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Abstract 
 

Impact of Antecedent Wetness and Rainfall Spatial Variability on Design Floods 

Author: Rachael Nicole McMahon 

Advisor: Efthymios Nikolopoulos, Ph.D. 

In the absence of long hydrologic records, water engineering design application rely 

primarily on the concept of design storms and subsequently design floods. However, 

despite the long-lasting use of these approaches there are several aspects that merit careful 

consideration and possibly revision. Representation of spatial variability of rainfall 

extremes in design storms has relied primarily on the use of area reduction factors that 

while useful, they do not represent realistic patterns of flood inducing storms. Furthermore, 

the impact of antecedent wetness on the transformation of design storms to design floods is 

often neglected. In this work we carry out a numerical experiment to investigate and 

quantify the impact of rainfall spatial variability and antecedent wetness on design floods. 

The study is focused on a medium size (~1000km2) watershed in Colorado. We utilize the 

NEXRAD stage IV radar-rainfall record to derive realistic storm patterns for the September 

2013 Colorado flood event and then use the rainfall data to develop additional precipitation 

patterns that are commonly used in engineering design methodology. Flood responses for 

the various design storm methods are simulated using the WRF-Hydro distributed 

hydrologic model by considering also different initial soil moisture conditions. Results 

reveal that both antecedent wetness and spatial rainfall pattern exert major control on 

simulated flood response. These findings highlight the complexity in linking precipitation 

and flood quantiles and suggest that information on the soil moisture state and spatial 

rainfall pattern should be explicitly integrated in the estimation of design floods. 
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Chapter 1  
Introduction 

 

Recording hydrologic data has been occurring for centuries but finding reliable, 

widespread hydrologic records is not always available (USGS Current Conditions for the 

Nation., n.d.; Historical Hydrometric Data Map Search., n.d.). When long term hydrologic 

records are not available, stormwater management designs often rely on design storms to 

estimate flood severity for an area of interest.  

Even though there have been many advancements in the hydrological design process from 

relying on observations, to calculating peak discharge with the Rational Method, to 

developing simplistic hydrographs with the Unit Hydrograph method, to rainfall-runoff 

simulation models; there are still aspects in the hydrological design process that could be 

improved. Many engineering methods used today, simplify the process with generalized 

IDF curves and maximum rainfall intensities based on return periods, with little 

consideration for the climate and basin and storm specific characteristics (Fadhel et al. 

2017; Sun, Y., Wendi et al. 2019; Veneziano et al. 2007; Pizarro et al. 2015).  

The spatial structure of a storm is rarely considered in the design of smaller stormwater 

systems and this has proven to be fairly successful but when the drainage area is of great 

size, disregarding spatial variability in precipitation can lead to unrealistic runoff 

simulations. Various storm design methods have been used to simulate flood responses 

such as using a basin-average precipitation or the areal reduction factor (ARF) method. 

Even though they are widely used, their efficacy for storm design is still questionable 

(Wright et al. 2014).  

Another element that is typically not carefully considered in flood simulations for design 

storms, is the role of antecedent wetness conditions. Antecedent wetness can have a major 

control on runoff generation processes (e.g. infiltration or saturation excess) dominating 

during a catchments flood response. This in turn can play an important role on both the 
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magnitude and timing of resulting hydrographs leading to a rapid increase in stream 

discharge and magnitude of peak flow, especially in mountainous terrains (Ruggenthaler et 

al., 2016). With this being said, studies have shown that initial soil moisture conditions, 

among other factors, have substantial impact on the infiltration rate and runoff response 

(Cea, L., & Fraga, I., 2018; Nikolopoulos et al. 2010; Hino et al. 1988; Gray, D., & Norum, 

D., 1967).  

The objectives of this research are to investigate the impact of spatial variability of rainfall 

and antecedent wetness on the runoff response of the Boulder Creek watershed during the 

September 2013 Colorado flood event. The hydrological response using real storm patterns 

from the September 2013 flood will be compared to the flowrates using two common 

hydrologic design methods. To explore the effect of antecedent wetness on runoff 

response, various initial soil moisture conditions will be tested, and the corresponding 

flowrates will be compared to the original event.  

Background 

Rainfall-runoff models are frequently used for the prediction of flood discharges from 

extreme rainfall data in poorly gauged basins. However, the conventional methods used to 

estimate the frequency of flood discharges from precipitation data do not incorporate a 

realistic representation of the spatial and temporal structure of rainfall at the study site nor 

of the antecedent soil moisture content. 

Traditional methods to estimate flood frequency from precipitation data do not properly 

consider the spatiotemporal variability of rainfall during storm events. Typically, these 

procedures rely on creating synthetic storm patterns to distribute the rainfall through the 

storm duration and drainage area. Engineering practices today commonly use area specific 

intensity-duration-frequency (IDF) curves that are derived from historical point rainfall 

data. One IDF chart will contain a group of IDF curves that vary in return frequency and 

these IDF curve groups provide some information about the temporal structure of rainfall 

but to obtain a complete temporal pattern, a synthetic hyetograph is used concurrently with 

the IDF curves to create the design hyetograph. There are various methods to do this 
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including the triangular hyetograph, the HMR 52 storm (Hansen et al., 1982), the Soil 

Conservation Service (SCS) storms (NRCS, 2007), and the most common method, the 

Alternating Block Method (ABM). Although these methods have been used for many 

years, none of them accurately represent realistic temporal patterns, especially when there 

are multiple intensity peaks during a storm event (Cea, L., & Fraga, I., 2018). In addition to 

misrepresenting temporal patterns, rainfall spatial patterns are often poorly assumed 

(Wright et al. 2013, 2014a, 2014b).  

Mean precipitation depth of a specific duration over a defined catchment is important 

information when evaluating hydrological responses and engineering designs. Rain gauge 

networks are often sparse, do not contain long enough records, or lack the density needed 

to provide adequate spatial pattern information. Lack of information on spatial variability 

of rainfall leads to approaches that commonly use a single basin-averaged design 

hyetograph for the entire drainage area (Cea, L., & Fraga, I., 2018). This assumes there is 

spatial uniformity in precipitation and creates scenarios where the peak intensity occurs 

simultaneously over the entire watershed. As the drainage area increases, this assumption 

becomes progressively more unrealistic. 

Another frequently used method to accurately depict rainfall distribution is deriving areal 

average depths from point rainfall data using Areal Reduction Factors (ARF). Cea and 

Fraga (2018) state that ARF is “defined as the ratio between extreme area-averaged rainfall 

and extreme point rainfall.” For larger basins, the average areal precipitation is usually 

smaller than the maximum recorded point precipitation providing the ratio with a value 

range between 0 and 1 (Biondi et al, 2020). The ARF method is widely used in engineering 

practice to date. Although with continued advancements in precipitation estimates from 

radar, there are now longer time series of higher quality data available which has led to 

further research into the effectiveness and accuracy of ARF (Asquith & Famiglietti, 2000; 

Mineo et al., 2018; Pietersen et al., 2015; Allen & DeGaetano, 2005; Kim et al., 2019; 

Pavlovic et al., 2016; Thorndahl et al., 2019; Wright et al., 2014a).  
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There are several different methods to calculate ARF values with all having their own 

advantages and shortcomings. Svensson and Jones (2010, as cited in Biondi et al, 2020) list 

several issues that affect the estimation of ARF, one of which is related to the 

characteristics of the rainfall such as spatial patterns, seasonality, and duration. There are 

analytical and empirical approaches to estimating ARFs where analytical methods rely on 

spatial pattern assumptions and statistical distribution of rainfall and empirical methods 

rely on observations (Biondi et al, 2020). The most used approach type is the empirical. 

Empirical estimates can further be broken down into either the fixed-area ARF or the 

storm-centered ARF.  

The fixed-area method computes an ARF value for a fixed, geographical area and 

considers “a representative point rainfall” by one representative location or an average of 

rainfall points (Biondi et al, 2020, p. 2). A common issue with this approach is that the 

point and the areal rainfall are often assumed to have the same return period but are 

unlikely to be produced by the same rainfall event or type. This method is frequently used 

in engineering design applications to find “realistic” precipitation depths and trends but 

nonetheless, this method has its deficiencies. 

The storm-centered method computes ARF values for individual storms, centered on the 

point of maximum rainfall depth. ARF values are computed for various storms (each with 

their own duration and severity) within the domain and then an average of these ratios is 

found. Generally, the fixed-area ARFs are as a result of averaging precipitation while the 

storm-centered ARFs result from averaging ARF values from a large number of storms. 

This method is used in probable maximum precipitation (pmp) estimation and to check the 

validity of the fixed-area ARF but otherwise, not commonly used because of its 

unavoidable link to storm type and multicell storm complexity (Wright et al., 2014a). 

Biondi (2020) concludes that storm-centered area reduction factors are more appropriate 

when storm type is considered, and the ratio is estimated for a specific region.  

With this said, several concerns surround the use of ARFs and its generalization to other 

basins and storm conditions. ARF values not only depend on the size, shape, and 
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topography of the basin, but also its geographical location, rainfall duration, and possibly 

return period (Sivapalan & Bloeschl 1998; Asquith & Famiglietti, 2000; Allen & 

DeGaetano 2005; Veneziano & Langousis 2005). Hence, commonly used ARFs do not 

properly represent the real properties of extreme rainfall, and the use of them may result in 

large errors in the estimation of flood discharge predictions.  

In addition to previous concerns, typical engineering practice that involves the use of 

design hyetographs often overlooks the importance of  antecedent soil moisture conditions 

(AMC) in the computation of rainfall-runoff response. Considering the soil infiltration 

capacity is largely influenced by soil moisture, and the infiltration capacity affects the 

generation of surface runoff; the initial soil moisture conditions have significant 

importance in runoff response predictions. As stated by Cea and Fraga (2018), “the same 

peak discharge can originate from a high rainfall intensity over a moderately wet terrain or 

from a medium rainfall intensity falling over a saturated terrain.” 

Generally, there are three types of runoff flows: overland flow, subsurface flow, and 

groundwater flow. Of the three flow types, overland flow or surface runoff typically travels 

the quickest and is usually the biggest contributor to runoff spikes. The soil infiltration 

capacity controls how much water will stay on the surface to become overland flow or be 

absorbed into the soil to become subsurface or groundwater flow. There are many 

contributors that affect infiltration rate such as soil texture, ground coverage, topography, 

soil moisture, etc. In current stormwater design methods, simulations are typically set up 

that contain information regarding the design storm, stormwater system components (wet 

detention pond, weir structure, etc.), and some basic watershed information such as 

drainage area and land coverage. While these simulations have many inputs, soil moisture 

estimations are typically not a priority and sometimes not even considered. This leads to 

uncertainties in the infiltration rates and in turn, the runoff response. If the soil moisture 

were to be underestimated, there would be more infiltration which would decrease the 

overland flow likely resulting with hydrograph values that would be less than the actual 

event. Comparably, if the soil moisture is overestimated then there would be less 
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infiltration and more overland flow producing a more intense runoff response. As the soil 

moisture reaches saturation, infiltration reduces, and surface runoff increases. 

In an attempt to evade these concerns, methods have been proposed to use long-term 

continuous hydrological simulations to account for the antecedent moisture conditions 

which are often influenced by prior extreme rainfall event (Blazkova & Beven, 2004; 

Brocca et al., 2011; Camici et al., 2011; Falter et al., 2015; Moretti & Montanari, 2008). 

All of these works further suggest the importance of considering antecedent moisture 

conditions in flood design analysis. Nevertheless, long-term hydrologic simulations are 

computationally expensive therefore there is still significant practical value in using single 

event/scenario approaches for engineering purposes. This work investigates the impact of 

spatial rainfall variability and antecedent wetness conditions in such approaches with the 

goal to highlight the potential limitations and trigger future investigations towards 

improvement. 

This report will be organized as follows: Chapter 2 describes the methods used in this case 

study including a description of the study area, the data used, the hydrological model 

development, the precipitation pattern and antecedent wetness condition creation, and the 

evaluation methodology. The results are provided in Chapter 3 with the discussion and 

conclusion discussed in Chapter 4 and Chapter 5. 
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Chapter 2  
Methods 

 

To investigate the impact of spatial variability on flood design, different spatial structures 

of the September 2013 storm event will be input into a hydrologic model of the Boulder 

Creek watershed and the runoff responses will be compared to the actual event. The 

hydrologic model applied was the NCAR WRF-Hydro modeling system using NCEP Stage 

IV data as the precipitation inputs. The Stage IV data was manipulated to create the two 

other scenarios of rainfall spatial patterns, while the original Stage IV data represents the 

actual precipitation patterns. The model simulates the hydrographs at the basin’s outlet and 

these outputs are plotted and analyzed. The peak flows and runoff volumes were evaluated, 

and a comparative analysis was completed. Using the same model, the impact of 

antecedent wetness conditions was examined by applying various adjustment factors to the 

initial soil moisture (i.e. before the storm) and comparing the runoff responses. The initial 

flowrates, peak flows, and overall shape of the hydrographs were assessed, and a 

comparative analysis was completed. With this information, assessments were made on 

whether, and to what degree, these characteristics have an impact on design floods.  

Study Area 

The Boulder Creek drainage basin has an area of 195,200 acres (305 square miles) and 

extends from the continental divide to the eastern side of Boulder, Colorado (shown in 

Figure 1). The river that flows through the drainage basin and runs through the USGS 

station of choice (06730200) is the Boulder Creek river. It runs about 50 miles in length 

and extends from the continental divide to the South Platte River. Running through the 

Rocky Mountains, the study area’s topography is very mountainous with elevations 

ranging from 5,000 ft as high as 13,000 ft. Just east of the Rocky Mountains, lies the 

Colorado Front Range and the foothills. From Spring to Fall, thunderstorms will form daily 

in the mountains followed by upper-level steering winds that push the storms out onto the 
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plains. This causes daily thunderstorms to occur in the foothills or plains just east of the 

mountains.   

This area was chosen because of its substantial size, its intense response to the case study 

storm event (see description of storm event below), and the historical records available for 

the outlet of the basin. When studying the effects of storm spatial variability on discharge 

responses, the size of the basin is directly related. The smaller the drainage area, the least 

likely the precipitation intensity will vary spatially within the drainage area. In contrast, as 

the area of a basin increases, the likelihood of having spatial differences in rainfall 

intensity will increase (Kim, J. et al. 2019). With this said, the effects of storm spatial 

variability would be essentially unrecognizable in a study area of 5 acres, therefore, 

choosing a large study area was essential to see definitive results. In addition to choosing a 

large study area, having hydrologic records for the event of interest was important in order 

to calibrate the hydrologic model. This was to ensure the hydrologic model was producing 

accurate outlet flowrates.  

In an effort to showcase the effect of the experiment, an area that experienced an 

extraordinarily large storm event was chosen. The September 2013 flood event that 

occurred in the central Colorado area, was considered an extreme flood event having a 

return period of 500 years and led to 18 counties being designated as federal disaster areas. 

The Boulder area was one of the hardest hit areas setting multiple new precipitation records 

including observing 9.08 inches in one day, 11.52 inches in two days, and 13.44 inches in 

three days (Gochis, D., et al., 2015). Cumulative storm precipitation across central 

Colorado is shown in Figure 2. The peak discharge rates for the USGS Station 06730200 

during the September 2013 flood event exceeded the 500-year return period with 

maximum flowrates surpassing 8,000 cfs where the normal flowrates are below 500 cfs 

(StreamStats Report - Boulder Creek Watershed).  The flowrates at this discharge point 

exceeded 1,000 cfs for 8 days with exceeding 7,000 cfs twice within 2 days (USGS Current 

Conditions for the Nation., n.d.).  
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Figure 1: Boulder Creek Watershed 
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Figure 2: Total accumulated precipitation from September 9th – 17th 2013 (Gochis, D., et 

al., 2015). 
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Data 

Development of the hydrologic model requires meteorological “forcing” data as an input 

(Gochis et al., 2018, p. 7). North American Land Data Assimilation System (NLDAS-2) 

forcing data and National Centers for Environmental Protection (NCEP) Stage IV 

precipitation data (Du, J., 2011) were both used as forcing inputs for the model. The model 

can run solely on NLDAS-2 data but to more closely study the effects of spatial variability, 

NCEP Stage IV was used as the precipitation data. NLDAS-2 data has 1/8th-degree grid 

spacing with an hourly temporal resolution. It ranges from 1979 to present, has a WMO 

GRIB-1 file format and contains all the variables required for a typical land surface model. 

The hourly land-surface forcing fields for NLDAS-2 are grouped into two GRIB files, 

"File A" and "File B". File A was used for this project and contains the following eleven 

fields: 

1. U wind component (m/s) at 10 meters above the surface 
2. V wind component (m/s) at 10 meters above the surface 
3. air temperature (K) at 2 meters above the surface 
4. specific humidity (kg/kg) at 2 meters above the surface 
5. surface pressure (Pa) 
6. surface downward longwave radiation (W/m^2) 
7. surface downward shortwave radiation (W/m^2) - bias-corrected 
8. precipitation hourly total (kg/m^2) 
9. fraction of total precipitation that is convective (no units): from NARR 
10. CAPE: Convective Available Potential Energy (J/kg): from NARR 
11. potential evaporation (kg/m^2): from NARR 

The first eight fields are the traditional land surface forcing fields (Rodell, M., n.d.).  

NCEP Stage IV data is a multi-sensor (radar and gauges), real-time, 4-km, hourly national 

precipitation analyses dataset. It only includes precipitation, and it is a mosaic of regional 

multi-sensor analysis produced by NWS River Forecast Centers. Stage IV precipitation 

data is collected using a combination of gauge stations and WSR-88D radar. The rainfall 

intensity data is collected by the radar and then later validated through the gauge station 

readings. Radar stations read rainfall intensities by dispersing electromagnetic waves in a 

360-degree outward motion and the waves reflect off the water droplets. As the 
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precipitation intensity increases, the water droplet density increases which sends a stronger 

return signal. The time it takes the signal to return and the strength of the return signal are 

converted into spatiotemporal rainfall intensities. 

NCEP Stage IV data is available from 2002 to present. In 1995-1996, NCEP adapted the 

optimal rainfall algorithm on a national 4-km grid and produced the first national real-time, 

multi-sensor, high-resolution, hourly precipitation analysis from radar and rain gauge data. 

This NCEP dataset was known at Stage II. In 2001, NCEP began to routinely generate 

another national multi-sensor analysis, the “NCEP Stage IV”, developed as a mosaic from 

the regional multi-sensor 1h and 6h analyses produced by the 12 ConUS RFCs. The 

Boulder Creek watershed is located in the Missouri Basin RFC (MBRFC) (Lin, Y & 

Mitchell, K., n.d.). The combination of radar and gauge station-use provides a better 

representation of the spatial structures of precipitation patterns and storm events.  

 

 

Figure 3: ConUS RFC Map 

To ensure the hydrologic model provides an accurate representation of the actual event, 

USGS gauge station data is used. To evaluate the accuracy of the model, a single point was 

selected to compare the simulated stream flows to the real stream flows. In this case, the 

real stream flows must be recorded and accessible. USGS maintains hundreds of gauge 
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stations across the country with 80+ years of data. The USGS station selected had quarter-

hourly streamflow data and was active from 1987 to present, which meets the standards for 

a sufficient comparison (USGS Current Conditions for the Nation., n.d.).  

Distributed hydrologic modeling 

To analyze the effects of spatial variability on design floods, NCAR WRF-Hydro modeling 

system was used to model the runoff behavior for various precipitation scenarios. NCAR’s 

high performance computer (HPC), Cheyenne, was used to setup and run the WRF-Hydro 

model. When building the WRF-Hydro model, it was set up for an area largely affected by 

the September 2013 flood, the Boulder Creek watershed.  

WRF-Hydro is designed to enable improved simulation of land surface hydrology at a 

fairly high spatial resolution (typically 1 km or less) using a variety of physics-based and 

conceptual approaches. As such, it is intended to be used as either a land surface model 

(LSM) in both standalone (“uncoupled” or “offline”) mode and fully-coupled (to an 

atmospheric model) mode. The standalone or uncoupled version was set up for this project. 

Both time-evolving “forcing” and static input datasets are required for model operation. 

The exact specification of both forcing and static data depends greatly on the selection of 

model physics and component options to be used. The principal model physics options in 

WRF-Hydro include: 

 1-dimensional (vertical) land surface parameterization  
 surface overland flow 
 saturated subsurface flow 
 channel routing  
 reservoir routing 
 conceptual/empirical baseflow 

The land surface parameterization requires several meteorological forcing variables to be 

included in the forcing data. This list and the corresponding units can be found in Table 1.  
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Table 1: Required meteorological forcing variables. 

 

Setting Up the Domain 

There are two main components in setting up a WRF-Hydro model: collecting the 

geospatial terrain and hydrographic data for the basin, and collecting and preparing the 

meteorological forcing data. The first component involves preparing the basin or domain 

so that the model reflects a realistic representation of the basin’s characteristics such as 

topography and routing networks. The files that contain basin specific information is stored 

in the DOMAIN directory. This directory holds eight files:  

 Fulldom_hires.nc 
 geo_em.d01.nc or geogrid file 
 GEOGRID_LDASOUT_Spatial_Metadata.nc 
 GWBASINS.nc 
 GWBUCKPARM.nc 
 hydro2dtbl.nc 
 soil_properties.nc 
 wrfinput_d01.nc.  

These files will be further discussed below.  

When preparing the domain files, one of the first files that needs to be created for the basin 

is the geogrid file. The geogrid file defines the LSM grid and relevant geospatial data such 

as soil type, vegetation type, latitude and longitude, lake mask, etc.  This file is generated 

by the geogrid utility in the WRF preprocessing system (WPS) and it interpolates land 
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surface terrain, soil and vegetation data from standard, readily available data products. 

WPS is a preprocessing system that prepares land surface data for uncoupled simulations 

and both land surface and atmospheric data for coupled simulations (WRF-Hydro 

Development Team, 2015). Prior to running the WPS preprocessing system, information 

specific to the domain must be entered such as latitude and longitude of the domain center, 

grid size, number of grids which describe the width and height of the domain, and the map 

projection type. For this basin, a LSM resolution or grid size of 1 km x 1 km was used. 

After inputting the domain location information, datasets are accessed through the WPS 

preprocessing system to collect geospatial data for the basin. The data is obtained from 

International Geosphere Biosphere Programme (IGBP)-Modified MODIS 20-category 

Land Use Categories, Global 5-minutes United Nation FAO and North America 

STATSGO 30 sec soil category dataset, and GMTED2010 30-arc-second topography 

height. The first dataset contains land use information, the second is a 16-category soil type 

dataset, and the third is the elevation dataset.   

Once obtaining the geogrid file, the WRF input file and the soil properties file can be 

created. The WRF input file describes the initial land surface conditions such as soil 

moisture, soil temperature, and snow states. This netCDF file is generated by an R script 

with the geogrid file as an input. For each event that is run, a new WRF input file should be 

created that is specific to those event conditions. The soil properties netCDF file is not 

actually required to run WRF-Hydro but it provides spatially distributed LSM parameters 

such as hydraulic conductivity and porosity. In addition to this, another file called 

hydro2dtbl is typically used to provide a spatially distributed version of the HYDRO.TBL 

file. The HYDRO.TBL file describes the lateral flow routing within WRF-Hydro and the 

parameters of this file are specified by land cover type and soil category (Gochis et al., 

2018, p. 50-53).  

To create the hydrologic routing input file for the model, the WRF-Hydro GIS 

preprocessing toolbox is used in ArcMap or ArcGIS Pro. The files created by the GIS pre-

processing tool will be the remaining files needed for the domain. The minimum inputs for 

the pre-processing tools are a geogrid file and the hydrologically conditioned digital 
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elevation model (DEM) covering the full extent of the domain of interest. The DEM for 

this basin is shown in Figure 4. This was obtained from USGS HydroSHED data. In 

addition to these two inputs, a forecast point was also input into the pre-processing tool. 

This creates the discharge point of the watershed and tells the model where to read and 

record the stream flows from. After this pre-processing is complete, the terrain routing 

Fulldom_hires.nc file is created with parameters including flow acceleration, basin mask, 

max retention depth, channel grid, lateral saturated hydraulic conductivity, and more. The 

GWBUCKPARM.nc file, GWBASINS.nc file, and 

GEOGRID_LDASOUT_Spatial_Metadata.nc file is also created during the pre-processing 

system. The GWBASINS.nc file is a 2D file defining the location of groundwater basins 

and the GWBUCKPARM.nc file contains the parameters for the groundwater basins such 

as max groundwater bucket depth and a drainage exponent. Some of these parameters 

mentioned are adjusted during the calibration process of the model which will be discussed 

further in the Calibration section. The GEOGRID LDASOUT Spatial Metadata file 

contains projection and coordinate information for the land surface model grid. This file is 

not technically required for the model but can be used to create CF (Climate and Forecast 

metadata convention) compliant output files (Gochis et al., 2018, p. 50). 

 

Figure 4: Digital Elevation Map (DEM) of Boulder Creek Watershed 
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Figure 5: Channel network grid located in the Fulldom_hires.nc file identifying the 

location of stream channel grid cells. 

In addition to the netCDF parameter files (soil properties and hydro2dtbl), there are also 

parameters tables which contain similar information that is required for the model to run. 

The tables include: 

 CHANPARM.TBL – parameters for gridded channel routing scheme 
 GENPARM.TBL – Miscellaneous model parameters that are used globally.  
 SOILPARM.TBL – soil parameters indexed by soil texture classes. 
 HYDRO.TBL – parameters for lateral flow routing within WRF-Hydro specified 

by land use or soil type. 
 MPTABLE.TBL – vegetation parameter indexed by land use/cover categories.     

Prior to using spatially distributed parameters, these tables were used that contain the 

parameter values based on soil type but not spatially distributed. After updating to the 

model to include spatial distributed parameters, the .TBL files are now used to create the 

soil properties and hydro2dtbl files. For more information regarding these tables see Table 

2 and Table 3 below. 
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Table 2: Input and parameter files for hydro components of WRF-Hydro 

 

Table 3: Parameter tables for the land surface model 
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Preparing the Forcing Data 

As discussed earlier, the two types of forcing data used for this project are the NLDAS-2 

and NCEP Stage IV data. From here on, the data will be referred to as NLDAS and Stage 

IV. Data from both datasets were downloaded for the years 2002 to 2019. The sources of 

those files are provided below: 

NLDAS: https://hydro1.gesdisc.eosdis.nasa.gov/data/NLDAS/NLDAS_FORA0125H.002/ 

Stage IV: https://data.eol.ucar.edu/dataset/21.093 

The Cheyenne HPC GLADE shared-disk recourse was used to store all the data and 

additional files needed for the hydrological model.  

Before the forcing data can be provided as inputs to the model, it must be regridded for the 

basin of interest. To do this, a file that describes the geospatial attributes of the basin called 

a geogrid file is needed. The geogrid file with the regridding scripts provided by WRF-

Hydro will map the data to the same grid as the basin’s geogrid file. 

Running WRF-Hydro 

After the domain directory and the meteorological forcing data is set up, the model is ready 

to run. WRF-Hydro is designed to be versatile and to give the user the capability to run the 

model for various settings. The settings for the model are located in the namelist files. The 

namelist file for the LSM is called namelist.hrldas and this is where the start date, 

simulation length, data timestep length, forcing data type, and land surface physics options. 

The namelist file for the routing physics modules is the hydro.namelist file. It contains 

various useful activation options including channel routing, baseflow bucket model, 

surface overland flow, and subsurface routing. Other settings covered in the file are 

addition lake parameter file path, routing model options and timesteps, groundwater basin 

and bucket parameter file paths, and output file and frequency settings.  For further 

explanation of the namelist files and to see the namelist files used for this project please 

see the attached files in the Appendix.  
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After the namelist files have been set to the appropriate settings, the model could be run 

from a cold start or a warm start. A cold start is when the simulation starts without any 

initialization files or “restart” files. This is starting the simulation without any initial 

conditions so when the simulation starts the baseflow, streamflow, soil moisture, etc. are 

all start at zero. This is not a realistic representation of the real conditions; therefore, a 

warm start is usually the best option. A warm start is created by running a “spin up” 

simulation for a long period of time (6 months – 18 months) prior to the event of interest. 

The output files from this spin up simulation can then be used as inputs into the regular 

simulation. Every time a simulation is run, it outputs two restart files for every timestep: 

one for the land surface variable and one for the routing variables. These files are called 

RESTART.YYYYMMDDHH_DOMAIN1 for the land surface variables and 

HYDRO_RST.YYYY-MM-DD_HH:MM_DOMAIN1 for the routing variables. The 

restart files that match the first day of the actual simulation are copied over to the restart 

directory of the actual simulation and the file name and path is added to both namelist. At 

this point, the actual simulation has the necessary initial conditions and is ready to run. 

The hydrologic model output files are generated on an hourly basis for this project and are 

described below: 
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Table 4: WRF-Hydro model output files 

 

From the initial model simulation, the outputs did not reflect the observed data well 

indicating calibration is needed. The delayed, mellow response suggest that there is too 

much subsurface flow and not enough surface runoff.  

 

Figure 6: Initial simulation of the September 2013 flood event in Boulder, Colorado 

Output File Description Format

CHRTOUT_DOMAIN
Set of streamflow (and related) variables for each channel 
location in the modeling domain

netCDF

CHANOBS_DOMAIN
Same as CHRTOUT file but only outputs streamflows at 
pre-determined forecast or gage location

netCDF

CHRTOUT_GRID
2D file created from streamflow with 2D gridded channel 
routing

netCDF

LSMOUT_DOMAIN
Contains some information for examining model state and 
flux passing between the LSM and the routing routines

netCDF

LDASOUT_DOMAIN Land surface model variables netCDF

RTOUT_DOMAIN
2D file created on the high  resolution routign grid that 
contains overland and subsurface routing  variables

netCDF

GWOUT_DOMAIN Groundwater output bucket inflow/outflow/depth states netCDF

Frxst_pts_out
Streamflow and stage at forecast point at every timestep 
for the enitire simulation

text 

RESTART Land surface variables netCDF
HYDRO.RST Routing variables netCDF
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Calibration 

Once the first actual simulation is completed, the resulting stream flows were analyzed and 

compared to the USGS data as shown in Figure 6. To improve the accuracy of the model, 

adjustments were made to various parameters in the domain files. There are many 

parameters that are involved with a hydrological model including routing parameters, soil 

parameters, vegetation parameters and more. To minimize the numerous combinations of 

parameter adjustments, a select few were chosen for calibration. To select the parameters, a 

set of recommended parameters were selected and then each parameter’s effect was tested 

on the hydrological model (Gochis et al, 2019). This was done by changing each 

parameter’s value between the suggested range (one parameter at a time), run the 

simulation for the case study event, and analyze the resulting hydrograph for any changes 

(Gochis et al, 2019, p. 14). Certain variables such as the canopy wind parameter (cwpvt) 

did not show any change in the hydrograph and thus, were not chosen for calibration. A 

summary of the parameters selected for calibration are provided in Table 5. 
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Table 5: Calibration Parameter Table  

 

For physically based hydrological models, soil saturated hydraulic conductivity (dksat) 

controls the speed at which water moves through the subsurface. This is a relatively 

sensitive parameter and is hard to estimate at a kilometer scale. Initial values are estimated 

based on soil class and vary spatially. These values vary greatly with differences of many 

orders of magnitudes. This is a common parameter that is calibrated as is the bexp 

parameter. Bexp is the pore size distribution and it is an important factor for soil 

infiltration, hydraulic conductivity and water retention. Both of these parameters vary 

throughout the basin.  

Refkdt controls how much precipitation that reaches the surfaces infiltrates into the soil 

column or otherwise, stays on the surface to become surface runoff. The variable ranges 

Variable Description File Location Units
Calibration 
Adjustment 

Type

Initial 
Value

Adjusted 
Value

Min Max

refkdt Infiltration soil_properties.nc unitless value 0.6 0.17 0.1 4

dksat*
Saturated hydraulic 

conductivity
soil_properties.nc m/s factor 1 0.75 0.2 10

bexp* Pore size distribution index soil_properties.nc unitless factor 1 1.34 0.4 1.9

slope
Linear scaling of "openness" 
of bottom drainage boundary

soil_properties.nc unitless value 0.1 0.35 0 1

smcmax*
Porosity or saturated soil 

moisture
soil_properties.nc

volumetric 
fraction

factor 1 1.06 0.8 1.2

mfsno
Melt factor for snow 

depletion curve
soil_properties.nc unitless value 2 1.63 0.5 3

LKSATFAC
Lateral saturated hydraulic 

conductivity
Fulldom_hires.nc unitless value 1000 8000 10 10000

RETDEPRTFAC Max retention depth Fulldom_hires.nc unitless value 1 0.1
0.1     

(0.0001mm)
10000 

(10mm)

OVROUGHRTFAC
Overland flow roughness 

factor
Fulldom_hires.nc unitless value 1 0.1 0.1 1

Zmax
Maximum groundwater 

bucket depth
GWBUCKPARM.nc mm value 25 50 10 250

Expon
Exponent controlling rate of 

bucket drainage as a function 
of depth

GWBUCKPARM.nc unitless value 1.75 3.61 1 8

*Parameters that vary across the basin

Parameter Table
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from 0.1 to 4.0 with high values increasing infiltration and lower values increasing surface 

runoff. 

Originally estimated based of land surface topography, the slope parameter controls how 

open or closed the bottom of the soil column is. Values range from 0 to 1 where 0 is 

completely closed and 1 is completely open. Lower slope values keep more water in the 

soil column, while high values allow more water to drain to the channel. 

Another sensitive parameter is saturated soil moisture content (smcmax) a.k.a porosity. 

The porosity is the measure of the void spaces in the soil and is a fraction of the void 

volume over the total volume. This variable also varies spatially throughout the basin and 

has a factor range of 0.8 to 1.2 (Gochis et al, 2019, p. 14).  

The snow melt factor (mfsno) is a factor for the snow depletion curve which effects snow 

coverage. This parameter did not have a large effect on the resulting flowrates, but it was 

still included in the calibration process since it did show to change the hydrograph slightly. 

This factor is the same across the basin and it ranges from 0.5 to 3. Larger values yield a 

smaller snow coverage fraction for the same snow height (Gochis et al, 2019, p. 14). 

Lateral saturated hydraulic conductivity (LKSATFAC) is a very important variable of the 

lateral flow process. These values are contained in the hydro2dtbl.nc file but they are 

adjusted by the LKSATFAC factor. By default, the lateral hydraulic conductivity is equal 

to the vertical hydraulic conductivity, but evidence shows that this is not true in many 

cases. In fact, lateral hydraulic conductivity is frequently many orders of magnitude more 

than vertical conductivity. This is due to soil stratigraphy, preferential flow paths caused by 

roots and animals, and more. The LKSATFAC parameter gives the user the ability to 

adjust the lateral conductivity to a more realistic value. The initial value of this factor is 

1000 but has a range of 10 to 10000. 

The RETDEPRTFAC parameter is a factor that adjust the maximum retention depth. 

Ponded water that exceeds this threshold will be moved along the surface as overland flow. 

The range of this factor is from 0 to 10 with a very small default value of 0.1 (0.001 mm). 
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This value suits terrains that have steeper slopes or mountainous terrains while higher 

values would be more suited for areas with wetlands, detention ponds, and heavy 

vegetation that traps water on the surface. For example, for the basin in Boulder, Colorado 

a value of 0.1 was used but for a basin in Melbourne, Florida, a higher value such as 4 or 6 

would be more appropriate. 

The overland flow roughness parameter (OVROUGHRT) is controlled by the overland 

flow roughness scaling parameter (OVROUGHRTFAC) and it controls how easily surface 

water flows over land. The overland flow roughness depends on the land use type, and it 

influences the amount of water that is transferred to the channel network as streamflow 

(Liu et al, 2020, p. 7). Lower values will increase the speed of the overland flow and 

decreasing the time it takes for the runoff to reach the forecast or discharge point.  

Maximum groundwater bucket depth (Zmax) affects how much water is stored in the 

groundwater. When the groundwater depth exceeds the maximum depth, the water spills 

and contributes to subsurface flow. The values range from 10 to 250 and unlike most 

parameters, this parameter has a unit of millimeters. When water is drained form the 

groundwater bucket, the variable that effects the drainage rate is Expon. Expon is the 

exponent controlling rate of bucket drainage as a function of depth. It has a range of 1 to 8 

and it is not considered a very sensitive parameter. 

After selecting which parameters were going to be calibrated, an automatic calibration 

process was set up for the WRF-Hydro model. The automatic calibration process was 

based on the Shuffled Complex Evolution optimization method (Duan et al. 1994). Since 

calibration is completed by a method of trial and error, an automatic method was created to 

decrease the time to calibrate. The script created for this auto-calibration contained each 

parameter, parameter range, location and application designation. Before each run of the 

model, a new set of parameters were selected and then the resulting runoff output was 

compared to the observed values using a Root Mean Square Error (RMSE) evaluation.  
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Equation 1: RMSE equation 

𝑅𝑀𝑆𝐸 =  
∑ (𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 − 𝐴𝑐𝑡𝑢𝑎𝑙 )

𝑁
 

If the RMSE value improved, then the output flowrates and parameter values are saved. 

This continues in a loop for as long as the model is allowed to run for or until it is 

complete. The Cheyenne HPC account used for this project had restrictions on the time it 

could run therefore, the auto-calibration process was never able to produce the adequate 

results alone. Figure 7 shows the resulting hydrograph after auto-calibration was complete.  

 

Figure 7: Resulting hydrograph of the automatic calibration process. 

The auto-calibration was able to develop a much more accurate hydrologic representation 

of the basin and the September 2013 flood event when compared to the initial simulation 

(Figure 6). From here, additional manual calibration was completed to get the model even 

closer to the observed event. Figure 8 presents the simulation results after calibration was 

complete. In the end, the auto-calibration ran for approximately 4 days with an average run 

time of 4 minutes per run. Afterwards, the model was manually calibrated with a total of 

70 plus runs.  
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Figure 8: Calibrated simulation of the September 2013 flood event in Boulder, Colorado 

With the main focus on the main flood event, this WRF-Hydro model closely follows the 

trends of the actual September 2013 event for the Boulder Creek watershed. This 

hydrologic model will be considered the original or real event for this project and will be 

used to evaluate the effects of spatial variability on flood design. 

Table 6: Observed vs simulation error calculations. 

 

Peak (cfs) Volume (cf) Volume (acft) Peak Error (%) Volume Error (%)
Observed 8400 1,096,279,560     25,167               -- --
Simulation/
Original

8255 1,218,507,284     27,973               -1.7% 11.1%

Observed vs Simulation
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Figure 9: Error metrics of hydrologic model 

To assess the accuracy of the hydrological model, the peak discharge rates and the total 

runoff volumes were compared (Table 6 and Figure 9). The simulated peak flowrate was 

about 145 cfs less than the actual event with only -1.7% relative error. The simulated 

volume had a larger gap from the observed volume with a 11.1% error.  

 

Precipitation Scenario Creation 

In order to assess the impact of spatially varying precipitation and realistic storm patterns 

have on design floods, different precipitation scenarios were used as inputs in the model 

and the runoff trends were compared. The three precipitation scenarios that were 

performed are the original precipitation patterns (original), the basin averaged precipitation 

(basin-average), and the ARF precipitation method (ARF). The original or control 

simulation is the actual event with the original Stage IV hourly-precipitation data.  

The basin average precipitation patterns were derived from averaging the Stage IV 

precipitation data across the basin at each time step (hourly). These averaged precipitation 



 
 

29 
 

values for each hour are applied across the entire basin creating a spatially uniform 

precipitation pattern. If the basin averaged rainfall intensity value for 09/15/2013 at 10 am 

was 2 mm/h then every point across the basin would experience 2 mm/h of rainfall at 10 

am on 09/15/2013. A new value would be calculated for 09/15/2013 at 11am and applied 

across the whole basin and so on.  

Once the basin-averaged precipitation data were transformed to into Stage IV netCDF files, 

the new precipitation files were used as inputs for the model and a resulting hydrograph 

was created representing the basin’s response to the basin-average September 2013 flood 

event.  

For the ARF precipitation patterns, the areal reduction factor value that was calculated is 

an event-specific ARF for the Boulder Creek watershed. Typically, ARF values are 

estimated for several storms in a region of interest and then the ARFs are averaged to find 

one ARF estimate that represents a certain region. Since this is a case study focused on one 

storm event, only one ARF value from one storm event needed to be calculated. This one 

ARF value is now basin and event specific, creating a more accurate representation of the 

rainfall spatial and temporal patterns for the September 2013 storm event, when compared 

to the averaged ARF estimate from a collection of storms. Equation 2 was used to calculate 

the area reduction factor for the event of interest. 

Equation 2: Storm-centered ARF calculation 

  𝐴𝑅𝐹(𝑑) =
1

𝑛

𝑃 (𝑑)

𝑃 (𝑑)
 

Where 𝑃 (𝑑) is the maximum d-hour rainfall accumulation at pixel I, and s the 

maximum average rainfall accumulation over the Boulder Creek basin area, centered on 

the pixel identified by 𝑃 (𝑑) (Biondi et al, 2020, p. 9).  

Since the storm-centered ARF method is being used and the most intense part of the storm 

occurred on 09/13/2013, the Stage IV precipitation data from 09/09/2013 to 09/16/2013 
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was used to calculate the normalized storm pattern. This ensured the entire storm event was 

captured and sometime leading up to and trailing off from the storm event. From here, to 

estimate the overall ARF value, an average of the normalized spatial pattern was 

computed.  

After the ARF was estimated, the ratio was multiplied by the temporal precipitation series 

at the grid point with the maximum accumulated precipitation (same grid point identified 

above). At this point, the ARF precipitation pattern is identified and is applied across the 

basin just as the basin-averaged patterns, also creating a spatially uniform precipitation 

pattern. Figure 10 shows the comparison of the basin-averaged rainfall, the maximum 

rainfall prior to the ARF value being applied, and the ARF rainfall. With an ARF value of 

0.58, the maximum precipitation is scaled down by just over 40% but still well exceeds the 

basin averaged precipitation at both peaks by a considerable amount, almost double. Aside 

from the difference in magnitude, the maximum and reduced precipitation follow the trend 

of the rainfall average very closely. This indicates that the maximum accumulated 

precipitation point well represents temporal pattern of the case study storm event.   

 

Figure 10: Temporal precipitation pattern for basin-averaged and ARF. 
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Just as done for the basin-averaged simulation, the ARF precipitation data was converted 

to Stage IV netCDF files and the files were input into the model which calculated the 

corresponding runoff values. These outputs represent the basin’s response to the ARF 

simulation and will be further discussed in the Results section.  

Antecedent Wetness Condition Scenarios 

In addition to assessing the impact of spatial variability on runoff response, the effects of 

initial soil moisture were also investigated. To investigate this, the initial soil moisture 

conditions were adjusted by a factor and the WRF-Hydro simulation was run for each 

scenario.  

As discussed in the Distributed hydrologic modeling section, the initial inputs for many of 

the model variables come from the restart files, including the soil moisture. The restart files 

contain the soil moisture values while the soil_properties.nc file contains the soil moisture 

factors which are based on soil type. As mentioned in the Setting Up the Domain section, 

this information is gathered from the Global 5-minutes United Nation FAO and North 

America STATSGO 30 sec soil category dataset during the geogrid file creation. The 

geogrid file is then used to develop the soil_properties.nc file. 

The soil moisture changes with time based on the soil properties, precipitation, 

temperature, and general meteorological conditions (potential evaporation, humidity, 

pressure, and more). In order to solely change the initial soil moisture, the soil moisture 

values in the restart files were the only values adjusted. Since the factors are based on soil 

type and these factors affect the soil moisture values in the restart files during the spin-up 

simulation, these values vary spatially. To not disturb the spatial structure of the soil 

moisture, the value was adjusted by a factor. The four adjustment factors used were 0.4, 

0.8, 1.2, and 1.4. As a default in the model, the restart files have four different soil layers 

built in. All four soil layers were adjusted equally each run (e.g. for the 60% soil moisture 

decrease, 0.4 was applied to all four soil layers). 
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Evaluation methodology 

To evaluate the results, a comparative analysis was completed for both the spatial pattern 

scenarios and antecedent wetness conditions. For the spatial pattern evaluation, the relative 

difference of the peak flow and runoff volume for the basin-average and ARF runoff 

response were calculated and compared. The equation used for relative difference is shown 

in Equation 3. 

Equation 3: Relative Difference 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 

The runoff volume was estimated by calculating the area under the curve. This was done 

by finding the flow average between each timestep, multiplying it by the timestep length, 

and summing the graphical areas. The equation is provided in Equation 4. 

Equation 4: Area under the curve equation to find runoff volume. 

𝑅𝑢𝑛𝑜𝑓𝑓 𝑉𝑜𝑙𝑢𝑚𝑒 =  ∑ ×  (𝑡 − 𝑡 )   

Where Q is flowrate in cubic feet per second and t is time. To capture the main flood event 

and the flow preceding and following the flood event, the runoff volumes were calculated 

from the start of day 9/9/2013 to the end of day 9/15/2013. 

For the antecedent wetness conditions, a similar procedure was completed. The relative 

differences of the peak flowrates and initial flowrates were calculated for each condition. 

In addition, an empirical cumulative distribution function (CDF) plot was created with the 

five scenario flows: the four soil moisture conditions and the actual event. The initial flows 

for each event were then plotted onto the CDF and assessed.  
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Chapter 3  
Results 

 

Impact of Spatial Variability 

To study the effects of the spatial variability on the hydrological response, three different 

precipitation patterns of the September 2013 Colorado storm event were input into the 

hydrologic model of the Boulder Creek watershed and resulting runoff responses were 

compared. Figure 11 illustrates the results for the three precipitation inputs.  

 

Figure 11: Simulated flood response for different precipitation scenarios. 

The ARF and basin-averaged rainfall patterns follow the same temporal patterns as the 

actual event but the ARF and basin-averaged patterns are both spatially uniform. As 

expected, the basin-averaged runoff rates are far lower than the original event and the ARF 

simulation. The storm event for this study was a deep convection storm that had high 
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variability in its rainfall intensity, both temporally and spatially. This variability is seen in 

the accumulated precipitation for the actual storm event from September 9th – 15th (Figure 

12). A majority of the rain is concentrated near the center of the basin with the western side 

receiving the least amount of rain.  

 

Figure 12: Accumulated precipitation of the original storm event. 

To demonstrate the differences between the basin average and the actual rainfall patterns, 

Figure 14 shows the difference between the two. The negative values represent areas where 

the basin-average patterns underestimated the precipitation while the positive represent 

areas of overestimation of precipitation. The two temporal areas that the runoff response 

differs the most are during the two peak discharge points. On September 12th, from 1:00 

AM - 5:00 AM there was a significant underestimation of precipitation near the center of 

the storm. Similarly, from September 12th at 9:00 PM to September 13th at 5:00 AM, there 

was another dramatic underestimation of rainfall in a similar location. Both periods occur a 

few hours before the two peak discharges. The difference in precipitation for these two 

periods is presented in Figure 14.  
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Figure 13: Resulting hydrograph for basin-averaged precipitation inputs. 
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Figure 14: Periods when basin averaged precipitation was less than Stage IV.  

Many of the precipitation patterns before the peak runoff periods show that there are 

multiple hours where the average precipitation rates underestimate the precipitation for the 

central area of the basin. Because this storm had very concentrated areas, some areas had 

very intense rainfall while others within the basin experienced low intensity. In these 

situations, the basin average will result in an intermediate intensity spread evenly across 

the basin. In some cases, with smaller areas and more even-intense storms this may be 

appropriate but for large watersheds and storms with high spatial variability, this is not 

appropriate. When there is uniformity in rainfall, there is hydrological “support” from the 

entire basin and the runoff generation mechanisms change. There is an increase in 

availability for infiltration, more capacity for water storage in the soil, and the travel time 

becomes more diverse permitting less intense runoff responses at the discharge point. 

Unfortunately, assuming spatial uniformity is not a realistic representation of the 
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September 2013 storm event as with many other storm events. The localized high intensity 

rainfall leads to higher runoff rates. The soil voids will be filled more quickly, completely 

saturating the soil, resulting in more surface runoff as well as increased subsurface flow in 

a shorter time period. In addition, there were many canyon areas, with little soil coverage, 

that experienced high rainfall with close to 100% of it becoming surface runoff (Gochis, 

D., et al., 2015).  

 

Figure 15: Difference between basin average and original precipitation 

Because of the original precipitation patterns have high spatial variability, the actual event 

hydrological response was much more intense when compared to the average precipitation 

hydrological response. This led to an underestimation of the peak discharge by almost 

5000 cfs and a return period of 25 years compared to the +500 year return period for the 

actual event. Figure 15 shows the relative difference between the total basin-average and 

the true precipitation patterns in terms of percentage. The western side of the basin 

experienced an overestimation of rainfall while the center received a bit of 

underestimation. 

For many hours at the beginning and end of the storm, the difference between the average 

and original precipitation was minimal. This explains why the remaining part of the 

hydrograph matches relatively well.   
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Figure 16: Resulting hydrograph from ARF precipitation inputs. 

For the ARF simulation, the runoff response closely resembled the original event with the 

exception of the second peak (Figure 16). Similarly, as done for the basin average, the 

original precipitation patterns were subtracted from the ARF precipitation. This showed 

that for the few hours prior to the second peak, the ARF precipitation was critically 

overestimated. Figure 17 provides the difference between the ARF and original 

precipitation patterns for the period leading up to the second peak (September 12th at 7:00 

PM to September 13th at 2:00 AM). The black circle represents the location of maximum 

rainfall accumulation estimated during the ARF calculation. With exception of the intense 

part of the storm, the ARF rainfall is overestimated almost over the entire watershed 

between these hours. Specifically looking at the two precipitation patterns near midnight 

on the 13th, the majority of the watershed has an overestimation greater than 10 mm/hr. 

This resulted in miscalculating the peak discharge by about 4000 cfs above the actual peak 

discharge. 
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For very intense, spatially differing storm patterns, the ARF method will most likely lead 

to poorly distributed rainfall intensities. The area with very high rainfall intensities will be 

underestimated, while the remaining area with less intense rainfall will be overestimated. 

This can alter the timing of the runoff response, the discharge magnitudes, and the overall 

shape of the hydrograph.  

 

 

 

 

Figure 17: Periods where ARF precipitation exceeded Stage IV precipitation. 
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Figure 18 represents the relative difference of the total ARF precipitation to the actual 

precipitation. Similar to the basin-average method, the ARF method overestimated the rain 

along the western side of the basin with a 300% difference and underestimated the central 

section of the basin with about -30% difference. 

 

Figure 18: Difference between ARF and original precipitation 

A comparison of each of the scenarios’ peak discharge and runoff volume are shown in 

Table 7. The basin-averaged peak discharge was underestimated by almost 5000 cfs and 

the total volume was underestimated by 11,000 acft. This resulted in a -58% difference in 

the peak and a -39% difference in the volume. Alternatively, the ARF peak discharge was 

overestimated by almost 4000 cfs and the volume was only slightly underestimated by 

about 700 acft. This is still a very large amount of runoff volume but with respect to the 

size of the watershed and storm event, this results in a very low difference of -2.7%.  

Table 7: Precipitation spatial pattern comparison. 

 

  

Peak (cfs) Return Period Volume (cf) Volume (acft) Peak Error (%) Volume Error (%)
Original 8255 +500 1,218,507,284     27,973               -- --
Basin Average 3431 25 739,324,541       16,973               -58.4% -39.3%
ARF 11955 +500 1,185,357,101     27,212               44.8% -2.7%

Precipitation Spatail Pattern Comparison
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Impact of Initial Soil Moisture 

To analyze the affect antecedent wetness has on the hydrological response of the Boulder 

Creek watershed, the initial soil moisture values were increased and decreased. Four 

different initial conditions were testes: 60% decrease, 20% decrease. 20% increase, and 

40% increase. Figure 19 illustrates the results for the 20% and 60% soil moisture decrease. 

 

Figure 19: Hydrograph response to decreasing the initial soil moisture by 20% and 60%. 

At the start, the flowrates for each scenario were all similar because the initial flowrates 

from the restart files were not changed, only the initial soil moisture was changed. As the 

model continues to run, the effect on the hydrological response is more apparent. When the 

soil moisture is decreased, the runoff response decreases. This is expected since the soil 

has a greater capacity to hold water infiltrating into the soil, resulting in less surface runoff 

generation and therefore water being routed to the discharge point.  
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The 20% decrease in initial soil moisture results in a peak discharge over 2000 cfs less than 

the original event and the 60% decrease results in a peak discharge over 3500 cfs less than 

the original event. Furthermore, the flowrates before and after the intense part of the storm 

also decreased.  

 

Figure 20: Hydrograph response to increasing the initial soil moisture by 20% and 40%. 

The responses from increasing the initial soil moisture are provided in Figure 20. In 

contrast to soil moisture decrease, the increase in soil moisture results in immediately 

increased flowrates. Apparently increase in soil water content results in increase in 

subsurface flow contribution which is reflected in the increase in streamflow values well 

before the storm begins. Furthermore, increase in soil moisture leads to reduce infiltration 

capacity that results in much higher runoff generation and flood response, as shown in the 

results.   

The 20% increase in initial soil moisture results in a peak discharge over 4000 cfs more 

than the original event and the 40% increase results in a peak discharge over 8000 cfs more 
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than the original event. Figure 21 compares the error metrics of each scenario for the initial 

flowrates and the peak flowrates. 

 

Figure 21: Initial flow and peak flow relative difference for different antecedent wetness 

conditions. 

For every condition, there was a large relative difference with the smallest difference being 

-30% in the peak flow when the soil moisture was decreased by 20% and the largest 

difference being 669% in the initial flow when the soil moisture was increased by 40%. 

When these difference metrics are compared to the differences of the spatial distribution 

scenarios (where the largest difference was in the basin-average peak (-58%)), many of the 

antecedent wetness condition differences are much greater in magnitude. The comparative 

analysis shows that the hydrological response for this case study is more sensitive to an 

increase in soil moisture with initial flow of the 20% increase in soil moisture having 273% 

difference and the 20% decrease only having -62% difference. To further verify, the 40% 

increase in soil moisture resulted in 669% difference in the initial flow while a 60% 

decrease resulted in only -76% difference.  
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Figure 22: CDP comparing the initial discharge rates from simulations with different initial 

soil moisture conditions.  

To further examine the different initial soil moisture conditions, a cumulative distribution 

plot was developed using the flowrates from each scenario. The initial flowrates of each 

condition were then plotted to identify the probability that a flow will occur that is equal to 

or less than those initial flows. The results are provided in Figure 22. The 40% increase in 

initial soil moisture provided an initial flow of 3398 cfs with a 70% probability that this 

flow will not be exceeded while the actual event had an initial flow of 442 cfs with a 30% 

probability that the flow will not be exceeded.  
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Chapter 4  
Discussion 

 

In this work, the impact of spatial variability in storm precipitation and antecedent wetness 

conditions were studied to understand the importance of these factors for simulating flood 

response and subsequently for flood design. To evaluate the impact of spatial variability of 

precipitation, different precipitation scenarios of the extreme 2013 Colorado flood event 

were created and used as input into a hydrologic model that was setup for the Boulder 

Creek watershed. The influence of antecedent wetness was assessed by running the same 

hydrological simulation for different scenarios of the initial soil moisture conditions.  

After analyzing the hydrological responses of the three spatial precipitation patterns, large 

discrepancies are shown in both the ARF method and the basin-averaged method. This 

suggest that both methods have considerable limitations in representing accurately the true 

precipitation patterns of the case study event. Comparison with the basin-average scenario, 

demonstrates that although the basin-average precipitation is the same, the differences in 

how precipitation is distributed over the basin results in big differences in flood response. 

On the other hand, the storm-centered ARF scenario results in significantly higher response 

because of considerable overestimation of the overall precipitation during the event. The 

temporal patterns for each scenario were unaltered and thus, match the temporal pattern of 

the actual event which permitted the results to be solely affected by the spatial differences.  

In addition to this being a 500-year storm event, it was also a deep convection storm which 

resulted in rainfall intensities that vary greatly, spatially and temporally throughout the 

storm. The radar maps of the storm event shown in Figure 23 show that rainfall was 

concentrated over a small area of the basin close to 1/10th of the size of the whole 

watershed and changed position frequently. With very high precipitation values in a small 

area and low values for surrounding areas results in a moderate average intensity values 

that were used in the basin-average simulation. When these moderate rainfall intensity 

values were spread evenly across the basin, the basin-average simulation resulted in a 
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much less intense flood response than the actual event. The magnitude and type of runoff 

generation (e.g. infiltration/saturation excess or interflow) depends on the interplay 

between land surface parameters and rainfall intensity. Therefore, significant changes in 

rainfall intensity are expected to alter both magnitude, type and runoff generation.  

At the beginning of a storm, water infiltrates the soil and thus does not directly contribute 

to surface runoff. The capacity of the soil to store water, the rate of infiltration and other 

factors such as vegetation interception and evaporation, determine the amount of water that 

will be available for runoff. When the spatial patterns of precipitation are ignored for a 

large basin, the effect of the spatial heterogeneity of those factors is disregarded. In 

addition, when designing a flood management system, the flowrates are usually analyzed at 

one location – the discharge or basin outlet. The location of rainfall directly affects the 

runoff travel time to the basin’s outlet. For the actual event, the heavier rainfall was 

concentrated over an area on the eastern side of the basin, closer to the discharge point, 

which decrease routing time. The intense rain shown in the actual event, exceeded quickly 

the local storage capacity and resulted in much higher runoff generation and decreased 

travel time, which accounts for the differences in peaks between the basin-average 

simulation and the actual event (Figure 13).  
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Figure 23: Stage IV storm pattern  

Similar to the basin-average method, the ARF method has a uniform spatial pattern but 

instead of following the temporal pattern of the average precipitation, it follows the 

temporal pattern of the point with maximum precipitation. Using the max precipitation 

point with a basin-storm specific ARF developed a simulation that more closely followed 



 
 

49 
 

the actual event, but portions of the simulation were significantly overestimated. For the 

less intense part of the storm, the ARF adjustment on the maximum rainfall intensity fairly 

accurately represented the true storm temporal pattern. This occurrence is because the start 

and end of the storm exhibited very uniform spatial patterns and there was little rainfall 

contribution. There were two periods of the event that experienced heavy rainfall, each 

before the two peak flowrates. The ARF simulation represented the first peak flood event 

well with just a slight delay in the response caused by an underestimation of rainfall in a 

few hours leading to the start of the event and then a severe overestimation at the start of 

the first peak event. As for the second peak flood event, for many hours leading up to the 

peak (9/12 7:00 PM to 9/13 3:00 AM), the ARF precipitation was grossly overestimated 

leading to exaggerated runoff rates. The total precipitation estimated for ARF method 

during this period was 60.35 mm where the basin-average total was only 28.55 mm. Even 

though both peak events had periods of rainfall overestimation, the combination of the 

severity of overestimation, soil moisture conditions, and the temporal rainfall intensities 

surrounding the events created a much higher flood response for the second peak. As 

explained earlier, the 2013 storm event had smaller, more intense pockets of rainfall that 

shifted from time to time, and because of this, there were many periods where the 

maximum precipitation point received much more or much less rainfall than the 

surrounding areas. The areal reduction factor does adjust the maximum precipitation values 

to give a more realistic spatially uniform pattern when compared to simply using the 

maximum precipitation but at given times during the storm when the rainfall at the 

maximum point greatly differs with the remaining area, portions of the watershed can 

receive too much or too little rainfall even after the ARF is applied.  

Although the ARF simulation provided better results than the basin-average, both 

precipitation spatial pattern methods inaccurately represented the September 2013 

Colorado flood event. This provides evidence that disregarding or misrepresenting the 

spatial structure of a storm can lead to severely over- or underestimating key design flood 

criteria. 
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After analyzing the four initial soil moisture conditions and comparing them to the actual 

event, it is evidently seen that wetness conditions not only have an impact on the initial and 

peak flowrates but the entire hydrological response. As the soil moisture is decreased, the 

storage capacity of the soil increases resulting in less overland flow. As the water is routed 

through the subsurface, it is introduced to the channel flow at a much slower rate than the 

direct runoff, producing a less intense runoff response. As the soil moisture was increased, 

the soil’s storage capacity decreased resulting in more overland flow and a quicker runoff 

response, generating more severe discharge rates than the actual event.  

The soil moisture changes throughout the simulation based on soil properties (porosity, soil 

texture), precipitation, temperature, and general meteorological conditions (potential 

evaporation, humidity, pressure). Although there was only a change in the magnitude of 

the initial soil moisture (while preserving the spatial structure), there was still great 

variability in the resulting peak flows and runoff volumes. This demonstrates that even if 

hydrological and meteorological conditions are carefully estimated for an event and basin, 

the conditions leading up to the event can largely impact the accuracy of a rainfall-runoff 

model.   

From this case study, it is shown that antecedent wetness conditions greatly influence the 

hydrological response of a watershed and these conditions should be accurately estimated 

when performing flood management analysis. This is particularly true for this study 

because it presents an unusual storm event with unusual soil moisture conditions for this 

area at this time of year. 
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Chapter 5  
Conclusions 

 

There are two important factors that are often misrepresented when modeling rainfall-

runoff relationships: the spatial variability of rainfall and the antecedent wetness conditions 

of the soil. This work explored the impact of these two factors on the hydrological 

response of the September 2013 Colorado flood event. The assessment methodology for 

this research compares the use of realistic and event-specific rainfall patterns applied 

commonly in engineering practice, the basin-average method and the ARF method. 

Furthermore, the effects of antecedent wetness conditions were evaluated by scaling the 

initial soil moisture and quantifying the variability in flood response.  

Ultimately, assuming spatial uniformity in precipitation had a prominent impact on the 

flood response for this case study. The rainfall associated with the September 2013 

Colorado flood event exhibited great spatial variability therefore, using methods that 

consider spatially uniform precipitation provided unrealistic storm spatial patterns and 

inaccurate runoff responses. Using the basin-average method or the ARF method can lead 

to inaccurate peak flow and flood return period predictions when there is high complexity 

in storm spatial patterns. Comparably, adjusting the antecedent wetness conditions had a 

substantial influence on the response flowrates as well affecting both peak flow and total 

runoff volume estimates. While maintaining the spatial structure of the soil moisture across 

the basin, scaling the initial soil moisture reflected an effect throughout the entire analysis 

period with the complete hydrograph being shifted.  

For the Boulder Creek case study, both rainfall spatial variability and antecedent wetness 

conditions had considerable impact on the runoff response. Neglecting or misrepresenting 

either can significantly alter flood response predictions and subsequently, flood designs. 

Incorporating realistic storm patterns and area/seasonal-specific soil moisture estimation 

would provide more accurate flood response predictions and therefore, flood management 

designs. This case study highlights the need to consider these aspects in flood risk 
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estimation procedures based on design storms. Future research should be carried out to 

analyze more storms and for different catchments in order to build a holistic understanding 

on the uncertainty on design flood estimation due to antecedent wetness, rainfall spatial 

variability and catchments characteristics (topography, land cover etc). 
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Appendix 
 

WRF-Hydro Namelists 

Please see the land surface namelist (namelist.hrldas) and the routing namelist 

(hydro.namelist) attached on the next page. 
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Saturated Hydraulic Conductivity Sensitivity Test 

 

 

 

Scenario Peak (cfs) Difference
Original 8255 --

50% increase* 12253 48%
20% increase 8992 9%
20% decrease 7777 -6%
50% decrease 7091 -14%

*peak occurred at a different time than the original event


