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ABSTRACT 

Wetlands provide many benefits for humans and the natural environment, but land 

use changes have reduced their number and areal extent. Interest has grown in examining 

surface water distribution both spatially and temporally, which help to determine those 

locations for which there is the greatest priority for wetland preservation or mitigation. 

This research first proposes a methodology to support that examination through the 

application of open channel hydraulics principles to flow over a landscape. The 

methodology, implemented through a Python script, automatically extracts landscape 

characteristics from a DEM and calculates hydraulic parameters. The parameters are used 

to determine water surface profiles using the Modified Euler’s method. Multiple tests 

show that the script accurately produces profiles of flow between wetlands over a 

landscape. Such determinations are the first step in understanding where water will exist 

on the surface and where there may be infiltration to support wetland functions.   

 Furthermore, a water balance methodology (where water will exist, how much 

will be there and for what period of time) is developed and demonstrated that focuses on 

small depressions, as locations where conservation efforts to create or regenerate 

wetlands may be achievable. Integral to this analysis is a detailed treatment of 

depressions in the landscape. Utilizing a digital elevation model, the methodology 

incorporates a cell-by-cell analysis to appropriately capture small-scale processes. Instead 

of treating these vital depressions as errors or being insignificant to the water balance 

calculations, they are retained. Flow direction is dynamically determined by the land 

surface and water characteristics. With potentially shallow flow in depressions, the use of 

Manning’s equation incorporates stratified flow where differing values of Manning’s n 
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describe flow through and above vegetation. This real-time overland runoff model based 

on a short time step is implemented through a Python code using ArcGIS. Exercises on 

an artificial DEM with simulated precipitation demonstrate the ability of the model to 

accurately represent hydraulics principles. Simulations of two field sites over a period of 

a year, and incorporating precipitation, infiltration and evapotranspiration, demonstrate 

the ability to track water surface locations and extents with an accuracy necessary for 

decision making. 

Additionally, this research optimizes the Green Ampt infiltration model which allows 

for the calculation of infiltration rates with unsteady rainfall and then couples this 

Modified Green Ampt (MGA) model with a previously developed Dynamic Flow 

Direction (DFD) model to simulate overland flow. To test the accuracy of the 

improvements, results show shorter times to ponding, smaller total infiltration at the time 

of ponding and larger total infiltration with this Modified Green Ampt (MGA) model as 

compared with the results with a Traditional Green Ampt (TGA) model. Additionally, 

coupled with the DFD model, the MGA model takes surface water movement into 

consideration. The total water volume on the landscape with MGA is less than predicted 

by the TGA. Additionally, the inundation area is deeper than 0.05 m with MGA and is 

also smaller than the result with the TGA.  
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 INTRODUCTION 

Wetlands are unique and essential ecosystems which detain quite a large amount of 

water in the environment. They are commonly considered as the most biologically 

diverse of all ecosystems by supporting different aquatic plants and animals. In addition, 

the dynamic relationship among these creatures is also very complex, which makes 

wetlands one of the most productive ecosystems on Earth. 

Multiple beneficial services have been recognized as being produced by wetlands, 

both for the environment and human society. First, wetlands act like natural storage 

reservoirs and help provide flood management. Due to their landscape characteristics, 

wetlands on the land surface can store a considerable amount of overland flow during 

floods, which decreases the peak discharge, retains overland runoff, mitigates flooding 

and increases the recharge to groundwater. Wetlands work efficiently in controlling 

floods (Mitsch and Gossilink, 2000; Pezeshki, 2001). Like sponges, they can soak up a 

considerable amount of stormwater runoff, holding it and releasing it slowly so that it can 

be conveyed in existing channels. Second, wetlands provide habitat for different species 

of plants and animals. A vast range of plant and animals live in wetlands, including birds, 

fish, reptiles and amphibians (Snodgrass et al., 2000; Willson et al., 2006). Third, 

wetlands also have ability to maintain and improve water quality by removing the 

sediment and nutrients in surface runoff. Studies show that wetlands can significantly 

decrease nitrates (Fennessy and Cronk, 1997; Lin et al., 2002; Anderson and Mitsch, 

2005), phosphorus (Braskerud, 2002) and heavy metals (Kalbitz and Wennrich, 1998; 

Cheng et al., 2002) in water. 
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However, human activities, such as construction, pollutant discharges, deforestation 

and farming, have significant effects on the quality of water resources and land cover, 

which furthermore impacts wetlands. For example, wetlands have been drained to 

provide additional acreage for agriculture and to provide land for the development and 

growth of communities. Land use changes have reduced the number and areal extent of 

wetlands. Interest has grown in examining the landscape to determine those locations for 

which there is the greatest priority for wetland preservation or mitigation. The importance 

of wetlands and their preservation has been embodied in the concept of “no net loss of 

wetlands”. Once avoidance and minimization strategies have been taken, mitigation 

activities may be implemented in an effort to replace the habit impacted or lost by human 

actions—either adjacent to the original wetland or in a wetland bank. An alternative to 

the concentration of compensatory sites in mitigation banks may be the creation of small, 

isolated wetlands that would normally exist throughout the landscape and that are so vital 

to the functioning of these locations as habitats. 

Integral to the existence of wetlands is the existence of sufficient water for sufficient 

periods of time throughout the year. Sufficient water is necessary to provide the surface 

saturation and exclusion of free oxygen necessary for the formation and maintenance of 

hydric soils. Animals, such as amphibians, need surface water for egg laying and 

gestation, and for specific periods of the life cycle. Understanding the water balance in 

specific locations in the landscape is essential in identifying those locations where there 

may be sufficient water to establish the conditions necessary for functioning wetlands. 

In addition to precipitation, a water balance is also based on infiltration and 

evapotranspiration, that are both heavily impacted by the characteristics of flow over the 
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landscape. Therefore, understanding the landscape in terms of how water may flow into 

and out of a depression (and ultimately, where water will exist, how much will be there 

and for what period of time) is essential for evaluating a candidate compensatory wetland 

site. Such knowledge, and the ability to compare the analysis over multiple locations 

would support informed decision making. 

1.1 Hydrological Processes in Wetlands 

Hydrological process in wetlands are associated with the spatial and temporal 

distribution of water. The main inflows/inputs of water for/to wetlands are precipitation, 

surface water runoff from contributing area and inflow from shallow groundwater. The 

outputs from wetlands consist of outflow to downstream locations, evapotranspiration, 

infiltration (and potentially recharge to groundwater). These inflow and outflow 

components control the water balance in wetlands. 

Some wetlands are connected to other water bodies, for example lakes, seas, and 

channels. Some wetlands are isolated, either permanently or seasonally. However, both 

types of wetlands share similar unique hydric soil characteristics which are associated 

with wetness. This wetness causes a transformation of the soil because of the absence of 

free oxygen, which in turn supports plants that thrive in this specific anaerobic 

environment. However, this wetness does not need to occur continuously, and may only 

be required for a short period of time, as during the growing season for the vegetation of 

interest. 

For some time, researchers have been interested in the connectivity between wetlands 

and how wetlands connect to downstream locations (Amezaga, Santamaría and Green, 
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2002; Roe, Brinton and Georges, 2009; Kumar et al., 2012; Lang et al., 2012). First, 

these questions can help to understand the water movement among wetlands. Second, 

they can also provide guidance for potential mitigation and enhancement activities. 

Meanwhile, there are many geographically isolated wetlands which can connect with 

other water bodies during wet seasons. Those wetlands in floodplains or other flat areas 

may be separated from each other, especially during dry seasons. However, during 

storms, wetlands receive water from their own contributing areas. After wetlands fill up, 

surface water may start to flow to neighboring wetlands at lower elevations or to 

downstream streams and rivers. Quantification of the processes governing hydrologic 

connectivity between wetlands is thus important for the scientific and decision-making 

communities (Golden et al., 2014). Additionally, it is necessary to trace the gradual 

variation of the flow depth when implementing engineering practices or creating 

inundation maps. Normally, the slope between two wetlands is considered as mild and 

the flow depth can easily be impacted by backwater or drawdown effects based on the 

downstream condition. In this circumstance, an accurate water surface profile can provide 

helpful guidance for wetland decision-making. 

1.2 Topography in Wetlands 

Topography plays a fundamental role in the process of simulating overland flow and 

can have a significant impact on the results. Understanding the characteristics of the land 

surface can help hydrologic model builders better simulate how runoff flows over the 

land surface. Normally, wetlands in a digital elevation model (DEM) are represented as 

sinks or depressions, which refer to a single cell or a group of cells which have no outlet 

because the elevations of surrounding cells are all higher than those of the depression 
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cell. Such depressions could potentially hold a considerable amount of water and have a 

significant impact for watershed hydrology. Flats are cells which have zero slope because 

the elevation of they and their neighbors are the same. For cells in sinks and flats, flow 

direction can be assigned to these cells but the flow path is discontinuous when using a 

common flow direction method, such as the four-neighbor rule or the eight-neighbor rule 

(Holmgren, 1994). Traditionally, when creating a DEM, during the measuring process or 

the interpolation process, problematic features are created in the form of sinks and flats, 

which have been considered as artificial and spurious (O’Callaghan and Mark, 1984; 

Oimoen, 2000). In most cases, these artificial sinks and flats exist in low relief and coarse 

resolution areas. 

The most common and simplest method to solve this problem is to fill these sinks  

(Jenson and Domingue, 1988). Martz and Garbercht (1999) created a flow path by 

lowering the elevation of cells that obstruct the flow and create sinks. Stream burning is 

also an efficient method to generate a flow path though these sinks (Saunders, 1999). 

However, these strategies end up ignoring real surface depressions that may be important 

in wetland considerations. Jenkins and McCauley (2006) pointed out that the algorithmic 

filling of sinks could make these wetlands “disappear” in geographic information system 

(GIS) output, which may affect land use decisions. As fine resolution DEMs with greater 

accuracy and precision have become available, more evidence shows that some 

depressions are real features. By simply removing the depressions, models will neglect 

water which may exist in these depressions. When assigning flow direction for a DEM 

with depressions, both the single flow and the multiple flow methods are inadequate. 

Sinks on the DEM act like “black holes” which could absorb all water from their 
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surrounding cells because the flow direction of these surrounding cells all point to the 

sinks. Additionally, because of the sinks, these cells without accurate flow direction will 

prevent the generation of flow paths from some cells to the outlet. 

1.3 Infiltration 

Infiltration is one of the most significant components in hydrology and has been 

researched for decades (Liu, Zhang and Feng, 2008; Chen, Hill and Urbano, 2009; Ali et 

al., 2016). Modeling accurate infiltration rates with different rainfall events is a 

fundamental step for simulating overland flow, predicting floods, assessing containment 

transport and even studying plant growth. Different kinds of models including empirical 

models (Tan and O’Connor, 1996; Mishra, Tyagi and Singh, 2003) and physical models 

(Chu, 1978; Warrick et al., 2005; Chen, Hill and Urbano, 2009) are available to describe 

this complex process. The Green Ampt infiltration model (Green and Ampt, 1911) has 

become the most widely used infiltration model because of its simplicity, its physical 

grounding in the law of conservation of mass and use of Darcy’s law (Mishra, Tyagi and 

Singh, 2003; Wang, Chen and Yu, 2018). Multiple studies using the Green Ampt model 

have been conducted at different spatial scales and in different locations (Kalman, 1960; 

Chen and Young, 2006; Kacimov, Al-Ismaily and Al-Maktoumi, 2010; Chen et al., 

2015). 

Because of its simplicity, several assumptions are made before applying the Green 

Ampt method. For example, it assumes a homogenous soil profile and a uniform 

distribution of initial water conditions (Chu and Mariño, 2005; Kale and Sahoo, 2011). 
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Additionally, it does not consider unsteady rainfall or surface water movement in the 

horizontal direction (Chu, 1978; Mao et al., 2016). 

1.4 Objectives 

1.4.1 Water Surface Profiles on the Landscape 

The first objective of this research is to investigate and characterize the flow 

connection between two wetlands. A workflow is proposed to simulate water surface 

profile development over a landscape using GIS technology and a Python script. The 

Modified Euler’s method is employed to calculate the water profile caused by backwater 

or drawdown effects between wetlands on a mild slope. In this workflow, GIS technology 

can precisely extract the detailed landscape information directly from a digital elevation 

model (DEM), which is very helpful, especially for the vast majority wetland locations 

where there are no field measurements. With the help of a Python script, this results-

oriented model can provide flow characteristics to inform decision-making. 

1.4.2 Overland Flow Simulation through Wetlands 

A water balance methodology (where water will exist, how much will be there and 

for what period of time) is developed and demonstrated that focuses on small 

depressions, as locations where conservation efforts to create or regenerate wetlands may 

be achievable. Integral to this analysis is a detailed treatment of depressions in the 

landscape. Utilizing a digital elevation model, the methodology incorporates a cell-by-

cell analysis to appropriately capture small-scale processes. Instead of treating these vital 

depressions as errors or being insignificant to the water balance calculations, they are 

retained. Flow direction is dynamically determined by the land surface and water 
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characteristics. With potentially shallow flow in depressions, the use of Manning’s 

equation incorporates stratified flow where differing values of Manning’s n describe flow 

through and above vegetation. This real-time overland runoff model based on a short time 

step is implemented through a Python code using ArcGIS. Exercises on an artificial DEM 

with simulated precipitation demonstrate the ability of the model to accurately represent 

hydraulics principles. Simulations of two field sites over a period of a year, and 

incorporating precipitation, infiltration and evapotranspiration, demonstrate the ability to 

track water surface locations and extents with an accuracy necessary for decision making. 

1.4.3 Infiltration Calculation Based on Modified Green Ampt Model 

In its original development, the Green Ampt methodology considered only steady 

precipitation. The third objective of this research is to build upon enhancements to the 

original Green Ampt methodology (i.e., considering unsteady rainfall as a sequence of 

very short periods of steady rainfall) in order to calculate infiltration rates with unsteady 

precipitation over the landscape. This landscape-based assessment of infiltration is 

carried out using a GIS-based Python script. As water moves over the landscape, some 

cells experience run on and some cells experience runoff, resulting in different water 

depths on each cell over time. Because Green Ampt infiltration is based on the existence 

of excess water on the surface, this variable water depth is incorporated into the scrip to 

capture this important hydrologic process.  
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 WATER SURFACE PROFILES ON THE LANDSCAPE 

As the names suggests, wetlands are locations that are associated with wetness. This 

wetness causes a transformation of the soil because of the absence of free oxygen, which 

in turn supports plants that thrive in this specific anaerobic environment. However, this 

wetness does not need to occur continuously, and may only be required for a short period 

of time, as during the growing season for the vegetation of interest.  

Wetlands provide multiple beneficial services for the environment and human 

society. Different kinds of plants and animals are supported by wetlands and the dynamic 

relationship among these creatures is very complex, which makes wetlands one of the 

most productive ecosystems on Earth. For human society, wetlands can provide multiple 

unique advantages that no other ecosystem can. On the other hand, human activities, such 

as construction, pollutant discharges, deforestation and farming, can significantly impact 

on the quality of water resources.  With these potential tensions, wetlands act like buffer 

zones to mitigate the negative impacts. One notable function of wetlands can be to 

remove pollutants introduced by human activities(Brix, 1994; Robb, Novotny and Olem, 

1996; Kadlec et al., 2000). Studies show that wetlands can significantly decrease nitrates 

(Fennessy and Cronk, 1997; Mitsch and Gossilink, 2000; Lin et al., 2002), 

phosphorus(Carpenter et al., 1998; Braskerud, 2002) and heavy metals in water (Kalbitz 

and Wennrich, 1998; Cheng et al., 2002). Wetlands also work efficiently in controlling 

floods (Mitsch and Gossilink, 2000; Pezeshki, 2001). Like sponges, they can soak up a 

considerable amount of water of storm runoff, holding it and releasing it slowly so that it 

can be conveyed in existing channels.  Besides these benefits, wetlands also provide 

crucial habitats for many plants and animals, such as birds, amphibians and reptiles. 
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For some time, researchers have been interested in the connectivity between wetlands 

and how wetlands connect to downstream locations. First, these questions can help to 

understand the water movement among wetlands. Second, they can also provide guidance 

for potential mitigation and enhancement activities. Meanwhile, there are many 

geographically isolated wetlands which can connect with other water bodies during wet 

seasons. Those wetlands in floodplains or other flat areas may be separated from each 

other, especially during dry seasons. However, during storms, wetlands receive water 

from their own contributing areas. After wetlands fill up, surface water may start to flow 

to neighboring wetlands at lower elevations or to downstream streams and rivers. 

Quantification of the processes governing hydrologic connectivity between wetlands is 

thus important for the scientific and decision-making communities (Golden et al., 2014). 

Additionally, it is necessary to trace the gradual variation of the flow depth when 

implementing engineering practice or creating inundation maps. Normally, the slope 

between two wetlands is considered as mild and the flow depth can easily be impacted by 

backwater or drawdown effects based on the downstream condition. In this circumstance, 

an accurate water surface profile can provide helpful guidance for wetland decision-

making.   

The objective of this study is to investigate and characterize the flow connection 

between two wetlands. A workflow is proposed to simulate water surface profile 

development over a landscape using GIS technology and a Python script. The Modified 

Euler’s method is employed to calculate the water profile caused by backwater or 

drawdown effects between wetlands on a mild slope. In this workflow, GIS technology 

can precisely extract the detailed landscape information directly from a digital elevation 
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model (DEM), which is very helpful, especially for the vast majority wetland locations 

where there are no field measurements. With the help of a Python script, this results-

oriented model can provide flow characteristics to inform decision-making.   

2.1 Previous Studies 

2.1.1 Hydraulics Background 

The flow in a channel with a regular cross section (rectangular or trapezoidal) has 

been studied for many years (Manning, 1891; Straub, 1932). Modeling the flow over a 

landscape is a different undertaking and introduces additional complexity. As water 

drains into a depression from the surrounding contributing area, it will exist at a certain 

depth, that will vary based on the size of the contributing area and the type of storm 

generating the runoff. As water flows between depressions, there exists a water surface 

profile that connects the depth of water in one depression with the depth of water in the 

connecting upstream or downstream depression. A water surface profile depicts the 

changing flow depth in the longitudinal direction of flow. The profiles can be classified 

into different categories based on the relationship between the actual depth of flow, the 

uniform depth (depth of equilibrium), and the critical depth (the depth of minimum 

energy).  

The flow in a channel or between depressions is characterized as open channel flow 

because the water surface is open to the atmosphere. With no external sources of energy, 

such as seen in a water distribution system, this open channel flow is driven solely by 

gravity. While gravity (expressed as the land surface slope) imparts energy to the system, 

energy is lost through friction, as water flows over a surface. This balance (i.e., 
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equilibrium) between energy in and energy out is expressed through Manning’s equation 

(Eq 2.1): 

Q = 1
𝑛⁄ 𝐴𝑅

2
3√𝑆   (2.1) 

R = 𝐴
𝑃⁄ (2.2)

where Q is the flow (discharge) (m3/s), 𝑛 is Manning’s roughness coefficient, A is the 

cross-sectional area of flow (m2), R is the hydraulic radius (m) and 𝑆 is the channel slope 

(m/m). The hydraulic radius is calculated as the area divided by the wetted perimeter, P 

(m) in Eq 2.2. In any given channel, the cross-sectional area, the wetted perimeter and the 

hydraulic radius vary as the depth of flow varies, as shown in Fig. 2.1. For a given set of 

flow conditions (Q, n, and slope) in a channel, there exists a depth of flow, yo, at which 

the equality of Manning’s equation is maintained. This depth of flow is called uniform 

depth, and the equilibrium of this type of flow is called uniform flow (where the depth 

does not change with distance) along a channel.  

The energy of a flowing system can be characterized in terms of a specific energy, E, 

that has a depth component and a velocity head component as shown in Eq 2.3: 

E = 𝑉2

2𝑔⁄ + 𝑦 (2.3)

where 𝑦 is the water depth (m), 𝑉 is the velocity of the flow (m/sec) and 𝑔 is the 

gravitational constant (m/s2). For any value of E, there exist two different depths of flow, 

one deeper and one shallower. The exception to this statement is the fact that at a critical 

Figure 2.1 Demonstration of a trapezoidal channel’s cross-section. 
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specific energy, Ec, there exists only one depth, a critical depth, yc. This critical condition 

of flow is the most efficient (lowest energy state) for impelling flow through a channel. 

These conditions are depicted within a specific energy diagram in Fig. 2.2. Depths greater 

than yc are characterized as subcritical flow and exist on hydraulically mild slopes (where 

yo > yc). Hydraulically mild slopes are those most commonly seen on the natural 

landscape and thus are the locations of interest for wetlands considerations. Depths below 

yc are characterized as supercritical flow and exist on hydraulically steep slopes (where yo 

< yc). Hydraulically steep channels may be seen with mountain streams or reservoir 

spillways and are therefore not considered in this analysis.   

When a system is disturbed and shifted out of the equilibrium represented by 

Manning’s equation, the system returns to equilibrium through gradual changes in the 

depth of flow along a channel, known as gradually varied flow. Equilibrium flow can be 

disrupted if, for example, there is a downstream depression with a water surface elevation 

that is not equal to the depth of the incoming flow. On the mild slopes of interest, if the 

depression depth of flow is greater than yo, the return to equilibrium is achieved via a 

Figure 2.2 Specific Energy diagram. 
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backwater curve (designated as M1), progressing from the downstream location to the 

upstream location. A water surface elevation between yn and yc will require an M2 

(drawdown) curve to return to equilibrium, while an M3 curve will result if water surface 

elevation is below yc. No further consideration is given to M3 curves because they only 

exist where constructed infrastructure forces the existence of extremely shallow flow 

(e.g., from under a sluice gate) and this condition does not occur with wetlands. All three 

of these curves are shown in Fig. 2.3. The interest in the curves arises because on a 

landscape, a depth of flow is associated with areas that are covered by water. These areas 

that are covered by water are subject to infiltration and may be part of a wetland. 

2.1.2 Calculating Water Surface Profiles 

Water surface profiles play an important role in engineering practice. Infrastructure, 

such as channels, sewers or culverts should be designed with the consideration of 

gradually varied flow. Different methods to calculate the water surface profiles have been 

developed, including the standard step method, the direct step method, and the Modified 

Figure 2.3 Classification of water profiles on a mild slope. 
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Euler’s method (Chow, 1959; Karim et al., 2012). These methods are based on the 

energy, momentum and continuity equations.  

2.1.2.1 Standard Step Method 

Currently, the most commonly used method is the Standard Step method which is 

utilized to compute a one-dimensional water surface profile for gradually varied flow. It 

is also imbedded in HEC-RAS, developed by the US Army Corps of Engineers (US 

Army Corps of Engineers, 2010). The flow characteristics at certain cross sections are 

calculated from the given channel information at another cross section and the reach 

length between them. The basic equations used in the Standard Step method to compute 

the water surface profile are the energy equation (Eq 2.4) and the momentum equation 

(Eq 2.5): 

𝑧1 + 𝑦1 + 𝛼1
𝑉1

2

2𝑔⁄ = 𝑧2 + 𝑦2 + α2
V2

2

2𝑔⁄ + ℎ (2.4) 

𝐴1ℎ𝑐1 +
𝑄2

𝑔𝐴1
⁄ = 𝐴2ℎ𝑐2 +

𝑄2

𝑔𝐴2
⁄  (2.5)

where subscripts 1 and 2 represent cross sections 1 and 2, 𝑧 is the bed elevation, 𝑦 is the 

water depth, 𝑉 is the velocity, α is the velocity correction coefficient, ℎ is the energy loss 

between sections 1 and 2, 𝑔 is gravitational acceleration, 𝐴 is the cross-sectional area of 

flow and ℎ𝑐 is the distance below the free surface of the centroid of the area. The bed 

elevation, depth and velocity terms are collectively known as energy head, or simply, 

head. While energy is lost between sections (Eq 2.4), momentum is conserved (Eq 2.5). 

The Standard Step computational procedure is a trial and error process. Based on the 

given discharge, and the boundary and channel conditions, the method assumes an initial 

water surface elevation for a target cross-section. It then recomputes a new water surface 
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by calculating the headloss as a result of friction between the two cross-sections. Iterative 

calculations with different assumed initial water surface elevations continue until the 

difference in the total heads is within an acceptable range.  

Chow (1959) indicated that profile calculations should be carried out from 

downstream to upstream if the flow is subcritical and from upstream to downstream if the 

flow is supercritical. Performing calculations in the wrong direction could cause the 

water profile to diverge from the correct one. The Standard Step method can be used to 

perform calculations in either direction depending upon the flow conditions.  

2.1.2.2 Direct Step Method 

The Direct Step method is used to calculate the distance associated with a specific 

depth change along the channel. At any cross section of a channel, the total energy head, 

H, is calculated by 

𝐻 = 𝑧 + 𝑦 + 𝛼 V2

2𝑔⁄ (2.6) 

as 𝐻 is differentiated with respect to 𝑥, which is the coordinate in the flow direction, Eq 

2.6 can be converted to  

𝑑𝐻
𝑑𝑥⁄ = −𝑆𝑒 = −𝑆0 + 𝑑𝐸

𝑑𝑥⁄ (2.7) 

and 

𝑑𝐸
𝑑𝑥⁄ = 𝑆0 − 𝑆𝑒 (2.8) 

in which 𝑆𝑒 is the slope of the energy grade line and 𝑆0 is bed slope. Using the finite 

difference form to approximate the derivative 
𝑑𝐸

𝑑𝑥
, Eq 2.8 results in 

𝑥𝑖+1 − 𝑥𝑖 =
(𝐸𝑖+1 − 𝐸𝑖)

(𝑆0 − 𝑆�̅�)
⁄ (2.9) 
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where 𝑆�̅� is the arithmetic mean slope of the energy grade line between cross sections 𝑖 

and 𝑖 + 1. This method will calculate ∆𝑥 values step by step by assuming a depth 𝑦 and a 

specific energy 𝐸. Normally, the Direct Step method is recognized as the easiest 

approach to calculate a water surface, but it requires interpolation if the depth of flow is 

required at specified locations of interest. 

2.1.2.3 Modified Euler’s Method  

The Modified Euler’s method is designed to compute the flow depth changes for 

specified changes in distance along a channel. Strum (2001) reported that this method is 

more appropriate for natural channels because the channel geometry can be collected 

from field surveys. It simply treats the water surface curve between two cross sections as 

a straight line to compute an approximate water depth for the next station. As a result, 

this method requires a small longitudinal increment to achieve accurate results. The 

Modified Euler’s method moves forward and uses the arithmetic mean of the water 

surface slope values from two cross sections to obtain a more precise number. Because 

the slope value is unknown at the beginning, the method uses a predicted water depth and 

corrects it using the mean slope value from the predicted slope and ending slope value in 

each interval. This two-step method utilizes prediction (Eq 2.10) and correction (Eq 2.11) 

equations: 

𝑦𝑝𝑟𝑒(𝑖+1) = 𝑦𝑖 + 𝑠𝑙𝑜𝑝𝑒(𝑦𝑖)∆𝑥 (2.10) 

𝑦𝑖+1 = 𝑦𝑖 +
(𝑠𝑙𝑜𝑝𝑒(𝑦𝑖) + 𝑠𝑙𝑜𝑝𝑒(𝑦𝑝𝑟𝑒(𝑖+1)))

2
⁄ ∗ ∆𝑥 (2.11) 

where ∆𝑥 is the distance between the two calculation locations, and i indicates the current 

calculated depth and i + 1 indicates the depth at the next location. The method is straight 
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forward enough so that once the channel parameters have been established, the water 

surface profile for a channel can be calculated using a spreadsheet (Sturm, 2010).  

2.1.3 Hydraulic Input Parameters 

Correct assessment of input parameters is essential for the correct calculation of water 

surface profiles. Unlike regularly shaped channels (e.g., rectangular, trapezoidal or 

parabolic) where cross-sectional area, wetted perimeter and hydraulic radius can be 

calculated from equations, simulating the water surface profile on a natural channel 

presents several challenges. The first is the fact that irregular cross sections are difficult 

to quantify, typically requiring a field survey at each and every cross section of interest—

everywhere the cross-section changes. The second is that the hydraulic parameters such 

as channel roughness and slope can vary continuously both in the direction of flow and 

along the cross-section. GIS offers an efficient means to extract channel geometry 

information directly from DEMs, especially from LiDAR data, with great accuracy and 

precision. Current technologies also offer different abilities to utilize and analyze the 

landscape data, such as delineating the watershed boundary (Jenson and Domingue, 

1988) and generating the flow direction and the flow path (Quinn et al., 1991).  

2.2 Methodology  

A methodology has been developed to generate the water surface profile on a 

landscape rather than in a defined channel. It utilizes the Modified Euler’s method for 

computational efficiency over potentially large areas (instead of the Standard Step 

method), and is implemented via a Python script. The method was specifically developed 

for hydraulically mild landscapes of particular interest for wetlands evaluations. 
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The computational methodology consists of two main parts: extracting the necessary 

hydraulic parameters from the DEM for a water surface profile calculation and generating 

the water surface profile, as shown in Fig. 2.4. Once a high-resolution DEM for the area 

of interest has been identified, the flow chart shows the specific steps involved in the 

process.  

The first set of steps to derive the necessary landscape information from a DEM 

include identifying the upstream and downstream wetlands, outlining the contributing 

basin boundaries and creating a weir cross-section at the pour point, which controls the 

outflow from the upstream wetland. The next step is to locate the central flow line with a 

starting point and an ending point. The starting point is normally recognized as the pour 

point of the upper wetland which is the lowest point of the weir. Correspondingly, the 

lowest point of the downstream wetland is considered as the ending point. The least-cost 

Figure 2.4 Flow chart of the methodology. 
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line (the steepest route) between these two points generated from the DEM is treated as 

the central line of the flow pathway. 

A natural stream channel is not a straight line and has variable characteristics at 

different locations, so the overall flow pathway is divided into several reaches which 

approximate straight lines and share similar characteristics. The slope of each reach can 

be calculated from the reach length and the starting and ending points of each reach. With 

the establishment of the reaches, a perpendicular line is created at the midpoint of each 

reach and is perpendicular to the invisible straight line of the starting and ending point of 

a reach. Then a series of points can be extracted from the original DEM using a 

perpendicular line, and the elevation data of these points are used to develop the cross-

section of each reach. Multiple reaches can be identified to capture the variability in 

landscape parameters. In order to characterize the hydraulic characteristics of the 

landscape for the range of flow conditions, the hydraulics parameters of area, wetted 

perimeter and hydraulic radius are calculated for varying depths of flow (i.e., for different 

water surface elevations). The cross-sectional area of flow at a given depth is calculated 

as: 

 A =  ∑ 𝐴𝑖
𝑚
1 = ∑ (𝑊𝑆 − ℎ𝑖) ∗ 𝑙𝑚

1 (2.12)

where 𝑊𝑆 is the given water surface elevation, ℎ is the elevation of pixel i, 𝑙 is the length 

of each pixel and 𝑚 represents the number of pixels which are lower than the water 

surface elevation. The wetted perimeter is calculated as: 

P = ∑ √(ℎ𝑖+1−ℎ𝑖)2 + 𝑙22𝑛
1 (2.13)

and the hydraulic radius is calculated using Eq 2.2.  
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The last step is to implement the Modified Euler’s method and compute the water 

surface profile for each reach. Based on an initial downstream water depth, the water 

surface profile is calculated from downstream to upstream. For each reach, the upstream 

water depth is used as the downstream water depth for the subsequent calculation in the 

next upper reach. Calculations continue until the upstream pour point is reached, and the 

set of calculated 𝑦 value constitutes the water surface profile. 

2.3 Demonstration 

This methodology is demonstrated in two different ways. The first demonstration is 

conducted by using the script to extract the hydraulic input parameters for a rectangular 

channel from an artificial landscape and then calculating the backwater curve for an 

example provided by Sturm (2010). In this fashion, it is easy to ascertain that the Python 

script is carrying out the calculations properly. The second demonstration is performed 

on two connected depressions in the vicinity of Pershing State Park in Linn County, 

Missouri. This location is selected because of the historic presence of wetlands and 

current interest in wetland rehabilitation.  

2.3.1 Backwater Curve Example 

To verify the accuracy of the Python script, an artificial trapezoidal channel is created 

in ArcGIS using elevation data (Fig. 2.5). It has the same channel geometry as an 

example provided by Sturm (2010). This trapezoidal channel has a channel slope of 0.001 

m/m, a side slope ratio of 2:1 and a bottom width of 8 meters. The Manning’s n of the 

channel is 0.025. The Python script detects the DEM of the trapezoidal channel and 

extracts all geometric information directly from it. The script then calculates the 
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hydraulic parameters (i.e., cross-sectional area, wetted perimeter and hydraulic radius), as 

they vary by water depth (Table 2.1). 

 

Table 2.1 Hydraulic parameters calculated at given water surface elevations. 

Water 

surface 

elevation (m) 

Water 

depth (m) 

Area 

(m2) 

Wetted 

perimeter (m) 

Hydraulic 

radius (m-1) 

100.49 0 0 0 0 

100.5 0.01 0.05 10.85 0.005 

100.51 0.02 0.19 16.74 0.011 

100.52 0.03 0.38 20.46 0.019 

100.53 0.04 0.6 24.49 0.025 

100.54 0.05 0.87 27.9 0.031 

100.55 0.06 1.16 30.38 0.038 

100.56 0.07 1.47 32.55 0.045 

… … … … … 

Table 2.2 shows the results of the backwater calculations from Sturm (2010) and the 

Python script difference between these two calculations. Column 1 shows the distance 

from the starting point 0 to the upstream ending location 20 meters away. At the 

beginning of the calculation, the x intervals are very small in order to obtain precise 

Figure 2.5 Recreation of a trapezoidal channel in ArcGIS. 
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results where there may be significant curvature of the flow, as with an M2 water surface 

profile. Column 2 lists the water depths as given by Sturm (2010). Column 3 depicts the 

water depths calculated using a spreadsheet created for this effort, while Column 4 

displays the depths calculated using the Python script. The very minor differences 

between these two processes indicates that the Modified Euler’s method can be 

implemented using this Python script.  

Table 2.2 The comparison between Excel calculation and Python calculation. 

x (m) Sturm (2010) y1 (m) By Excel y1 (m) By Python 

0 1.0300 1.0300 1.0300 

0.005 1.0575 1.0575 1.0576 

0.01 1.0578 1.0578 1.0580 

0.02 1.0585 1.0585 1.0586 

0.04 1.0596 1.0596 1.0598 

0.06 1.0608 1.0608 1.0610 

0.08 1.0619 1.0619 1.0621 

0.1 1.0629 1.0629 1.0630 

0.2 1.0677 1.0677 1.0676 

0.4 1.0757 1.0757 1.0751 

0.6 1.0824 1.0824 1.0815 

0.8 1.0883 1.0883 1.0869 

1 1.0936 1.0936 1.0922 

2 1.1147 1.1147 1.1142 

4 1.1446 1.1446 1.1434 

6 1.1669 1.1669 1.1650 

8 1.1852 1.1852 1.1826 

10 1.2010 1.2010 1.1978 

20 1.2596 1.2596 1.2545 
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2.3.2 Pershing State Park 

A 1-meter resolution DEM is created based on the LiDAR data (downloaded from 

www.msdis.missouri.edu). The study area includes two depressions connected by a 

landscape with a mild natural slope (Fig. 2.6). During a rainfall event, these two 

depressions start to accumulate surface runoff from their respective contributing areas. 

Once the runoff fills up the upper depression, excess runoff will flow out of it and 

contribute to the lower depression. Normally, the lower depression, with a larger 

contributing area may often have a deeper water depth which could cause drawdown or 

backwater effects. The procedure of calculating the water depth profile is demonstrated 

with different tools in ArcGIS and a script as described below. 

Figure 2.6 Study area. 

http://www.msdis.missouri.edu/
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2.3.2.1 Identify the Contributing Areas, Outline the Basin Boundaries and 

Create a Weir Cross Section  

The contributing area for each subbasin can help to explain the flow accumulation. 

The first step is using the embedded spatial analysis tools in ArcGIS to generate 

boundaries for each depression (Fig. 2.7). In this example, depressions are identified from 

the DEM. With sufficient rain, surface water will flow out of the upper depression and 

contribute to the lower depression. The starting point for flow (Fig. 2.7) is located at the 

lowest point along the boundary of the upper depression (i.e., the pour point of the 

upstream watershed). The ending point is the lowest point in the lower depression (i.e., 

the sink). 

2.3.2.2 Create the Centerline of the Flow 

The surface runoff always flows along the steepest slope over the landscape. The 

distance tools in ArcGIS can create a cost map (Fig. 2.8a) based on the slope of the 

landscape and then generate the least cost path (Fig. 2.8b) which can be recognized as the 

centerline of the flow. For this study site, the elevation of the starting point is 228.65 m 

Figure 2.7 Identification of upper and lower wetlands. 
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and the elevation of the ending point is 227.52 m. The total length of the flow is 229 m 

and the slope of the overall flow pathway is 0.0049 m/m.  

2.3.2.3 Split the Channel into Reaches and Extract the Cross-section 

Parameters  

From the cost map of Fig. 2.8, the centerline of the flow path is generated and is 

shown in Fig. 2.9. In general, separate reaches are identified where the direction of the 

flow path, the hydraulic characteristics of slope, land cover or geometry are consistent. 

For each reach, slope, land cover and other parameters are treated as uniform. For 

purposes of representing the different landscape characteristics in this demonstration, in 

this case, the flow path is divided into three reaches of equal length (Fig. 9a). Each reach 

has different slope and cross-section parameters which can be extracted from the DEM 

using the Python script. First, the script creates perpendicular lines from the middle point 

of each reach (Fig. 9b). The elevation data along each perpendicular line are extracted 

from the DEM. Second, the cross section for each reach is built from these elevation data. 

The width of each cross-section is set at 100 m and can be modified by the user as 

a b Figure 2.8 Cost map from the starting point to the ending point and flow path. 
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necessary. In standard hydraulic convention, reach lengths are numbered starting from 

the downstream-most location. 

 

Table 2.3 Reach parameters. 

 

Table 2.3 shows the elevation data of the starting and ending points for each reach, 

along with the length and slope. Fig. 2.10 shows how the geometry of different cross-

sections can vary significantly, having a great impact on the hydraulic calculations. 

Compared with Reaches 1 and 3, the geometry of Reach 2 has steeper sides (impacting 

the cross-sectional area of flow), resulting in an increasing depth when water flows from 

Reach 3 to Reach 2 and a decreasing depth when the water flows from Reach 2 to Reach 

1. 

 

 

  
Length (meters) Ground surface (meters) 

Slope (m/m) 

Start End Difference Start End Difference 

Reach 1 0 76.35 76.35 227.52 227.80 0.28 0.0036 

Reach 2 76.35 152.7 76.35 227.80 228.16 0.36 0.0047 

Reach 3 152.7 229.05 76.35 228.16 228.65 0.50 0.0065 

a b Figure 2.9 Generating reaches for the channel. 
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2.3.2.4 Generate the Water Depth Profile 

The water surface profile for each reach is calculated from downstream to upstream 

in a continuous process. Starting with a given water depth, the script calculates the water 

depth at the end of Reach 1 and uses that depth as the starting water depth for Reach 2. 

Here, the profiles are calculated for two different flow circumstances (i.e., from a more 

intense Storm 1 generating greater flow and from a less intense Storm 2 generating less 

flow).  

 

 

 

Reach 3 

Reach 2 Reach 1 

Figure 2.10 Cross section geometry of each reach. 
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Fig. 2.11 shows the results Storm 1 (with a larger discharge and a deeper downstream 

depth) as generated by the Python script. In this test, the discharge of the flow is 200 m3/s 

with an initial depth of 1.3 m at the bottom of the lower depression. The roughness 

coefficient for all three reaches is set to 0.025. The red line indicates the channel bottom 

and the right vertical axis is elevation. The light blue line is the calculated uniform depth. 

The uniform depth changes between the different reaches because the landscape 

characteristics are different between the reaches. The dark blue line represents the water 

surface profile, which always varies in terms of approaching uniform depth 

asymptotically. The 1.3 m depth in the downstream depression is greater than the 

calculated uniform depth of 0.90 m. Therefore, the water surface must decrease with an 

M1 curve in the process of approaching the equilibrium condition of uniform depth. Even 

as the uniform depth changes, as from Reach 1 to Reach 2, the water surface is shown to 

Figure 2.11 Water surface profile for Storm 1. 
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be continuous, as would actually occur on the landscape. The transition from Reach 2 to 

Reach 3 shows the continuous water surface, with the shape adjusting from the steeper 

sides of Reach 2 to the flatter sides of Reach 3. For most of Reach 3, the plot shows the 

water surface profile coinciding with the uniform depth line, indicating that the water 

surface profile is very close to the uniform depth in its asymptotic approach, as would be 

expected.    

For Storm 2, the discharge is 5.0 m3/s with a given depth 0.3 meter at the bottom of 

the lower depression. The roughness coefficient for Reach 2 is set to 0.05 and Reach 1 

and 3 are unchanged at 0.025. In this scenario, the flow depth in Reach 1 decreases 

gradually following an M1 curve (Fig. 2.12) because the water depth in the downstream 

wetland is larger than the uniform depth of 0.20 m in the region connecting the two 

wetlands. Unlike the plot from Storm 1, there is an M2 curve in the transition between 

Reach 1 and 2 as the water surface now needs to increase to approach uniform depth. 

Figure 2.12 Water surface profile for Storm 2. 
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This condition exists because a larger roughness coefficient is assumed for Reach 2 

resulting in a deeper uniform depth of flow, even without changing any of the other 

parameters. Once in Reach 3, water depth again follows an M1 curve to decrease the 

depth of flow to approach the lower uniform depth.  

2.4 Conclusion and Discussion 

This paper introduces an efficient methodology for using the Modified Euler’s 

method to calculate water surface profiles over a natural landscape on the mild slopes 

connecting wetlands. A Python script has been created to perform the calculations, 

including the extraction of landscape data directly from a DEM, eliminating the need for 

a field survey at every potential depression of interest. The efficiency of the methodology 

allows for widespread scoping calculations to assess locations for more detailed 

investigations for wetland protection or mitigation.  Its simplicity and automation can 

help users with little hydraulics background to calculate profiles for decision-making.  

Multiple tests have been performed to verify the accuracy of this methodology. The 

Python script created for this project automatically extracts the necessary data and 

computes all necessary hydraulic parameters. The first test recreated a drawdown curve 

demonstration in a textbook. This was accomplished by generating an artificial landscape 

matching the trapezoidal channel of the example. The Python script extracted the 

necessary landscape parameters from the DEM, calculated the appropriate hydraulic 

parameters and developed the drawdown curve, exactly matching the published results. 

The second test was performed on a natural landscape with a discharge that would be 

associated with an intense storm. This set of conditions produced a sequence of 

backwater (M1) curves expected as landscape characteristics change, causing the water 



32 

 

surface profile to adjust accordingly in moving from one reach to another. The third test 

was conducted on the same natural landscape (while changing one surface roughness 

value), but with a less intense storm. The lower flows associated with these more 

common, less intense storms, are of particular interest for continued wetland functioning. 

With the lower discharge, the script demonstrated the ability to calculate a water surface 

profile that incorporates both backwater (M1) and drawdown (M2) curves. 

This effort addresses the challenge of quantifying the flow characteristics (i.e., a 

water surface profile) over a landscape in contrast to the current focus on flow in defined 

channels. It is able to accommodate the inherent variability in the landscape elevations 

and land covers. It is now possible to make assessments that could provide a first-step 

screening tool for wetland scientists to assist in the selection of locations that may 

warrant further investigation with respect to the preservation, restoration or mitigation of 

wetlands. Effort is ongoing, specifically in the depiction of the landscape implications of 

a given water surface profile—the extent of the land surface that would be covered by 

water from the given profile), leading to infiltration to support wetland function.   
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 OVERLAND FLOW SIMULATION THROUGH 

WETLANDS 

3.1 Wetlands 

Wetlands are essential components on the landscape. They act as barriers to retain 

overland runoff, mitigate floods and increase the recharge to groundwater. Biologically, 

they provide habitat to plants and animals integral to the overall ecosystem, including 

microorganisms capable of removing contaminants. Wetlands have often been drained to 

provide additional acreage for agriculture and to provide land for the development and 

growth of communities. The importance of wetlands and their preservation has been 

embodied in the concept of “no net loss of wetlands”. Once avoidance and minimization 

strategies have been taken, mitigation activities may be implemented in an effort to 

replace the habit impacted or lost by human actions—either adjacent to the original 

wetland or in a wetland bank. An alternative to the concentration of compensatory sites in 

mitigation banks may be the creation of small, isolated wetlands that would normally 

exist throughout the landscape and that are so vital to the functioning of these locations as 

habitats. 

Integral to the existence of wetlands is the existence of sufficient water for sufficient 

periods of time throughout the year. Sufficient water is necessary to provide the surface 

saturation and exclusion of free oxygen necessary for the formation and maintenance of 

hydric soils. Animals, such as amphibians, need surface water for egg laying and 

gestation, and for specific periods of the life cycle. Understanding the water balance in 
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specific locations in the landscape is essential in identifying those locations where there 

may be sufficient water to establish the conditions necessary for functioning wetlands.  

In addition to precipitation, a water balance is also based on infiltration and 

evapotranspiration, that are both heavily impacted by the characteristics of flow over the 

landscape. Therefore, understanding the landscape in terms of how water may flow into 

and out of a depression (and ultimately, where water will exist, how much will be there 

and for what period of time) is essential for evaluating a candidate compensatory wetland 

site. Such knowledge, and the ability to compare the analysis over multiple locations 

would support informed decision making. 

3.2 Topography 

  Topography plays a fundamental role in the process of simulating overland flow and 

can have a significant impact on the results. Understanding the characteristics of the land 

surface can help hydrologic model builders better simulate how runoff flows over the 

land surface. Because digital elevation models (DEMs) are created to represent the real 

surface as a raster data model, numerous hydrologic and hydraulic analyses have been 

performed based on DEMs (Holmgren, 1994). In prior decades, DEMs were usually 

generated using topographic maps or geological surveys using aerial photography or 

remote sensing (Kenny, Matthews and Todd, 2008). Accuracy and precision are always 

major concerns and have been greatly improved by developments in technology. 

Recently, high spatial resolution elevation data derived from light detection and ranging 

(LiDAR) technology allows for the rapid generation of DEMs. High accuracy and low 
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cost make these products widely used in hydrological analyses (Barber and Shortridge, 

2005; Gritzner, 2006; Zandbergen, 2010). 

Because of the simplicity of DEMs and their well-organized structure, powerful 

hydrologic models and analysis tools are built on them. In hydrologic modeling, the most 

common usage of a DEM is to determine flow direction in each cell by comparing a 

cell’s elevation with that of adjacent neighbors (Holmgren, 1994; Kollet and Maxwell, 

2006; Daniels, Maxwell and Chow, 2011; Arguelles et al., 2013; Heeren et al., 2014; 

Rampi, Knight and Lenhart, 2014). This simple method is quite efficient for determining 

a flow path. For many model users or analysts, the DEM they are using may have already 

been processed or smoothed. Thus, it is essential for researchers to completely understand 

the generation and modification history of the DEMs with which they are working. The 

existence of depressions is inevitable and attention needs to be paid to their origin. Some 

sinks in DEMs can be identified as natural depressions, such as wetlands, while some are 

simply imperfections. Some wetlands may remain wet throughout the year, meanwhile 

some wetlands may have periodic dry seasons. It is necessary to study the volume and 

aerial extent of changes in water on the surface throughout the year. As a result, the 

treatment of these depressions is important because it can impact the assessment of the 

accumulation and movement of water on the landscape surface.  

The objective of this study is to develop and demonstrate a Dynamic Flow Direction 

(DFD) model for simulating overland runoff on landscapes containing depressions. The 

model utilizes a DEM which retains the depressions that may otherwise be removed from 

consideration. In this model, an additional layer which represents the water depth is 

created to determine the dynamic flow direction within the DEM layer. Further 
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enhancing the modeling of water movement in small depressions is the incorporation of 

variable roughness coefficients for water that flows through and over vegetation. Due to 

the complexity of infiltration and evapotranspiration processes, appropriate simplification 

is applied in this current model, and these modules will be fully considered in future 

studies, along with groundwater movement. To verify that the proposed model can 

simulate the water movement through depressions, two different types of exercises are 

demonstrated, and the results show the capability of the model to track the location and 

the quantity of water. 

3.3 Previous Studies 

There has been a high demand for numerical hydrological modeling in recent years, 

which can improve the understanding and simulation of the key processes in overland 

runoff flow. In fact, by taking advantage of computer technology and spatial data 

availability, models of this kind have become more sophisticated and can simulate more 

detailed physical characteristics (Lane, 1998). Normally to achieve these purposes, more 

and more input data are required to establish the database and more complex equations 

are imbedded. However, the treatment of some basic and essential elements may need to 

be re-examined, such as with DEMs and identification of flow direction. 

3.3.1 Sinks and Flats 

Sinks, representing depressions in a DEM, refer to a single cell or a group of cells 

which have no outlet because the elevations of surrounding cells are all higher than those 

of the depression cell(s). Such depressions could potentially hold a considerable amount 

of water and have a significant impact for watershed hydrology. Flats are cells which 
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have zero slope because the elevation of them and their neighbors are the same. For cells 

in sinks and flats, flow direction can be assigned to these cells, but the flow path is 

discontinuous when using a common flow direction method, such as the four-neighbor 

rule or the eight-neighbor rule (Holmgren, 1994). Traditionally, when creating a DEM, 

during the measuring process or the interpolation process, problematic features are 

created in the form of sinks and flats, which have been considered as artificial and not 

really existing (O’Callaghan and Mark, 1984; Oimoen, 2000). In most cases, these 

artificial sinks and flats exist in low relief and coarse resolution areas.  

Because these cells cannot be assigned a rational flow direction, dealing with sinks 

becomes a complicated topic when simulating overland runoff. The most common and 

simplest method to solve this problem is to fill these sinks (Jenson and Domingue, 1988). 

Martz (1999) created a flow path by lowering the elevation of cells that obstruct the flow 

and create sinks. Stream burning is also an efficient method to generate a flow path 

though these sinks. However, these strategies end up ignoring real surface depressions 

that may be important in wetland considerations.  

Normally, when preprocessing a DEM, topographic depressions, sinks and flats are 

“Filled” by a specific algorithm in ArcGIS. These kinds of sinks may be small and could 

represent isolated wetlands which perform essential functions in the hydrological and 

biological cycles (Semlitsch and Bodie, 1998). Jenkins and McCauley (2006) pointed out 

that the algorithmic filling of sinks could make these wetlands “disappear” in GIS output, 

which may affect land use decisions. 

As fine resolution DEMs with greater accuracy and precision have become available, 

more evidence shows that some depressions are real features. By simply removing the 
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depressions, models will neglect water which may exist in these depressions. Although 

there is not yet an established method to distinguish which depressions are real and which 

are not, to remove all depressions is not a wise choice to simulate overland runoff 

(Arnold, 2010). Lindsay and Creed (2005) have pointed out that “the goal of depression 

removal methods should be to enforce continuous flow paths descending from catchment 

divides to outlets in a way that requires the least modification of the DEM.” Arnold 

(2010) developed a new flow routing method to deal with depressions without 

modification. The method treats depressions as a temporary storage for water and fills the 

depression with water until the water surface elevation is higher than the outlet elevation. 

However, use of this method presents challenges in calculating the dynamic change of 

water volume in depressions. 

3.3.2 Flow Direction 

It can be efficient to remove the sinks in a DEM for further analysis and assign flow 

directions to the flat cells by modifying the initial elevation and simply assuming that all 

sinks and flats are artifacts. The small increment (filling the sink) in elevation change is 

relatively negligible in comparison with the overall vertical elevation, but that difference 

is sufficient for determining flow direction between adjacent cells. Two flow directions—

from a higher elevation and towards a lower elevation—are generated by these elevation-

changed cells, which helps to produce a drainage network in subsequent analysis 

(Garbrecht and Martz, 1997). 

To determine the flow direction for a cell, there are two major methods: the single 

flow direction method which assumes that the flow can only go to one neighboring cell, 

and the multiple flow direction method which assumes that runoff can flow to more than 
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one neighboring cell (Rampi, Knight and Lenhart, 2014). The single flow direction 

method is also known as the D8 algorithm which was first introduced by O'Callaghan and 

Mark (1984) and has been widely used because of its simplicity. Fig. 3.1 shows the flow 

direction in a DEM with a depression by using the single flow method. In some 

circumstances, a grid-based DEM cannot be used to produce correct flow direction, 

because runoff is only allowed in one direction per cell (Holmgren, 1994). To solve this 

problem, multiple flow direction algorithms have been developed to simulate reality 

(Holmgren, 1994; Rampi, Knight and Lenhart, 2014) and produce more accurate results 

(Costa‐Cabral and Burges, 1994; Tarboton, 1997; Seibert and McGlynn, 2007; Peckham, 

2009). Basically, outflow from the central cell is divided into two or more portions to 

those cells with lower elevations. Each portion of the flow is determined by the elevation 

difference between the original cell and the destination cell.  

Figure 3.1 Flow direction on DEM. 
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When assigning flow direction for a DEM with depressions, both the single flow and 

the multiple flow methods are inadequate. Sinks on the DEM act like “black holes” 

which could absorb all water from their surrounding cells because the flow direction of 

these surrounding cells all points to the sinks. Additionally, because of the sinks, these 

cells without accurate flow direction will prevent the generation of flow paths from some 

cells to the outlet. Barnes et al. (2014) present a new method to generate flow direction 

on a flat area or within a depression which cannot be assigned flow direction by 

traditional means. An elevation mask created by the improved algorithm is used to 

determine flow direction for the flat area without modifying the original DEM.  

3.3.3 Hydrologic and Hydraulic Models 

Taking advantage of high-performance computers and high-resolution geospatial 

data, multiple hydrologic and hydraulic models have been designed for simulating 

overland flow (Maheshwari and McMahon, 1992; Liu et al., 2004; Giustolisi and Berardi, 

2011; Costabile, Costanzo and MacChione, 2012; Arguelles et al., 2013). Various 

methods and equations are employed in these models, including Manning’s equation, the 

kinematic wave equation, and the dynamic wave equation. All efforts were aimed at 

better understanding the complex processes, but many of the efforts ignored the existence 

and impact of depressions.  

Hydraulic parameters of overland flow, such as flow depth and velocity, are crucial 

and variable over the period of a simulation. These are also important aspects for the 

consideration of depressions. In recent decades, to deal with these complex processes, 

hydraulic concepts have been introduced into the simulation system to simplify the 

process and represent detailed information.  
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Distributed hydrologic models calculate the volume of water on each grid cell of the 

DEM, which can easily be imagined as a finite amount of water stored on the land 

surface. Due to gravity, water will flow from cell to cell. For a cell-to-cell calculation, the 

time step is subject to a stability condition. Water movement cannot move further than 

the grid size during one time step. This constraint requires defining a suitable time step 

based on the flow velocity. Governed by discharge or storage equations and the 

continuity water-balance equation, Mateo Lázaro et al. (2015) used a linear reservoir to 

represent the cell-to-cell situation to calculate the discharge. 

Infiltration characteristics, flow velocity, roughness and land surface condition are 

variables when simulating overland flow, which make this process so complex. 

Roughness is one of the critical components in the model which is also the most difficult 

to estimate. It varies based on different conditions of soil moisture, vegetation and flow 

depth. Maheshwari and McMahon (1992) found that Manning’s equation is not adequate 

for this process and a discharge-depth equation is more appropriate for surface flow. To 

develop a shallow runoff model, researchers usually need to deal with a very small water 

depth. In this situation, elevation accuracy, mass balance and flow resistance (roughness) 

are extremely crucial factors (Defina, 2000).  

Overland runoff in grid cells of relatively small area is commonly shallow and slow. 

During a rainfall event, in the horizontal direction, water on a certain cell may flow out to 

its neighbors and at the same time receive flow in. In the vertical direction, sheet flow 

will receive a contribution from precipitation and lose water by infiltration. This process 

could be modelled by a one-dimensional or a two-dimensional approach. A one-

dimensional governing equation has been employed in hydrology and hydraulics for 
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decades in channel flow calculations and still shows some advantages in certain situations 

(Howes, Abrahams and Pitman, 2006; Gąsiorowski, 2014). Two-dimensional models are 

more complex than one-dimensional models, but to simulate overland runoff, two-

dimensional models produce more accuracy and realism than one-dimensional models 

(Howes, Abrahams and Pitman, 2006). 

Two-dimensional models are based on numerical integration of the Saint-Venant’s 

equation, which can be applied in small watersheds with shallow flow. Esteves et al. 

(2000a) adopted Saint Venant’s equation using an explicit finite difference scheme for 

overland flow simulation. To solve the Saint Venant’s equation, several numerical 

methods have been developed in fluid dynamics (such as by Lax and Wendroff (1964), 

Lapidus (1967) and Audusse et al. (2004)) to examine the applicability of Saint-Venant’s 

equation for shallow water flow based on a non-flat bottom study area. Numerical 

solution of the equation is accomplished using the finite volume method.  

Studies have already proven that two-dimensional shallow water equations can 

accurately predict the hydrograph at the outlet of a basin. However, more information is 

still needed for other purposes, such as determining flow velocity, flow depth, cross-

sectional area of flow and other spatially varying parameters in different time steps, 

which are more difficult to calculate. This information could provide benefits in flood 

forecasting, and in the assessment of soil erosion and nutrient transport. Cea et al. (2014) 

verified the two-dimensional overland flow model by using a variable roughness 

parameterization. Their experimental results show that by considering surface roughness 

at both “micro” and “macro” levels, a two-dimensional shallow water model is capable of 

satisfactorily predicting velocity and discharge. 
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3.3.4 Status Summary 

Water movement on a real landscape acts quite differently from an ideal surface 

without depressions. For landscapes with depressions, overland runoff will first 

concentrate in these depressions and fill them up due to gravity flow. When the depth of 

water reaches the lowest point of the depression’s boundary (the pour point), water will 

flow across the boundary and contribute to downstream flow. If the outflow is less than 

that coming from the upstream contributing area, water will continue concentrating in the 

depression and the water surface in the depression will rise, which would result in a wider 

and deeper outlet for outflow.  

In previous studies, first, filling or removing the sink can simplify hydrological 

modeling but neglects the existence and function of very small wetlands. Calculating the 

total volume of the sink is an alternative method to measure the wetlands’ ability to store 

water but it doesn’t consider the varying depth of water within a wetland or the aerial 

extent of the water surface that may exist over time. Second, the dynamic accumulation 

process in wetlands causes the flow direction to change and thus a constant flow direction 

consideration is inadequate to represent the process. And overland runoff on a land 

surface with depressions may be considered as unsteady (depth changing with time) and 

non-uniform (depth changing with distance) flow, which are difficult to interpret. Third, 

it is also necessary to take spatial characteristics of landscape into account, such as 

different types of soils and landcovers.  
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3.4 Methodology 

 In the DFD model, depressions in the DEM are treated as real features on the 

landscape. A variable water depth layer which has the same spatial extent as the ground 

surface DEM is used to track the water volume on each cell at different points in time. 

Flow direction is determined by combining the original DEM and the water depth layer. 

Inflow to and outflow from each cell are calculated in a short time interval using 

Manning’s equation. A water budget for each cell is performed at the end of each time 

step and is used to prepare a new water depth layer for the next time step calculation. 

3.4.1 Dynamic Flow Direction 

To model this dynamic process, first and foremost, sinks and flats must be treated as 

real features on the land surface. These sinks act exactly as depressions which can hold 

surface runoff on the landscape. In this situation, the traditional flow direction 

determination is not capable of handling depressions within a DEM.  

Fig. 3.2a shows the flow direction determination by traditional methods using only a 

DEM. To make a flow direction determination in this methodology, a same-size variable 

raster layer representing the water depth on each cell is first added to the original DEM 

(Fig. 3.2b). This layer records the depth of water on each cell as it changes throughout the 

simulation. Second, flow direction and slope are determined by the water surface 

elevation which is calculated based on the water depth layer on the top of the original 

DEM instead of simply using the original DEM only. After a period of precipitation, 

when individual cells will be experiencing water run-on and water runoff, water 

accumulates in the sink area and causes the water surface elevation in a depression to be 
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higher than the edge (Fig. 3.2c). Flow direction is recalculated and guides the overland 

runoff to downstream locations. Compared with the traditional constant flow direction 

method, this dynamic flow direction method is more suitable to simulate flow into and 

through a shallow depression of interest.  

3.4.2 Hydraulic Model (Manning’s Equation) 

Observation data in a very wide-open channel show that the velocity in the center of 

the cross-section is similar to the velocity in an infinitely wide channel where there is 

minimal impact from wall friction. Because the effect from the channel sides is relatively 

less, overland runoff shares some characteristics with open channel flow. Therefore, for 

analytical purposes, it is assumed that overland runoff can be treated as occurring in an 

infinitely wide rectangular channel (Singh, 2010). This assumption is also used in HEC-

RAS for flow routing (US Army Corps of Engineers, 2010).  

Manning’s equation is the most widely used method to describe hydraulics in an open 

channel. Overland runoff can also be treated as flow in a wide channel using Manning’s 

equation: 

Figure 3.2 Flow direction determination comparison with and without water layer. 
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Q = VA =
𝑘𝐴𝑅

2
3√𝑆

𝑛
 (3.1) 

where Q is the flow rate (m3/s), k is a unit conversion factor: k = 1.49 for English units 

and k = 1 for SI units, V is the velocity (m/s), A is the cross-sectional area of flow (m2), n 

is the Manning’s roughness coefficient, R is the hydraulic radius (m) and S is the slope 

(m/m). 

In this new methodology, a cell-by-cell calculation is performed and repeats in every 

time step. In a short time interval and over a short distance, overland flow is treated as 

steady and uniform flow. From a longitudinal view, a continuous non-uniform flow is 

separated into a sequence of uniform sections. From a timeline view, the unsteady flow 

between two cells is considered as a series of steady flow calculations in each time step.   

3.4.3 Model Structure  

The core of this model is based on time step calculations. The flowchart in Fig. 3.3 

shows the basic structure of the model. At the beginning of each time step, a water depth 

layer is calculated using the precipitation, infiltration and evapotranspiration. Then, the 

DEM and water depth layer together create a water surface layer which generates flow 

direction and the slope of the water surface for each cell. Meanwhile, each cell also has 

its own surface roughness coefficient and vegetation type. By utilizing these parameters, 

Manning’s equation is used to calculate the outflow from each cell. Based on the flow 

direction and outflow of each cell, the model identifies the destination cell and the flow to 

that cell. Thus, by recording all information above, the volume of water remaining on the 

cell at the end of each time step is calculated by using the inflow and outflow according 

to the continuity equation. This remaining water volume generates a new water depth 
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layer for the next time step calculation. This iterative process continues throughout a 

period of precipitation and until runoff stops flowing.  

3.4.4 Compound Flow Calculation 

Flow resistance, or Manning’s roughness, is a critical parameter when applying 

Manning’s equation in hydraulics. It can be impacted by vegetation and the flow 

environment in the stream. In the past, various studies have been undertaken to 

understand the resistance force generated from surface roughness (Dawson and 

Robinson, 1984; Löpez and Garcia, 2001; Carollo, Ferro and Termini, 2002; Shi et al., 

2013). Recognizing that overland runoff is usually shallow flow, different Manning’s n 

values from normal channel applications are appropriate.   

Shi et al. (2013) performed experiments to examine the vertical distribution of flow 

velocity as water flowed through and above vegetation. They divided the flow into three 

zones: Zone I is from the ground surface to the canopy, Zone II is the transitional zone, 

and Zone III is above the transition zone (Fig. 3.4). In Zone I, the flow velocity, which is 

Figure 3.3 Dynamic flow direction model flowchart. 
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also called vegetated flow is relatively small and constant. In Zone II, the velocity 

gradient increases to the maximum velocity. Velocity is at its maximum where there is 

the least impact from the channel bottom roughness in Zone III. To represent this 

situation in practice, flow is divided into three domains: D1, D2 and D3. D1 is mainly 

controlled by surface tension associated with water on the land surface. Water stays on 

the land surface if water depth is less than D1. Above D1, two different roughness 

coefficients are assigned to the flow on each cell: one for flow through the vegetation 

(D2) and one for flow above the vegetation (D3). When the water depth is lower than the 

vegetation height, the discharge calculation uses a high roughness coefficient (n value). 

When the water depth is higher than the vegetation, the vegetated flow still uses a high 

roughness coefficient, while the upper portion is assigned a relatively small roughness 

coefficient to represent the reduced impact of surface roughness.  

3.5 Methodology Exercises and Demonstrations 

In order to verify that the model can accurately simulate overland flow and 

accumulation, tracking the spatial location and the quantity of overland flow, two 

Figure 3.4 Different domains of flow with assigned roughness coefficients. 
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exercises and two landscape demonstrations are undertaken. The exercises are performed 

on an artificial unfilled DEM over a relatively short period of time. The landscape 

demonstrations are performed for actual landscape locations over a period of a year.  

3.5.1 Exercises on an Artificial DEM 

The purpose of the tracking exercises is to simulate the movement of water on a 

landscape during and after a rainfall event to demonstrate that the script is able to 

accurately track the occurrence of rainfall as it becomes runoff. An artificial 200 m by 

200 m DEM is produced (Fig. 3.5) containing a watershed in the northwest corner 

indicated by the solid blue line. The watershed consists of 13,869 cells, and with a 1 m 

resolution for the DEM, the total area of the watershed is 13,869 m2.  The solid blue dot 

indicates the pour point—the location from which water would first exit the watershed if 

the water surface were high enough (i.e., the lowest point of the watershed boundary)—

and the total volume of the depression up to the pour point is 1779.73 m3. A uniform 

roughness coefficient of 0.03 (similar in roughness to grass with some weeds) is used for 

the calculations, which takes place with a time step of 1 second. For these exercises 

developed to test the ability of the script to track water, both evapotranspiration and 

infiltration are assumed to be zero. 
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3.5.1.1 Water Budget Exercise with Limited Precipitation 

During the first exercise, the precipitation has a low intensity of 0.1 mm/s for 1000 

seconds, producing a total depth of precipitation of 0.1 m, or a total volume of water 

falling within the contributing area of 1386.9 m3. This volume is less than the depression 

volume at the pour point, so no water would be expected to flow out of the watershed 

depression.  

Figure 3.5 Artificial DEM for exercises. 
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3.5.1.2 Water Budget Exercise with Sufficient Precipitation to Cause 

Outflow  

The second exercise is conducted with a precipitation intensity of 0.2 mm/s for 1000 

seconds. The total volume of precipitation falling on the watershed is 2773.8 m3, greater 

than the volume below the pour point of the depression (1779.73 m3). Therefore, excess 

water would be expected to flow out of the depression. This exercise tests the ability of 

the model to track the flow out of the depression until the water level returns to the pour 

point elevation.   

3.5.2 Landscape Demonstrations 

Based on the previous exercises, two sites are selected to test the methodology of 

tracking overland flow and accumulation in a depression over the period of a year. These 

Figure 3.6 Two landscape demonstration sites. 
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two sites are located near Pershing State Park in central Missouri (Fig. 3.6), an historic 

location for wetlands and where wetland restoration efforts might be undertaken.  

3.5.2.1 Input Preparation 

 DEM data from the Missouri Spatial Data Information Service (MSDIS) that was 

collected in 2008 provides land surface elevations (MSDIS 2019) and is used to 

extrapolate contour lines to estimate the storage volumes of the sites, while National 

Agriculture Imagery Program (NAIP) aerial imagery from 2009 and 2010 (MSDIS 2019) 

is utilized to determine the areal extent of water surface elevations. The NAIP imagery is 

taken during the summer growing season, but no specific date is provided. National 

Oceanic and Atmospheric Administration (NOAA) hourly precipitation data from August 

1, 2009 to August 1, 2010 (NOAA 2019) are used via a text file that is read throughout 

the simulation. Two different Manning’s roughness values are set for upper flow and 

lower flow. In these calculations, an n value of 0.5 is used for the flow region under the 

vegetation height, while an n of 0.03 is used for the flow region above the vegetation 

height (Sturm, 2010). The vegetation height is set to 0.05 m.  

3.5.2.2 Evapotranspiration and Infiltration 

While the first two exercises did not consider the potential impacts of 

evapotranspiration (ET) and infiltration in order to ensure the correct tracking of water as 

it moved on the surface, these field demonstrations incorporate these processes. An 

assessment of ET is based on a number of factors. The soil and vegetative cover 

characteristics are combined with the potential evapotranspiration (PET) of a given 

location and month of the year and used to develop an hourly ET rate for each month. For 
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the methodology development effort described here, a text file was developed that 

provides an hourly ET rate for each individual month throughout the test period. The ET 

development process is described by Mohammed and Trauth (2019).  

A similar text file was developed in an effort to approximate infiltration, utilizing a 

transformation of the cumulative infiltration-based Green-Ampt model to a time-based 

model. The infiltration text file was prepared in parallel with the precipitation text file. 

Whenever precipitation occurs, a sequence of infiltration rates is calculated, For this 

effort, an average initial moisture content of 0.27 (deminenless in engineering 

calculation) for the silty clay loam is utilized as the starting condition for the Green-Ampt 

calculation. Both the ET and infiltration rates are subtracted from the precipitation rate to 

derive net precipitation that is available for overland flow to the depression. Details of the 

development of the infiltration text file are described by Mohammed and Trauth (2020).    
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3.5.2.3 Calculation of Water Volumes from Aerial Imagery 

There are no field data to record the water volume at these two sites. Because the 

laser used in the LiDAR sensors cannot penetrate water and the available DEM shows the 

water surface in an area of inundation as if it were the ground surface, it is necessary to 

approximate the underwater contours of the depression in order to calculate water 

volumes. Fig. 3.7 shows the procedure to create the depression for the North site, where 

the generated contour lines follow the same pattern as the visible contour lines. 

First, the water boundary is extracted by digitalizing the aerial imagery (Fig. 3.8). 

Second, the inundation area and water surface elevation are identified by the boundary 

Figure 3.7 Procedure to approximate depression topography. 
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and DEM (Fig. 3.9). Third, the total water volume is calculated based on the elevation of 

all inundated cells and the water surface elevation.  

 

Figure 3.8 Digitization of water surface boundary from aerial imagery. 

Figure 3.9 Inundation area and water surface elevation as identified by the water surface boundary 

and the DEM. 
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3.5.2.4 Preparation of Initial Water Depth 

From the previous step, the water surface elevation is 225.153 m. The process to 

create the initial water depth layer is to use Con (IsNull(Extract), DEM, 225.153) to 

recreate the water surface on an unfilled DEM first, and then to continue to use Con 

((FILL - DEM) >= 0, FILL- DEM,0) to generate the initial water depth layer (Fig. 3.10). 

When using the Con function in ArcGIS, it is necessary to ensure that extent is set to 

“same with DEM” in the Environment processing option.  

3.5.2.5 Calibration and Verification  

Without a specific date for the NAIP imagery, the calculations are performed based 

on an assumption that the images were from August 1 of the applicable year. The 

topography of the depressions is assessed based upon a combination of the NAIP aerial 

image and the LiDAR DEM of the land surface surrounding the depression. The assessed 

topography of the depression is used with the aerial extent of the open water surface at 

Figure 3.10 Creation of initial water depth layer. 
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the beginning and at the end of the period of tracking to calculate initial and final values 

for the volume of water in storage. The calculations accounted for actual precipitation, 

and employed location-based text files for ET and infiltration in order to model overland 

flow and water storage. The process was run with a computational time step of 1 minute 

for the entire one-year duration (i.e., August 1, 2009 to August 1, 2010). All  parameters 

are confirmed based on the test of the South site first for calibration purposes. The 

calibration process consisted of defining a D1 value above where there would be 

overland flow.  The North site is run using the same settings and parameters for 

verification. 

3.6 Results and Discussion 

3.6.1 Results of Water Budget Exercise with Limited Precipitation 

Table 3.1 displays the accumulation of water in the bottom depression of the 

watershed during and after the precipitation. For the 1000 seconds (16.67 min) of the 

storm, the volume tracked increases steadily up to a volume of 1372.75 m3. Even after the 

precipitation ends, the volume of water in the depression continues to increase, 

representing the time it takes for water falling on the furthest portions of the watershed to 

flow overland to the depression. Over time, the rate of increase in the volume slows to a 

rate of 0.12 m3/1,000 s at a total time of 9,000 s when the total volume is recorded as 

1,389.11 m3. This volume is 2.21 m3 greater than the volume of precipitation that fell, a 

difference of 0.16%. A possible reason for the difference is that the boundary of the 

watershed consists of cells with an area of 1 m3 at a given elevation rather than a sharp 

line that is the basis for traditional watershed delineations.  The direction of flow for rain 
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falling on a boundary cell will be impacted by the ground elevation of the adjacent cells 

and the water surface elevation (i.e., ground elevation plus water depth) of the adjacent 

cells. This mechanism may lead some portion of water from the boundary cells to flow 

into the watershed. 

Table 3.1 Water volume changes in the limited precipitation exercise. 

 
Time (s) 

Water volume in the depression 

of the watershed (m3) 

D
u

ri
n

g
 r

a
in

fa
ll

 

0 0 

100 138.37 

200 276.81 

300 415.44 

400 554.14 

500 692.85 

600 831.61 

700 970.40 

800 1109.17 

900 1247.86 

1000 1372.75 

A
ft

er
 r

a
in

fa
ll

 

2000 1378.84 

3000 1384.53 

4000 1387.06 

5000 1388.10 

6000 1388.56 

7000 1388.82 

8000 1388.99 

9000 1389.11 

   

Fig. 3.11 shows the water volume changes during the entire simulation process. The 

blue line represents the total volume of water within the watershed. During the rainfall, 
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the volume line has a constant slope, corresponding to a constant rainfall intensity. After 

the precipitation event, the blue line is flat, representing that there is no water coming 

into or leaving the basin. This makes sense as the total volume of precipitation is less 

than the storage volume available at the pour point. Fig. 3.12 consists of 3D screenshots 

of the watershed and the surrounding area at discrete points in time during and after the 

precipitation, where the darker the blue, the greater the depth of water. To better 

demonstrate the spatial distribution of surface water, the blue color only shows on the 

DEM when water depth is larger than 0.03 m. The very light blue area indicated in the 

circle at t = 1000 s is not a representation of a depth of flow exiting the watershed, but 

depicts the fact that with precipitation, water will exist on the ground surface prior to its 

movement to a lower elevation. A comparison of the images for 3000 s and 4000 s 

indicates very little difference meaning that virtually all of the water has drained to the 

depression within the watershed.  

Figure 3.11 Water volume changes during the limited precipitation exercise. 
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3.6.2 Results of Water Budget Exercise with Sufficient Precipitation to 

Cause Outflow 

Water backs up in the depression and flows out when the water surface elevation is 

higher than the pour point. Table 3.2 records the water volume both during the rainfall 

Figure 3.12 3D screenshots of the watershed and surrounding area during the limited 

precipitation exercise. 
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and after. During this exercise, the water surface elevations and water depths at both the 

bottom of the depression and the pour point are also recorded for reference. The ground 

elevation of the bottom of the depression is 109.90 m, while the ground elevation of the 

pour point is 110.46 m. As with reservoir routing, water will begin to exit the watershed, 

albeit very slowly, as soon as the water surface elevation is above the pour point ground 

elevation. Thus, the maximum volume contained in the watershed depression (2858.35 

m3) never reaches the value of the volume of precipitation (2773.8 m3). After the 

precipitation ceases, the volume in the watershed depression decreases (rapidly at first 

and then more slowly), approaching the storage volume available at the pour point 

(1793.73 m3). The water depth in the depression increases rapidly for the first 200 s as 

water drains from the watershed into the depression. The rate of increase of the depth 

then decreases as the depression opens up and it takes a greater volume of water to 

produce an increase in the water surface. The maximum depression depth is reached 

shortly after the rain stops as water continues to flow to the depression from the furthest 

points within the watershed, and then decreases with the flow out from the watershed 

over the pour point, approaching the 0.56 m depth which is equal to the pour point 

elevation. In examining the water depth at the pour point, it increases, but then levels off 

as the water falling there flows into the depression or out as discussed earlier with regards 

to the watershed boundary. Later in the storm, the water depth increases as the water 

surface elevation increases, until the time of outflow, when the depth then begins to 

decrease. Depths are only presented to hundredths of a meter, so values shown as 0.00 
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simply mean that the depth of flow is less than 1 cm. At this depth, and with a rough 

surface, the flow across the landscape is very slow.  

Table 3.2. Water surface depths and elevations in the depression area and the pour point for the 

outflow exercise. 

 
Time 

(s) 

Water volume in 
watershed 

depression (m3) 

Water depth (m) Water surface elevation (m) 

At the 

depression 
bottom 

At the 
pour 
point 

At the 

depression 
bottom 

At the 
pour 
point 

D
u

ri
n

g
 r

a
in

fa
ll 

0 0.00 0.00 0.00 109.90 110.46 

100 274.73 0.08 0.01 109.98 110.48 

200 550.82 0.20 0.02 110.08 110.48 

300 827.63 0.29 0.02 110.17 110.48 

400 1104.93 0.37 0.02 110.25 110.48 

500 1382.71 0.42 0.02 110.31 110.48 

600 1659.93 0.48 0.02 110.36 110.49 

700 1936.67 0.53 0.04 110.41 110.50 

800 2212.63 0.57 0.05 110.45 110.51 

900 2486.78 0.61 0.06 110.49 110.52 

1000 2758.35 0.64 0.08 110.52 110.54 

A
ft

er
 r

a
in

fa
ll 

2000 2666.29 0.68 0.03 110.56 110.50 

3000 2550.56 0.67 0.01 110.55 110.48 

4000 2466.95 0.66 0.01 110.54 110.47 

5000 2399.53 0.65 0.01 110.53 110.47 

6000 2341.84 0.65 0.01 110.53 110.47 

7000 2290.87 0.64 0.01 110.52 110.47 

8000 2244.81 0.64 0.00 110.52 110.47 

9000 2202.46 0.63 0.00 110.51 110.47 

10,000 2163.44 0.63 0.00 110.51 110.47 

15,000 2009.95 0.61 0.00 110.49 110.46 

20,000 1907.47 0.60 0.00 110.48 110.46 

25,000 1838.08 0.59 0.00 110.47 110.46 

29,000 1798.41 0.58 0.00 110.46 110.46 
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With respect to the water surface elevations, the level in the watershed depression 

increases as the storm progresses, decreasing with the end of the precipitation and as 

water flows over the pour point. With time, the elevation decreases until it reaches the 

pour point elevation. At the pour point itself, the water surface remains constant as the 

depression fills up, increases once the depression is filled and starts to flow out, and then 

decreases as the volume above the pour point decreases. With time, the water surface 

elevation returns to the pour point ground elevation when there is no more flow. Because 

Table 3.2 presents results at given intervals, Fig. 3.13 provides a better picture of what is 

taking place over time, showing the continuum of volumes. The red dotted line shows the 

storage volume available if the water surface elevation were exactly at the pour point. 

Within the first 1000 s, during the rain event, the volume contained within the watershed 

increases very rapidly, thereafter decreasing more slowly. The water stored in the 

watershed depression above the pour point is a depiction of reservoir routing where there 

is simultaneous storage and outflow. As the water flows out, and the water depth above 

Figure 3.13 Water volume changes during the outflow exercise. 
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the pour point ground surface decreases, the rate of decrease slows down. This would be 

expected as the head decreases. This drainage out takes place over approximately eight 

hours because the land surface has a very mild slope and is very rough. With time, the 

volume gradually returns to the volume available at the pour point elevation.   

Fig. 3.14 displays the surface elevations for the first 5000 s of the simulation for both 

the depression (the green line) and the pour point (the blue line). With the precipitation, 

the water surface elevation for the depression increases rapidly. The shape of the green 

line is not straight, reflecting the fact that the watershed depression opens up in an 

irregular fashion. Because water must flow from the farthest portions of the watershed, 

the maximum water surface elevation is not reached until approximately 1000 s after the 

rain has stopped, after which time the elevation decreases as water flows out. At the pour 

point, a shallow depth of precipitation sits on the pour point at the beginning of the storm 

but remains essentially constant as the depression fills. The elevation line becomes 

steeper towards the end of the storm, reflecting a steepening of the walls of the pour 

Figure 3.14 Water surface elevation changes for both the depression and the pour point for the first 5000s of the 

outflow exercise. 
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point. The steepness of the pour point walls allows water to flow there more rapidly than 

from the flatness of the water surface, artificially increasing the depth at the pour point 

above that of the depression. The pour point water surface elevation decreases from the 

maximum showing the results of the outflow. Fig. 3.15 displays the simulation results for 

29,000 s (almost 8 hours), where it becomes apparent that over time, there is a slow, 

asymptotic movement of water from the depression to the pour point, with the water 

surface elevation at the depression eventually reaching the pour point ground elevation. 

At this point, there is no outflow and 1798.41 m3 of water are held by the depression. 

Comparing the water held in the depression with the 1779.73 m3 depression storage 

volume calculated from the DEM, one observes a difference of 18.68 m3, or 1.05 %.    

3.6.3 Results of Landscape Demonstrations 

With recorded precipitation, the model approximates the water in a depression on 

August 1, 2010, starting from an initial area of free water surface on August 1, 2009. Fig. 

Figure 3.15 Water surface elevation changes for both the depression and the pour point for the entire duration of the 

outflow exercise. 
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3.16 and 3.17 show the precipitation data and total water volume of water in the 

depressions. Plots of the calculated water volume in storage over time show increases 

during periods of precipitation. The plots also show decreased storage volume in between 

rain events, when infiltration and evaporation are occurring, particularly during the 

growing season, when ET can have a considerable impact on water surfaces.   

For the South site, the total water volume from the summer 2009 image is 1919.27 m3 

and the total water volume from the summer 2010 image is 1308.22 m3. In the model 

simulation, total water volume in the depression changes from 1919.27 m3 to 1285.75 m3. 

The difference in the water volumes is 1.72%. For the North site, the total water volume 

from the summer 2009 image is 10,498.64 m3 and the total water volume from the 

summer 2010 image is 9541.71m3. In the model simulation, the total water volume in the 

depression changes from 10,496.11m3 to 8432.19 m3. For the North site, the difference 

Figure 3.16 Precipitation and total water volume over time in the North depression. 
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between the assessed storage volume at the end of the period and the modeled storage 

volume at the end of the period is 11.6%. 

Some variation between the observed and the modeled storage volumes would be 

expected because of variations in several factors, with the manner in which ET 

information is available from agricultural investigations (i.e., expected ET values are 

based on long-terms averages rather than on actual temperatures) being a considerable 

factor. In addition, the estimated topography of the depressions might be expected to 

cause additional variability, in addition to the uncertainty associated with the dates of the 

aerial imagery. 

3.7 Conclusion and Future Activities  

This proposed methodology fills a gap in incorporating infiltration and ET with the 

hydraulics of flow over a landscape in a modeling framework suitable for investigating 

multiple locations and scenarios. It provides an efficient means to simulate overland 

Figure 3.17 Precipitation and total water volume over time in the South depression. 
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runoff and accumulation in depressions. It is built on time step calculations using 

Manning’s equation and continuity on each cell. It considers sinks as actual features and 

uses dynamic flow direction as a key factor in simulating the water movement over the 

landscape. The calculations show that this model can predict water movement and depth 

on individual cells with an accuracy that could support decision making.  

Calibration and verification were accomplished without significant manipulation of 

the input parameters. The results from both the exercises and field demonstrations are 

consistent with hydraulic principles and field conditions. In the first exercise, on an 

artificial landscape with insufficient rainfall to cause the overflow of water from a 

depression, the ability to track the movement of water over the landscape and accurately 

record the volume in the bottom of the depression was demonstrated. The second exercise 

was again conducted on an artificial landscape, but this time with sufficient rainfall to 

cause water to flow out of the depression. In this case, the Python script was shown to be 

capable of tracking water as it flowed out of the depression, with the water surface 

elevation asymptotically approaching the land surface elevation of the depression pour 

point. While the two exercises on the artificial landscape were conducted without the 

consideration of infiltration or ET, the field demonstrations incorporated them both. The 

results from the two demonstrations that simulated the water budget over a two-year 

period indicate the ability of the Python script to combine the horizontal movement of 

water on the landscape with the vertical processes of precipitation, infiltration and ET. 

Given the potential error of ET assessments and the dates of the aerial photographs, at the 

end of each simulation, the extent of the modeled open water surface approximated that 

in the available aerial photographs.  
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The simulation methodology has the capability to consider flow from one depression 

to another and can record the total water volume in depressions of interest, indicating the 

water accumulating and dispersing. As result, this new model can be applied to test 

wetland management practices, construction designs and flood control. 

With the ability to model water flow over the landscape, into and out of depressions, 

land managers now have the ability to analyze the water balance for small, isolated 

locations. The Python script can be run over long periods of time (a year or more) to 

identify the extent and duration of surface water for comparison with the needs of the 

flora and fauna of interest. It utilizes publicly available information but could also be run 

with artificial precipitation sequences (e.g., to simulate particularly wet or dry years). The 

ease with which modeling scenarios can be set up and run allows multiple locations to be 

analyzed to support decision making with respect to candidate compensatory wetland 

locations.    

Now that the model exists and the ability to track the movement of water over a 

landscape has been demonstrated, several activities will be undertaken to improve the 

accuracy and extend the functionality of the model. The model will be revised for a more 

detailed treatment of infiltration and evapotranspiration that incorporates their inter-

connectedness through the tracking of water content. Seasonal plant growth may result in 

Manning’s roughness coefficients that change over time. The ability to incorporate 

variable n values may prove to be useful in locations where there are significant changes 

in plant height and density over time. While it did not introduce significant errors for 

these demonstrations, other sites might be impacted by potential interactions between 
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surface and groundwater. The modeling described here could be extended to address 

these conditions.  
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 MODIFIED GREEN AMPT MODEL FOR UNSTEADY 

RAINFALL 

4.1 Introduction 

Infiltration is one of the most significant components in hydrology which has been 

researched for decades (Liu, Zhang and Feng, 2008; Chen, Hill and Urbano, 2009; Ali et 

al., 2016). Different kinds of models, including empirical models (Tan and O’Connor, 

1996; Mishra, Tyagi and Singh, 2003) and physical models (Chu, 1978; Warrick et al., 

2005; Chen, Hill and Urbano, 2009), are available to describe this complex process. The 

Green Ampt Infiltration model (Green and Ampt, 1911) has become the most widely 

used infiltration model because of its simplicity, its physical grounding in the law of 

conservation of mass and use of Darcy’s law (Mishra, Tyagi and Singh, 2003; Wang, 

Chen and Yu, 2018). Multiple studies using the Green Ampt model have been conducted 

at different spatial scales and in different locations (Kalman, 1960; Chen and Young, 

2006; Kacimov, Al-Ismaily and Al-Maktoumi, 2010; Chen et al., 2015). 

Because of its simplicity, several assumptions are made before applying the Green 

Ampt method. For example, it assumes a homogenous soil profile and a uniform 

distribution of initial water condition (Chu and Mariño, 2005; Kale and Sahoo, 2011). 

Additionally, it does not consider unsteady rainfall or surface water movement in the 

horizontal direction (Chu, 1978; Mao et al., 2016). However, this model is still one of the 

most popular models to describe infiltration. 
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In its original development, the Green Ampt methodology considered only steady 

precipitation. The objective of this research is to build upon enhancements to the original 

Green Ampt methodology (i.e., considering unsteady rainfall as a sequence of very short 

periods of steady rainfall) in order to calculate infiltration rates with unsteady 

precipitation over the landscape. This landscape-based assessment of infiltration is 

carried out using a GIS-based Python script. The GIS-based Python script for infiltration 

was coupled with the Dynamic Flow Direction (DFD) model, to incorporate surface 

water movement. The implication of surface water movement is the consideration of 

water running on to and running off from each cell in the landscape as a determinant of 

infiltration. That is, if water runs on to a cell, continued excess water on the surface will 

cause continued infiltration. However, water running off from a cell can leave no excess 

precipitation and infiltration would cease. Such an integrated treatment of unsteady 

rainfall has the potential to improve the development of inundation maps and the 

calculation of depression discharges. Previous Studies 

4.1.1 Green Ampt Model 

Prediction of volume and discharge from a rainfall event is significant for designing 

hydraulic structures and normally the infiltration is greater than the runoff (Mullem, 

1991). The Green-Ampt infiltration model, which was first proposed in 1911 by Green 

and Ampt, is used to compute the portion of water entering the soil based on a simple 

application of Darcy’s law (Stewart, 2018). Since then, due to its simplicity and 

capability, this model has drawn lots of attention and it is widely used in different 

applications. 
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The Green-Ampt (GA) method is a physical, time-based model which also considers 

the impacts from rainfall intensity and duration (Philip, 1957). It includes several 

assumptions. First, the GA method assumes that the soil has a homogenous profile and 

uses uniformly antecedent water content in the soil profile. Second, water content 

remains constant between the soil surface and the wetting front when it moves deeper 

into the soil, and meanwhile the soil water pressure head at the wetting front also remains 

constant. Third, it is applied under steady rainfall, which has a constant rainfall intensity.  

Based on these assumptions, the Green Ampt model categorizes the infiltration 

process into two different scenarios (Mein and Larson, 1973): 

1. Before ponding is achieved: When the rainfall intensity is less than the potential 

infiltration rate, all precipitation infiltrates into the soil and there is no water 

accumulation on the landscape surface. During this period, the actual infiltration rate is 

constant and equal to the rainfall intensity. 

2. After ponding is achieved: When the rainfall rate is greater than the infiltration 

rate, water starts to accumulate on the land surface and generate runoff.  

The Green Ampt equation establishes an implicit relationship between the cumulative 

infiltration and time. To identify the infiltration rate at a certain time, the hydrologist 

must use a iterative process to calculate the time, t, for a selected value of the cumulative 

infiltration, F. Once the cumulative infiltration versus time relationship is constructed in 

this manner, the infiltration rate versus time curve may be inferred (Serrano, 2003). A 

modified Green Ampt equation which determines the time to ponding time, and more 

generally, time in the infiltration process, for steady rainfall events was developed by 
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Mein and Larson (1973) and Swartzendruber (1974). A numerical iteration process was 

also introduced to solve the Green Ampt equation by Salvucci and Entekhabi(1994). 

Serrano (2003) proposed a decomposition solution to solve the Green Ampt equation 

with a maximum error of approximately 0.15%. Further, Serrano (2003) continued to 

improve the decomposition solution and found this solution is applicable for a wide range 

of condition. An important error does occur when the rainfall intensity is very high. 

Van Mullem (1991) used the Green-Ampt infiltration model in comparison with the 

Soil Conservation Service (SCS) curve number procedure to predict runoff and peak 

discharge in 12 different sites. All soil parameters were collected from the USDA soil 

survey. Before the infiltration occurs, the interception storage (ranging from 0 to 0.38 

mm) must be satisfied. Depression storage of 1.27 mm (caused by surface tension or 

minor depressions), was subtracted from the runoff increment. A unit hydrograph model 

based on runoff volume obtained from the Green-Ampt model was applied to predict 

peak discharge (Van Mullem, 1991).  

There are also limitations with the Green Ampt model. First, it does not consider the 

horizontal movement of the runoff. When considering the landscape characteristics, 

surface water in high-elevation areas drains out faster and low-elevation area accumulate 

more water than other locations. As a result, high-elevation areas have shorter durations 

for infiltration and low-elevation locations have longer infiltration times. Second, the 

Green Ampt model can’t accommodate unsteady rainfall. During long-duration rainfall 

events, rain intensity may decrease or increase with time (Philip, 1993). Chu (1978) first 

modified the GA equation for unsteady rainfall for homogeneous soil. To account for 

unsteady rainfall, Chu (1978) divided the rainfall event into many short periods of 
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constant rainfall intensity. Based on this theory, there can exist several ponding times 

during an unsteady rainfall event. For each time when the surface ponding begins, the 

ponding time must be calculated, describing the infiltration rate through an implicit 

function. When applying the Green-Ampt infiltration model for varying intensity rainfall 

events, it is reasonable to assume that recovery of the infiltration capacity is relatively 

slow, and that brief dry or drizzle periods during the event do not affect the calculations 

(Chu, 1978). Reeves and Miller (1975) suggested that if the dry period exceeded about 12 

hours, the following rainfall event should be considered as a separate event. The initial 

moisture for all storms is assumed constant. Philip (1993) proposed a method to calculate 

ponded infiltration under variable rainfall. At the ponding time, rainfall intensity equals 

the infiltration rate and the soil becomes fully saturated. However, the equation used to 

calculate infiltration still relies on the cumulative infiltration depth to pair time and 

infiltration rate. Additionally, the horizontal movement of surface water was not 

considered. 

4.1.2 Runoff Model 

Taking advantage of high-performance computers and high-resolution geospatial 

data, multiple hydrologic and hydraulic models have been designed for simulating 

overland flow (Maheshwari and McMahon, 1992; Esteves et al., 2000b; Giustolisi and 

Berardi, 2011). Various methods and equations are employed in these models, including 

Manning’s equation, the kinematic wave equation, and the dynamic wave equation.  

Distributed hydrologic models can calculate the volume of water on each grid cell of 

a digital elevation model (DEM), which can easily be imagined as a finite amount of 

water stored on the land surface. Due to gravity, water will flow from cell to cell. For a 
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cell-to-cell calculation, the time step is subject to a stability condition. Water movement 

cannot move further than the grid size during one-time step (Esteves et al., 2000a). This 

constraint requires defining a suitable time step based on the flow velocity.  

Infiltration characteristics, flow velocity, roughness and land surface condition are 

variables when simulating overland flow, which make this process so complex. 

Roughness is one of the critical components in the model which is also the most difficult 

to estimate. It varies based on different conditions of soil moisture, vegetation and flow 

depth. To develop a shallow runoff model, researchers usually need to deal with a very 

small water depth. In this situation, elevation accuracy, mass balance and flow resistance 

(roughness) are extremely crucial factors (Maheshwari and McMahon, 1992).  

 A Dynamic Flow Direction (DFD) model has been developed for simulating 

overland runoff on landscapes containing depressions without considering the recharge 

from ground water. The model utilizes a DEM which retains the depressions that may 

otherwise be removed from consideration. In this model, an additional layer which 

represents the water depth is created to determine the dynamic flow direction within the 

DEM layer.  

4.2 Methodology  

4.2.1 Modified Green Ampt Model 

When precipitation is falling on the landscape, water will first infiltrate into the soil, 

and then generate overland flow to lower-elevation locations. For each landscape cell on 

a DEM, the water budget can be described as follows: 
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𝑃 = 𝐹 + 𝐺 + 𝑅 (4.1) 

where P is the cumulative rainfall (m); F is the cumulative infiltration (m); G is the 

depth of water ponding on the landscape surface (m); and R is combination of inflow and 

outflow of each cell (m). Evaporation can be neglected because of the short time duration 

and the impact of air moisture. 

In the traditional Green Ampt model, the infiltration process during a rainfall is 

divided into two scenarios based on tp (time to ponding). The infiltration rate f is 

estimated by: 

𝑓(𝑡) = 𝐾𝑠 + 𝐾𝑠

|𝜑𝑓|(𝜗𝑠 − 𝜗𝑖)

𝐹
    𝑓𝑜𝑟 𝑡 > 𝑡𝑝 (4.2) 

𝑓(𝑡) = 𝑃                                         𝑓𝑜𝑟 𝑡 ≤ 𝑡𝑝 (4.3) 

where 𝜑𝑓 is soil water suction head; Ks is saturated hydraulic conductivity;  𝜗𝑠 is 

saturated soil water content;  𝜗𝑖 is initial soil water content; P is rainfall rate and F is the 

cumulative amount of water that has infiltrated. Since there is no time variable in the Eq. 

4.2, Eq. 4.2 can be transformed to  

𝑡 = 𝑡𝑝 +
1

𝐾𝑠
[𝐹 − 𝐹𝑝 + |𝜑𝑓|(𝜗𝑠 − 𝜗𝑖)𝑙 𝑛 (

|𝜑𝑓|(𝜗𝑠 − 𝜗𝑖) + 𝐹𝑝

|𝜑𝑓|(𝜗𝑠 − 𝜗𝑖) + 𝐹
)] (4.4) 

using f = df/dt (Mein and Larson, 1973), where Fp is the cumulative infiltration that has 

occurred up to the time of ponding,  tp. Fp, and tp can be calculated by: 

𝐹𝑝 =
|𝜑𝑓|𝐾𝑠(𝜗𝑠 − 𝜗𝑖)

𝑃 − 𝐾𝑠

(4.5) 
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𝑡𝑝 =
𝐹𝑝

𝑃
(4.6) 

To analyze the relationship between time and the infiltration rate, Fp and tp should 

first be calculated with steady rainfall. Additionally, Eq. 4.4 is an implicit equation for t 

and F. It is common to employ a column of F, which is incremented by small amounts, to 

calculate t (Eq. 4.4) and f(t) (Eq. 4.2). To solve this problem, Eq.4.4, Eq.4.5 and Eq.4.6 

can be transformed into Eq.4.7 and Eq.4.8 (unlike what Mein and Larson(1973) did), 

which show the relationship between t and f(t) directly.  

𝑡 = 𝑡𝑝 +
𝑣𝑎𝑙

𝑓(𝑡) − 𝐾𝑠
−

𝐹𝑝

𝐾𝑠
+

𝑣𝑎𝑙

𝐾𝑠
ln (

𝑃(𝑓(𝑡) − 𝐾𝑠)

(𝑃 − 𝐾𝑠)𝑓(𝑡)
) (4.7) 

val = |𝜑𝑓|(𝜗𝑠 − 𝜗𝑖) (4.8) 

Figure 4.1. Infiltration rate based on Green Ampt model. 
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Fig. 4.1 shows the traditional infiltration curve with a steady rainfall of 0.5 cm/hr. 

Before the ponding time (tp), the potential infiltration rate is much higher than the rain 

intensity, which means that all precipitation will infiltrate into the soil. As a result, the 

actual infiltration rate is equal to rain intensity. After the ponding time (tp), the infiltration 

rate is calculated using Eq. 4.2 and reduces to below the rain intensity. Water starts to 

accumulate on the land surface and generate overland flow.  

For unsteady rainfall, rain intensity changes all the time. Eq. 4.5 and Eq. 4.6 are 

inadequate to calculate time to ponding (tp) and cumulative infiltration to ponding (Fp). 

However, before the ponding time (tp), it is certain that all accumulated precipitation 𝑃𝑡 

moves into the soil, which equals cumulative infiltration to ponding (Fp): 

𝑃𝑡 = 𝐹𝑝 (4.9) 

and the infiltration rate at ponding time equals rain intensity at ponding time: 

𝑓(𝑡) = 𝑅(𝑡). (4.10) 

Then, Eq. 4.2 can be converted to: 

𝑅(𝑡) = 𝐾𝑠 + 𝐾𝑠

|𝜑𝑓|(𝜗𝑠 − 𝜗𝑖)

𝑃𝑡

(4.11) 

because  

𝑃𝑡 = ∫ 𝑅𝑑𝑡.
𝑡

0

(4.12) 

Thus, the ponding time (tp) and cumulative infiltration to time of ponding (Fp) can be 

calculated using Eqs. 4.9, 4.10 and 4.11. Because Eq. 4.4 is an implicit equation for t and 
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Fp, solving the implicit equation process is embedded in a Python script to obtain a 

precise value in an efficient fashion.Now, the real-time potential infiltration rate is 

calculated during an unsteady rainfall event (Fig. 4.2). The actual infiltration rate can be 

corrected by precipitation data and the potential infiltration rate, because the infiltration 

rate cannot be larger than the precipitation rate. 

4.2.2 Coupling the MGA model with DFD Model 

In the Dynamic Flow Direction (DFD) model, the water budget on each cell is 

calculated during each short time step. Often, the infiltration rate is calculated based 

steady rainfall for the entire duration of the event for computational efficiency. However, 

using constant rainfall intensity is inadequate to quantify the infiltration rate in each time 

step. Different infiltration rates directly impact the calculated time to ponding and the 

cumulative infiltration, which could result in different surface water volumes. As a result, 

it is preferable to calculate the infiltration rate simultaneously under an unsteady rainfall 

event instead of only for a steady rainfall event. Thus, the Modified Green Ampt (MGA) 

Figure 4.2. Infiltration rate with unsteady rainfall. 
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model is applied to determine the infiltration rate and the rainfall excess in an unsteady 

rainfall event. 

This MGA equation can be utilized by inputting the precipation data in a Python 

script written for this effort. This real time infiltration rate is combined in the water 

budget calculation in each time step for every cell. 

It should be recognized that traditionally, the Green-Ampt method is applied on a 

field without considering surface water movement. In an overland flow model, surface 

water will move and accumulate in lower elevation areas. This means that cells which 

have net outflow will end infiltration faster and cells which have net inflow will have 

longer periods of infiltration. Because of this, in the overland flow model, the only 

determining varible is the water volume on each cell. If there is no water on a given cell, 

there will be no infiltration and vice versa. 

Figure 4.3. Flow chart of the coupling of the MGA model with the DFD model. 
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Figure 4.3 shows the workflow for the entire process. The MGA model is embedded 

at the beginning of each time step. It can calculate the infiltration rate based on soil 

texture and precipitation. In the MGA model, there are also conditional statements to 

determine the infiltration rate, which increases the computational efficency (Fig. 4.4). 

4.3 Result and Discussion 

4.3.1 Comparison Between TGA and MGA Model 

Because the traditional Green Ampt model can only compute an infiltration rate over 

time for steady rainfall, for a designed unsteady rainfall, one option may be to use 

average rain intensity as input. In this test, the average rain intensity is 0.5 cm/hr. Soil 

saturated conductivity is set to 0.044 cm/hr. The soil suction head is set to 22.4 cm. 

Saturated moisture content and initial moisture content are 0.5 and 0.25. These values are 

selected for arbitrary research purpose. Based on these given parameters, tp and Fp from 

Figure 4.4. Flow chart for determining the infiltration rate. 
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the TGA model can be calculated as 1.08 hr and 0.54 m. The grey line in Fig. 4.5 shows 

how the infiltration rate (y value) changes with respected to time (x value). 

The result of the MGA model is a tp of 0.65 hr, which is much shorter than the tp from 

the TGA. Additionally, the Fp is 0.29 m which is smaller than Fp from the TGA. The 

difference also can be observed during the period before ponding is reached. In the TGA, 

the infiltration rate is constant because it operates from an average rainfall intensity, 

which fails to represent the variability of unsteady rainfall. Meanwhile, in the MGA, the 

infiltration rate changes with the rainfall intensity even before the condition of ponding is 

reached. The difference in the water budget can be seen in Table 4.1. Based on the MGA 

model, the accumulated infiltration is also larger with the TGA model. 

Figure 4.5. Infiltration rate comparison between TGA and MGA models. 



84 

 

 

4.3.2 Calculation of Spatial and Temporal Water Budget on the Landscape  

During a rainfall, each cell on a landscape (as represented by a DEM) has both 

input and output in both the horizonal and the vertical directions. In a traditional Green 

Ampt methodology application, input and output in the vertical direction are the only 

factors considered. By coupling the MGA and the DFD models, it is possible to track the 

spatial and temporal water budget on each cell, which also has impacts on the infiltration 

rate. Based on the infiltration rate generated from the prior comparison, two series of 

inundation maps are created to represent the water distribution on the landscape during 

the designed unsteady rainfall. 

Table 4.1. Comparison of results from the TGA and the MGA models. 
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Fig. 4.6 indicates two inundation maps using the TGA and the MGA at 0.5 hr. At this 

time step, the total water volume on the landscape with MGA is 5.3% less than the result 

with TGA. To better reflect the water distribution, the blue color only depicts water 

depths larger than 0.05 m. Based on this information, the inundation area which is deeper 

than 0.05 m with MGA is 4.8% smaller than the result with TGA.   

4.4 Conclusion 

This study modifies the widely used Green Ampt infiltration model for unsteady 

rainfall. It incorporates a new method to calculate the ponding time and cumulative 

infiltration, and then establishes an implicit equation to build the connection between 

time and infiltration rate. The entire process, including the solution of the implicit 

equation, are implemented in a Python script. The infiltration rate from MGA can 

accommodate unsteady rainfall intensity. This proposed method is examined by 

comparing with the traditional Green Ampt model. The results show that the MGA model 

has a shorter time to ponding, a larger maximum infiltration rate, smaller cumulative 

infiltration at the ponding time (the time of surface saturation) and a larger cumulative 

infiltration over a longer period of time. 

Figure 4.6. Inundation maps created with the TGA and the MGA models. 

TGA MGA 
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Based on the results from the previous comparison, the MGA model is coupled with 

DFD model to evaluate the effects for horizontal movement of overland flow. With the 

consideration of inflow and outflow, the results show that the study area has a larger total 

infiltration volume with MGT, which mean less water content on the landscape. As a 

result, the inundation area is relatively smaller than with the calculation using TGA. 

These results have implications for multiple aspects of surface water runoff management, 

from the performance of stormwater best management practices (BMPs) to the 

assessment of locations for potential mitigation wetlands.  
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 CONCLUSIONS 

5.1 Backwater Effect on Surface Water Profile 

An efficient methodology for using the Modified Euler’s method to calculate water 

surface profiles over a natural landscape on the mild slopes connecting wetlands has been 

developed. A Python script has been created to perform the calculations, including the 

extraction of landscape data directly from a DEM, eliminating the need for a field survey 

at every potential depression of interest. The efficiency of the methodology allows for 

widespread scoping calculations to assess locations for more detailed investigations for 

wetland protection or mitigation. Its simplicity and automation can help users with little 

hydraulics background to calculate profiles for decision-making.  

Multiple tests have been performed to verify the accuracy of this methodology. The 

Python script created for this project automatically extracts the necessary data and 

computes all necessary hydraulic parameters. The first test recreated a drawdown curve 

demonstration in a textbook. This was accomplished by generating an artificial landscape 

matching the trapezoidal channel of the example. The Python script extracted the 

necessary landscape parameters from the DEM, calculated the appropriate hydraulic 

parameters and developed the drawdown curve, exactly matching the published results in 

a textbook. The second test was performed on a natural landscape with a discharge that 

would be associated with an intense storm. This set of conditions produced a sequence of 

backwater (M1) curves expected as landscape characteristics change, causing the water 

surface profile to adjust accordingly in moving from one reach to another. The third test 

was conducted on the same natural landscape (while changing one surface roughness 
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value), but with a less intense storm. The lower flows associated with these more 

common, less intense storms, are of particular interest for continued wetland functioning. 

With the lower discharge, the script demonstrated the ability to calculate a water surface 

profile that incorporates both backwater (M1) and drawdown (M2) curves. 

This effort addresses the challenge of quantifying the flow characteristics (i.e., a 

water surface profile) over a landscape in contrast to the current focus on flow in defined 

channels. It is able to accommodate the inherent variability in the landscape elevations 

and land covers. It is now possible to make assessments that could provide a first-step 

screening tool for wetland scientists to assist in the selection of locations that may 

warrant further investigation with respect to the preservation, restoration or mitigation of 

wetlands. Effort is ongoing, specifically in the depiction of the landscape implications of 

a given water surface profile—the extent of the land surface that would be covered by 

water from the given profile), leading to infiltration to support wetland function.   

5.2 Overland Flow Simulation through Wetlands 

The methodology developed here fills a gap in incorporating infiltration and ET with 

the hydraulics of flow over a landscape in a modeling framework suitable for 

investigating multiple locations and scenarios. It provides an efficient means to simulate 

overland runoff and accumulation in depressions. It is built on time step calculations 

using Manning’s equation and continuity on each cell. It considers sinks as actual 

features and uses dynamic flow direction as a key factor in simulating the water 

movement over the landscape. The calculations show that this model can predict water 

movement and depth on individual cells with an accuracy that could support decision 

making.  
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Calibration and verification were accomplished without significant manipulation of 

the input parameters. The results from both the exercises and field demonstrations are 

consistent with hydraulic principles and field conditions. In the first exercise, on an 

artificial landscape with insufficient rainfall to cause the overflow of water from a 

depression, the ability to track the movement of water over the landscape and accurately 

record the volume in the bottom of the depression was demonstrated. The second exercise 

was again conducted on an artificial landscape, but this time with sufficient rainfall to 

cause water to flow out of the depression. In this case, the Python script was shown to be 

capable of tracking water as it flowed out of the depression, with the water surface 

elevation asymptotically approaching the land surface elevation of the depression pour 

point. While the two exercises on the artificial landscape were conducted without the 

consideration of infiltration or ET, the field demonstrations incorporated them both. The 

results from the two demonstrations that simulated the water budget over a two-year 

period indicate the ability of the Python script to combine the horizontal movement of 

water on the landscape with the vertical processes of precipitation, infiltration and ET. 

Given the potential error of ET assessments and the dates of the aerial photographs, at the 

end of each simulation, the extent of the modeled open water surface approximated that 

in the available aerial photographs.  

The simulation methodology has the capability to consider flow from one depression 

to another and can record the total water volume in depressions of interest, indicating the 

water accumulating and dispersing. As result, this new model can be applied to test 

wetland management practices, construction designs and flood control. 
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With the ability to model water flow over the landscape, into and out of depressions, 

land managers now have the ability to analyze the water balance for small, isolated 

locations. The Python script can be run over long periods of time (a year or more) to 

identify the extent and duration of surface water for comparison with the needs of the 

flora and fauna of interest. It utilizes publicly available information but could also be run 

with artificial precipitation sequences (e.g., to simulate particularly wet or dry years). The 

ease with which modeling scenarios can be set up and run allows multiple locations to be 

analyzed to support decision making with respect to candidate compensatory wetland 

locations.    

Now that the model exists and the ability to track the movement of water over a 

landscape has been demonstrated, several activities will be undertaken to improve the 

accuracy and extend the functionality of the model. The model will be revised for a more 

detailed treatment of infiltration and evapotranspiration that incorporates their inter-

connectedness through the tracking of water content. Seasonal plant growth may result in 

Manning’s roughness coefficients that change over time. The ability to incorporate 

variable n values may prove to be useful in locations where there are significant changes 

in plant height and density over time. While it did not introduce significant errors for 

these demonstrations, other sites might be impacted by potential interactions between 

surface and groundwater. The modeling described here could be extended to address 

these conditions.  
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5.3 Infiltration Calculation based on Modified Green Ampt Model  

The Green Ampt infiltration model is modified for unsteady rainfall. It incorporates a 

new method to calculate the ponding time and cumulative infiltration, and then 

establishes an implicit equation to build the connection between time and infiltration rate. 

The entire process, including the solution of the implicit equation, is implemented in a 

Python script.  

The infiltration rate from the MGA can accommodate unsteady rainfall intensity. An 

exercise comparing the performance of the Green Ampt methodology using a steady 

average rainfall with the performance with an unsteady event of the same total rainfall 

utilizing the Python script has been undertaken. The results of this single-cell assessment 

indicate the ability of the script to calculate instantaneous and cumulative infiltration of a 

magnitude generally expected. The observed differences in the results are expected based 

on the differences in the time to ponding calculated by the two methodologies. 

The GIS-based Python script for infiltration was coupled with the Dynamic Flow 

Direction (DFD) model, to incorporate surface water movement. The implication of 

surface water movement is the consideration of water running on to and running off from 

each cell in the landscape as a determinant of infiltration. That is, if water runs on to a 

cell, continued excess water on the surface will cause continued infiltration. However, 

water running off from a cell can leave no excess precipitation and infiltration would 

cease. An additional comparison of the constant and variable precipitation over the 

landscape has been undertaken. Differences in surface water depths over time can be 

seen, suggesting that this integrated treatment of unsteady rainfall has the potential to 

improve the development of inundation maps and calculating depression discharges. 
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These results have implications for multiple aspects of surface water runoff management, 

from the performance of stormwater best management practices to the assessment of 

locations for potential mitigation wetlands.  

5.4 Summary 

This research developed three methodologies to quantify the hydrologic and hydraulic 

processes in wetlands, including creating surface water profile between wetlands, 

simulating overland flow through wetlands and modifying the infiltration model for 

unsteady rainfall. All of these modeling efforts are developed to investigate the water 

movement in wetlands. The hydrological processes determine the function and 

performance of wetlands. The spatial and temporal distribution of water provide a basis 

for understanding wetlands for future studies, such as flood control, pollutant transport 

and biological studies.  
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