation has been performed on a 

site in Linn County, Missouri to assess the soil water content effect on each hydrologic process. 

The feasibility of choosing a location for the establishment/reestablishment of a wetland that 

would function efficiently to provide environmental benefits through the maintenance of water 

on the surface for specified periods of time is thus demonstrated. 

BACKGROUND 

 Informed decision-making for land use practices must incorporate all of the hydrological 

processes that are active. The processes of infiltration, direct evaporation and transpiration are all 

understood and quantified from separate investigation, and yet they are interrelated in their 

behavior. The challenge lies in integrating them with other components (i.e., excess water, and 

drainage) for a comprehensive treatment of water on the landscape.   

Evaporation and Evapotranspiration 

 The direct evaporation of water from the soil surface is a physical process that is difficult 

to measure directly. Field measurements using a micro-lysimeter can provide the rate of 

evaporation by weighing soil samples over the course of one or two days (Boast and Robertson, 

1982). Because evaporation measurements cannot be taken directly because of the nature of the 

environment, especially for large areas (Jones, 1992), researchers must therefore turn to 

theoretical and/or empirical approaches (Eagleman, 1967; Schwartz and Zhang, 2003). Energy 

budget and mass transfer methods are physically based and require site specific information, but 

then make assumptions that temperature and wind speed are constant over the period of interest, 
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and thus revert to an average assessment of evaporation. The Penman equation (1948) utilizes 

energy budget and mass transfer concepts, but still requires multiple site-specific parameters and 

incorporates empirical constants. The pan evaporation method is an indirect method used to 

predict the evaporation of water exposed at the surface without disturbing the soil (Kohler, 1952; 

Roberts and Stall, 1967). Various pan coefficients are utilized to represent the difference in 

evaporation between a pan and an open water surface, as it varies in different climatic 

conditions, with the consensus being a value of 0.70. While simple, pan evaporation coefficients 

are widely available.  

 The transpiration process is considered an evaporation process from the vegetation 

surface (Roberts and Stall, 1967). It is difficult to separate evaporation from the plant surface and 

the evaporation from the soil surface. Therefore, it is easier to consider them as one combined 

process of evapotranspiration (ET) (Stephens, 1996). Climate factors such as air temperature, 

solar radiation, relative humidity, and wind velocity are the principal factors impacting 

evapotranspiration rates. In addition, conditions such as evapotranspiration surface, water 

temperature, surface roughness, vegetation type, rooting depth, and water availability also impact 

evapotranspiration rates (Hanson, 1991). The pan evaporation data mentioned above provides an 

average assessment of potential evapotranspiration as it varies over space (geographic location) 

and time (throughout the year), utilizing readily available soil (i.e., water content at field capacity 

and at the permanent wilting point) and plant (i.e., plant-water-use coefficients) information. 

 Most of the pan evaporation results have been compared and verified with measurements 

by soil lysimeters (Stephens, 1996). As Wang et al. (2006) have stated, it is important to quantify 

this aspect of the hydrologic cycle as a part of decision making regarding various land use 

practices. This may be particularly useful in agriculture, where ET is considered a major 
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consumptive use of irrigation water and precipitation (Gowda et al., 2007). Additionally, 

accurate estimation of ET rates is important in hydrologic models of watersheds. Soil moisture 

reserves are the difference between infiltration and ET. At the same time, infiltration, ET, 

drainage, and other hydrological variables are dependent on soil moisture distribution and 

quantities (Haan et al., 1982).  

 In the interests of brevity, the reader is directed to Mohammed and Trauth (2019) for a 

discussion of the equations used to represent evapotranspiration in terms of pan evaporation 

values. 

Infiltration 

 Infiltration is the process by which water moves from the surface of the soil into the pores 

of the soil (Mein and Larson, 1973). The infiltration rate may be influenced by many factors such 

as the soil surface and its vegetative cover, the characteristics of the soil itself (e.g., porosity and 

hydraulic conductivity) and the current soil moisture content. Cumulative infiltration (F) can be 

defined as the accumulated depth of water during a given period and is equal to the integral of 

the infiltration rate (f) over that time period (Chow et al., 1988). Many researchers have 

attempted to empirically fit power function curves or exponential equations to infiltration data to 

describe the decrease in the infiltration rate that is observed during and after a precipitation 

event. (Beutner, Gaebe, & Horton, 1940) Horton’s equation describes the decrease of the 

infiltration rate with time (while the infiltration rate decreases over time, time is not the 

parameter impacting the rate). Despite the fact that the empirical equations do a reasonable job of 

fitting observed data, the parameters of fit lack physical meaning (Stephens, 1996). For a 

homogenous soil with an excess rainfall, Philip (1969) developed an equation for predicting the 

infiltration rate with predictable parameters that have been obtained by fitting. An issue with 
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these equations is the difficulty in determining the required parameters (Whisler and Bouwer, 

1970). There are two particular difficulties associated with the use of either of these empirical 

equations. The first difficulty is that there is no direct relationship between the coefficients and 

the soil moisture content. The second difficulty is that the difference in infiltration rates under 

surface saturation conditions is ignored. The Green-Ampt (G-A) equation (1911) was developed 

to describe infiltration and was little used until 1976 when Morel-Seytoux (1976) showed that 

this equation has a rational basis, as an application of Darcy’s law. 

 Figure 1 is the graphical representation of water in the subsurface (Mein and Larson, 

1971; Mein and Larson, 1973). Three main moisture content levels are shown: the wilting point 

(i.e., water content retained at -1500 kPa pressure) (θwp), field capacity (i.e., water retained at  – 

33 kPa pressure) (θfc), and saturation (θs). Novák and Havrila (2006) defined the wilting point as 

the water content point below which a plant cannot obtain any soil water. They also defined the 

field capacity as the water content left in the soil profile after the draining of the gravitational 

water. The vertical depth (shown as z) represents the soil profile. As water infiltrates, it moves 

vertically into the soil and the soil water content increases over time until saturation when all the 

soil pores are filled. If precipitation continues beyond the point of surface saturation, water will 

begin to pond on the surface (shown as H). With a depth of ponded water on the surface, the 

wetting front moves vertically downward into the soil. The curved dashed line represents the 

actual wetting front. The wetting front is not exactly horizontal, but for simplification, it has been 

assumed to be horizontal or the soil above the wetting front may not be fully saturated. 

Green-Ampt Model 

The G-A concept utilizes equation (1) that represents Darcy’s law applied to infiltration: 
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𝑓 = −𝑘𝑆

ⅆℎ

ⅆ𝑧
 

(1) 

 

where 

f = infiltration rate in (cm h-1), 

ks = saturated hydraulic conductivity (cm h-1), 

dh = hydraulic head difference between the soil surface and wetting front (H+ Zf - ψf) (cm), 

H = depth of surface ponding (cm), 

Zf = depth of wetting front (cm) 

ψf = matric pressure (effective suction) at the wetting front (cm of water), 

dz = difference between the soil surface and the wetting front (cm), and  

dh/dz = hydraulic gradient (cm cm-1). 

 

 



80 
 

 

                 Fig. 1. Wetting front based on the Green-Ampt infiltration model. 
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Equation (2) represents the total amount of infiltrated water needed to reach the saturation water 

content: 

𝐹 = −𝑍𝑓(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙),  

𝑜𝑟  𝑍𝑓 = 𝐹/(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 

(2) 

 

where 

F = cumulative amount of infiltrated water (cm), 

Zf = depth of wetting front (cm),  

θs = saturated moisture content (cm3 cm-3), and 

θinitial = initial moisture content before infiltration (cm3 cm-3). 

 The maximum difference between the saturated moisture content, θs, and the initial 

moisture content, θinitial, is the pore space which is available for filling with infiltrated water. The 

infiltration rate f(t) in this model can be estimated based on both equations (3) and (4), 

respectively: 

𝑓(𝑡) = 𝑘𝑠 + 𝑘𝑠

|𝜓𝑓|(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝐹
, 𝑓𝑜𝑟 𝑡 >  𝑡𝑝 

(3) 

𝑓(𝑡) = 𝑝,                                                       𝑓𝑜𝑟 𝑡 ≤  𝑡𝑝 (4) 

 

where 

p = is the rainfall intensity in (cm h-1) and the time, t, at any step can be measured and estimated 

based on equation (5) as follows: 

𝑡 = tp + 
1

𝐾𝑠
 [F-Fp + |𝜓𝑓|(𝜃𝑠 −  𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ) ln (

 |𝜓𝑓|(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )+𝐹𝑝

|𝜓𝑓|(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )+𝐹
)] (5) 

  

where 

t = the current time (h), 

tp = time to ponding (h), and  
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Fp = the amount of water that infiltrates before water begins to pond at the surface (cm). 

The cumulative water depth to reach saturation status (Fp) and the time required to reach surface 

saturation (i.e., ponding) can be calculated based on equations (6) and (7), as developed by 

Rawls et al. (1982): 

Fp = 
𝐾𝑠|𝜓𝑓|(𝜃𝑠 − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )

𝑃−𝐾𝑠
,       𝑓𝑜𝑟 𝑡 =  𝑡𝑝 𝑎𝑛𝑑 𝑝 >  𝐾𝑠 

 (6) 

tp = Fp/p (7) 

 The soil descriptive parameters of hydraulic conductivity (Ks), capillary pressure at the 

wetting front (ψf), water content at saturation (θs), water content at the field capacity (θfc), and 

water content at the wilting point (θwp) that impact infiltration are available based on the soil 

texture (Rawls et al., 1982). In addition, the relationship between the matric potential and the 

hydraulic conductivity as a function of soil water content is necessary to incorporate the principle 

of soil water physics into hydrologic watershed modeling (Mein and Larson, 1973). Methods are 

needed for quantifying the temporal and areal variations of the soil parameters (Smith and 

Hebbert, 1979). Sets of average of parameters to describe the above relationship have been 

developed based on soil horizon or soil texture class, or both (Rawls et al., 1983). A wide 

applicability of using G-A infiltration model has been found among other models (Larson and 

Mein, 1971; Smith and Parlange, 1978). Under the G-A model, the progression of infiltration is 

described by two separate parts:  

 • Pre-ponding, when the infiltration rate is equal to rainfall rate and there is no surface 

runoff), and  

 • Post-ponding, when the rainfall rate exceeds the infiltration rate and there is a vertical 

downward movement of the wetting from and also surface runoff (except in the case of a surface 

depression). 
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Based upon the prior discussion, if t < tp or p < Ks, then the accumulated infiltrated water, F = 

p*t and the infiltration rate, f = p. In addition, if t > tp, then equation (5) is used to determine the 

value of F. 

 In summation, infiltration is the process of water moving into and through the soil matrix, 

resulting in an ever-changing water content in the process. Similarly, ET and drainage (active 

when the soil moisture content is greater than field capacity) are impacted by water content. 

What is needed is a methodology to link these processes on the landscape. 

METHODS 

 

 A methodology has been developed to integrate infiltration, ET, direct evaporation from 

water surfaces, and drainage on the landscape over time through the consideration of soil 

moisture content. As an approach that is based on fundamental physics and produces results that 

match empirical observations, the G-A concept is used in this effort to describe infiltration. 

Additionally, the representation of ET is through the pan evaporation process as a method that is 

widely utilized and able to produce acceptable results. Both of these concepts rely on readily 

available, site-specific public data. The methodology is implemented through a Python script, 

GAINS2, that has been created to automate the calculations for the spatial and temporal variation 

for evapotranspiration, direct evaporation, infiltration, drainage, and excess water on the surface 

for a study area over an extended period of time. The Python script can be used in ArcGIS to 

display all manner of parameters as they vary in space and time. 
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Spatial Calculations in a Geographic Information System 

 Calculations carried out within a geographic information system (GIS) allow for the 

representation of the variability of soil and vegetative surface that are found on the landscape. 

Repeated calculations can also represent parameter changes over time. These calculations can be 

carried out in a raster format (where all parameters on the landscape are characterized via a 

regular grid of square pixels, e.g., 1 meter by 1 meter) or in a vector format (as a point, line, or 

polygon). It is possible to consider a set of contiguous pixels that all have the same value as a 

vector. Replacing the need to perform calculations associated with many pixels by performing 

calculations on a smaller number of vector polygons allows calculations to be carried out more 

efficiently, and allows for more widespread evaluations that encompass longer periods of time. 

Vector results can be converted to raster files for the subsequent creation of ArcMaps. 

Data for assessing ET and infiltration are available in different formats and at different 

resolutions. Soil texture is available in terms of a polygon. Within the raster format, data may be 

available at different resolutions, from 1-meter to 10-meter to 30-meter. While land use/land 

cover information is available in a digital format, data informing the ET process (i.e., various 

crop coefficients) are provided based on a crop and therefore need to be “associated’ with a 

particular land cover and location within a GIS. No matter the different format or resolution, all 

data must be processed using a consistent format and resolution. This is accomplished using a 

“mask,” a grid that forms the basis for inputting all of the data. For our purposes here, the land 

cover raster layer from 2014 for Pershing State Park, in Linn County, Missouri with a resolution 

of 30 meters, was downloaded. This 30-meter raster was resampled to obtain a 1-meter 

resolution raster layer that provided the 1-meter grid for the inputting of the soil texture and land 

cover data. A 1-meter by 1-meter resolution size was selected in order to make it easier to 
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identify locations with a unique combination of land cover and soil texture, while minimizing the 

errors associated with the position of the corresponding boundaries.   

Model Flowcharts 

 This methodology integrates the treatment of direct evaporation from an open water 

surface, evapotranspiration from vegetative surfaces, infiltration into the soil profile, drainage for 

deep percolation, and any excess water on the surface. The integration is accomplished in a 

comprehensive script, linking all of the components through moisture content that is able to vary 

over time and considering different conditions on the landscape. The model development is part 

of the ongoing effort of integrating these processes, as begun with the individual, focused 

treatment of evapotranspiration and then infiltration. This combined process of linking multiple 

processes though water content required the development of the entirely new GAINS2 Python 

script based on a new algorithm and new flowcharts that are depicted in Figures 2a through 2c, 

where infiltration and ET rates are calculated simultaneously using an instantaneous water 

content value which is recalculated for every time step (i.e., one hour). 
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Fig. 2a. Calculating infiltration rates. 
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Fig. 2b. Calculating evaporation, evapotranspiration, water content, and drainage. 
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Fig. 2c. Calculating excess surface water depth, water volume, and water surface elevation. 
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 Figure 2a shows the quantification of the infiltration process for a given location and for 

a given period of time. As a part of an overall mass balance, precipitation and plant-water-use 

coefficients are necessary elements which are incorporated using text files. The inputs to a 

specific calculation are total time of landscape modeling (i.e., a landscape clock, tm (h)), 

saturated hydraulic conductivity, initial water content, saturated water content, capillary pressure 

at the wetting front, rooting depth, water content at field capacity, water content at the wilting 

point, the surface area under investigation, the rate of evaporation based on location and month 

of the year, and an average drainage rate. A separate storm clock, ts (h), tracks the occurrence of 

individual precipitation events. The cumulative depth of infiltration necessary for ponding and 

the time to reach ponding are calculated for each time step, which are then used to calculate the 

instantaneous infiltration rates utilizing a power equation that closely approximates the shape of 

the curve in the G-A methodology (Mohammed and Trauth, 2020). The cumulative infiltrated 

water depth (FD) is collected and saved for each time step. The raster and vector values for 

infiltration rate are calculated and saved in both the vector and raster formats. 

 Figure 2b shows the processes necessary to compute direct evaporation, 

evapotranspiration, water content, and drainage. Direct evaporation and evapotranspiration are 

not accounted for in this model during rainfall events because potential evapotranspiration is 

assumed to be zero. When there is no precipitation, these two components are calculated at each 

step simultaneously within the model based on the current water content, which itself is 

influenced by infiltration, ET, and drainage. While the water content at any given time, θi, is 

calculated, it is not allowed to go below the wilting point in the model. At the same time, when 

the water content might be expected to increase beyond the field capacity, the gravitational 

drainage process will become active. The rate at which drainage occurs is difficult to quantify, 
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but is estimated to occur over the period of approximately two days until it reaches field 

capacity, at which time the drainage ceases (Hillel, 1998). The equivalent water depth above 

field capacity (that will drain out gradually) is computed by subtracting the current water content 

at this time step from the water content at field capacity times the rooting depth. Assuming a 

drainage rate allows for the ongoing calculation of moisture content, particularly between the 

field capacity and the saturated water content. Assouline & Or (2014) suggested assuming that 

the water flux from an initially saturated soil is the hydraulic conductivity Ks.   

  Figure 2c represents the calculation of the excess water that exists on the surface as a 

result of the rainfall minus the losses due to infiltration (neither direct evaporation from a free 

surface nor ET are considered to take place during a rain event). The cumulative depth of excess 

water on the surface is stored for each time step. At the same time, the volume of the excess 

water and the elevation of the water surface are calculated and stored to record the changes over 

time to understand the temporal variation values for the other parameters. Excess water on the 

surface could be used in a subsequent water balance calculation on a landscape where the 

overland flow of water from one cell to another becomes important. For this model, any potential 

overland flow has been ignored as the land surface is approximately horizontal, representing the 

bottom of a surface depression. All parameter values are saved at every time step for subsequent 

calculations and for plotting the results. 

Study Site 

 A location within Pershing State Park, in north central Missouri, has been selected for the 

study site (Figure 3). This region is the focus of a number of studies related to water balance 

calculations because of its being a traditional wetland location and the importance of a water 

balance for wetland mitigation activities. The land cover for the overall site (USGS, 2014) 



91 
 

indicates three zones: deciduous forest, woody wetlands (referenced as “miscellaneous 

vegetation”) and locations of sparse vegetation referenced as “bare earth.” The soil texture has 

been identified as Kalona silty clay loam (USDA, 1974-1980). For this exercise, simulating the 

water balance in a small existing wetland or a location being considered for a mitigation wetland, 

the single land cover of woody wetlands/miscellaneous vegetation is used. The study site is 

approximately 1 ha out of the total of 133.6 ha for the entire Park in Linn County, Missouri. 
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Fig. 3. Digitized watershed boundary for the 1-ha site within Pershing State Park with surrounding contour lines (MSDIS, 2008). 
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Data Inputs 

    As indicated earlier, the land cover in raster format has been downloaded from the U.S. 

Geological Survey website (USGS, 2014). This layer is employed to produce the raster values 

for other important processes. Subsequent preparatory steps are given below.  

1. Indicate the location for the simulation (i.e., Pershing State Park in Linn County, MO). The 

delineation of the site was conducted using Google Earth Pro. The polygon shape file in the of 

KML data format from Google Earth for the study area was obtained by digitizing the boundary 

of the site and saving it in the KML format (polygon layer data) that was then imported to 

ArcGIS using the Conversion Tools/From KML to Layer under the ArcGIS window.  

2. Determine the soil texture based on Soil Conservation Service Maps (USDA, 1974-1980). The 

soil texture in this case study is 14C2, classified as Kalona silty clay loam, which also establishes 

the values for matric potential and the moisture contents for saturation, field capacity, and 

wilting point.  

3. Download the precipitation record (e.g., 1 August 2008 – 31 July 2009) from the closest 

station to the site (Farnsworth et al., 1982). 

Direct Evaporation and Evapotranspiration 

 The evaporation from the open water surfaces and the evapotranspiration rates for the 

existing vegetation in a wetland have been calculated based on equations that compute the 

volume of water lost by direct evaporation based on surface area of the location of interest and 

the potential evapotranspiration using Class A pan evaporation developed by Jensen et al. 

(1970). As it is based on climate, potential evapotranspiration for the day (PET) varies from 

location to location and throughout the year. Jensen et al. (1970) present one example of a study 

developing PET values from Class A pan evaporation, proposing that ET could be estimated 
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using the potential evapotranspiration ratio from observed climate data and a crop coefficient 

(Kc) as developed by Stephens (1996).   

RESULTS AND DISCUSSION 

 

 Two cases for the simulation of water on the landscape have been implemented, based on 

the potential impact of drainage rates. Consistent with Assouline & Or (2014), Case 1 utilizes a 

drainage rate equivalent to the saturated hydraulic conductivity of the native soil (i.e., 0.1 cm h-

1). For purposes of interest of water on the landscape surface, it represents the most conservative 

case (i.e., maximum drainage away from the surface). Case 2 utilizes a drainage rate that is one 

tenth of the saturated hydraulic conductivity of the native soil (i.e., 0.01 cm h-1). Case 2 

represents the potential impact of soil compaction and/or the introduction of a soil layer with a 

lower hydraulic conductivity in an effort to retain more water on the site. Case 1 is discussed in 

its entirety first. 

Case 1: Drainage Rate Equal to Saturated Hydraulic Conductivity 

Water Content 

 Figure 4 shows the temporal variation of the volumetric water content over one year, 

along with the precipitation record (1 August 2008 – 31 July 2009). Two horizontal levels are 

shown in this figure to represent the field capacity (i.e., θfc = 0.34) and the saturated water 

content (i.e., θs = 0.432). The simulation begins with a somewhat arbitrary initial moisture 

content of 0.27 during late summer. As in many modeling exercises, the initial boundary 

conditions are not determinative of the final results as long as the simulation is run for a long 

enough period of time. During the end of summer and into early fall, the lack of precipitation 

allows the water content to drop to the wilting point, and then subsequent rain events cause the 
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water content to increase and fluctuate with precipitation and other processes. It is during the 

fall, with the decrease in temperature and an increase in precipitation, that increased water 

content occurs, with short spikes in water content between field capacity and saturation being 

observed. During the winter and into the spring, precipitation is more regular in its occurrence 

and while the water content fluctuates slightly, it hovers near field capacity. Plant uptake is 

considered to be minimal during the dormant season (November through March), so references 

set PET to zero and ET is calculated as zero. Whether or not precipitation is sufficient to reach 

surface saturation, ET will occur once the precipitation stops and the water content will decrease 

until reaching field capacity. Lesser intensity events will have little impact on water content. 

There is a dramatic drop in moisture content in April, demonstrating the impact of limited 

precipitation, plant growth requirements and the re-initiation of ET processes. Continuing 

through the spring and into early summer, the water content fluctuates more dramatically, 

consistent with higher temperatures and requirements for plant uptake and evaporation, with a 

few occurrences of saturated conditions that could produce excess water on the surface. Near the 

end of June, and with little precipitation, the moisture content decreases to the wilting point. 

From the overall curve pattern, it is clear that outside of summer conditions, the water content 

fluctuates close to field capacity, but the duration may not be sufficient to maintain excess water 

on the surface for a long enough period of time to support wetland functioning, as in providing 

amphibian habitat.    
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Fig. 4. Volumetric water content over a one-year simulation - Case 1. 
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Infiltration 

 Figure 5a shows the infiltration rate (cm h-1) which is calculated using the G-A 

infiltration model, again with the precipitation record (1 August 2008 – 31 July 2009). As 

expected, the infiltration rate fluctuates over time according to the water content level, displaying 

spikes with periods of intense or continuous infiltration following spikes in precipitation. A 

cursory examination simply suggests a pattern of spikes. Figure 5b is a detail of Figure 5a from 

hour 6132 until hour 7592. A close examination reveals periods with significant precipitation 

resulting in the characteristic shape of the G-A infiltration curve—continuous for a period of 

time until surface saturation is reached and then decreasing (e.g., hours 6401 through 6409, hours 

6844 through 6854 and hours 7321 through 7336). 
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(a) 

 

(b) 

Fig. 5. Precipitation and infiltration rates (a) over a one-year simulation and (b) details for the period (6132 h-7592 h) - Case 1. 
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Excess Water 

 Figure 6 shows the graph for the excess rainfall accumulated over the entire duration of 

the simulation. There are very few times and for very short durations when there is excess water 

on the surface—following very intense precipitation and/or events continued for a sufficient 

duration to exceed the infiltration capacity. These periods of excess water on the surface 

occurred with water content levels at saturation, as shown in Figure 4. The precipitation events 

starting at hour 391 (in August), 6407 (in April) and at hour 7327 (in May) were intense enough 

to result in excess water on the surface for very short periods of time. Other times of saturation 

(when the water content reaches the horizontal line of saturation in Figure 4) did not result in 

excess water on the surface (e.g., during the month of June at hour 7475) because the 

precipitation was of short duration. 
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Fig. 6. Excess water depth over a one-year simulation - Case 1.  
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GIS Map 

 The temporal variation in the hydrological component of moisture content within the 

Pershing State Park site in Linn County is displayed in Figure 7, as produced in ArcMap. Yellow 

shades are dryer (closer to the wilting point) than the orange shades that are wetter (at field 

capacity and up to saturation). It is apparent that the moisture content in the spring may be too 

low to support the wetland function of providing amphibian habitat resulting from saturated 

conditions and excess water on the surface.  
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Fig. 7. Volumetric water content at different points in time over a one-year simulation - Case 1. 
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Case 2: Drainage Rate Equal to One-Tenth Saturated Hydraulic Conductivity 

 The results reported above might suggest that efforts would need to be undertaken to 

allow a particular site to retain more water for longer periods of time to support wetland 

functioning. Such efforts could include the compaction of the native soil and/or the emplacement 

of soil with a lower hydraulic conductivity. The results of just such an approach as demonstrated 

with a simulation where the drainage is set at a rate that is one-tenth of the saturated hydraulic 

conductivity of the native soil. This exercise is performed to determine whether such a strategy 

could produce positive results. The actual drainage rate would depend on the specific 

engineering of the soil. 

Water Content 

 Figure 8 shows the water content for Case 2 where the drainage rate is set to one-tenth of 

the saturated hydraulic conductivity of the native soil (i.e., 0.01 cm h-1). The early portion of the 

graph is similar to Figure 4 in depicting dry conditions at the end of September and in to 

October. The winter and early spring portions of the graph are likewise similar to Figure 4 in 

fluctuating between essentially field capacity and saturation. However, the reduced infiltration 

rate of this case results in longer periods of surface saturation. During the fall and winter, there 

are periods where saturation is maintained for multiple days, including more than 8 continuous 

days in November. Saturated conditions can be of importance for the development of the hydric 

soils necessary to support wetlands plants, even if they do not occur during the growing season. 

In the spring and early summer, there are again periods when saturated conditions are maintained 

for multiple, including for 5½ continuous days in June. Saturated conditions, particularly in the 

spring, indicate the potential for excess water on the surface when amphibians require open 

water for breeding purposes. After June, moisture content then drops sharply towards the end of 



104 
 

June and into July, as also seen in Figure 4. This phenomenon would be consistent with the 

drying and shrinking of wetlands that can be observed during the summer months.   
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Fig. 8. Volumetric water content over a one-year simulation - Case 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 
 

Infiltration 

 The impact of a lower drainage rate, limiting the rate at which water drains once the soil 

moisture content has reached field capacity, is evident in Figure 9. In contrast to Figure 5, there 

are more periods of time during which there is ongoing infiltration (as evidenced by the 

characteristic recession curve of the G-A process). As seen in Figure 9, for Case 2 with Ks = 0.01 

(cm h-1), there are many periods of the year where it can be seen that the infiltration rates are 

similar in shape to the characteristic shape calculated using the G-A concept—a high value for 

the infiltration rate, followed by the recession portion of the infiltration curve. The duration of 

the recession parts of the curves are long enough so that they are visible even without the 

magnification required in Figure 5b. Although Case 2 was run with the same precipitation record 

as Case 1, the rainfall intensities during these times are greater than the infiltration rates, which 

leads to accumulation on the ground surface. 

Excess Water 

 The occurrence of excess water on the surface for Case 2 is shown in Figure 10. 

Consistent with the ongoing infiltration depicted in Figure 9, there are longer periods of excess 

water on the surface than seen in Figure 6. This makes sense in that infiltration will continue 

only as long as there is either precipitation or excess water on the surface. The periods of excess 

water that are seen in April and May can be important for wetland habitat functioning, 

particularly amphibian reproduction.    
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        Fig. 9. Precipitation and infiltration rates over a one-year simulation - Case 2. 

 

 

                  Fig. 10. Excess water depth over a one-year simulation - Case 2. 
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GIS Map 

 Figure 11 presents the GIS maps for the selected area for Case 2 of the simulations. The 

water content generally shows higher moisture for Case 2 than Case 1 (in Figure 4) because the 

soil profile keeps water content higher for longer periods of time due to the use of a lower 

drainage rate. The maps show that the selected times witness high water content (more than the 

field capacity level of 0.34 and close to the saturation level of 0.432). Keeping the soil saturated 

and producing excess water on the ground surface will be a vital component to maintaining the 

functionality of wetlands. This indicates that the site, with appropriate modification, could be a 

good site as amphibian habitat.  
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Fig. 11. Volumetric water content at different points in time over a one-year simulation - Case 2. 
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CONCLUSIONS 

 

 A Python script was developed to perform water balance calculations over a landscape. A 

number of conclusions can be drawn from the results of two separate simulations.   

1. The Python script is able to incorporate the site-specific characteristics of land cover, soil 

texture and precipitation into a model that simulates the landscape hydrologic processes of 

infiltration and ET. The graphs of the various hydrologic parameters display variations in 

the parameters that are internally consistent and that represent how the parameters would 

be expected to vary with time.  

2. This script tracks moisture content over time so that the assessments of infiltration and ET 

are realistic in being impacted by the moisture content at a given time. Incorporating 

variable moisture is an improvement over some existing models (such as HEC-HMS and 

Arc Hydro) that implement the G-A concept for infiltration in a more simplistic fashion. 

These existing methodologies require the input of a moisture deficit (the difference 

between moisture content at saturation and the initial moisture content) and use that value 

over the entirety of the calculations even though the deficit will, in fact, change over time.  

3. The script uses publicly available data in order to perform calculations to inform decision 

making. The calculations utilize both GIS and non-GIS data and are implemented through 

a combination of raster and vector formats for calculational efficiency. 

4. The script can be used to assess current conditions, as well as the potential of a location to 

support wetland functions with site modifications. In this case, the simulation of soil 

compaction and/or the introduction of soils with lower hydraulic conductivities 

(implemented through the use of a lower value for the drainage rate) shows that it may be 
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possible to shift hydraulic function sufficiently so that a site is able to produce saturated 

conditions for a long enough period of time to support wetlands functions. 

The current methodology and implementing script have been specifically developed for the case 

of analyzing the landscape at a small scale with limited inputs (e.g., a constructed wetland within 

a confining berm that prevents water from flowing to the wetland from the surrounding area). 

Additional utility could come from being able to analyze a larger area with the ability to 

incorporate run-on to a cell and runoff from a cell as water moves from upper to lower portions 

of a watershed. Now that the processes of infiltration and ET have been linked though water 

content, it is now possible to incorporate these processes into a surface flow model.   
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NOMENCLATURE 

 

The following symbols are used in this paper: 

Accu.rain = cumulative rainfall depth (cm); 

Accu.rain(i) = cumulative rainfall depth at time i (cm); 

Accu.rain (i-1) = cumulative rainfall depth at previous time step (i-1) (cm); 

AW = available water content (cm); 

AWmax = maximum AW (cm); 

D = depth of root zone (cm); 

dh = hydraulic head difference between the soil surface and wetting front (H+ Zf - ψf) (cm); 

dh/dz = hydraulic gradient (cm cm^-1); 

DR = cumulative drainage depth (cm); 

dr = drainage rate from rooting zone (cm h^-1); 

DRi = cumulative drainage water depth at time i (cm); 

DR(i-1) = cumulative drainage water depth at previous time step (i-1) (cm); 

DW = cumulative difference between cumulative infiltration FD and cumulative 

evapotranspiration ETD (cm); 

DWi = instantaneous difference between cumulative infiltration FDi and cumulative 

evapotranspiration ETDi at time i (cm); 

dz = difference between the soil surface and the wetting front (cm); 

Eevap = evaporation rate (cm h^-1); 

ELEV(i) = elevation of surface water at time i (cm); 

ELEV(i-1) = elevation of surface water at time (i-1) (cm); 

ET = evapotranspiration rate (cm h^-1); 

ETD = cumulative evapotranspiration depth (cm); 

ETD(i-1) = cumulative evapotranspiration at previous time step (i-1) (cm); 

ETDi = cumulative evapotranspiration depth at time i (cm); 

EV = direct evaporation rate (cm h^-1); 

EVi = average direct evaporation from open water surface at time i (cm); 

EXC(i-1) = excess rain depth at previous time step (i-1) (cm); 

EXCi = excess rain depth at time i (cm); 

F = cumulative amount of infiltrated water (cm); 

FDi = cumulative water depth of infiltration at time i (cm); 

FD(i-1) = cumulative water depth of infiltration at previous time step (i-1) (cm); 

f = infiltration rate (cm^h-1); 

fi = infiltration rate at time i (cm h^-1); 

Fp = cumulative water depth of infiltration at the time of ponding tp (cm); 

H = depth of surface ponding (cm); 

Kc = crop coefficient; 

Kco = plant-water-use coefficient; 

Ks = saturated hydraulic conductivity (cm h^-1); 

 p = is the rainfall intensity (cm^ h-1); 

PET = potential evapotranspiration;  

Pi = precipitation at time i (cm h^-1); 

SA = wetland surface area (m^2); 
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SD = cumulative depth of surface water (cm); 

t = current time (h); 

tl = landscape time (h); 

tm = total time for landscape modeling (h); 

tp = time to ponding (h); 

ts = storm time (h); 

VOL = total volume of surface water (m^3); 

Zf = depth of wetting front (cm); 

∆DWi = change in DW between time i and the previous time step (i-1) (cm); 

∆t = time interval (h); 

∆tl = landscape time interval (h); 

∆ts = storm time interval (h); 

∆θi = change in water content (decimal fraction); 

θfc = water soil content at field capacity (decimal fraction); 

θi = water content at time i (decimal fraction); 

θinitial = initial water content (decimal fraction); 

θs = water soil content at saturation (decimal fraction); 

θwp = water content at wilting point (decimal fraction); 

ψf = matric pressure (effective suction) at the wetting front (cm); 

  



117 
 

CHAPTER 5 
 

CONCLUSIONS, RECOMMENDATIONS, AND FUTURE ACTIVTIES 
 

 The following conclusions have been developed during conducting this study about 

wetlands mitigations and restoration efforts. The conclusions have been obtained from the three 

chapters/papers of research. 

Evapotranspiration (Chapter 2) 

1. A methodology has been developed to represent the spatial and temporal variations in 

evapotranspiration and direct evaporation from open water surfaces such as wetlands. It can 

be applied for multiple land covers and soil textures. 

2. The methodology utilizes publicly available data from both research and governmental 

sources covering metrological reports, and soil and crop characteristics.  

3. The results can be visualized in GIS formats and maps, as well as text file that can be used 

for subsequent calculations such as related to infiltration in a water balance. 

Infiltration (Chapter 3) 

1. The study developed a methodology to represent the G-A model to calculate infiltration 

over space and time. The methodology uses the text file from the ET Python-based 

module and available publicly inputs to simulate infiltration for multiple land covers and 

multiple soil types. 

2. The concept of a landscape clock has been established in order to allow the module to 

incorporate precipitation, direct evaporation, and evapotranspiration over the same time 

increment. 



118 
 

3. Development of the methodology was undertaken by first developing an Excel 

spreadsheet to accurately represent the physical processes for individual cells, and then 

implementing the calculations via a Python script (GAINS) as applicable to an entire 

landscape. 

4. The results from running the script can be represented in either a tabular or a GIS raster 

format.  

5. The methodology can be used for long periods of time, representing wet and dry periods 

to assess the occurrence of surface water at wetlands (i.e., the surface saturation necessary 

for the development of hydric soils). 

6. Confidence in the ability of GAINS to accurately represent the G-A methodology was 

gained by examining the calculation results. GAINS was consistent with the G-A 

methodology in calculating: 

  a. infiltration of all precipitation until surface saturation is reached, 

 

  b. continued infiltration with a decreasing rate once surface saturation is reached, 

  c. continued infiltration as long as there is excess water on the surface, and 

d. a cumulative depth of infiltration that reaches a constant value once 

instantaneous infiltration ceases. 

7.  GAINS is able to accurately represent soil moisture processes in calculating: 

  a. soil moisture contents that vary after drainage, representing the impact of  

  different land covers, and 

  b. continued increases in the cumulative depth of ET until the soil moisture  

  content reaches the wilting point. 
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8. The ability of GAINS to accurately represent the G-A methodology on a landscape is an         

 essential step forward in the effort to provide a single tool to for water balance 

calculations to support decision-making regarding potential wetland mitigation sites. 

Water Content (Chapter 4) 

 A Python script, GAINS2, was developed to track the soil water content as impacting 

both ET and infiltration in the water balance at a small scale, as potentially representing a 

mitigation wetland. The following conclusions can be drawn: 

1. Variable moisture content in the soil is modeled by the Python script which 

simultaneously impacts the rates of ET and infiltration, as they vary over time. The 

variation of the simulated moisture content over each time step is an improvement for this 

model over some existing models (such as HEC-HMS and Arc Hydro) that implement 

the G-A concept for infiltration in a more simplistic fashion. These existing 

methodologies require the input of a moisture deficit (the difference between moisture 

content at saturation and the initial moisture content) and use that value over the entirety 

of the calculations even though the deficit will, in fact, change over time.  

2.  The methodology utilizes publicly available data in both GIS and non-GIS formats and is 

implemented through a combination of raster and vector formats for calculational 

efficiency. 

3. The characteristics of the land cover and the soil texture, along with the precipitation to 

simulate the infiltration and ET over a landscape were able to be incorporated within the 

Python script. The variations in the hydrological parameters over space and time showed 

consistency with each other and in what would be expected from the governing 

equations.  
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4. The script, GAINS2, is able to assess the current conditions as well as the potential 

impact of site modifications intended to promote the maintenance of water on the site for 

habitat and the development of hydric soils. This evaluation was accomplished with the 

running of two separate scenarios. The first simulation represents the current conditions 

with the soil drainage rate assumed to be equal to the hydraulic conductivity at saturation. 

The second scenario represents potential site modifications (soil compaction and/or the 

introduction of soils with lower hydraulic conductivities) and assumes a soil drainage 

value of one tenth of the hydraulic conductivity of the native soil. The simulations show 

that it may be possible to shift hydraulic function sufficiently so that a site is able to 

produce saturated conditions for a long enough period of time to support wetlands 

functions. 

Future Activities  

 GAINS2 has the ability to analyze the water balance for small, isolated, and little slope 

depressions such as wetlands and produce GIS maps and other formats of results as text files. It 

has the capability to run the simulation for a long time, a year or more, if the data of estimated 

precipitation and soil characteristics are available. The script can use publicly available data and 

give reasonable calculations of water balance parameters and excess water on a regular basis. 

GAINS2 is a handy tool for the decision-making regarding mitigation efforts. The next step is to 

take the incorporation of surface runoff in the consideration of the water balance, especially for 

the depressions with more slope which will activate the gravity force and produce run in and run 

out at each cell. This step will be a considerable progress in GAINS2 to be used at horizontal and 

non-horizontal landscapes. Another step will also expand the capability of the model by 



121 
 

incorporating groundwater that may be close to the soil surface at some time in the year. These 

activities will be undertaken to improve the accuracy and extend the functionality of the model. 
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