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Abstract 
 
The use of modeling tools to predict the amount of stormwater that is generated from impervious areas 
will be imperative for urban planners and developers in arid and semi-arid regions in the future. The 
National Training Center (NTC) in Fort Irwin, California is located within the Mojave Desert, a region 
that is increasingly water stressed. The Automated Geospatial Watershed Assessment (AGWA) tool is a 
GIS based modeling tool that can be used for water conservation planning. In the AGWA tool, there is a 
hydrologic model, KINEROS2, that has been developed and tested in a semi-arid environment. This 
model will be used to determine stormwater runoff volumes that are generated by observed rain events 
and to predict runoff for future storms. Because the NTC only gets three to four inches of rain per year, a 
scenario analysis using NOAA Precipitation Frequency Data Server data and historical observations will 
also be performed using the AGWA tool to gain an understanding of the differences in model 
parameterizations at the site. Within Fort Irwin, there is existing stormwater infrastructure that aids in 
the facilitation of infiltration. More specifically, the Sleepy Hollow neighborhood has implemented 
stormwater collection methods to keep runoff on site, and they consist of a stormwater detention basin, 
controlled release of flood waters, and a drywell to enhance infiltration locally. To monitor the detention 
basin, the installation of a compound v-notch weir, pressure transducers, a Barologger, weather station, 
and weighing bucket rain gage took place in November 2017, and has been monitoring the site since. 
Soil samples also were taken on site in order to characterize the hydrologic soil parameters for input into 
KINEROS2. This thesis summarizes the preliminary modeling results based on three observed rainfall 
events and assesses the differences in multiple soil and rainfall parameterizations and their impact on 
surface water modeling at Fort Irwin. 
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1.0 Introduction 
 
Water supplies in arid and semi-arid regions of the Southwestern United States are increasingly 
going to be stressed as urbanization and development continues to grow at substantial rates. The 
Southwestern United States will see a faster rate of growth and expansion than other regions 
around the US, which will increase water stress and the need for tools and mitigation strategies 
to help address this issue (Treidel et al., 2012). An area that is increasingly under pressure to 
conserve water is the Fort Irwin National Training Center (NTC) in California. Given it is 
located within the Mojave Desert, the NTC only gets approximately four inches of rain per year, 
resulting in groundwater being the primary source of water supply. Thus, the need for Fort Irwin 
to conserve and mitigate some of these negative effects to fulfil their Net Zero Initiative is of 
utmost importance. The Net Zero Initiative is a program that was implemented in order to 
balance the impact that the installation has on natural resources. In order to attain the Net Zero 
goal, the amount of groundwater recharge would need to offset the amount of groundwater 
withdrawal, which would equal a net zero effect on the underlying aquifer. In order to monitor 
this situation and hopefully attain this goal, a tool that could be imperative to its success is the 
use of modeling to predict water yields from rainfall events that occur yearly. The use of the 
Automated Geospatial Watershed Assessment (AGWA) tool will be applied to this site in order 
to characterize and model the amount of stormwater generated from the Sleepy Hollow 
neighborhood located within the cantonment of the installation. Within the AGWA tool, the 
specific model that will be applied is the KINEmatic Runoff and EROsion 2 model (KINEROS2; 
Goodrich et al., 2012.) and the reason for choosing this model is because it has the capability to 
accurately characterize urban areas and model rainfall events. It was also chosen because it can 
model the size of the watershed well and it is event based, meaning that the rainfall events can be 
modeled independently of one another. This is a very important factor to take into consideration 
because the frequency of rainfall events at the NTC is very low, so a yearly rainfall model would 
not be suitable for this region.  
 
Throughout this report, the research activities and results from November 2017 up to December 
2018 that relate to surface water modeling will be discussed. Along with this, the methods of 
instrumentation, data acquisition and analysis, hydrologic model setup and results, and field 
activities will be discussed. 
 
1.1 Background and Literature Review 
 
In the American Southwest, growth and urbanization have been occurring rapidly and are 
projected to exceed growth rates of other regions of the United States in the coming decades. 
Consequently, there will be increased demand placed on water supplies and will result in the 
need for new technologies and mitigation strategies to be implemented if the region will be able 
to sustain itself. Another factor that is contributing largely to the vulnerability of water supplies 
in this region is climate change (Treidel et al., 2012). With increased urbanization comes a loss 
of infiltration due to the addition of impervious surfaces. Roofs, driveways, sidewalks, roads, 
parking lots, and compacted soil all reduce the ability for a landscape to infiltrate water from a 
rainfall event. As a result of lost infiltration capacity, flood events increase, the amount of 
potential pollutants increase, and water quality in the study area decreases (Cantone and 
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Schmidt, 2011). With the addition of pollutants into local water supplies, more sophisticated 
water treatment facilities would need to be implemented on site, added greater expenses that 
burden a local party and further threatening local water supplies if these needs cannot be met. To 
classify the effects that urbanization has on an area, computer models have been used to predict 
runoff from impervious surfaces (e.g., roads, roofs and driveways) but they have not been used 
to predict the amount of water from impervious areas onto infiltrating areas, nor the effect of 
changes in the soil’s ability to absorb rainfall within constructed areas. This developed/natural 
area interaction is an area that has been explored by USDA-ARS researchers in Tucson, Arizona 
with help in part from the U.S. Geological Survey that collected detailed hydrologic observations 
in both developed and natural watersheds adjacent to each other in southeastern Arizona, 
specifically located within the City of Sierra Vista. The results from this effort to classify the 
developed and disturbed area interactions showed that development contributed to a 26-fold 
increase in runoff over the watershed, and of this, 15-20% of the total runoff was attributed to 
compacted soils from construction and development (Kennedy et al. 2013a; Kennedy et al. 
2013b). Because of the increased water runoff, ground water levels decrease, and the lack of 
water on site available for evapotranspiration only contributes to increasing the development of 
urban heat islands (Rizwan et al., 2008). Taking this into account, it is important to note that past 
urban storm water management practices relied heavily on grey infrastructure (hardscape 
conveyances) to transport storm water downstream faster while also trying to detain water long 
enough to decrease post-development peak runoff rates to equal those of pre-development peak 
runoff rates.  
 
Having increases in runoff in an urbanized area generates a “new” source of water that 
previously would not have been available due to infiltration and evapotranspiration. As a positive 
result, the “new” water provides an opportunity to augment local water supplies, and this is 
especially important in arid and semi-arid regions of the United States. The augmentation of 
water supplies in regions could help mitigate many lost factors, including but not limited to, 
greening of landscapes, infiltration into groundwater aquifers, increased surface water supply to 
support animal life, and having an overall healthier environment. In an ideal scenario, any site 
would have a watershed management plan that takes into account all of these factors when 
considering development of a location, with the emphasis being placed on minimizing peak 
flows, reduction of pollutant loads, minimized sediment transport, and the capture and storage of 
the resulting water to augment water supply. While this is ideal, there could be upstream factors 
that could contribute to either the increase or decrease of water yields at a site like Fort Irwin, 
California. Military training exercises, vegetation cover and changes, and wildfire could have the 
biggest impact on water yields. Such tools within AGWA have been developed to help assess the 
impact of disturbances include the Military Training Disturbance Tool, the Burn Severity Tool, 
and the Land Cover Modification Tool. These tools have been tested on other military bases in 
arid and semi-arid regions of the southwestern United States. However, the tools mentioned will 
not be implemented during this research as it will be focused more on the use of Low Impact 
Development (LID) strategies, which will be discussed next. 
 
Since urban drainage systems consisting of pipes and other grey infrastructure have proven to be 
inadequate in managing increased surface runoff from urbanization, Low Impact Development or 
Water Sensitive Design techniques (Fletcher et al., 2015) are becoming more widely 
implemented in new development. According to the United States Environmental Protection 
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Agency (EPA), Low Impact Development, or LID, refers to “systems and practices that use or 
mimic natural processes that result in the infiltration, evapotranspiration or use of stormwater in 
order to protect water quality and associated aquatic habitat” (Urban Runoff: Low Impact 
Development, 2018). The main purpose of using LID practices is to help restore a disturbed 
landscape to mimic natural processes, as indicated in the definition from the EPA, and it also acts 
to reduce peak flows and help infiltrate water back into a local water supply by using Best 
Management Practices (BMPs). BMPs are small scale management strategies that can include, 
but are not limited to, green roofs, permeable pavements, bioretention systems, and infiltration 
systems such as dry wells and infiltration trenches. As urbanization increases in the arid and 
semi-arid southwestern United States, the infiltration capacity of areas will continuously 
decrease, leading to larger runoff volumes and more significant flooding events in these areas. 
By implementing LID methods and strategies, the goal is to decrease peak flows and provide 
additional opportunities to increase the amount of infiltration locally. This will help even out the 
water balance of an aquifer and help attain the Net Zero goals that the NTC has. The Net Zero 
goal of the NTC is to withdraw as much groundwater as they are recharging from their water 
supply, having a zero effect on the aquifer. The emphasis of this report will focus on accurately 
modeling surface water runoff from multiple storm events as an input to a LID drywell 
infiltration system. 
 
In order to estimate runoff in this project, the Automated Geospatial Watershed Assessment 
(AGWA – Miller et al., 2007; Goodrich et al., 2012) tool will be used to quantify the amount of 
storm water and natural runoff from observed, design, and historical rainfall events. AGWA is a 
GIS based collection of tools and interfaces that was developed by the USDA Agricultural 
Research Service, the U.S. Environmental Protection Agency Office of Research and 
Development, and the University of Arizona to automate the parameterization and execution of 
hydrologic models (https://www.tucson.ars.ag.gov/agwa/). Within AGWA, there are a collection 
of three watershed models: the Kinematic Runoff and Erosion 2 (KINEROS2) model, the Soil 
Water Assessment Tool (SWAT) versions 2000 and 2005, and the Rangeland Hydrology and 
Erosion (RHEM) model. These models were chosen by the developers of AGWA because they 
provide ways of estimating many outputs at a watershed scale from a rain event, and each has 
flexibility to establish parameters based on observed values. In KINEROS2, the outputs that the 
model are currently capable of producing are runoff, peak flow, sediment yield/discharge, and 
channel scour. SWAT can also calculate these model outputs, but it also has the capability to 
model amounts of nitrogen and phosphorous in runoff, primarily for agricultural applications. 
Having these two models, specifically, within AGWA, the tool can do hydrologic modeling and 
watershed assessments at various temporal and spatial scales, allowing for a wide range of 
studies to potentially be performed. The AGWA tool is run in ESRI ArcGIS 10.x, as well as 9.x 
versions of the software. From the AGWA website, it has over 4,000 registered users, over 
10,000 downloads in 170 countries, and has been cited in literature over 250 times 
(https://www.tucson.ars.ag.gov/agwa/about-agwa/). As recently as 2014, AGWA has added the 
capability to model Green Infrastructure/LID best management practices with the Urban Tool at 
a variety of spatial extents. The extents in which AGWA can model LID is at the lot, sub-
division, and small watershed scales (Korgaonkar et al., 2014; Korgaonkar et al., 2018). In 
addition to the capabilities of the tools, AGWA has received an Enterprise Certificate of 
Networthiness (#201418208, Oct. 28, 2014, extended through 2020 pending the Army Access 
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Only protocol) which allows for the tool to be installed on Army computers and thus used on 
installations in the arid and semi-arid United States.  
 
In order to assess the effectiveness of a LID practice at a specific site, an appropriate BMP to use 
must be considered. While it has been shown in various studies that LIDs can directly reduce 
surface runoff and peak flow rates (Bengtsson et al., 2004; Carbone et al., 2014; Chui et al., 
2016; Davis, 2008; Getter et al., 2007; Yang and Li, 2013; Zhu et al., 2019;), the link between 
LIDs and groundwater recharge has been less frequently examined. There have been few studies 
that directly examine the impact on infiltration from LIDs (Roy and Braga, 2009). In an arid 
region such as Arizona, recharge under LIDs has been estimated in the past using the curve 
number method. This method estimates the fraction of captured runoff from land cover types and 
applies the result as groundwater recharge. In order to further classify potential recharge rates, 
there have been larger scale recharge studies conducted on aquifer systems (Hanson et al., 2010; 
Racz et al., 2012). These studies examined basin sized aquifer systems and did not analyze the 
localized effects of LIDs. In summary, what has been found by the previous studies mentioned 
was that recharge beneath LIDs is mostly controlled by precipitation intensity and duration, 
connectivity of impervious areas to the LID, storage capacity, and soil characteristics (Shuster et 
al., 2007). It was also found that these studies assess large scale aquifer systems and do not focus 
their analyses on the impacts that LIDs could have on a local scale.  
 
While the effectiveness of LIDs on surface runoff has been well documented and studied 
(Bengtsson et al., 2004; Carbone et al., 2014; Davis, 2008; Getter et al., 2007), the effects of 
LIDs on groundwater resources have been only partially investigated. Recharge beneath LIDs 
has been previously modeled or estimated as a percentage of precipitation. Some studies 
estimated that between 40 and 99% of rainfall became recharge beneath LIDs (Dietz and 
Clausen, 2006; Endreny and Collins, 2009; Stephens et al., 2012). In Arizona, recharge beneath 
LIDs has been estimated using the curve number method as a fraction of captured runoff that 
does not evaporate. Some municipalities have implemented groundwater recharge studies for 
large scale and centralized managed aquifer recharge sites, often using yearly water budgets and 
field-calibrated groundwater flow models to predict recharge (Hanson et al., 2010; Racz et al., 
2012). In each of these studies, groundwater recharge is based on, and controlled by, 
precipitation, runoff, infiltration characteristics, and potential storage capacity of the BMP that 
was being assessed (Newcomer et al., 2014).  
 
The system that has been studied the least of LID implementations are dry wells. This BMP is a 
subsurface system that acts as a catalyst to accelerate infiltration and consists of multiple parts. 
There is a main storage chamber that acts as an area where sediment can settle. From this, the 
runoff from impervious surfaces then has an opportunity to infiltrate into the soils around the 
base of the system, which is generally covered with high infiltration materials (e.g. loose cobbles 
or sand). To further enhance infiltration, there is also an overflow chamber that is filtered with a 
screen to prevent sediment from clogging the system. The overflow chamber can range in depth, 
potentially avoiding barriers to ground water recharge in the subsurface strata. Along with 
infiltration, a drywell system can also reduce stormwater runoff which is another benefit when 
volumes are increasing during and after development.  
 
As stated above, dry wells can be used to enhance groundwater recharge by infiltrating surface 
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runoff in surrounding soil. However, there is concern that pollutants in stormwater runoff may 
contaminate groundwater during dry well infiltration. Wilson et al. (1990) analyzed the impact of 
dry-well drainage of urban runoff on groundwater recharge and pollution on three sites in 
Arizona. In that study, water content data from vadose-zone samples suggested that dry well 
drainage created a transmission zone for water movement at each site. Water quality 
measurements highlighted that the three dry wells examined in the study were not a major 
concern for groundwater pollution. In another study, Chiang (2010) reported results of both field 
scale and numerical modeling studies on the effects of BMPs on groundwater pollution. It was 
shown that, when applying a buffer strip BMP to a watershed, the reduction in phosphorous 
ranged from 9 to 71%. This result displays the impact that a BMP can have on the water quality 
of a watershed if it is implemented correctly. It also shows that there needs to be more research 
conducted to determine the capabilities of a dry well in improving water quality from urban 
stormwater.  
 
The biggest problem with dry well injection is clogging of the infiltration surface which can lead 
to decreased performance and increased maintenance costs (Bouwer, 2002; Hutchinson et al., 
2013; Martin, 2013). Clogging occurs because of colloid retention and accumulation in soils that 
results in a reduction in porosity and hydraulic conductivity. Even a small volume of retained 
colloids (<l % of the pore volume) can produce extreme clogging with an increased pressure 
drop of two to three orders of magnitude (Mays and Hunt, 2005). The main source water at the 
NTC is storm water runoff from urban and rural areas. This source of runoff could contain clays, 
silts, minerals, organic matter, and microbes that exhibit a wide range in sizes that can induce 
clogging. In addition, clogging can also occur when in-situ colloids are released into infiltrating 
water due to changes of solution chemistry (dilution, for example), hydrodynamic conditions, 
and water saturation during dry well injection (Bradford et al., 2015a, b; Torkzaban et al., 2015). 
Dry wells should therefore be designed and managed properly to minimize such clogging 
processes. Measurement and modeling of colloid transport, retention, release, and clogging is a 
critical tool to help in this regard (Torkzaban et al., 2015), and can assess exactly what resources 
are needed to maintain a pristine dry well system. 
 
In the semi-arid and arid regions of the country, there are two dominant precipitation regimes 
that generate the most rainfall. The first precipitation regime that is dominant in portions of the 
southwestern United States is the North American Monsoon circulation.  This precipitation 
process occurs in the summer within the Sonoran and Chihuahuan Deserts, and the storms that 
are generated are typically high intensity, high volume, and short duration, leading to extensive 
flooding in urbanized areas. The other general precipitation process that occurs and contributes 
to rainfall in the arid Mojave Desert is the winter frontal storm. This storm type is characteristic 
of the rain events California experiences in winter months and is typical in a Mediterranean 
climate. These storms are usually characterized by a lower intensity, longer duration, and smaller 
volume of rainfall. In highly compacted arid soils and urbanized areas in the southwest, these 
storms can still contribute to flooding and generate significant runoff. For modeling, there are a 
series of rainfall distributions that were developed by the Soil Conservation Service (SCS) 
originally in 1964, with revisions in 1969, and 1993 (Natural Resources Conservation Service, 
2015). There are four primary rainfall distributions from the SCS, and they are Types I, IA, II, 
and III. Each distribution accounts for a different region of the country, and for the purpose of 
this study, SCS Type II will be selected. As an update to this, the National Oceanic and 
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Atmospheric Administration (NOAA) releases Precipitation Atlases, with the most recent one 
being Atlas 14 in 2011 (https://hdsc.nws.noaa.gov/hdsc/pfds/). In this version, new rainfall 
distributions were developed to be more localized. In California, there were six rainfall 
distributions and the California-6 (CA-6) rainfall distribution will be used due to the spatial 
overlap with Fort Irwin. With both precipitation regimes, each can generate a substantial amount 
of stormwater runoff which could be used to augment water supplies. These two precipitation 
regimes will be selected during the precipitation process of model parameterization, which will 
be explained later in the thesis.  
 
Based on the precipitation regimes, there can be a considerable amount of runoff generated from 
each storm type. When this occurs, there is a possibility for a detention basin to overflow, 
depending on the configuration of the BMP that is implemented on site. Because a dry well will 
be used in this study, the location of the LID feature is in the bottom of a detention basin 
resulting in the potential for discharge to occur. Within the study site, there is a compound v-
notch weir that is at the outlet of the pond. Compound v-notch weirs are used to measure outflow 
rates. Studies by Piratheepan et al. (2006) and Martinez et al. (2005) have been conducted in 
laboratory settings to calibrate and validate the methods that are used to calculate outflow. In 
both papers, theoretical approaches were taken in order to calibrate weir outflow equations and 
these will be discussed later in the thesis. It is important to note that in both papers, there were 
multiple methods tested, and only one will be selected for this study as guidance is provided as to 
which is the best method to use.  
 
Another variable to consider when working in an arid or semi-arid region is evaporation. As 
development and impervious surfaces increase, the amount of vegetation available to generate 
evapotranspiration decreases. It has been shown in studies that the rate of evapotranspiration can 
decrease dramatically depending on the amount of urbanization in a watershed (Dow, 1997; Rim, 
2009; Zhang et al., 2011). Each of these studies mentioned used the FAO Penman-Montieth 
method to calculate reference and potential evapotranspiration (RET and PET, respectively). 
This method was developed by the UN Food and Agriculture Organization (FAO), and the goal 
was to have a standardized method of calculating evapotranspiration (Allen et al., 1998). To do 
this, they analyzed many other models including the Blaney-Criddle, Hargreaves, FAO 
Irrigation, methods in ‘Drainage Paper 24’, the modified Penman Method, and pan evaporation 
methods to determine which had the most suitable results. Once concluding that the Penman-
Montieth model had the least amount of error, it became adopted in literature and is suitable to 
use for evapotranspiration calculations in this thesis.   
 
1.2 Project Objectives 
 
The NTC cantonment has a stormwater system that includes a stormwater catch basin, controlled 
release of flood waters, and enhanced local infiltration by a drywell. The system has not been 
performing to design standards and best management practices due to lack of maintenance. 
Rainfall events of less than one inch fill the catch basin, resulting in standing water for weeks at 
a time, and reducing available storm water capture capabilities. An important benefit of effective 
localized infiltration is recharge of the Fort Irwin basin aquifer. Because of this, there are three 
goals that will be addressed: 1). The main goal is to estimate storm water runoff from developed 
watershed areas based on observed data using the KINEROS2 model; 2). The second goal is to 
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perform KINEROS2 modeling on design storms that are created using the NOAA Precipitation 
Frequency Data Server (PFDS) in order to test the sensitivity of multiple different rainfall 
distributions and soil parameterizations over the watershed; and 3). The third goal is to utilize 
historical data from rain gages that are near and on the NTC in order to also assess the 
differences between the parameterization scenarios using the KINEROS2 model. In order to 
achieve these goals, the coupling of observed, downloaded, and GIS derived data will be used to 
parameterize and execute the model. 
 
1.3 Site Description 
 
Located in the Mojave Desert in California, the Fort Irwin National Training Center (NTC) is a 
primary training installation for the United States Army. Occupying approximately 2,763 square 
kilometers, the installation is primarily dominated by high desert vegetation including mesquite, 
creosote, yucca, and other desert flora and fauna. Most of the area within the installation is open 
range, allowing for military training exercises to occur. Because of this, areas on the installation 
that are occupied daily by both military personnel and civilians is a concentrated area of 
development. For this thesis, the area of interest is the Sleepy Hollow and surrounding 
neighborhoods that make up the urban watershed draining into the detention basin and drywell 
(Figure 1).  
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Figure 1. Location map of Fort Irwin and study watershed. 
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As can be seen above, Fort Irwin is located approximately halfway between Los Angeles and Las 
Vegas. Of the 2,763 square kilometers, the study area that will be the focus of this thesis is only 
0.35 square kilometers. The size of the study area was determined due to the detention basin that 
is located at the outlet of the watershed, as shown in Figure 1. In terms of the developed areas 
within the study area, there are a mixed variety of land cover types. There are neighborhoods 
with smaller houses, open desert landscapes, grass recreation fields, a school, and community 
center. The way that these features are divided in order to perform the surface water modeling 
will be discussed further in the methods of this thesis.   
 
1.4 Field Work and Instrumentation Installation 
 
A necessary part of any modeling study is having observed data in order to determine the 
accuracy of the modeled results. To date, there have been five field work trips that have been 
conducted. These trips have been over the span of two years, and each trip served a different 
purpose. The first trip that was conducted was January 27th, 2017. This trip served as a site 
assessment on the study area to gather preliminary information on the configuration of the 
detention basin, existing infrastructure, and to make sure the goals of this project matched what 
was on site. The second trip that was conducted was on November 13th, 2017. The purpose of 
this trip was to install monitoring equipment at the site. The instrumentation included: four Davis 
weather stations to capture spatial variability in rainfall, a weighing bucket rain gage at the same 
site as one of the Davis stations, two Solinst Leveloggers, one located in the drywell and another 
in a standpipe adjacent to the drywell to have redundancy in case of a malfunction, a Solinst 
Barologger to measure barometric pressure at the detention basin, and a compound v-notch weir 
at the outlet of the detention basin to monitor any potential outflow after any event. To protect 
the weather stations and the weighing bucket rain gage from burros and any potential vandalism, 
there were t-post and metal wire fencing enclosures surrounding each instrument. The third trip 
occurred on December 19th, 2017. The purpose of this trip was to conduct minor repairs on the 
instrumentation at the detention basin and to add additional battery power to the on-site data 
telemetry. The fourth trip was on May 3rd, 2018 and the purpose of this trip was to fix the solar 
panel that detached from its support mechanism. Along with fixing the solar panel, a 
reinforcement bracket was also installed for stability. The fifth trip was on March 25-29, 2019. 
This trip was a more comprehensive maintenance trip. The purpose was to do a complete 
instrumentation check and to determine why the Levelogger in the drywell was not sending 
correct data. The weather stations were cleaned of any debris that could have gotten into the rain 
gage as well. Both Leveloggers were serviced: the data were downloaded from the devices 
manually, a data transmission cable was replaced, and all connections were checked to ensure 
that data was being transmitted properly. During this trip, there was also a meeting that was held 
with the Fort, the EPA and the University of Arizona/ARS-Tucson as a progress check to ensure 
that the project was still on track. As the project continues, there will be additional field trips that 
will take place, and most notably the next major equipment installation will be to add subsurface 
flow meters to existing storm sewers to monitor runoff velocity during any storm event. This is 
proposed to happen in the Fall of 2019, before of the next major rain season in California.  
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2.0 Methods 
 
2.1 Watershed delineation 
 
At Fort Irwin, the first information needed to facilitate modeling is an accurate delineation of 
contributing area to the detention basin. Having knowledge that subsurface drainage pipes exist 
underneath some streets in the watershed, the amount of surface water drainage needs to be 
defined. Using the detention basin as the outlet of the watershed, AGWA was used to perform 
the contributing area delineation. The primary data layer needed for delineation is a Digital 
Elevation Model (DEM). At Fort Irwin, an aerial LIDAR scan was performed in 2015. From the 
LIDAR point cloud, the DEM can be derived using ArcMap 10.5 and was gridded to a 1-meter 
resolution. After this is complete, the DEM must be checked for hydrologic correctness. This is 
also done within ArcMap by using the Sink and Fill tools to check for anomalies in the data. 
From a hydrologically correct DEM, the flow direction raster must be created for use in AGWA. 
The raster can either be created by the Flow Direction tool in ArcMap, or within the AGWA 
interface to allow for a simpler delineation process. To calculate flow direction, the tool simply 
scans the DEM using a mask of 3x3 cells. After scanning each cell, it looks at the elevations 
between neighboring cells, and assigns a value to the cell that indicates which direction it flows. 
Once the flow direction raster is created, a flow accumulation raster can be derived. This is done 
by either using the Flow Accumulation tool or by using the AGWA interface. This tool takes the 
flow direction raster that was created in the previous step and sums the values that flow to each 
cell. The resulting output from the tool shows where flow accumulates and can also be used to 
determine the stream network in the watershed. Once these data layers are compiled, the 
delineation of the watershed is performed. AGWA utilizes the topographic information, as well 
as the hydrologic information from the flow rasters to define the contributing area to the outlet 
point. It was determined that there was 35 hectares, or 0.35 square kilometers draining into the 
detention basin, and this incorporated more area than was originally hypothesized by site visits 
and aerial imagery visualization.  
 
2.2 Initial model discretization 
 
The next step in the AGWA process to prepare the model is discretizing the watershed. In simple 
terms, discretizing means to break up the watershed into model elements. For KINEROS2, the 
elements that are created are either overland flow elements (planar or curvilinear) or urban 
elements, and streams are created based on the flow accumulation grid. In this thesis, both the 
AGWA and AGWA Urban toolkit had to be used to discretize the watershed. The AGWA tool 
was used to define plane elements for the KINEROS2 model, and the Urban tool was used to 
define urban elements. Within the Urban tool, it is important to note that instead of creating 
stream elements, the streets are used to convey water to an outlet point. Once both AGWA tools 
were executed on the watershed, there had to be verification to ensure that the connectivity and 
the newly defined elements are correct. This was done by using both aerial imagery and ground 
truthing knowledge of the area from previous site visits. Within ArcMap, the various model 
elements were hand manipulated in order to capture the correct features in the watershed. In 
total, there are 152 model elements (see Figure 2.) 
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Figure 2. Map of the discretized watershed in the Sleepy Hollow cantonment area of Fort Irwin. 

After verifying and completing the model discretization, the next step is to parameterize the 
model elements. The necessary parameters needed are defined in the following subsections of the 
thesis.  
 
2.3 Pervious and impervious area determination for model elements 
 
For each model element, the amount of pervious and impervious area needs to be defined to 
accurately perform the runoff calculations. Because the study site is a small urbanized area 
within Fort Irwin, the National Landcover Dataset (NLCD) data cannot be used due to the 30-
meter spatial resolution. Instead, aerial imagery with a 0.5-meter spatial resolution obtained 
during the aerial LIDAR survey in 2015 will be used to create custom land cover classifications, 
and this process will be defined next.  
 
2.3.1 Image classification 
 
In this project, 0.5-meter orthophotos from 2015 will be used to create the land cover 
classification. The set of images are multi-band, and the bands are as follows: band 1 is in blue, 
band 2 is in green, band 3 is in red, and band 4 is in near infrared. Using the spectral properties 
of each band will allow for the distinction of different urban features on the ground. Before any 
image analysis is conducted, a land cover classification scheme must be determined. The land 
cover classes that were chosen were: grass, roads, concrete sidewalks and driveways, desert 
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scrub, white roofs, light brown roofs, and dark brown roofs. To conduct imagery analysis within 
ArcMap, there are numerous steps that need to be followed before the imagery can be used in 
model parameterization. The first step in this process is to make sure the orthophoto has multiple 
spectral bands to ensure enough variation in spectral properties during the classification process.  
 
The second step in the process is to collect training samples to train the classification algorithm. 
To correctly train the algorithm, drawing polygons within ArcMap around each urban feature 
within the image provides the sample size of pixels in the image. 
 
The third step in the classification process is to evaluate the training samples by using the 
histogram and statistics tools within the Image Classification Toolbar in ArcMap. The histogram 
allows for the user to view the different spectral properties of each training sample. It puts pixels 
having the same spectral signature into bins and displays the frequency in which each signature 
occurs. By using this visual tool, the distribution of each bin can be inspected to assess if there is 
enough differentiation between each land cover class. After doing this, the next step is to create a 
signature file. 
 
Using the Create Signature File Tool in ArcMap allows for the creation of a signature file that 
saves the spectral signatures of the different classes. These were defined in steps two and three in 
order to be used as inputs into the classification tool. The next part of the classification process is 
to do an unsupervised clustering of the image. By doing both a supervised and unsupervised 
clustering, it will create two inputs for the classification, and it will allow for the comparison of 
the resulting images to determine which, if any, classification process identifies more urban 
features. 
 
Unsupervised clustering is done using the Iso Cluster tool in ArcGIS. The unsupervised 
clustering of the image is grouping pixels that have similar spectral properties together, creating 
what is hoped to be a similar signature file to the user defined portion of image classification. 
Once this is completed, the Dendrogram tool is used. The reason that this tool is used is because 
when a dendrogram is created, the differences between the classes in the signature files can be 
more easily seen, and it also helps to show some of the decision-making processes that the 
algorithms go through when clustering pixels together. If there are any glaring errors in either of 
the signature files, they must be edited using the Edit Signatures tool in order to more clearly 
define the classes that are trying to be achieved.  
 
In the next step, the classification is applied using the Maximum Likelihood Classification Tool. 
Both the unsupervised and supervised classifications will be applied using this tool to generate 
output land cover images that will then be post processed to generalize and smooth the data. The 
main point of post-processing these data is to potentially eliminate noise that may have been 
generated during the classification process (misclassified pixels or unclassified pixels, for 
example).  
 
The first step of post-processing is to do a Majority Filter, which removes single isolated pixels 
from the image. When analyzing a classified image, a single, isolated pixel is generally a sign 
that it was incorrectly classified and needs to be fixed. Once these areas in the image are 
identified, the next step is to run the Boundary Clean Tool. This tool makes the boundaries in 
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between classes more defined spatially within the image. Instead of having many pixels that may 
have similar spectral signatures to multiple land cover classes, the Boundary Clean tool groups 
pixels into their more likely land cover class. This process allows for more concrete features to 
start appearing.  
 
After boundary cleaning is complete, the last step in the classification is to remove any groups of 
pixels that may still be misclassified. This is done in three steps. Step one in this process is to 
assign a unique value to each region of pixels that are together, which is done by running the 
Region Group Tool. Using the count attribute in the output raster attribute table, a threshold of 
what should be eliminated (i.e. groups of 100 pixels or fewer) was selected. Step two was to 
create a mask that sets the pixels that were identified below the threshold to be null. The third 
step is to run the Nibble Tool which eliminates the null pixels from the mask and replaces the 
pixels with surrounding like values to have a more clearly defined image.  
 
Once the classified image is complete, the selection of each feature needs to occur. This is done 
by selecting out each land cover class one by one, using the Conditional Tool. An example of a 
conditional statement would be if grass was the feature being selected and it was class one, the 
statement is Con(image == 1, 1, null). This is saying that if the pixel in the image has a value of 
one, then keep the value the same, if it does not have a value of one, then set it to null so that 
only the classified grass pixels are showing. Each class that is defined by the classification 
scheme is selected using a conditional statement and converted to a polygon feature class using 
the Raster to Polygon Tool. Since the output polygons are not exact with the urban features, hand 
editing based on true color aerial imagery took place. Once completed, the area of each land 
cover polygon is calculated to be used in the parameterization process. The combination of the 
impervious and pervious polygons will determine the amount of each feature area within an 
urban element. The final step after completing this is to merge the urban element and polygon 
feature classes to spatially overlap, and the attributes from the polygon feature class were 
imported into the urban element fields in order to be used in the parameterization. 
 
2.3.2 Urban element parameterization 
 
The information needed to parameterize each urban element is as follows: the slope from the 
DEM, width from hand measuring, house area, driveway area, front yard area, and the amount of 
non-contributing area. The house area, driveway area, and front yard area were the three main 
land cover classes that were determined by the image classification. Non-contributing area is 
determined by how much of the element potentially does not contribute to the outflow of the 
parcel. Once these attributes are defined within the Urban Tool in AGWA, the percent area is 
calculated for each feature and then split into categories. The categories that an urban feature 
could fall into are directly connected pervious area, indirectly connected pervious area, directly 
connected impervious area, indirectly connected impervious area, non-contributing area, and 
connected pervious area. It is important to make sure that the areas get classified correctly, 
because each of the different categories represent different contributions to the routing of runoff 
in the watershed. There could be large margins of error if a directly connected impervious area 
gets misclassified as indirectly connected pervious area due to the function of each within the 
urban element in KINEROS2.    
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2.3.3 Road element parameterization 
 
The parameterization of roads in the Urban Tool is essential for obtaining the correct runoff 
results from KINEROS2. It affects not only the volume of runoff generated from the watershed, 
but also the peak flow over the watershed. For the purpose of this thesis, peak flow rates will not 
be assessed, but the runoff volume over the entire watershed is important for addressing 
groundwater recharge. In order to assign road parameters, the streets shapefile from the 
discretization step is used, and the fields needed from the file are street width, cross slope, and 
grade. The street width is obtained by hand measuring the street width for each street using aerial 
imagery within ArcGIS. The cross slope is determined by using a slope raster that was created 
from the DEM and using the Slope function within ArcMap. The grade field is set to the default 
of 2% since the area that is being modeled is not very steep. Once the streets and the urban 
elements are parameterized, the parameterizer is ran within AGWA to create lookup tables for 
later use in the model.    

  
2.4 Design storm creation 
 
Another important step in parameterization is creating design storms to model how much runoff 
will be generated from different events. Design storms are used in modeling to offset the 
potential lack of observed data. In Fort Irwin, there are limited historical rainfall records in 
comparison to other semi-arid and arid regions around the southwestern United States. In order 
to determine if modeling runoff in this area would be a valid means to predict how much water 
could potentially infiltrate through the drywell system, there needs to be a larger sample size to 
validate the results. Thus, design storms are used in this thesis and there are multiple methods in 
which design storms can be created.   

 
2.4.1 Rainfall distribution method selection and development 
 
The rainfall distribution in a geographic area must be considered when creating design storms. 
Historically, the Soil Conservation Service (SCS) developed a series of rainfall distributions for 
the entire country based on observed data. The distributions are as follows: SCS Type I, Type 
IA, Type II, and Type III. For most of the country, the distribution that covers the most area is 
Type II. The main characteristic of this distribution type is that the start and end of the storm has 
a lower intensity than the middle of the storm. More recently however, NOAA has released a 
series of updated rainfall distributions that modifies the SCS distributions and better represents 
more variable precipitation across the country. For this study, both the SCS Type II and CA-6 
rainfall distributions will be used to compare the potential variability between the two. In Figure 
3, the two distributions are compared to show the minor differences in each. 
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Figure 3. Precipitation distributions for both SCS Type II and CA-6. 

As can be seen, there are slight differences between the two distributions. The main difference is 
that there is a smaller period of peak rainfall intensity (the steep part of the curve) in the CA-6 
distribution than there is in the SCS Type II distribution. This is consistent with known 
precipitation patterns in California. When looking at the distributions, it should be noted that the 
values on the y-axis are unitless measurements. The reason for this is because the distributions 
are applied to the depth of a storm over time. This is done by determining the depth and duration 
of any given storm and then using a series of equations that distributes the rainfall. Equations 1 
and 2 below describe the relationship of the distributions that are used. 
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Equation 1. Approximate SCS Type II Curve equation. 

Where P(t)/P24 is the unitless value on the y-axis in Figure 3, t is the time in hours, and T is t-12 
in hours. Once this equation is used to generate the unitless approximation of the Type curve, 
this value is then used in Equation 2 to generate a precipitation depth at the timestep interval that 
is being evaluated. 
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Equation 2. Distribution equation that distributes any given storm over the Type II curve. 
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Where t is the time within the storm in hours, P’(t) is the accumulated volume of rainfall for t, 
PD is the total depth of the event being distributed over the area, D is the duration of the storm. 
Within this equation, t always has to be greater than or equal to zero and less than or equal to the 
duration, D, and the duration must be less than or equal to 24 hours. 
 
From the equations above, the distribution is applied in a two-step process. The first step is to 
determine the maximum difference in the unitless values from the distribution. If there is a six-
hour storm, then the maximum difference would be between hours nine and fifteen on the x-axis 
(see Figure 3). Having this subset of unitless values allows for the distribution of the storm over 
the time. In the AGWA precipitation form, the timestep must be defined in order to be applied in 
Equation 2. The timestep is converted into hours, and the AGWA tool goes through each time 
and selects the unitless value to be applied in Equation 2. Once this is complete, the AGWA tool 
then writes the resulting time-depth pair to a precipitation file that is used in the model.  
 
2.4.2 NOAA PFDS raster data download 
 
Another method of generating a design storm is by using NOAA’s Precipitation Frequency Data 
Server (PFDS). This is an online database that stores a large amount of return interval and time 
period storms. The data that is used in this database comes from the NOAA Precipitation Atlas 
14, the most recent one, and these are the same data used in the development of the new rainfall 
distribution for California. One way that data is distributed to the user is through an ArcMap 
compatible raster. For any return period interval and time period, a raster can be generated that 
has the depth of that specific storm in 1000ths of an inch. It is important that the value from the 
raster gets adjusted in order to reflect the depth of the storm in inches before providing the data 
to AGWA. With the abundance of data available, the storms that were selected for this thesis 
include the 2, 5, 10, and 25-year return periods and the 1, 2, 6, and 24-hour durations. These 
storms were selected because the rainfall totals are large enough to generate a substantial amount 
of runoff. A smaller duration storm was not selected due to the limited amount of precipitation 
that Fort Irwin gets on a yearly basis. 
 
2.4.3 EPA percentile method based on historical data 
 
A more historical method that was used to create design storms for the model was the percentile 
method. This is based on guidance from the EPA and uses observed historical data to determine 
the depths of storms at certain percentiles. In this case, we had historical data from rain gages in 
surrounding areas dating back to the 1940s. One of the rain gages was located on the installation 
at the Bicycle Lake Airfield and this record of data spanned 40 years. The other rain gage was in 
the town of Goldstone, CA, which is situated west of the Fort and over a mountain range. This 
record of data spanned almost 70 years and is the longest time period of observed data that we 
had from this area of the country. To process these data, the rain records were imported into 
Microsoft Excel. Within Excel, the PERCENTILE function was used, and the percentiles that 
were chosen were the 85th, 95th, and 99th percentile (EPA, 2009). This function is based on the 
data being normally distributed in the shape of a bell curve. Therefore, each percentile that was 
selected represented the percentage of data that fell between the upper and lower bounds of the 
bell curve and were located within the area of the curve. For example, the size of the storm in the 
85th percentile would be equal to or less than 8.38mm (or 0.33 inches).   
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2.4.4 Observed data from Davis weather stations 
 
The other primary way that rainfall was defined for this analysis was through observed data. On 
site, we installed four Davis weather stations around the cantonment to capture rainfall. The main 
purpose of placing the weather stations where we did was to capture any spatial variability that 
may occur during an event. The rain gage network is displayed in Figure 4. 
 

 
 

Figure 4. Location map of rain gage network at Fort Irwin. 

Once a storm event occurs at the study site, the data from each weather station is downloaded 
into an Excel spreadsheet. The sampling interval of each is at five minutes. Because rainstorms 
can be quick and intense, it is important to have a small enough sampling interval to capture all 
the rain. From the observed data, the rainfall intensities are recorded by the weather stations, and 
these data can be converted into a rainfall hyetograph. After hyetographs are created for each 
station, time-depth pairs are derived for use in the KINEROS2 model. Within the model, each 
rain gage has a spatial location assigned to it in order to distribute rainfall depths across the 
watershed. 
 
At the detention basin weather station, there is also a weighing bucket rain gage that is collecting 
data. The gage works by collecting rain that has accumulated over an event and sending an 
electronic voltage to a data logger that transmits the data to the ARS-Tucson. When the storm 
event is over, these data are compared to the Davis weather station at the same site, and if the 
hyetographs are noticeably different, then the weighing bucket data are used as the time-depth 
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pairing for that gage. Once each of the time-depth pairings are complete, they are written to a 
precipitation file for use in AGWA.  
 
2.4.5 Rainfall scenario summary 
 
There are a variety of ways to generate design storms to coincide with observed data from the 
study site. The primary goal is to increase the sample size for the modeling effort if there is a 
lack of observed data. For the period of analysis, there have been three observed storms that have 
reliable data to be used in the model. From the methods described above, there are an additional 
six design storms from historical data and 13 from NOAA’s PFDS. Table 1 describes the events 
that will be used throughout this study. 
  
  



 

31 
 

 
Table 1. Storms used in modeling at Fort Irwin. 

Storm 
name 

Type of 
storm 

Recurrence 
interval or 
percentile 

Duration 
(hrs) 

Storm Depth 
(in) 

Storm depth 
(mm) 

2yr1hr PFDS 2 1 0.43 11.02 
2yr2hr PFDS 2 2 0.58 14.61 
2yr6hr PFDS 2 6 0.86 21.77 
2yr24hr PFDS 2 24 1.39 35.31 
5yr1hr PFDS 5 1 0.63 15.88 
5yr2hr PFDS 5 2 0.80 20.24 
5yr6hr PFDS 5 6 1.16 29.46 
5yr24hr PFDS 5 24 1.89 48.01 
10yr1hr PFDS 10 1 0.79 19.99 
10yr2hr PFDS 10 2 0.98 25.02 
10yr6hr PFDS 10 6 1.42 36.07 
10yr24hr PFDS 10 24 2.3 58.42 
25yr1hr PFDS 25 1 1.01 25.65 
bikelake85 Percentile 85th 24 0.33 8.38 
bikelake95 Percentile 95th 24 0.55 13.87 
bikelake99 Percentile 99th 24 1.16 29.45 
goldstone85 Percentile 85th 24 0.56 14.22 
goldstone95 Percentile 95th 24 1.03 26.21 
goldstone99 Percentile 99th 24 1.63 41.45 
jan9storm Observed N/A 6 0.7 17.78 
mar10storm Observed N/A 7 0.4 10.16 
oct6storm Observed N/A 4 0.56 14.22 

 
2.5 Soil parameterization 
 
When parameterizing a watershed, another factor that must be taken into consideration is soil 
type. Soil type is an important parameter because it dictates the infiltration properties of the 
surface. It can also dictate connectivity, and within the study site, there are large areas of bare 
soil between neighborhoods. Because of this, hydraulic conductivity of the soil is very important 
and determines how well the soil will infiltrate water. It is also important in the model because it 
is usually the first parameter to be adjusted because of the influence it has on the soil surface. For 
this thesis, there were multiple data sources used to parameterize the model elements. The first 
source of data that was used was the SSURGO soil survey which defined the study area as 
having two main types of soil. The other source of data comes from soil samples that were taken 
on site and sent to a lab for analysis of sand, silt, and clay fractions. In total, there are three 
different ways that soils will be parameterized in this study to add to the sample size of model 
scenarios and these are discussed in the following sections.   
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2.5.1 Soil sample description and locations 
 
A total of 13 soil samples were taken around the study area. The samples were spatially 
independent of one another and were spread around the entire study area. Of the 13 samples, 
only seven were selected for model parameterization due to the spatial distribution that was 
spread around the watershed. To take a soil sample, the top, compacted layer of soil was 
removed and then dug down far enough to where the soil was deemed representative of natural 
conditions. These were then placed in bags, labeled, and brought back to the ARS in Tucson to 
be sent to a private lab for further analysis. In Figure 5, the soil sample locations are shown 
throughout the study area and are marked with the IDs of each sample.  
 

 
 
Figure 5. Soil sample location map around the study area. 

 
2.5.2 AGWA and SSURGO data 
 
The first parameterization was created by using SSURGO data that is readily available on the 
internet. For every SSURGO soil survey, there are two main components: a GIS based spatial 
component and a tabular database for each soil horizon. The primary way that AGWA uses 
SSURGO is by fetching the appropriate saturated hydraulic conductivity (Ksat), the integral 
capillary drive (G), coefficient of variation (CV), fraction of rock, porosity, and the pore size 
distribution index for whichever soil type spatially intersects the element that is being 
parameterized. This process is continued through each element. Being that this method of soil 
parameterization is the most basic of the three that are going to be used in this study, it serves as 
a good baseline to compare with modified methods and analyze potential differences.    
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2.5.3 AGWA and soil samples using KINEROS2 lookup table 
 
After receiving the soil samples back from lab analysis, the fraction of sand, silt, and clay along 
with the amount of rock in each sample were used to parameterize each element. From the 
location of the soil samples, Thiessen polygons were created and then modified. The 
modification was to adjust the soil boundaries and overlapping elements to make sure every 
element received a soil zone. The soil zone determined the hydrologic parameters that are 
assigned within the parameterization file. Figure 6 displays the soil zones that were defined.  
 

 
 
Figure 6. Soil zones and corresponding model elements. 

The parameterization method that is going to be used for these data is the combination of the soil 
sample data and the KINEROS2 soil lookup table. This table is a collection of sand, silt, and clay 
fractions and has the appropriate hydrologic values needed to parameterize the soil component of 
each element. It also provides the texture of the soil, so SSURGO data can be compared to 
observed textures and the values that are written to the parameter files can be compared after 
running the model.  
 
2.5.4 AGWA and soil samples using Rosetta software  
 
The third soil parameterization that will be used for the model is a software called Rosetta. The 
premise of this software is to calculate Ksat and other water retention parameters from basic soil 
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data by utilizing pedotransfer functions (Schaap et al., 2001). Being that the software is easy to 
use, it can serve as a good method to parameterize soils with limited data during modeling 
activities. The output of the soil parameters should be slightly different from the other two as 
these are modeled relationships instead of directly observed values from soil databases. Once the 
soils are classified by their hydrologic properties, the texture is also identified from USDA Soil 
Conservation Service data. These textures will vary slightly from the other parameterizations 
because the soil taxonomy is more broadly defined than SSURGO.    
 
2.5.5 Summary of soil samples 
 
In total, there are three different soil parameterizations that will be used for modeling runoff in 
the study watershed at Fort Irwin. The primary purpose of this is to not only increase the sample 
size, but to also compare the different methods of soil parameterization to select the best and 
most accurate hydrologic characteristics. For each of the parameterizations, the values differ 
slightly, and that can be seen in Table 2, which summarizes each of the soil parameters. 
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Table 2. Summary of soil parameters used in KINEROS2. 

 

1 Integral capillary drive 
2 Coefficient of variation 
3 Porosity 
4 Pore size distribution index 
 
 
 
 

Parameter name ID Texture % Gravel % Sand % Silt % Clay Ks (mm/hr) G1 CV2  POR3 DIST4 

AGWA and SSURGO - Loamy Skeletal 0.35 75 14 11 23.05 91.37 1.32 0.44 0.48 

AGWA and SSURGO - Fine Loamy 0.53 52 32 16 5.82 116.41 1.06 0.46 0.31 

AGWA and Soil Samples 5 Sandy Loam 17.00 65 21 14 26.00 121.75 1.90 0.45 0.38 

AGWA and Soil Samples 6 Sandy Loam 14.00 68 19 13 26.00 121.75 1.90 0.45 0.38 

AGWA and Soil Samples 8 Fine Sand 8.00 89 8 3 210.00 61.62 0.69 0.44 0.69 

AGWA and Soil Samples 9 Fine Sand 9.00 91 7 2 210.00 61.62 0.69 0.44 0.69 

AGWA and Soil Samples 11 Loamy Fine Sand 7.00 86 12 2 61.00 92.20 0.85 0.44 0.55 

AGWA and Soil Samples 12 Loamy Fine Sand 13.00 83 14 3 61.00 92.20 0.85 0.44 0.55 

AGWA and Soil Samples 13 Fine Sand 26.00 92 6 2 210.00 61.62 0.69 0.44 0.69 

Rosetta and Soil Samples 5 Sandy Loam 17.00 65 21 14 13.11 152.20 1.90 0.45 0.38 

Rosetta and Soil Samples 6 Sandy Loam 14.00 68 19 13 15.15 145.18 1.90 0.45 0.38 

Rosetta and Soil Samples 8 Sand 8.00 89 8 3 124.05 73.16 0.69 0.44 0.69 

Rosetta and Soil Samples 9 Sand 9.00 91 7 2 172.46 65.70 0.69 0.44 0.69 

Rosetta and Soil Samples 11 Sand 7.00 86 12 2 85.09 82.72 0.69 0.44 0.69 

Rosetta and Soil Samples 12 Loamy Sand 13.00 83 14 3 58.45 93.49 0.85 0.44 0.55 

Rosetta and Soil Samples 13 Sand 26.00 92 6 2 200.53 62.55 0.69 0.44 0.69 
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2.6 Pond Parameterization 
 
The last element that needs to be parameterized is the detention basin. In order to include the 
pond into KINEROS2, a variety of parameters need to be established. The main parameters are: 
the soil hydraulic conductivity derived from soil samples, the amount of storage at each stage 
during inflow, the surface area to determine the wetted perimeter at each stage, the planar area of 
the pond surface for use in evaporation calculations, and the discharge at each stage to account 
for potential water loss from the volume of storage. The primary way that these parameters are 
calculated rely on the terrestrial LIDAR scan, which is described in the next subsection. 
 
2.6.1 Terrestrial LIDAR scan process 
 
There is a multiple step process to performing a terrestrial LIDAR scan. The first step is to 
establish a datum for the point cloud to be scanned in. Once this is established by collecting 
information from both nearby survey ground control points along with survey quality GPS data 
via satellite, there are targets that get set up around the pond. The targets are control points that 
help to reference the LIDAR data to the established datum and tie each portion of the scan to 
together. After data acquisition is complete, the data are post-processed to obtain a fine 
resolution point cloud. The points are gridded to a resolution of one meter based on the sampling 
interval of the terrestrial LIDAR system, which is then used to determine and develop geometric 
relationships that are needed to calculate the previously mentioned parameters for KINEROS2. 
 
2.6.2 Stage-volume, volume-surface area, and stage-planar area relationships 
 
KINEROS2 needs a stage-volume relationship for the pond which characterizes the storage 
capacity as the water level increases during inflow. From the terrestrial LIDAR scan, the surface 
area of the pond can be calculated using ArcMap. In order to get a representative geometry of the 
pond, the storage volume is calculated at increments of 0.25 meters. For reference, the pond is 
approximately 2.25 meters deep, totaling nine stages where there are calculated volumes. In 
order to increase the number of data points to develop a better relationship, straight line 
interpolation was included. This method takes the average of two stages and interpolates the 
average volume of the two stages. This process was done until the new elevation increment of 
the curve was 0.0625 meters.  From this, an equation can be developed in order to calculate a 
volume at any observed stage. Figure 7 is the resulting stage-volume relationship and equation. 
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Figure 7. Stage-volume relationship and resulting equation for the Fort Irwin pond. 

In Figure 7, the two lines being displayed are the calculated values from interpolation and the 
trendline from which the equation was developed. The thicker, bolded point-line is the observed 
data points that were used to develop the relationship. The dashed line is the trendline that was 
used in order to create the equation that approximates the observed relationship. In this figure, 
the two lines are hard to differentiate due to the strength of the relationship, with the R2 being 
0.98. 
 
A similar process to the stage-volume relationship was also used to calculate the volume-surface 
area and stage-planar area relationships. For the volume-surface area relationship, the surface 
area calculation is done using the Calculate Surface Area Tool within ArcMap, which utilizes the 
DEM in order to identify how much surface area there is within the pond at certain elevations. 
Using the same elevation interval as the stage-volume relationship, an equation was developed 
between the volume and surface area to be used in the post-model processing. How this was used 
will be discussed further in later sections of the thesis. In Figure 8, the volume-surface area 
relationship, the equation of the line, and the R2 are displayed. 
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Figure 8. Volume-surface area relationship developed for the Fort Irwin pond. 

In Figure 8, the two lines represent different values. The points show the calculated volume-
surface area values using interpolation, and the dashed line displays the relationship of the two 
variables. The relationship is less strong than Figure 7, and it shows that as volume in the 
detention basin increases, the overprediction of surface area will occur. 
 
The third and final relationship that was developed is the stage-planar area. The planar area is the 
2-D area of the water surface at any stage. The relationship will be used in the calculation of 
potential evaporation volumes. Consistent with the other two relationships, the preliminary stage 
interval was at 0.25 meters. It was then interpolated to an increment of 0.0625 meters, and the 
resultant relationship is shown in Figure 9.  
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Figure 9. Stage-planar area relationship developed for the Fort Irwin pond. 

In Figure 9, the bold points show the calculated stage-planar area values using interpolation, and 
the dashed line displays the relationship of the two variables. The relationship is very strong 
between these two variables and shows two areas to be careful of: 1) when the stage is between 
0.5 and 1.5 meters, it will slightly underpredict planar area; and 2) when the stage is over 2 
meters it will slightly overpredict planar area of the pond. 
 
2.6.3 Weir discharge calculations 
 
To fully complete the parameterization of the pond, discharge at the outlet needs to be 
calculated. At the discharge point, there is a compound v-notch weir that was installed into an 
already existing concrete apron on site. In Figure 10, the weir and outlet of the pond are shown to 
gain a better understanding of the configuration.  
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Figure 10. A downstream look at the compound v-notch weir and the discharge spillway at the 
outlet of the pond. 

In the event a large storm would overtop the weir, discharge would occur. Thus, the need for a 
stage-discharge relationship is necessary. Because this is a compound v-notch weir, the simpler 
methods for a regular v-notch weir cannot be applied. What must be done instead is a more 
complex calculation that factors in the angles of both small and broader notches and combines 
these together to determine an outflow. There are two papers that were referenced in the 
beginning of this thesis that were drawn upon to calculate and compare outflow results. The 
papers are by Piratheepan et al. (2006), and Martinez et al. (2005) and they draw on a similar 
foundation to come up with different versions of the primary weir discharge equation. From 
Piratheepan et al., the equation is as follows:  
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Equation 3. Discharge over a compound v-notch weir from Piratheepan et al. (2006) 

Where Q is discharge over the weir, Cd1 is the discharge coefficient of the lower ‘V’ notch, Cd2 is 
the upper ‘V’ notch, θ1 is the lower notch angle, θ2 is the upper notch angle, h0 is the lower weir 
height, h is the height above the lower weir and below the upper weir, and g is the acceleration 
due to gravity.  
 
In comparison, Martinez et al. (2005) presented an equation that is simpler to calculate, and that 
equation is as follows: 
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𝑄 =
8
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Equation 4. Discharge over a compound weir from Martinez et al. (2005) 

Where Q is discharge over the weir, Cd is a global discharge coefficient of the entire weir, θ1 is 
the lower notch angle, θ2 is the upper notch angle, h0 is the lower weir height, h is the height 
above the lower weir and below the upper weir, and g is the acceleration due to gravity.  
 
In both equations, there are a few parameters that are needed. The first parameter that is needed 
is the angle of both notches. For this study, the angles of the notches are 90o and 150o 

respectively, and the h0 is 0.16 meters. The other value that is needed for both equations is the 
weir discharge coefficient, Cd. For both angles, each get a weir discharge coefficient and that is 
calculated by Equation 5: 
 

𝐶 = 0.6072 − 0.000874𝜃 + 6.1 ∗ 10 𝜃  
 
Equation 5. Equation used to calculate the weir coefficients for both the 90o and 150o angles. 

Where θ is the angle of each weir notch. This equation is done for both the 90o and 150o angles 
and the result from this are Cd1 and Cd2, respectively. As was mentioned before, Equation 4 uses 
each of the weir coefficients from both angles to come up with a global discharge coefficient, 
and the equation to do that is: 
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Equation 6. Global weir discharge coefficient equation for use in Martinez et al.'s (2005) 
equation 

Where Cd is the global discharge coefficient, Cd1 is the discharge coefficient of the lower ‘V’ 
notch, Cd2 is the upper ‘V’ notch, θ1 is the lower notch angle, θ2 is the upper notch angle, h0 is 
the lower weir height, and h is the height above the lower weir and below the upper weir. 
 
Once both discharge equations are calculated for stages in the increment of every five 
centimeters, the stage-discharge relationships can be generated for the weir. Once the stage-
surface area-discharge pairs are completed, it can be applied in the KINEROS2 parameterization 
file. Because the detention basin is the outlet of the watershed, the pairings will go in a pond 
element block at the end of the file, representing the outlet. In Figure 11, the stage-discharge 
relationships are shown for both equations. 
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Figure 11. Stage-discharge curves for the weir at the outlet of the pond. 

After comparing both curves and reviewing both reference papers, it was decided to use the more 
complicated equation from Piratheepan et al. due to the smaller amount of error in the results of 
their model testing (Piratheepan, et al., 2006). This discharge relationship was applied to height 
intervals above the notch of the weir (representing when discharge would start) at the same 
resolution of the other relationships until reaching the maximum elevation of the weir. At this 
point, the basin would be at capacity and discharge could no longer be calculated. More 
information on this will be discussed further in the next section. Up to this point in the thesis, the 
model elements and features are parameterized and ready to be put into a final parameterization 
file to prepare for model execution.  
 
2.7 Complete model parameterization and execution 
 
Once the steps of watershed parameterization are complete, all parameters must be brought 
together into one file to be ran in KINEROS2. There are multiple ways to do this. If the 
watershed is small and there are few elements, the parameter file could be written manually. The 
way the parameter file is structured is by blocks. Each urban, plane, street, and pond element 
have their own parameter block with all the values that have been derived and stored into 
database files. The other way, and the way that was performed in this thesis, is by using AGWA 
(Figure 12).  
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Figure 12. The AGWA dialogue box used to write the final parameter file. 

The dialogue box shown in Figure 12 is from the AGWA Urban Tool, which has been used 
throughout the parameterization process. Starting from the top, the discretization is the beginning 
step where the urban, plane, and street elements were defined. The routing table is created by 
defining the way in which the water flows through the watershed. It keeps track of what element 
is upstream from another, and which street water should be conveyed through. The 
parameterization is where most of the work was conducted in the parameter defining process. 
This is where the image processing and classification took place, along with defining the soil 
characteristics. It is important to select the correct parameterization when performing this step of 
the model, because if the parameterization selected is incorrect, the results will be incorrect. For 
the purposes of this thesis, the only other input that is needed in this form is the precipitation file. 
This is where the design, historical, and observed storm files that were created in the 
precipitation step are input. Once the write button is pressed, AGWA obtains the data from the 
appropriate database tables and formats it into text blocks to be ready for model execution. 
Lastly, once the file is created, the pond element must be added. The pond element block gets 
placed at the end of the file because it is the outlet of the watershed. After doing this, the model 
is ready to be executed, and this was done for a total of 132 simulations after combining all 
parameterizations together. 
 
2.8 Post model processing 
 
After the modeling is completed, there are a few adjustments that must be made to any observed 
results. The adjustments can only be made on observed events because of the instrumentation 
that is installed. By utilizing the weather stations and Leveloggers, additional values that were 
not modeled are included in the results. In total, four adjustments are made. The first two 
adjustments are for the infiltration rate of the drywell and backwater that may accumulate in the 
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subsurface drainage pipes.  
 
The drywell infiltration rate was determined by a pressure head test that was conducted by ARS-
Riverside. This test is conducted by supplying a steady rate of inflow to the pond from a nearby 
fire hydrant and monitoring the rate in which the drywell empties. The pressure head test was 
conducted in order to assess the current performance of the drywell at the site as it had not been 
maintained prior to this research. After the test and analysis was complete, results were reported 
to ARS-Tucson as well as published (Sasidharan et al., 2018). Because the drywell had not been 
maintained prior to this study, surrounding soil or porous medium infiltration rates could not be 
used because it would not accurately assess the drywell’s infiltration capabilities. However, the 
rate can be used to derive a cumulative volume estimate of water that would enter the drywell at 
each timestep during any runoff event.  
 
Accounting for backwater is also relatively simple at this site. The drainage pipes that run 
directly into the detention basin/drywell system have a very shallow slope, so it is assumed that 
once backwater starts to occur, the whole pipe would have water. Thus, the volume of the pipe is 
calculated by: 
 

𝑉 = 𝐿 ∗ (𝑅 ∗ cos
𝑅 − 𝐷

𝑅
− (𝑅 − 𝐷) ∗ 2𝑅𝐷 − 𝐷  

 
Equation 7. Volume of a pipe. 

Where V is volume in m3, R is the radius of the pipe, D is the depth of water within the pipe and 
L is the length of the pipe. This equation calculates the volume at any given depth if the depth is 
not greater than the diameter of the pipe. If the depth is greater than the pipe diameter, then it is 
assumed that the pipe is full, and the depth gets set to the diameter of the pipe. The result gets 
added to the total modeled volume in order to further adjust for actual conditions of the system. 
(Volume of a horizontal cylinder segment, 2011). 
 
The third adjustment made to the final volume of the pond was for infiltration through the 
pervious portion of the bed of the pond. The goal was to account for how much water would 
infiltrate outside of the drywell system. This was done using a simple differencing of the change 
in surface area divided by the change in volume at each timestep. From this result, the 
differencing and division yields an estimated infiltration rate for the pervious areas of the pond, 
and then is multiplied by the infiltrating surface area to get a volume of water lost to infiltration 
at each timestep. 
 
The last adjustment made was for evaporation. Evaporation was calculated by using the Penman-
Monteith equation (Allen et al., 1998). The calculated evaporation rate from this equation was 
multiplied by the 2-D planar area of the pond to obtain the volume of water that would be lost to 
evaporation at each timestep. This value was included in the post modeling volume adjustments 
that were made on the pond to give a more accurate prediction of another potential water loss 
that is not being factored in by KINEROS2 from an event.  
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3.0 Results 
 
The results presented in this thesis will include data from observed storms, simulated outputs 
using observed data, and a scenario analysis using NOAA PFDS and historical data. The purpose 
of the scenario analysis is to assess if there are any differences between the SCS II and CA-6 
rainfall distributions and to examine the variability between soil parameterizations when 
executed with each rainfall distribution. The structure of this section will be as follows: the first 
part of the results that will be reported are from observed storms, and the second part of the 
section will focus on the scenario analysis that was performed using ancillary data sources.  
 
3.1 Observed and modeled results 
 
During the period of analysis, there were three observed storms that were used as inputs to the 
KINEROS2 model to validate the accuracy of the outputs. The storms used are from January 9 th, 
March 10th, and October 6th, 2018. The average rainfall depths across the study area were 23.92, 
10.18, and 17.13 mm, respectively. The following subsections of this thesis will describe the 
characteristics of each storm and the results that were obtained from simulations and 
observations during the analysis period. 
 
3.1.1 January 9th, 2018 storm 
 
The first storm that was observed during the analysis period was on January 9th, 2018. After a 
few problems in the setup and installation of the instrumentation at the site, the equipment was 
accurately recording by the time this storm occurred. The characteristics of this storm fit that of a 
traditional winter frontal storm in California: the rainfall intensities were low, and the duration 
was long. In total, an average of 23.92 mm of rain fell on the study site over a period of six 
hours. In Figure 13, the recorded rainfall depths at each rain gage is displayed to show the spatial 
variability across the study site. 
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Figure 13. Storm totals at each rain gage for January 9th, 2018. 

Due to the variation in rainfall values across the four rain gages, the rainfall was distributed 
across model elements using KINEROS2’s rainfall interpolator. Figure 14 below shows the 
result of rainfall interpolation that was performed in ArcMap using the Inverse Distance 
Weighting (IDW) method that is like KINEROS2’s rainfall interpolator over the study site.  
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Figure 14. Result of rainfall interpolation for the January 9th storm. 

To represent the rainfall on the site within the KINEORS2 interpolator, the centroid of each 
modeling element is projected vertically to intercept the distribution of rainfall.  Each time the 
intensity changes at any of the rain gages, KINEROS2 computes a piece-wise planar 
approximation of the rainfall intensity surface (see Semmens et al. 2008; Figure 5). The intensity 
values where the model element centroids intercept the rainfall intensity surface are applied as 
input to the respective model element for the time period up to the next time depth pair from any 
of the rain gauges. For the model simulations that were executed based on observed storms, there 
are three parameterizations to compare with these data. To obtain the final storm runoff total in 
cubic meters, the stage, evaporation, infiltration in the drywell and around the pond, and 
potential backwater built up in the subsurface drainage pipes were taken into consideration in 
order to determine the total volume of surface runoff from this storm. The results of these 
calculations are shown in Table 3.  
 
Table 3. Observed and estimated volumes in the pond for the January 9th storm. 

Observed 
pond inflow 
(m3) 

Drywell vol. 
filled by 
runoff (m3) 

Pond surface 
evaporation 
vol. (m3) 

Backwater 
pipe vol. 
(m3) 

Infiltration vol. 
into pond soils 
(m3) 

Estimated 
total runoff 
(m3) 

459.46 2.60 0.99 58.99 7.50 529.54 
 

In Table 3, the inflow volume is the result of the observed stage data that was applied to the 
stage-volume relationship described in Section 2.6.2. In order to obtain an estimated total volume 
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of observed runoff during this storm, the adjustments for the drywell, evaporation, pipe, and 
infiltration volumes, as described in Section 2.8, were applied to come up with an estimated total 
runoff volume for the event. Once this is complete, it is important to compare the observed and 
calculated values in Table 3 to the modeled values to see how close the model predicts the 
observed runoff event. The results and percent error between the observed and modeled volumes 
from this storm are shown in Table 4 to display the performance of the model. 
 
Table 4. Modeled, observed, and percent difference results from the January 9th storm. 

Parameterization 
Storm depth 
(mm) 

Estimated total runoff 
volume (m3) 

Modeled runoff 
volume (m3) 

Percent 
difference 

 

AGWA and Soil Samples 23.92 529.54 581.70 9.85  

AGWA and SSURGO 23.92 529.54 581.54 9.82  

Rosetta 23.92 529.54 604.76 14.20  
 

The modeled volumes show to be slightly over predicted based on Table 4. To quantify the 
difference between simulated and calculated results, differencing analysis was performed. This 
was done is by subtracting the calculated value from the modeled value, dividing by the 
calculated value, and then multiplying by 100 to get a percent difference between the two results. 
The result of this calculation is shown in Table 4, with differences ranging from 9.82 to 14.20 
percent. 
 
The last result to be considered for this storm is the amount of potential outflow there might be 
from the pond. For this storm, the maximum volume that was observed did not exceed the 
maximum storage capacity of the pond, which is approximately 641 m3. Therefore, the discharge 
curves that were discussed in the methods section and shown in Figure 11 cannot be applied and 
no results can be reported.  
 
3.1.2 March 10th, 2018 storm 
 
The second runoff generating storm that was observed during the period of analysis was recorded 
on March 10th. This storm had a significantly lower accumulated depth over the time it occurred, 
and the results that will be presented have greater variation than the previous storm. The 
potential reasons for this will be discussed later in the thesis. This storm also fit with historical 
precipitation data that has been recorded at this site as it was a low intensity, long duration storm. 
The accumulated depth, on average across the four rain gages, was 10.18 mm over seven hours 
and the spatial variability of the rainfall was more uniform than the January 9th storm. Below in 
Figures 15 and 16, both the recorded depths of each rain gage are shown, along with the IDW 
interpolation of the rainfall over the contributing area of the study site.  
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Figure 15. Storm totals recorded at each rain gage for March 10, 2018. 
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Figure 16. Result of rainfall interpolation for the March 10th storm. 

After the interpolation was checked to make sure that the rainfall values were correct, the model 
was executed, like what was done for the first storm. Again, there were four adjustments applied 
to the observed inflow to get a final estimated observed runoff volume and the results are in 
Table 5 below. 
 
Table 5. Observed and estimated volumes for the March 10th storm. 

Observed 
pond inflow 
(m3) 

Drywell vol. 
filled by runoff 
(m3) 

Pond surface 
evaporation vol. 
(m3) 

Backwater 
pipe vol. 
(m3) 

Infiltration vol. 
into pond soils 
(m3) 

Estimated 
total runoff 
(m3) 

95.48 2.60 0.32 37.95 1.20 137.38 
 

In Table 5, the inflow volume is the result of the observed stage data being applied to the stage-
volume relationship that was developed in Section 2.6.2. The drywell, evaporation, pipe, and 
infiltration volumes were calculated in accordance with the methods described in Section 2.8, 
and all volumes were combined in order to come up with a total calculated volume of runoff in 
the detention basin for the rain event.  
 
The next set of results that will be presented is the comparison between modeled and calculated 
storm volumes. In Table 6, the results of simulating this storm in KINEROS2 using observed 
rainfall data are presented along with the calculated volumes in order to compare the percent 
differences between soil parameterizations. 
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Table 6. Modeled and calculated volumes for the March 10th storm. 

Parameterization 
Storm depth 
(mm) 

Calculated total 
volume (m3) 

Modeled volume 
(m3) 

Percent 
difference 

 

AGWA and Soil Samples 10.18 137.38 226.93 65.18  

AGWA and SSURGO 10.18 137.38 218.44 59.00  

Rosetta 10.18 137.38 253.23 84.32  
 
The model over predicts the volume of runoff that is generated by the storm event. While 
consistent with the January 9th storm in over prediction, the amount of over prediction is much 
higher. Potential reasons for this will be discussed in the Section 4 as it should be examined as to 
why this occurred. 
 
Much like the previous storm that was observed, the amount of runoff that was discharged into 
the detention basin did not exceed the maximum storage capacity. Therefore, the stage-discharge 
relationship that was developed for the compound v-notch weir was not applied for this storm, 
and no results will be presented.  
 
3.1.3 October 6th, 2018 storm 
 
The last observed storm during the period of analysis occurred on October 6th, 2018. This storm 
was different from the previous storms because it was shorter in duration and had a higher 
rainfall intensity. The depth was, on average, 17.13 mm and the duration of the event was 
approximately four hours. The resulting spatial variability was less compared to the January 9 th 
storm, and can be seen in Figures 17 and 18 below. Figure 17 displays the depths of rain 
recorded at each rain gage, and Figure 18 displays the interpolated rainfall values, like the 
previous two storms. 
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Figure 17. Storm totals at each rain gage for October 6th, 2018. 

 

 
 
Figure 18. Result of rainfall interpolation for the October 6th storm. 
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The results of the rainfall interpolation for this storm indicate that the rainfall pattern is like the 
March 10th storm. In the following set of tables, much like the previous storms, the calculated 
storm values, followed by the modeled results and difference analysis will be presented to gain a 
better understanding of how this storm compared to the other two that were recorded.  
 
Table 7. Observed and estimated volumes for the October 6th storm. 

Observed 
pond inflow 
(m3) 

Drywell vol. 
filled by runoff 
(m3) 

Pond surface 
evaporation vol. 
(m3) 

Backwater 
pipe vol. 
(m3) 

Infiltration vol. 
into pond soils 
(m3) 

Estimated 
total runoff 
(m3) 

479.82 1.85 0.21 58.99 8.98 549.85 
 
Table 8. Modeled and calculated volumes for the October 6th storm. 

Parameterization 
Storm depth 
(mm) 

Calculated total 
volume (m3) 

Modeled volume 
(m3) 

Percent 
difference 

AGWA and Soil Samples 17.13 549.85 534.67 -2.76 

AGWA and SSURGO 17.13 549.85 537.59 -2.23 

Rosetta 17.13 549.85 577.76 5.08 
 
Different from the other two storms, the percent differences indicate that the model under 
predicts the amount of runoff from this storm slightly. This could be for a variety of reasons and 
will be discussed in more detail later in the thesis. Much like the other two storms, this storm did 
not exceed the maximum storage capacity of the detention basin, so there are no discharge results 
reported from the v-notch weir. 
 
3.2 Scenario analysis of rainfall distributions and historical data 
 
The second part of the results section presents the scenario analysis that was performed using 
historical data and the NOAA Precipitation Frequency Data Server (PFDS). The main purpose of 
doing this analysis was to compare the differences between the two synthetic rainfall 
distributions that were used during this study. As mentioned before, the two distributions are 
SCS Type II and CA-6. The SCS Type II distribution is a larger scale distribution that covers 
much of the mainland United States. The CA-6 distribution is a newer and more regionalized 
distribution that was developed using rain gages around California and downloaded from 
NOAA’s website. The other purpose of this analysis is to perform design storm creation and 
modeling of historical observed data from two different rain gages located near Fort Irwin. The 
following subsections will go through in detail the results that were obtained between the 
modeling efforts and will be further discussed in Section 4 of the thesis.  
 
3.2.1 NOAA PFDS scenario analysis 
 
In this subsection, the focus will be on the use of the NOAA Precipitation Frequency Data Server 
(PFDS). This is a nationally available database of precipitation data that is developed by NOAA 
to cover the entire United States. From this database, there were a variety of return period events 
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at Fort Irwin that were selected to be simulated through the model. The selected storms ranged 
from a 2-year 1-hour return period event to a 25-year 1-hour return period event. In total, there 
were 13 additional storms that were selected, and a summary of each of these storms can be 
found in Table 1. For the additional storms that were selected, each was distributed through both 
the SCS II and CA-6 rainfall distributions over the entire study watershed. Additionally, each 
storm was modeled using three different soil parameterizations, consistent with the methodology 
used for the observed storms. In total, there are 78 different scenarios that were modeled. The 
results from these simulations will be presented in this section, along with analysis that will 
compare the two design rainfall distributions to assess the differences between them. Analysis 
will also be performed to assess the differences between the parameterizations over each of the 
selected rainfall distributions. The tables are going to be presented in the following order: Tables 
9, 10, and 11 will display the results from the two distributions across the three 
parameterizations, Table 12 will compare the results between the distributions, and Tables 13 
and 14 will compare the results between the parameterizations, with the AGWA and SSURGO 
parameterization being the reference value for the other parameterizations to be compared to.  
 
Table 9. Model results from the AGWA and Soil Samples parameterization. 
 

AGWA and Soil Samples Parameterization 
Design storm Storm depth (mm) SCS II modeled runoff (m3) CA-6 modeled runoff (m3) 
2yr1hr 11.02 381.79 375.42 
2yr2hr 14.61 499.82 490.96 
2yr6hr 21.77 582.13 583.06 
2yr24hr 35.31 113.88 114.03 
5yr1hr 15.88 511.89 512.28 
5yr2hr 20.24 527.48 528.79 
5yr6hr 29.46 586.96 588.03 
5yr24hr 48.01 165.05 165.35 
10yr1hr 19.99 514.39 515.16 
10yr2hr 25.02 528.59 529.83 
10yr6hr 36.07 589.51 590.43 
10yr24hr 58.42 183.46 183.41 
25yr1hr 25.65 319.15 276.80 
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Table 10. Model results from the AGWA and SSURGO parameterization. 

AGWA and SSURGO Parameterization 
Design storm Storm depth (mm) SCS II modeled runoff (m3) CA-6 modeled runoff (m3) 
2yr1hr 11.02 512.20 510.79 
2yr2hr 14.61 527.85 528.41 
2yr6hr 21.77 583.13 584.17 
2yr24hr 35.31 109.88 110.30 
5yr1hr 15.88 488.69 427.79 
5yr2hr 20.24 529.41 530.00 
5yr6hr 29.46 587.05 588.01 
5yr24hr 48.01 160.65 161.35 
10yr1hr 19.99 476.04 270.16 
10yr2hr 25.02 530.26 531.51 
10yr6hr 36.07 589.50 590.52 
10yr24hr 58.42 178.93 179.47 
25yr1hr 25.65 518.84 519.19 
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Table 11. Model results for the AGWA and Rosetta parameterization. 

AGWA and Rosetta Parameterization 
Design storm Storm depth (mm) SCS II modeled runoff (m3) CA-6 modeled runoff (m3) 
2yr1hr 11.02 438.90 431.58 
2yr2hr 14.61 554.75 546.74 
2yr6hr 21.77 604.33 604.92 
2yr24hr 35.31 124.80 124.67 
5yr1hr 15.88 563.39 563.66 
5yr2hr 20.24 572.13 572.88 
5yr6hr 29.46 607.56 608.29 
5yr24hr 48.01 177.75 177.71 
10yr1hr 19.99 564.69 565.14 
10yr2hr 25.02 572.74 573.45 
10yr6hr 36.07 609.37 610.06 
10yr24hr 58.42 196.70 196.28 
25yr1hr 25.65 372.45 373.19 
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Table 12. Comparing computed runoff for NOAA PFDS design storms and rainfall distributions. 

Design storm Parameterization SCS II volume (m3) CA-6 volume (m3) Percent difference  

2yr1hr AGWA and Soil Samples 381.79 375.42 -1.70 

2yr1hr AGWA and SSURGO 512.20 510.79 -0.28 

2yr1hr Rosetta 438.90 431.58 -1.70 

2yr24hr AGWA and Soil Samples 113.88 114.03 0.13 

2yr24hr AGWA and SSURGO 109.88 110.30 0.37 

2yr24hr Rosetta 124.80 124.67 -0.10 

2yr2hr AGWA and Soil Samples 499.82 490.96 -1.80 

2yr2hr AGWA and SSURGO 527.85 528.41 0.11 

2yr2hr Rosetta 554.75 546.74 -1.47 

2yr6hr AGWA and Soil Samples 582.13 583.06 0.16 

2yr6hr AGWA and SSURGO 583.13 584.17 0.18 

2yr6hr Rosetta 604.33 604.92 0.10 

5yr1hr AGWA and Soil Samples 511.89 512.28 0.08 

5yr1hr AGWA and SSURGO 488.69 427.79 -14.23 

5yr1hr Rosetta 563.39 563.66 0.05 

5yr24hr AGWA and Soil Samples 165.05 165.35 0.19 

5yr24hr AGWA and SSURGO 160.65 161.35 0.43 

5yr24hr Rosetta 177.75 177.71 -0.02 

5yr2hr AGWA and Soil Samples 527.48 528.79 0.25 

5yr2hr AGWA and SSURGO 529.41 530.00 0.11 

5yr2hr Rosetta 572.13 572.88 0.13 

5yr6hr AGWA and Soil Samples 586.96 588.03 0.18 

5yr6hr AGWA and SSURGO 587.05 588.01 0.16 

5yr6hr Rosetta 607.56 608.29 0.12 

10yr1hr AGWA and Soil Samples 514.39 515.16 0.15 

10yr1hr AGWA and SSURGO 476.04 270.16 -76.21 

10yr1hr Rosetta 564.69 565.14 0.08 

10yr24hr AGWA and Soil Samples 183.46 183.41 -0.03 

10yr24hr AGWA and SSURGO 178.93 179.47 0.30 

10yr24hr Rosetta 196.70 196.28 -0.21 

10yr2hr AGWA and Soil Samples 528.59 529.83 0.23 

10yr2hr AGWA and SSURGO 530.26 531.51 0.24 

10yr2hr Rosetta 572.74 573.45 0.12 

10yr6hr AGWA and Soil Samples 589.51 590.43 0.16 

10yr6hr AGWA and SSURGO 589.50 590.52 0.17 

10yr6hr Rosetta 609.37 610.06 0.11 

25yr1hr AGWA and Soil Samples 319.15 276.80 -15.30 

25yr1hr AGWA and SSURGO 518.84 519.19 0.07 

25yr1hr Rosetta 372.45 373.19 0.20 
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Table 13. Comparing results between parameterizations for the SCS II rainfall distribution. 

SCS II Distribution 
Design 
storm 

AGWA and Soil 
Samples volume (m3) 

AGWA and SSURGO 
volume (m3) 

Rosetta 
volume (m3) 

Percent 
difference1 

Percent 
difference2 

2yr1hr 381.79 512.20 438.90 -25.46 -14.31 
2yr2hr 499.82 527.85 554.75 -5.31 5.10 
2yr6hr 582.13 583.13 604.33 -0.17 3.64 
2yr24hr 113.88 109.88 124.80 3.64 13.57 
5yr1hr 511.89 488.69 563.39 4.75 15.29 
5yr2hr 527.48 529.41 572.13 -0.36 8.07 
5yr6hr 586.96 587.05 607.56 -0.02 3.49 
5yr24hr 165.05 160.65 177.75 2.73 10.64 
10yr1hr 514.39 476.04 564.69 8.05 18.62 
10yr2hr 528.59 530.26 572.74 -0.31 8.01 
10yr6hr 589.51 589.50 609.37 0.00 3.37 
10yr24hr 183.46 178.93 196.70 2.53 9.93 
25yr1hr 319.15 518.84 372.45 -38.49 -28.21 
1 Percent difference between AGWA and SSURGO and AGWA and Soil Samples parameterizations   
2 Percent difference between AGWA and SSURGO and Rosetta parameterizations   
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Table 14. Comparing results between parameterizations for the CA-6 rainfall distribution. 

CA-6 Distribution 
Design 
storm 

AGWA and Soil 
Samples volume (m3) 

AGWA and SSURGO 
volume (m3) 

Rosetta 
volume (m3) 

Percent 
difference1 

Percent 
difference2 

2yr1hr 375.42 510.79 431.58 -26.50 -15.51 
2yr2hr 490.96 528.41 546.74 -7.09 3.47 
2yr6hr 583.06 584.17 604.92 -0.19 3.55 
2yr24hr 114.03 110.30 124.67 3.38 13.03 
5yr1hr 512.28 427.79 563.66 19.75 31.76 
5yr2hr 528.79 530.00 572.88 -0.23 8.09 
5yr6hr 588.03 588.01 608.29 0.00 3.45 
5yr24hr 165.35 161.35 177.71 2.48 10.14 
10yr1hr 515.16 270.16 565.14 90.69 109.18 
10yr2hr 529.83 531.51 573.45 -0.32 7.89 
10yr6hr 590.43 590.52 610.06 -0.02 3.31 
10yr24hr 183.41 179.47 196.28 2.19 9.37 
25yr1hr 276.80 519.19 373.19 -46.69 -28.12 
1 Percent difference between AGWA and SSURGO and AGWA and Soil Samples parameterizations   
2 Percent difference between AGWA and SSURGO and Rosetta parameterizations   

 
Each of these tables provide valuable insight into how the different parameterizations and 
rainfall distributions can affect the results of modeling. A further discussion on the results that 
are presented in this section will be in Section 4 of this thesis, as it is important to understand 
some of the lessons that were learned from this scenario analysis. The other portion of results 
from the scenario analysis on historical observed data will be in the following subsection, and 
this will provide insight into some of the choices that must be made when modeling in an area 
with limited data availability. 
 
3.2.2 Historical observed data scenario analysis 
 
For the second portion of the scenario analysis, historical data will be used to create design 
storms to be used in the modeling. There are two rain gages that have been operating near the 
study area since 1940, and there are observed daily data until the early 2000s. The two rain gages 
are named Goldstone and Bicycle Lake. The Goldstone rain gage is in the town of Goldstone, 
CA, which is on the other side of the western mountain range of Fort Irwin, approximately 15 
miles from the study site. Bicycle Lake rain gage is on Fort Irwin and is located near the Bicycle 
Lake Airfield. In terms of data records, Goldstone has approximately 70 years of data and 
Bicycle Lake has 40 years, respectively. To perform modeling analysis using these two gages, 
the data had to be analyzed in order to come up with design storms. The method of analysis was 
by using, under the guidance of the EPA, the PERCENTILE function within Microsoft Excel. 
The percentiles that were defined were the 85th, 95th, and 99th in order to capture the most 
complete range of all observed storms for the period of record. With these selected, the design 
storms were created using both rainfall distributions and then simulated on all three different 
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parameterizations, adding an additional 36 scenarios to the study. In the following tables, the 
results from this analysis will be presented. In Tables 15, 16, and 17, the modeled results will be 
displayed for each of the parameterizations. Table 18 will display the difference analysis 
between the rainfall distributions, Table 19 will compare the results between parameterizations 
for the SCS II distribution, and Table 20 will compare the results between parameterizations for 
the CA-6 distribution.  
 
Table 15. Model results for the AGWA and Soil Samples parameterization. 
 

AGWA and Soil Samples Parameterization 
Design storm Storm depth (mm) SCS II volume (m3) CA-6 volume (m3) 
bikelake85 8.38 21.03 21.26 
bikelake95 13.87 37.47 37.71 
bikelake99 29.45 91.52 91.88 
goldstone85 14.22 38.62 38.90 
goldstone95 26.21 79.68 79.84 
goldstone99 41.45 138.01 138.32 

 
Table 16. Model results for the AGWA and SSURGO parameterization. 

AGWA and SSURGO Parameterization 
Design storm Storm depth (mm) SCS II volume (m3) CA-6 volume (m3) 
bikelake85 8.38 20.09 20.32 
bikelake95 13.87 35.78 36.04 
bikelake99 29.45 87.81 88.40 
goldstone85 14.22 36.89 37.18 
goldstone95 26.21 76.24 76.50 
goldstone99 41.45 133.70 134.44 

 
Table 17. Model results for the Rosetta parameterization. 

AGWA and Rosetta Parameterization 
Design storm Storm depth (mm) SCS II volume (m3) CA-6 volume (m3) 
bikelake85 8.38 25.32 25.42 
bikelake95 13.87 43.86 43.92 
bikelake99 29.45 101.50 101.59 
goldstone85 14.22 45.14 45.22 
goldstone95 26.21 89.07 89.00 
goldstone99 41.45 149.84 149.83 
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Table 18. Comparing model results between rainfall distributions. 

Design storm Parameterization 
SCS II volume 
(m3) 

CA-6 volume 
(m3) 

Percent 
difference  

bikelake85 AGWA and Soil Samples 21.03 21.26 1.06 
bikelake85 AGWA and SSURGO 20.09 20.32 1.13 
bikelake85 Rosetta 25.32 25.42 0.41 
bikelake95 AGWA and Soil Samples 37.47 37.71 0.65 
bikelake95 AGWA and SSURGO 35.78 36.04 0.71 
bikelake95 Rosetta 43.86 43.92 0.13 
bikelake99 AGWA and Soil Samples 91.52 91.88 0.39 
bikelake99 AGWA and SSURGO 87.81 88.40 0.68 
bikelake99 Rosetta 101.50 101.59 0.09 
goldstone85 AGWA and Soil Samples 38.62 38.90 0.73 
goldstone85 AGWA and SSURGO 36.89 37.18 0.79 
goldstone85 Rosetta 45.14 45.22 0.20 
goldstone95 AGWA and Soil Samples 79.68 79.84 0.21 
goldstone95 AGWA and SSURGO 76.24 76.50 0.34 
goldstone95 Rosetta 89.07 89.00 -0.08 
goldstone99 AGWA and Soil Samples 138.01 138.32 0.23 
goldstone99 AGWA and SSURGO 133.70 134.44 0.56 
goldstone99 Rosetta 149.84 149.83 -0.01 

 
Table 19. Comparing model results between parameterizations for the SCS II rainfall 
distribution. 

SCS II Distribution 

Design 
storm 

AGWA and 
Soil Samples 
volume (m3) 

AGWA and 
SSURGO 
volume (m3) 

Rosetta 
volume (m3) 

Percent 
difference1 

Percent 
difference2 

bikelake85 21.03 20.09 25.32 4.67 25.99 
bikelake95 37.47 35.78 43.86 4.71 22.57 
bikelake99 91.52 87.81 101.50 4.23 15.59 
goldstone85 38.62 36.89 45.14 4.70 22.36 
goldstone95 79.68 76.24 89.07 4.51 16.82 
goldstone99 138.01 133.70 149.84 3.22 12.07 
1 Percent difference between AGWA and SSURGO and AGWA and Samples 
parameterizations     
2 Percent difference between AGWA and SSURGO and Rosetta parameterizations   
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Table 20. Comparing results between parameterizations for the CA-6 rainfall distribution. 

CA-6 Distribution 

Design 
storm 

AGWA and 
Soil Samples 
volume (m3) 

AGWA and 
SSURGO 
volume (m3) 

Rosetta 
volume (m3) 

Percent 
difference1 

Percent 
difference2 

bikelake85 21.26 20.32 25.42 4.60 25.10 
bikelake95 37.71 36.04 43.92 4.64 21.87 
bikelake99 91.88 88.40 101.59 3.94 14.93 
goldstone85 38.90 37.18 45.22 4.63 21.64 
goldstone95 79.84 76.50 89.00 4.37 16.33 
goldstone99 138.32 134.44 149.83 2.89 11.44 
1 Percent difference between AGWA and SSURGO and AGWA and Samples 
parameterizations     
2 Percent difference between AGWA and SSURGO and Rosetta parameterizations   

 

4.0 Discussion 
 
Throughout the results of this thesis, there were two main goals that we were attempting to 
achieve through modeling with AGWA. The first goal was to test the performance of the 
KINEROS2 model and compare the results to observed values that were recorded using 
instrumentation on site. For this portion of the analysis, there were only three observed storms 
that were used to compare the modeling results and the reason for this was due to 
instrumentation malfunction towards the end of the analysis period. If the instrumentation had 
been working properly, there would have been an additional observed storm that occurred on 
December 6th, 2018. Consequently, the model could not be calibrated for this study. Even if the 
instrumentation did work during the entire analysis period, four observed events are not enough 
to calibrate the model. However, results were still generated, and the comparisons turned out to 
be acceptable for two out of the three observed storms for an uncalibrated model. The other goal 
of the thesis was to complete a scenario analysis to test the parameterizations and different 
rainfall distributions on the model to see what the potential impact might be on the outputs. In 
total, there were 114 scenarios that were ran through the KINEROS2 model, and the results were 
presented in the previous section. Throughout the discussion section of this thesis, the goal will 
be to break down the results for each of the observed storms and compare them to actual 
observed data, as well as examine how different model parameterizations and rainfall 
distributions affect the output of KINEROS2 on various design storms.   
 
4.1 January 9th, 2018 storm 
 
For the January 9th storm, an average of 23.92 mm of rainfall fell on the study site over a period 
of six hours. From this rainfall, the observed and estimated data indicated that there was a total 
of 529.54 m3 of runoff that drained into the detention basin. The initial inflow into the pond that 
was calculated using the stage-volume relationship was 459.46 m3. The adjustments that were 
made to get the total calculated volume included: incorporating the cumulative drywell volume 
up to the point of maximum observed volume (+2.60 m3), the cumulative evaporation volume 
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(+0.99 m3), the amount of volume that would be backwater in the subsurface pipes that drain into 
the pond (+58.99 m3), and the cumulative infiltration volume from areas around the pond that are 
pervious (+7.50 m3). When comparing this result to the model output from KINEROS2, the 
model proved to slightly over predict the actual observed and estimated values. For the different 
parameterizations, the modeled volumes were: AGWA and Samples yielded 581.70 m3, AGWA 
and SSURGO yielded 581.54 m3, and the Rosetta parameterization yielded 604.76 m3. In terms 
of the relative differences for each of the parameterizations, AGWA and Soil Samples over 
predicted the water yield by 9.85%. AGWA and SSURGO over predicted the amount of runoff 
by 9.82%, and Rosetta over predicted the volume of water by 14.20%. There could be many 
reasons for the over prediction of runoff volumes utilizing the model. There could also be error 
generated from the post-observed calculations that could result in the under prediction of runoff 
volumes. The first reason for potential under prediction from the observed data could be human 
error during the calculation process of additional volumes contributing to the total volume. An 
example of induced error could be in the process of calculating the backwater of the subsurface 
pipes. Based on engineering drawings that were obtained by ARS-Tucson, it was deemed that the 
slope of the pipes directly discharging into the pond were very shallow and it was assumed that 
when backwater occurred in the pipe, it was a fraction of the total pipe capacity. The fraction 
was based on the stage at which the water filled the pipe compared to the total diameter. Another 
source of error could come from the calculation of infiltration rates for the pervious areas around 
the pond. The reason that error could have been introduced here is because the infiltration 
calculations were done based on a simple differencing technique. The infiltration calculations did 
not factor in the potential horizontal suction of the soil or differing infiltration rates on side 
slopes of the pond. Lastly, there could have been error in the calculation of evaporation. The sun 
irradiance value, for example, that was used as an input to the Penman-Montieth equation was 
gathered from satellite imagery. The satellite imagery had a spatial resolution of 0.25o, or 27 km, 
so the smaller areas of irradiance variability were not captured due to the resolution of the 
imagery compared to the size of the study site.  
 
Another area where error could occur is in the parameterization of the different model elements, 
primarily with soil data. The reason for this is that there is one infiltration rate that is being 
parameterized for each of the model elements. While this infiltration rate could be true for a 
certain area of each element, it may not capture the full infiltration capacity at a specific location. 
It should also be taken into consideration that the hydraulic conductivity values for differing soil 
types range from 5 mm per hour to 210 mm per hour, which can be seen in Table 2, and this will 
affect the runoff generation from the watershed. Along with this, the other area that could cause 
the over prediction in the model results is the misclassification of land cover types on the ground. 
While the land cover classification that was performed using high resolution aerial imagery is 
better than nationally available landcover data in terms of spatial resolution (1m pixels versus 
30m pixels), there is still the possibility of misclassification. The reason for this is because 
spectrally, a lot of the pixels have similar signatures. A white cement driveway looks very 
similar to a bright area of desert landscape, for example, when looking at the reflectance values 
in each of the imagery bands. Thus, there could be areas that received a classification as an 
impervious area where in fact it is pervious and has infiltration occurring, and would lead to 
incorrect hydrologic parameters, resulting in an over prediction of runoff.  
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The last sources of error that should be discussed in terms of the January 9th storm are the spatial 
variability of the storm, the calibration of the rain gages, and the potential under catch that could 
occur during the measurement period. The amount of rain that was recorded ranged from 17 to 
25.1 mm. The biggest difference in rainfall measurement occurred in the Starbright and Bluebell 
rain gages that are adjacent to one another on the western side of the watershed. The way that the 
interpolation is defined in KINEROS2, the amount of rainfall interpolated between the two rain 
gages could be lower than what is observed. This could lead to under prediction of simulated 
outputs, or it could lead to other factors previously discussed having a bigger impact on the 
model results.  
 
The second source of error when thinking about precipitation could’ve occurred when measuring 
the rainfall. The installed rain gages were only calibrated to the thousandth of inch (or 0.254 
mm), so there could be incorrect rainfall depths recorded. It may not contribute to a large source 
of error within the modeled results, but it could have an impact on the total volume of water 
captured by the gage. For example, if each gage were to record 0.254 mm of rain higher or lower 
than what accumulated, then the total impact on the rainfall input could be +- 1 mm. While it 
may not have a significant impact on this storm event, it could have a greater impact on the 
smaller storm events that are more typical at the site.  
 
The other source of error as it relates to the measurement of rainfall data is potential under catch 
from elevated rain gages.  It has been documented in tipping bucket rain gages like the ones we 
installed at the site there can be 5% under catch in an elevated gage, and that is contributed by 
wind (Duchon and Essenberg, 2001). For this event with a larger depth and low wind speeds 
during collection, the influence of under catch on the modeled results using the observed rainfall 
data should be minimal. However, it is important to keep in mind that it could be a main source 
of error when comparing the estimated observed and modeled results for other events. Overall, 
the model results compared to the estimated observed results showed to have a range of 10-15% 
difference and that is acceptable for an uncalibrated model with the potential errors in 
measurement that could have occurred during the observation period. 
 
4.2 March 10th, 2018 storm 
 
The storm of March 10th, 2018 had a smaller depth than the January 9th storm. However, the 
duration of the storm was an hour longer. The average depth across the seven-hour event was 
10.18 mm. As a result of this, the average rainfall intensity for the storm was 1.91 mm per hour, 
as compared to the average rainfall intensity of the January 9th storm at 5.31 mm per hour. Due 
to this difference in intensities, the results were very different. For this storm, the calculated total 
volume of runoff stored in the pond was 137.38 m3. The adjustments made, like the first storm, 
to the inflow volume of 95.48 m3 included an additional 2.60 m3 of accumulated drywell volume, 
0.32 m3 of evaporation volume, 37.95 m3 of backwater pipe volume, and 1.20 m3 of volume 
infiltrated into other areas of the pond. In comparison, the modeled results for the three different 
parameterizations are as follows: AGWA and Soil Samples produced 226.93 m3 of runoff, 
AGWA and SSURGO produced 218.44 m3 of runoff, and Rosetta yielded 253.23 m3 of runoff. 
These values led to percent differences of 65.18, 59, and 84.32, respectively. In comparison to 
previous modeled results, the percent differences are considerably higher.  
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The first reason for error in modeled volumes compared to observed volumes could be the 
influence of misclassified landcover types. Because this storm had a longer duration and a lower 
intensity, the influence of the Sleepy Hollow neighborhood should be greater in producing runoff 
due to its proximity to the outlet of the watershed. Within the neighborhood, there are a lot of 
impervious areas (roads, driveways, rooftops, and sidewalks) that drive runoff. Along with these 
areas, there are open spaces within the development that have bright spectral signatures, and that 
could lead to the misclassification as an impervious area. The other important landcover type that 
could be influenced by surrounding features is the front yards. A lot of the front yards in the 
neighborhood are nearly spectrally identical to some of the roof tops of the houses. Thus, the 
misclassification of a front yard that could have a high infiltration capacity as an area with no 
infiltration capacity could explain a portion of the over estimation of the KINEROS2 model.  
 
Even with this hypothesis as to where a portion of the over prediction in the modeled results 
could come from, it remains unknown as to why these results were so poor compared to the other 
two storms (the October 6th storm will be discussed in the next subsection of the thesis). One 
factor, that was proven by a sensitivity analysis of input parameters into KINEROS in Goodrich 
(1990), shows that the rainfall intensity as opposed to the total depth of the rainfall event is most 
important when calculating runoff in KINEROS2 (pg. 211). This would lead to greater 
variability in the modeling results for the lowest intensity storm and could explain why the 
results have a higher percent difference than the others. Other factors, like were discussed in 
relation to the January 9th storm, that could influence the over prediction could include the 
backwater calculations of the subsurface pipes. Again, because the pipes are assumed to fill 
uniformly as the water level in the pond rises, this could lead to an under-adjustment in the 
observed volume generated from the storm. The rain gage calibration and setup must be taken 
into consideration as well. As was mentioned for the January 9th storm, the gages are only 
calibrated to 0.254 mm. Because this storm is smaller than the other two, it is expected that the 
sensitivity within the model would be greater, but after further investigations the rain gage 
measurement calibration did not prove to significantly impact the modeled results for this storm 
and thus were not included in the thesis. The other rain gage measurement error that was also 
mentioned for the previous storm was under catch of an elevated gage. For this storm event, the 
wind speeds were low, and it could not be determined if the under catch was a factor in the 
model outputs.  In summary, it is hard to say which, if any, factor is generating a major source of 
error due to the lack of observed data on the watershed, so these results must be treated as 
outliers. 
 
4.3 October 6th, 2018 storm 
 
The October 6th storm had a similar depth of rainfall as the January 9th storm. The total depth of 
the rain event, on average, was 17.13 mm. However, it differed from each of the other two 
observed storms because it had a shorter duration, only lasting four hours. Because the event was 
shorter, the average intensity was 19.59 mm per hour. It was hypothesized after this event 
occurred that the volume of runoff would be greater than the January 9th storm even though the 
depth was slightly lower due to the impact that intensity has on runoff. The other interesting 
characteristic that this storm had was the fact that it was more uniform across the watershed than 
the January 9th storm. The range in observed rainfall values was 14.22 to 18.8 mm. For the 
calculated results, the total volume that was accumulated during runoff was 549.85 m3. Breaking 
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this down, the inflow volume was 479.82 m3, the cumulative drywell volume was 1.85 m3, 
cumulative evaporation volume was 0.21 m3, the backwater in subsurface pipes was at a 
maximum of 58.99 m3, and the infiltration volume across the pond was 8.98 m3. For the modeled 
simulations, the results are as follows: AGWA and Soil Samples yielded 534.67 m3, AGWA and 
SSURGO at 537.59 m3, and AGWA and Rosetta yielded 577.76 m3. These results produced -
2.76, -2.23, and 5.08 percent errors respectively, and proved to be the most accurate of the three 
observed storms. The interesting thing about two of the three percent errors is that the model 
under predicted the total water yield from the storm. While it is a small under prediction, it could 
be a result of the higher intensity rain on the watershed. Unlike the other two observed events, it 
does not appear as though there is much error generated from image analysis, infiltration 
calculations, or backwater calculations. It would be a more likely hypothesis that rain gage 
measurement error contributed to the differences in runoff volumes, as the percentages ranged 
from -2 to 5%. These values would fall into the five percent under catch that was documented 
above and could explain the reason for the differences in runoff. However, these hypotheses 
cannot be proven unless there is a larger sample size of storms with varying characteristics to 
perform calibration/validation on the model.  
 
4.4 Scenario analysis 
 
The next portion of the discussion is going to focus on the scenario analysis that was presented in 
the second half of the results section. This analysis required many design storms that were 
obtained through a variety of data sources. The first data source that helped generate an 
additional 117 simulations was the NOAA Precipitation Frequency Data Server. The second data 
source was from the Bicycle Lake and Goldstone rain gages around Fort Irwin that have been 
operating for 40 and 70 years, respectively. Along with these two additional data sources, the 
main goal of this analysis is to understand how two different rainfall distributions influence 
model results, and how different parameterizations affect model outputs. For the analysis, the 
parameterizations will be tested against what AGWA generates during the setup and running of 
the tool. These parameterizations are the AGWA and SSURGO data for model elements, and 
SCS II for rainfall distribution. The AGWA parameterization for model elements is based on 
nationally available free data sources. The SCS II rainfall distribution has been around since the 
1960s and is also widely available for use in synthetic design storm creation across the internet. 
The two subsequent soil parameterizations, AGWA and Soil Samples and Rosetta, were added to 
test the flexibility and accuracy of user defined soil parameters. The other rainfall distribution 
that is going to be tested is the CA-6 distribution that is based on the most recent Precipitation 
Frequency Atlas (Vol. 14) that is developed by NOAA as there is more rain gage data available 
throughout the national network. The CA-6 distribution was recently added to AGWA to provide 
more regional rainfall distributions for the user to choose from when running the tool, and this is 
the first time that it is being used for watershed analysis. The following two subsections will go 
into detail about the findings from these scenario model runs and will compare both the rainfall 
distributions and the parameterizations to the original AGWA setup.  
 
4.4.1 NOAA PFDS 
 
From the NOAA PFDS, there were a variety of storms selected to be run through the scenario 
analysis. The storms that were selected were the 2, 5, 10, and 25-year return period events. These 
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recurrence intervals were selected due the wide range of rainfall depths for the region. To go 
along with these intervals, the durations for each were selected to be 1, 2, 6, and 24-hour events. 
These durations give a wide range of rainfall intensities and allow for the assessment of the 
different parameterizations and rainfall distributions.   
 
Upon running each of the scenarios through KINEROS2, it was found that the two rainfall 
distributions differed slightly, with an average of -2.78 percent, meaning that the CA-6 
distribution slightly under predicted the expected model values. However, this result is skewed 
due to a few anomalies in the data. In Figures 19, 20, and 21 below, the differences in modeled 
volumes are compared for the two rainfall distributions over the different parameterizations.  
 

 
 
Figure 19. AGWA and Soil Samples modeled runoff volume comparison between rainfall 
distributions. 
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Figure 20. AGWA and SSURGO modeled runoff volume comparison between rainfall 
distributions. 

 
 
 

11.02 mm
14.61 mm

21.77 mm

35.31 mm

15.88 mm

20.24 mm

29.46 mm

48.01 mm

19.99 mm

25.02 mm

36.07 mm

58.42 mm

25.65 mm

0

100

200

300

400

500

600

700

M
od

el
ed

 v
ol

um
e 

of
 ru

no
ff 

(m
3 )

Design storm

AGWA and SSURGO modeled runoff comparison 

SCS II distribution

CA-6 distribution



 

69 
 

 
 
Figure 21. AGWA and Rosetta modeled runoff volume comparison between rainfall 
distributions. 

From Figures 19, 20, and 21 the two rainfall distributions overall performed very well when 
compared to each other. In many of the events across the three different parameterizations, there 
is hardly any difference between the modeled runoff volumes. The average percent difference 
excluding storms that had over ten percent difference in volumes for the AGWA and Soil 
Samples was -0.17 percent. For AGWA and SSURGO, the average was 0.17 percent, and for 
AGWA and Rosetta the average was -0.20 percent. 
 
As it can be seen above in Figures 19 and 20, there are a few outliers that skew the entirety of the 
percent difference analysis between the two rainfall distributions. The outliers in the data are the 
25-yr, 1-hr storm in the AGWA and Soil Samples parameterization at -15.30% and both the 5-yr, 
1-hr and the 10-yr, 1-hr storms at -14.23 and -76.21% respectively, in the AGWA and SSURGO 
parameterization. It is unknown why these design storms are outliers, and there would need to be 
further investigation as to why this difference appeared between simulations.  Otherwise, there 
could be any number of reasons why these three storms are the outliers, and it is hard to tell what 
the exact reason for this is. 
 
In terms of comparing the simulations to one another, the control parameterization that was used 
in this study was the AGWA and SSURGO parameterization. This was chosen because it is the 
default method of parameterizing elements within AGWA. In this analysis, the goal is to assess 
the potential impact that hydraulic conductivity, Ks, has on the modeled runoff volumes. Once 
the simulations were complete, the runoff volumes were compared independently from one 
another. In Figures 22 and 23 below, the modeled parameterization results are compared, and 
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they are separated by rainfall distribution to look at the impact that the element parameterization 
has during each simulation. 
 

 
 
Figure 22. Parameterization comparison for the SCS II rainfall distribution on NOAA PFDS 
design storms. 
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Figure 23. Parameterization comparison for the CA-6 rainfall distribution on NOAA PFDS 
design storms. 

For each of the model parameterization figures above, it shows that there is greater variability 
between the soil parameterizations than between the rainfall distributions. The general trend in 
the data is that the AGWA and SSURGO data is the most conservative estimate, and the other 
two parameterizations have greater variability in the range of results from modeling. From Table 
2, the Ks values for the AGWA and SSURGO data are 5.82 and 23.05 mm per hour for each of 
the two soil types. However, the Ks values for the AGWA and Soil Samples parameterization 
range from 26 to 210 mm per hour, and the AGWA and Rosetta parameterization values range 
from 13.11 to 200.53 mm per hour. Having a wide range of Ks values in the two 
parameterizations would indicate that greater differences between modeled results will be 
present. Between the AGWA and SSURGO parameterization and the AGWA and Soil Samples 
parameterization, there is an average difference of -3.72% for the SCS II distribution and for the 
CA-6 distribution the average difference is 2.88%. For the Rosetta parameterization compared to 
AGWA and SSURGO, there is an average difference of 4.40% and for the CA-6 distribution 
12.28%. The reason for the greater difference between the AGWA and SSURGO and the 
AGWA and Rosetta parameterizations could be explained by the Ks values and how they are 
distributed between the model elements. It also could be explained because Rosetta gives an 
output Ks value that falls in between soil texture classes, whereas the KINEROS2 lookup table 
and the SSURGO soils will give a Ks value based on just one soil texture class. These 
differences will be compared in the next section to the historical EPA method to assess the 
parameterization variabilities as they relate to hydraulic conductivity values, seeing as it will 
drive infiltration and impact the amount of runoff that is generated from the watershed. 
 

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

M
od

el
ed

 ru
no

ff
 v

ol
um

e 
(m

^3
)

Design storm

Parameterization comparison for all design storms in the 
CA-6 distribution

AGWA and Samples

AGWA and SSURGO

Rosetta



 

72 
 

4.4.2 Historical observed data and the EPA method 
 
The second method that is used for the scenario analysis in this thesis is based on historical data. 
The EPA has guidance in their LID handbook (EPA, 2009) that suggests which percentiles 
should be chosen in order to design green infrastructure features. For this thesis, these suggested 
percentiles are used to create design storms. From these, the creation of an additional 36 
scenarios were ran through KINEROS2. The same goals as the last subsection apply to this 
section, and those are: 1) Assess the differences between rainfall distributions; and 2) Assess the 
differences between parameterizations that were selected. It is hypothesized that similar results 
will be seen and that is that the rainfall distributions have smaller percent differences between 
them than the three parameterizations. In Tables 21, 22, and 23, the comparison between rainfall 
distributions will be examined by parameterization. 
 
Table 21. AGWA and Soil Samples rainfall distribution comparison for historical observed data. 

AGWA and Soil Samples Parameterization 
Design storm Storm depth (mm) SCS II volume (m3) CA-6 volume (m3) Percent difference  
bikelake85 8.38 21.03 21.26 1.06 
bikelake95 13.87 37.47 37.71 0.65 
bikelake99 29.45 91.52 91.88 0.39 
goldstone85 14.22 38.62 38.90 0.73 
goldstone95 26.21 79.68 79.84 0.21 
goldstone99 41.45 138.01 138.32 0.23 

 
Table 22. AGWA and SSURGO rainfall distribution comparison for historical observed data. 

AGWA and SSURGO Parameterization 
Design storm Storm depth (mm) SCS II volume (m3) CA-6 volume (m3) Percent difference  
bikelake85 8.38 20.09 20.32 1.13 
bikelake95 13.87 35.78 36.04 0.71 
bikelake99 29.45 87.81 88.40 0.68 
goldstone85 14.22 36.89 37.18 0.79 
goldstone95 26.21 76.24 76.50 0.34 
goldstone99 41.45 133.70 134.44 0.56 
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Table 23. Rosetta rainfall distribution comparison for historical observed data. 

AGWA and Rosetta Parameterization 
Design storm Storm depth (mm) SCS II volume (m3) CA-6 volume (m3) Percent difference  
bikelake85 8.38 25.32 25.42 0.41 
bikelake95 13.87 43.86 43.92 0.13 
bikelake99 29.45 101.50 101.59 0.09 
goldstone85 14.22 45.14 45.22 0.20 
goldstone95 26.21 89.07 89.00 -0.08 
goldstone99 41.45 149.84 149.83 -0.01 

 
In terms of percent difference between the two distributions for each parameterization, they are 
as follow: for AGWA and Soil Samples, the average percent difference is 0.54%. AGWA and 
SSURGO has an average percent difference between 0.70% between distributions, and the 
AGWA and Rosetta parameterization has an average difference of 0.13%. These results support 
the hypothesis that there would be limited variation, if any, between the two different rainfall 
distributions for all parameterizations. However, the next analysis that was done was the 
difference between the parameterizations. These results are presented in Figures 27 and 28 and 
are again split up to look at each of the parameterizations over each selected rainfall distribution. 
 

 
 

Figure 24. Parameterization comparison in the SCS II distribution for historical design storms. 
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Figure 25. Parameterization comparison in the CA-6 distribution for historical design storms. 

It can be seen above that again, the AGWA and SSURGO parameterization is the most 
conservative estimate of runoff for the parameterizations. This could again be attributed to the 
smaller range in Ks values, leading to more infiltration within the watershed as runoff is 
occurring. In this scenario however, it is consistent that both the other two parameterizations 
predict larger values than the control. For the percent differences between the selected 
parameterizations for this method, the average difference for AGWA and Soil Samples is 4.34%, 
whereas the difference for AGWA and Rosetta is, on average, 19.23% in the SCS II distribution. 
In the CA-6 distribution, the average difference between SSURGO and the Soil Samples 
parameterization is 4.18% and the average between SSURGO and Rosetta is 18.55%. Being that 
the consistency of differences in parameterizations across both rainfall distributions is roughly 
the same, it shows the value of having a longer data record.  
 

5.0 Conclusions 
 
Through the course of this analysis period, there have been challenges that have occurred when it 
comes to maintaining the instrumentation at the site. Another major challenge that hasn’t 
previously been discussed is the fact that Fort Irwin only receives three to four inches of rain per 
year on average. Because of this, there are only three observed storms that had good data to 
perform analysis on. Three observed storms are not enough to calibrate and validate the 
KINEROS2 model accurately. In order to calibrate and validate a model, there needs to be a 
large representative sample of varying depths and durations. This sample would be split into 
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calibration and validation datasets, and many iterations of simulations would be performed to 
calibrate the model. Because we could not do this, we had to use differencing analysis in order to 
examine the results that were found. For the two storms that had similar rainfall depths, January 
9th and October 6th, the amount of error in the modeled versus the calculated values was less than 
10% (9% and 0.13%, on average). The other storm during this analysis period, March 10 th, had 
an average percent difference of 71.88%. If the amount of error for the March 10th storm was 
closer to the other two errors, then potential hypotheses could be drawn based on the limited 
sample size that could be used in further modeling efforts at the site. For example, the longer the 
storm and the lower the intensity of rainfall, the larger the percent differences in calculated 
versus modeled results. Since the end of this analysis period to May 31st, 2019, there have been 
eight additional runoff generating events. Of these eight however, four of them were during a 
period of instrumentation malfunction, so there are four additional storms with reliable data that 
can be assessed in future work. There have also been changes in the drywell infiltration system 
on site, including the addition of a new drywell, so the infiltration properties of the LID system 
have changed. These changes should impact the results of the modeling, with the hypothesis that 
more water should be infiltrating with the addition of this new drywell. To date, only one storm 
has overtopped the weir, and this was during the period of equipment downtime, so it is hard to 
assess whether the weir stage-discharge relationships are accurate and performing how we would 
expect them to. Even with all these challenges and very limited conclusions to date, the addition 
of a scenario analysis based on external data sources has proven to be worthwhile and some 
conclusions can be drawn from this.  
 
The scenario analysis contributed to an additional 132 simulations that could be ran as a part of 
this thesis. It was broken down into two sections. The first section of the analysis was to use 
readily available precipitation data from NOAA to assess the differences between rainfall 
distributions and different model parameterizations. The second section of the analysis focused 
on historical data records from the Bicycle Lake and Goldstone rain gages that have been in 
operation for 40 and 70 years. From both scenario analyses, it can be concluded that there is little 
to no difference between the two different rainfall distributions when being applied to the 
KINEROS2 model. This was seen in the methods section, as Figure 3 showed little variation 
between the two. Therefore, when performing any surface water modeling at Fort Irwin using 
design storms, either distribution can be selected to distribute a rainstorm over the area for a 
given time period. The other portion of the scenario analysis was to test whether different 
parameterizations had an impact on the results of the modeling. This portion proved to have 
more interesting results, as they were not uniform over both rainfall distributions. The 
conclusions using NOAA precipitation data were as follows. For the parameterization that 
utilized soil samples taken on site, there was a tendency to under predict runoff volumes using 
the SCS II distribution when compared to the standard parameterization method in AGWA. In 
the same rainfall distribution, it was found that the element parameterization using the Rosetta 
software tends to over predict runoff when compared to AGWA and SSURGO. This result for 
Rosetta was also found to be true over the CA-6 distribution. However, for the soil sample data 
and the CA-6 distribution, the modeled runoff volumes tended to be slightly larger than those of 
SSURGO. In both cases, there needs to be caution when selecting a parameterization for use in 
simulating runoff due to the inconsistent over and under prediction of volumes from the 
uncalibrated model.  
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When using the longer historical record for similar analysis, the results were more uniform and 
had less variation between parameterizations. When utilizing soil samples to parameterize model 
elements, it was found that there was a 4.26% average over prediction of modeled volumes when 
compared to SSURGO data. When using Rosetta to parameterize model elements, it was found 
that there was an average of 18.89% overprediction. The same conclusions were made for the 
rainfall distributions in that there are marginal differences that do not impact modeling 
significantly.   
 
In conclusion, the goal of this thesis was to demonstrate the value that modeling technology can 
add to predicting the amount groundwater recharge at the Fort Irwin National Training Center in 
California. While the period of observation was too short to record enough data to calibrate and 
validate the KINEROS2 model, the scenario analysis proved to gather more interesting results. 
This scenario analysis could be used to design future groundwater recharge infrastructure on Fort 
Irwin. It could help them predict how much runoff would be generated from any given storm 
event. Utilizing the PFDS, the recurrence interval and duration of a design storm could be 
selected when designing LID implementations at different sites around the NTC. This would 
greatly benefit Fort Irwin in addressing their Net Zero goals, as water scarcity issues are only 
becoming worse in the region. Along with this, the continued monitoring of the site will be 
essential for any future model calibration and validation. Even though there are challenges with 
the frequency in which it rains at Fort Irwin, it is shown that there is substantial runoff generation 
from storm events that could be conserved for later use. Having modeling technology will help to 
provide further support for water conservation efforts at Fort Irwin and it will also help to assess 
the amount of groundwater recharge potential that urbanized areas of the installation could add to 
the underlying aquifer. 
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