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Abstract 

 
Hurricane Florence, which generated flooding in the Carolinas in 2018, caused an 

estimated $38 - 50 billion in property damage (Rocco, 2018). There is scientific data supporting 
the hypothesis that the intensity of natural disasters is increasing, as are the associated damages. 
The goal of this study is to evaluate how increases in monsoon intensity might influence potential 
flooding and the hazard of property damage in urban areas located along river channels.  

To accomplish this, an ArcMap model was created for a 588,800 acres (920 square miles) 
watershed located approximately 90% in Pima County and about 10% in Santa Cruz County. The 
river of interest in the watershed, Rillito Wash, runs through a residential area. The watershed was 
generated using the automated geospatial watershed assessment (AGWA) tool in ArcMap. Data 
from three storm events, 1996, 2008 and 2010, were used to simulate the watershed in ArcMap 
via the kinematic runoff and erosion (KINEROS2) model. Present and future precipitation data 
entered into the model were based on a 24-hour, 100-year event. KINEROS2 returns flowrates 
from which water level depths can be determined. An assessment conducted on three different data 
sets obtained from various storms with the same occurrence interval provides indications of 
expected flood risk.  

Watershed calibration was successful, and the calibration accuracy was surprising. There 
were limitations when using the AGWA and KINEROS2 models. KINEROS2 is better suited for 
smaller watersheds, less than 97 miles2, to control precipitation over planes, and AGWA uses one 
soil moisture over the entire watershed, enhancing or mitigating the affects in specific regions. 
Initial soil moisture and increased precipitation intensity throughout the watershed affected the 
flood hazard.  

 

Introduction 

 
It is evident that climate change increases the intensity of natural disasters. Based on our 

scientific understanding of the Earth System, climate change is expected to increase the risk, 
frequency, and intensity of certain extreme events like intense heat waves, heavy downpours, 
flooding from intense precipitation and coastal storm surges (Cutter et al., 2014). The most recent 
example is Hurricane Florence in 2018, which caused major flooding in the Carolinas as a result 
of the effects of increased precipitation causing an estimated $38 - 50 billion in property damage 
(Rocco, 2018). Between 1895 and 2011, annual average precipitation over the continental U.S. as 
a whole increased by close to two inches (a rate of 0.16 inches per decade) (Georgakakos et al., 
2014).  

In Tucson, AZ, large precipitation events occur between June and September, declared the 
monsoon season by the National Weather Service. As the threat of climate change increases, 
monsoons are expected to increase in intensity, bringing more precipitation to Tucson. In a 
projected future climate with increased greenhouse gases, increased intensity of extreme 
precipitation events was one of the earliest model results, and with more detailed and improved 
models this result remains consistent in a number of regions (Houghton, 2001). 

Natural events such as precipitation, blizzards, and tornadoes, etc. are expected to occur 
less frequently but with intensification in strength (Figure 1). Heavy precipitation events that 
historically occurred once in 20 years are now projected to occur as frequently as every 5 to 15 
years by late this century (Georgakakos et al., 2014). 
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Figure 1: Probability of Occurrence vs Precipitation intensity (NOAA) 

 
Flooding occurs when streamflow discharge exceeds the capacity of the active channel to 

contain the flow of water. In other words, a flood refers to a distinct overbank flow, called flood 
flow. If there is no flooding, the runoff event is simply a flow event (Peirce, 1984). Increased 
precipitation will increase water volume in rivers, and this leads to the reasonable assumption that 
the flood risk to the adjacent urban development along rivers will also increase. Morita (2011) 
found that the threat of flooding in the Kanda River basin in Tokyo, Japan will become greater 
with projected climate change. Morita found that a storm with a return period of <5 years for the 
20th century would not cause damage to adjacent infrastructure due to flooding in relation to a 
storm for the 21st century with a return period <3 years (Morita, 2011). 

An increase in flood risk will translate into greater potential for infrastructure damage and 
loss of life. Accordingly, new studies are needed to assess this potential risk. Assuming that the 
increasing intensity of monsoonal rainfall may cause enhanced damage in Tucson, the city will 
need to be prepared to protect its residents and businesses. 

In this study, the area of interest is the Pantano Wash - Rillito River Watershed, which 
covers approximately 935 square miles (598,235 acres) (Figure 2). The land use within the 
watershed consists of 3.29% forest, 15.98% urban, and 80.74% range (Megdal and McKay, 2007).  

 

 

Figure 2: Pantano Wash - Rillito River Watershed, flows north, in Eastern Pima County within the Tucson Valley Basin (Megdal 
and McKay, 2007). 
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The goal of this study is to evaluate how increases in the volume of water produced by 
monsoon precipitation events will influence potential flooding and property damaging hazard in 
urban areas along river channels. To provide a reasonable estimate of how increased precipitation 
due to climate change might impact flood magnitude and inundation the following tools are needed 
-- estimate of changes in extreme precipitation and rainfall runoff models. 

Methods 

 

To understand how flood hazard might change, the hydrologic behavior of the Pantano 
Wash - Rillito River Watershed was modeled using ArcMap via the AGWA 10.6.1 tool and 
KINEROS2 program. Once the model showed an ability to satisfactorily simulate behavior of the 
system, as indicated by historical observed data recorded, precipitation data with increased 
intensities was used to estimate future conditions.  

In this study the 100 year precipitation event is assumed to be directly correlated to the 
100-year streamflow event. The current intensities for the 100-year, 24-hour event were decreased 
by 10% and increased by 10 and 20%. Inundation depths obtained from the model runs were used 
to conduct a hazard assessment.  
  
1) Models/Tools  

AGWA is a GIS interface for data organization, parameterization, integration, execution, 
change-detection, and output visualization for models to support watershed management and 
assessments (Goodrich et al., 2010). KINEROS2 allows AGWA to conduct hydrologic modeling 
and watershed assessments at multiple temporal and spatial scales. 
 

1.1 AGWA 

The first step in the AGWA process is watershed delineation. Watershed delineation 
outlines the watershed and the enclosed area represents the contributing area of surface flow to a 
specified outlet. This is achieved by inserting a digital elevation model (DEM), obtained from the 
USGS. The delineated watershed of interest is represented in Figure 3, the Pantano Wash - Rillito 
River watershed flows north. Next the watershed was discretized. Discretization divides the 
watershed into subwatersheds that contribute flow to a stream essentially draining to the outlet 
point (Figure 3). Discretization for the watershed was completed by specifying a threshold of 
contributing source area (CSA) at a value of 2.5 percent of the watershed size and selecting the 
model of interest, KINEROS2. CSA is the threshold at which flow becomes channelized. CSA 
values determine the size of the discretized planes (elements). Lower CSA values produce more 
watershed elements; higher CSAs, fewer elements (USDA-ARS, AGWA Tool). The default CSA 
value is 2.5 percent, which is recommended in the AGWA user manual.  

Further understanding of the hydrologic movement through the watershed was determined 
in the parameterization step. Hydrologic parameters must be derived for each model element from 
the topography, and land cover and soils data (USDA-ARS, AGWA Tool). Land cover data was 
also obtained from the USGS National Land Cover Dataset (NLCD) while the soils data is 
STATSGO data from the Web Soil Survey. Land cover and soil look-up tables assist in 
determining element hydrologic parameters. Using the soil and land cover layers input into the 
model, AGWA calculates the proportion of each land cover/soil type within an element. These 
values were then used with the relevant parameter from the look-up table to determine the average 
value for the element (USDA-ARS, AGWA Tool). 
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KINEROS2 precipitation files can be selected from a series of pre-defined rainfall events 
or built by the user. Precipitation input is written from uniform (single gage) rainfall or distributed 
(multiple gage) rainfall data (USDA-ARS, AGWA Tool). Once precipitation files are written, they 
are specified when simulation files are created. The final step is to run the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: AGWA process 

 

1.2 KINEROS 2 

KINEROS2 determines how much water from a precipitation event reached the outlet point 
by determining how much interception, infiltration, and overland flow occurred throughout the 
watershed. The discretized watershed in AGWA is used in KINEROS2, represented as cascading 
planes and channels (Figure 4). Each plane and channel were described by parameters obtained 
from AGWA, such as initial soil conditions, precipitation inputs, etc. to allow KINEROS2 to 
accurately calculate watershed outflow for a single event.  

Delineation Discretization 

Land Cover Precipitation 

Raster 
Results Soil 
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Figure 4: KINEROS2 Process https://www.tucson.arc.ag.gov/kineros/ 
 
Planes are also given pervious and impervious percentages for urban elements and soil 

types to assist in runoff calculations. When the rainfall rate is greater than the infiltration rate, 
water begins to pond on the surface until enough water ponds to generate runoff. The rainfall 
excess model is used for impervious surfaces because it does not take into account any infiltration. 
The dynamic infiltration model is used for pervious surfaces, adjusting the runoff as infiltration 
occurs. 
 
The infiltration equation used in KINEROS2 comes from Smith and Parlange (1978) (United 
States Department of Agriculture (USDA), 1990): 

�� �	��
exp	
��

exp ���� � 1
 

    

��: infiltration capacity 

   ��: effective saturated hydraulic conductivity 

   �: amount of rain already absorbed into the soil 

   �: saturation deficit 
 
Two parameters that are key to infiltration are the effective saturated hydraulic conductivity (Ks) 
and effective net capillary drive (G). Their relationship is expressed in Equation 2 (Goodrich, 
1990). 

� � � � 1���
�
 

(1) 

(2) 
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�: capillary drive 

   ��: effective saturated hydraulic conductivity 

   �: 4.83 

   �: 0.326 
 
Overland flow is represented one-dimensionally and calculated using kinematic wave equation. 
The kinematic wave equation is solved numerically by a four-point implicit method (USDA, 
1990). Equation 3 and Equation 4 respectively.  
 

�ℎ
�� + ��ℎ�� �ℎ

�! � "
!, � 
 

   ℎ: depth of water per unit area 

   �: time 

   � and �: parameters related to slope, surface roughness, and flow type- 
    laminar or turbulent  

   !: spatial coordinate 

   "
!, �: lateral inflow rate 
 
 

ℎ$% &% � ℎ$% & + ℎ$&% � ℎ$& 
+2∆�
∆! )*+,�$% &% 〈ℎ�〉$% &% � �$&% 〈ℎ�〉$&% / 
+
1 � *+,�$% & 〈ℎ�〉$% & � �$&〈ℎ�〉$& /0 

�∆�1"2$% + "2$3 � 0 

    

*+: weighing parameter for the x derivatives at the advanced time step 
 
Channel flow is also modeled using the kinematic approximation, dependent on the relationship 
between channel discharge and cross-sectional area.  
 

5 � �6�� 7 
 

   5: channel discharge 

   � and �: values dependent on Chezy or Manning equation 

   6: hydraulic radius 

   7: cross-sectional area 
 
Channel cross sections can be either trapezoidal or circular; in this study, it is assumed to be 
trapezoidal. Kinematic wave approximation equations for channels are also solved by a four point 
implicit technique.  
 
KINEROS2 accepts a single precipitation event rather than continuous because it lacks the 
components, evapotranspiration and soil water movement, to maintain a hydrologic water balance 
between storms (USDA, 1990). 

(3) 

(4) 

(5) 
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2) Calibration 

To calibrate the modeled watershed, historical precipitation and streamflow values were 
used. Tucson often receives single precipitation events in different regions of the watershed, so the 
calibration was done by region (Figure 5 and 6). In the upper portion of the watershed, past 
Panatano wash near Vail, a significant streamflow event occurred August 27, 2008. In the 
northwest portion of the watershed, to the west of Sabino Creek, a streamflow event occurred 
September 3, 1996. The Northeast portion of the lower part of the watershed was calibrated using 
the July 31, 2010 event. The middle portion of the watershed was not calibrated because the planes 
could not be further discretized. Since KNIEROS2 uniformly spreads precipitation across the 
entire plane, larger plane elements did not produce enough runoff to allow for calibration (Figure 
7). 

The depth of precipitation at each rain gauge was summed for each precipitation event, 
1996, 2008, and 2010. The rain gauge locations and depths were put into ArcMap allowing an 
inverse distance weighted (IDW) interpolation raster to be created from the data. Each IDW was 
used to generate precipitation files with specified soil moistures. With a specified watershed 
discretization, parameterization, and precipitation file, a parameter file was created.  

Infiltration rates for planes and channels are primarily controlled by the hydraulic 
conductivity (K) and capillary drive (G) of soil material. All channels in the watershed were 
initially given hydraulic characteristics consistent with sandy material, setting their hydraulic 
conductivity and capillary drive values to 210 mm/hr and 101 mm respectively. The K and G 
values of the channels are not uniform throughout the watershed, some streams are perennial and 
others ephemeral. The channel parameters were changed to the average K and G values of the 
adjacent planes, assuming the channel and planes consist of the same soil material. Based on the 
adjusted hydraulic conductivity values for planes, the corresponding capillary drive multiplier 
value was used. Hydraulic conductivity values of planes were increased or decreased by a percent. 
The average of these new K values were used to determine G in Equation 2. Calculated G from 
Equation 2 divided by the average G from original plane values, gave the capillary drive multiplier.  

Hydraulic conductivity and capillary drive parameters were not significantly increased or 
decreased from their original assigned values unless the plane was covered with mostly impervious 
surfaces, as was the case with the 1996 calibration. Once the K and G values were no longer 
adjusted, the soil moisture was. All three parameters were adjusted until the simulated peak flow 
matched the observed peak flow.  
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Figure 5: Upper watershed precipitation 
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Figure 6: Northwest watershed precipitation 
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Figure 7: Areas calibrated based on streamflow events 

 

Output from the 1996 calibration simulation was compared to observed streamflow data 
obtained from the USGS gage 09485700 Rillito River at Dodge Boulevard (Figure 8). USGS gage 
09484600 Pantano Wash near Vail was used to compare the 2008 calibration results (Figure 
9), and the 2010 calibration results were compared to USGS gage 09484500 Tanque Verde Creek 
(Figure 10). 

The precipitation event that generated the July 31, 2010 streamflow occurred over the 
majority of the watershed (Figure 11). This precipitation event was used to confirm the entire 
watershed was calibrated successfully. The output from this calibration was compared to USGS 
gage 09485700 Rillito River at Dodge Boulevard (Figure 12). 

 

2010 

1996 

2008 

No calibration 
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Figure 8: USGS Rillito Creek stream gage 1996 calibration 

 

 
Figure 9: USGS Pantano wash near Vail stream gage 2008 calibration 
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Figure 10: USGS Tanque Verde stream gage 2010 calibration 

 

 
 

Figure 11: Inverse distance weighted (IDW) of July 31, 2010 precipitation event. Values in inches*1000 
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Figure 12: USGS Rillito Creek stream gage 2010 calibration 
 

3) Precipitation Data 

Precipitation events are categorized by intensity-duration-frequency (IDF) tables and 
curves. Intensity refers to the amount of precipitation produced by the storm, duration is how long 
the storm lasts, and frequency references how often the storm occurs. IDF curves enable the 
assessment of flooding by communicating information about local extreme rainfall characteristics 
(Zhu et al., 2012).  

For a given duration and frequency, storm intensities vary based on geographical location; 
creating a range of intensities throughout a watershed. A GIS precipitation raster was obtained 
from NOAA’s National Weather Service Precipitation Frequency Data Server (PFDS) for a 100-
year, 24-hour precipitation event.  

Since the future precipitation intensity is unknown, projected future precipitation intensity 
was determined by adjusting the current precipitation intensity by a fixed percent. The 
precipitation intensities for the watershed were decreased by 10% and increased by 10 and 20%. 
These percent’s were chosen to get an idea of when the flood control agency should be concerned 
with the change in precipitation.  

Raster’s were created for each change in intensity to be used as the precipitation input. It 
is preferred to use data from future climate projection models, but obtaining area and date specific 
data from the model was determined to be expensive and time consuming. The initial soil moisture 
of the watershed was varied by the following values: 0.20, 0.38, 0.55, 0.73, and 0.90 
 

4) Hazard Assessment 

 Hazard in this study was determined by utilizing the Hydraulic Engineering Center’s River 
Analysis System 5.0.7 (HEC-RAS) and HEC-GeoRAS 10.6.0.2 software’s. The Rillito is the only 
channel used in the hazard assessment due to its heavy urbanization. Once the flood depths of 
buildings were determined, I was able to estimate the cost of damage based on the flood event.  
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4.1 HEC-GeoRAS 

 HEC-GeoRAS is a tool used in ArcGIS for processing geospatial data. HEC-GeoRAS 
allows for the transference of geometric data to and from HEC-RAS and ArcGIS. From a digital 
elevation model (DEM) or triangular irregular networks (TIN) the user can collect the geometry 
of a channel using the tools available in HEC-GeoRAS. The geometry is then imported into HEC-
RAS to perform simulations. Equivalently, channel geometry can be created in HEC-RAS and 
imported into ArcGIS. Results from HEC-RAS simulations are exported and processed by HEC-
GeoRAS for GIS analysis of floodplain mapping.   
 

4.2 HEC-RAS 

 HEC-RAS allows the user to model four river conditions, steady flow, unsteady flow, 
sediment transport, and water quality. For steady gradually varied flow, HEC-RAS can calculate 
water surface profiles from subcritical, supercritical, and mixed flow regimes (Figure 13). Water 
surface profile calculations are based on the one-dimensional energy equation, Equation 6.  
 

89 + :9 + �9;99
2< � 8 + : + � ; 9

2< + ℎ= 

 

   89 and 8 : elevation of the main channel inverts 

   :9 and : : depth of water at cross sections 

   �9 and � : velocity weighting coefficients 

;9 and ; : average velocities 

   <: gravity 

   ℎ=: energy head loss 
 
 

 
 

Figure 13: HEC-RAS Water Surface Profile 
 
 

(6) 
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Figure 14: HEC-RAS Channel Geometry Cross Section 

 

4.3 Estimated Cost of Flooding 

 FEMA flood control provides three tables, Table 1, 2 and 3, based on average square 
footage of homes to determine the cost of flood damage. The cost of flooding has a steady increase 
with interior water depth, but some interior depths increase the cost greatly. These inconsistencies 
in price are due to wall damage and damage to the appliances behind the wall.  
 

 
 

Table 1: 2,500 sqft, one-story home with possessions worth $50,000 
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Table 2: 1,000 sqft, one-story home with possessions worth $20,000 

 

 

Table 3: 5,000 sqft, multi-story home with possessions worth $100,000 

 

The cost to home column was used to determine the average cost per square foot across the three 

homes for each interior water depth, Table 4.  
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Interior Water Depth 
(inches) 

Average Cost Per Square Foot 
(dollars) 

1 9.47 

2 9.52 

3 9.76 

4 12.58 

5 12.62 

6 14.99 

7 15.17 

8 15.35 

9 15.53 

10 15.71 

11 15.89 

12 16.07 

24 18.12 

36 19.59 

48 21.80 
 

Table 4: Average cost to home per square foot per interior inch of water depth.  

 
A line of best fit with its resulting equation was created using the data from Table 4 (Figure 15). 

Flood depths given from the model are not whole numbers, the equation obtained from the Figure 

15 allows the price per square foot of any flood depth to be determined.  

 

 

Figure 15: Line of best fit for Table 4 

 
Multiplying the price per square foot for each building by the area of the building, gave the 

estimated price of flooding for each building. These values were then summed to determine the 

estimated overall cost of flood damage.  

y = 3.3578ln(x) + 7.9589
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Results 

 

1) Calibration 

Calibrating the sub-watersheds to the observed USGS peak flows was successful (Table 
5). The hydraulic conductivity (K) multiplier was determined based on land cover data, and the 
soil moisture value takes into account antecedent conditions. 
 

Date - Location Observed 
streamflow 
(CFS) 

Simulated 
streamflow 
(CFS) 

K 
Multiplier 

G 
Multiplier 

Soil 
Moisture 

Aug 27, 2008 – Pantano 
near Vail 

10100  10100 0.85 1.015816 0.93 

July 31, 2010 – Tanque 
Verde Creek at Tucson 

4490 5500 ______ ______ 0.14 

Sep 3, 1996 – Rillito 
Creek at Dodge Blvd 

11300 11200 0.40 1.01722 0.79 

July 31, 2010 – Rillito 
Creek at Dodge Blvd 

7660 7600 ______ ______ 0.32 

 

Table 5: Compared simulated and observed streamflow 

 

1.1 August 27, 2008 Pantano Wash near Vail 

Since there was some rain and streamflow in the Pantano near Vail sub-watershed before 
the August 27 event, the soil moisture was assumed to be greater than 0.50. The hydraulic 
conductivity values for planes were decreased by 15% from their original values and the capillary 
drive multiplier was 1.015816. The maximum soil moisture value AGWA allows is 0.93. This was 
the soil moisture used in the 2008 calibration to give a simulated streamflow of 10100 cu ft/s. 

 

1.2 July 31, 2010 Tanque Verde Creek 

The planes in the Tanque Verde sub-watershed maintained their original K and G values. 
There was no precipitation in the sub-watershed 24 hours before the observed event; the soil 
moisture was set to 0.14, the minimum value AGWA allows, the simulated flow was larger than 
the observed at 5500 cu ft/s. 

 

1.3 September 3, 1996 Rillito Creek at Dodge Boulevard 

Planes in the 1996 calibration lay along Rillito Wash and are heavily urbanized, causing 
the initial K values given to be significantly reduced. The planes were decreased 60% of their 
original values with a soil moisture of 0.79 to simulate a flow of 11200 cu ft/s.  
 

1.4 Watershed Evaluation 

Entering the calibrated K and G values for the plane and channel elements, with a soil 
moisture of 0.32, the simulated streamflow for the entire watershed was 7600 cu ft/s. This soil 
moisture is different from the Tanque Verde sub-watershed calibration soil moisture because the 
entire watershed was not initially dry. The upper section of the watershed experienced a 
precipitation event before the observed event. 
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FEMA provides an estimated floodplain for the 100-year flood event along the Rillito 
Wash, updated 2011 (Figure 16). The same floodplain was modeled in the watershed from current 
100-year, 24-hour IDF data with a soil moisture of 0.20 (Figure 17). Translating the FEMA 
floodplain outline onto the modeled floodplain, the model over floods southern portions of the 
channel and doesn’t flood some northern portions of the channel. 

  

 
 

Figure 16: FEMA flood map from 2011 of 100-year flood event 
 
 

   
 

Figure 17: Current IDF data with a soil moisture of 0.20 
 

2) Hazard Assessment 

The increase in intensity increased the amount of water that fell on the watershed. Holding 
all parameters constant, the same amount of water infiltrated the elements while the remaining 
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contributed to runoff.  Increased runoff increased the peak flow in the Rillito (Figure 18), 
contributing to flooding and property damage.  

As the initial soil moisture increases, there is less infiltration on the planes and in the 
channels, creating more runoff and streamflow (Figure 19). This increased water volume increases 
the lateral spatial distribution of water from the Rillito, causing more damage to property. As the 
soil moisture increased with a constant precipitation intensity, the zone of flooding increased south 
(Figures 17 and 20). 
 
 

 
 

Figure 18: Constant Initial Soil Moisture Value and Varied Intensity Values 
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Figure 19: Constant Current IDF Intensity Values and Varied Initial Soil Moisture Values 
 

 
 

Figure 20: Current IDF data with a soil moisture of 0.90 
 
As initial soil moisture increased, flood hazard increased; as intensity increased, flood hazard 
increased and vice versa for a decreased precipitation intensity (Tables 6, 7, 8, and 9). 
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Current IDF data, 100-year, 24-hour 

Soil Moisture 0.20 0.38 0.55 0.73 0.90 

Estimated 
Cost 

$ 52,241,000 $ 55,360,000 
 

$ 57,843,000 
 

$ 60,586,000 
 

$ 71,708,000 
 

 

Table 6: Cost estimates for current precipitation intensity values 
 
 

IDF data increased by 10%, 100-year, 24-hour 

Soil Moisture 0.20 0.38 0.55 0.73 0.90 

Estimated 
Cost 

$ 62,470,000 
 

$ 65,109,000 
 

$ 67,348,000 
 

$ 69,127,000 
 
 

$ 78,056,000 
 

 

Table 7: Cost estimates if current precipitation intensity values increased by 10% 

 

IDF data increased by 20%, 100-year, 24-hour 

Soil Moisture 0.20 0.38 0.55 0.73 0.90 

Estimated 
Cost 

$ 70,535,000 
 

$ 72,900,000 
 

$ 74,752,000 
 

$ 76,257,000 
 

$ 83,057,000 
 

 

Table 8: Cost estimates if current precipitation intensity values increased by 20% 
 
 

IDF data decreased by 10%, 100-year, 24-hour 

Soil Moisture 0.20 0.38 0.55 0.73 0.90 

Estimated 
Cost 

$ 43,450,000 
 

$ 46,083,000 
 

$ 48,089,000 
 

$ 50,240,000 
 

$ 64,068,000 
 

 

Table 9: Cost estimates if current precipitation intensity values decreased by 10% 
 
 

Discussion 

 

 As the Earth’s mean temperature continues to rise, climate warming is expected to increase 
natural disasters and cause less frequent but more intense precipitation events (Sun, 2006). Future 
model projections take multiple parameters into account, such as climate warming, human impact, 
etc., to predict future climate scenarios. This study looks at several increases and decreases in 
precipitation intensity that may occur with climate change with no land use change.   

As precipitation intensity increases, channel flow and surface runoff do as well. Depending 
on the flow the channel is able to handle, increased streamflow may top the river’s banks and the 
water begins to move laterally from the river, increasing the flood hazard (National Weather 
Service). Initial soil moisture also affects the flood hazard. If the soil is saturated before an event, 
there is less infiltration and more runoff. A light rainstorm before an intense event will increase 
the flood inundation and cost of flooding. 
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1) Precipitation Intensity Affects Flood Hazard 

 In a warmer climate, absolute water vapor in the atmosphere tends to increase, so increases 
in precipitation intensity are expected (Chou et al., 2011). A study performed in the Walnut Gulch 
Experimental Watershed provides evidence that summer rainfall intensities have increased since 
the 1970’s (Demaria et al., 2019). The results from this study show that increased precipitation 
intensity can affect flood hazard. With constant antecedent conditions, an intensity increase of 
10% increased the hazard as much as $10,000,000. Because of the larger peak flow in the Rillito, 
the inundation area increased spatially, affecting more structures, and with depth, increasing the 
price of flooding per building.  
 

2) Initial Soil Moisture Affects Flood Hazard 

 The amount of water stored in the soil is fundamentally important to the generation of 
runoff (McCarthy et al., 2001). As the initial soil moisture increased prior to an extreme event, the 
resulting hazard to infrastructure along the Rillito Wash increased. The increase in soil moisture 
value is fairly constant, and the increase in hazard was roughly $3,000,000. An increase in soil 
moisture increased the amount of void space occupied by water in the soil material. Beginning the 
watershed simulation with more water in the soil left less available space for additional water to 
enter. Infiltration into the plane and channel elements decreased, generating more runoff. The 
larger peak flow in the Rillito, increased the inundation area spatially, affecting more structures, 
and with depth, increasing the price of flooding per building.  

Future precipitation trends are expected to be infrequent, less intense events and more 
frequent, intense events (Chou et al., 2011). With the infrequency of smaller storms, the soil is 
assumed dry before an extreme event. If future precipitation are expected to have the opposite 
trend, frequent, less intense events and infrequent, more intense events, the soil is assumed wet 
before an extreme event. 

 

3) Flood Hazard Determined By Initial Soil Moisture and Precipitation Intensity 

 Flood hazard varies depending on the spatial distribution and depth of flood inundation. 
The amount of water contributing to flooding is determined by the geometry of the channel and 
peak flow for the event. Peak flow though a channel results from the intensity of the precipitation 
event and antecedent soil conditions, specifically in this study soil moisture. As precipitation 
intensity increases, river flooding is expected to increase. The antecedent soil conditions determine 
if the flooding impact of the increased intensity is greater than the flooding impact of the original 
intensity.  

Initially wet soil before an extreme event compared to initially dry soil with an increase in 
intensity have the same estimated flood hazard cost. Current IDF data with a soil moisture of 0.73 
has a hazard of $ 60,586,000 (Table 6); this is roughly the same cost as IDF data increased by 10% 
with a soil moisture of 0.20, $ 62,470,000 (Table 7).  

Similarly, if future precipitation decreased, large initial soil moisture values have roughly 
the same hazard cost as increased precipitation intensities. IDF data decreased by 10% with a soil 
moisture of 0.90, $ 64,068,000 (Table 9), has roughly the same flood hazard cost as IDF data 
increased by 10% with a soil moisture of 0.38, $ 65,109,000. 

Based on current data and model trends, the precipitation intensity is likely to increase. If 
extreme events are equally spaced apart, there will not be a major increase in flood hazard; but if 
extreme events occur one after the other, there will be an increase in hazard.  
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4) Flood Hazard Uncertainty 

 This study was completed based on assumptions made and information used that are 
uncertain. The uncertainties involved in determining hazard from flood damage were: (1) 
uncertainty about future hydrologic events, streamflow and rainfall, (2) uncertainty from the use 
of simplified models to describe hydraulic phenomena, (3) uncertainty from the lack of 
information between inundation depth and damage, (4) uncertainty about structural performance 
caused by floods (U.S. Army Corps of Engineers, 1996).  

Uncertainty in hazard came from preceding steps. Intensity, duration, frequency (IDF) data 
carries uncertainty in the intensity values and the parameter values used in the model calibration 
carry uncertainty. Both of these factors affect flow, creating uncertainty in the peak flow values 
obtained. This uncertainty affects the water surface profiles obtained from HEC-RAS, which then 
propagate to the modeled flood inundation. With uncertainty in the flood inundation depth and the 
number of buildings affected by flooding, the resulting estimated cost of flooding carries 
uncertainty. Uncertainty in the relationship between interior flood depth and cost per square foot 
also contribute to the estimated cost of flooding uncertainty.  
 

5) Project Complications 

Watershed model calibration was fairly accurate. The model accurately simulated 
streamflow from the July 31, 2010 precipitation event, 7607 cfs, compared to the observed flow, 
7660 cfs, but did not model flood inundation accurately compared to the FEMA flood control’s 
2011, 100-year flood map. The level of accuracy was surprising due to limitations encountered by 
the model.  

AGWA does not allow for regional specified soil moisture values. This complication for 
larger watersheds occurred because rain events are generally localized and do not occur over the 
entire watershed at the same time and same magnitude. Soil moistures differed for both 2010 
calibrations, sub-watershed and entire watershed, due to localized rain events. Prior to the July 31, 
2010 event modeled in the Tanque Verde watershed, there had been no rain for at least 24 hours. 
There had been rain events in other portions of the watershed, such as in the southwest, requiring 
the soil moisture to be 0.32 for the calibration over the entire watershed, compared to 0.14 in the 
sub-watershed.  

Larger watersheds produce larger discretized elements creating a precipitation assignment 
error in KINEROS. For a large plane, most of the precipitation will infiltrate producing little to no 
runoff because KINEROS2 takes the depth of precipitation and averages it over the area of the 
plane rather uniformly distribute it. Due to the large plane size, the middle portion of the watershed 
was not able to be calibrated. KINEROS2 is most efficiently used to model smaller watersheds, 
less than 97 miles2 (Goodrich et al., 2010). 
  

The city of Tucson is a pioneer in infrastructure maintenance for water conveyance. They 
remove sediment in multiple channels, such as the Santa Cruz to increase the flood carrying 
capacity (JE Fuller Hydrology and Geomorphology, Inc., 2017). The next step is to prepare for the 
potential increase in precipitation intensity.  
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