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ABSTRACT 

 

QUANTIFYING THE DIFFERENCES BETWEEN WATERSHEDS AND 

IDENTIFYING THE ROLE OF ANTECEDENT PRECIPITATION IN 5-YEAR 

FLOW EVENTS IN THE SOUTHEAST U.S 

by 

Brandon O. Mitchell 

Plymouth State University, May, 2019 

Floods are among some of the most dangerous phenomena people are 

faced with each year. The current practice of flood forecasting relies on modeling 

the complex hydrological processes that control the flow of freshwater through a 

watershed. Past literature has shown however, that these complex processes 

can be simplified using rainfall-runoff models. These models estimate the 

relationship between precipitation and runoff generation. Some models 

emphasize the land-surface interactions, while others focus on the estimation of 

soil moisture in determining how precipitation flows through a watershed. The soil 

composition and land cover are not mutually exclusive of each other, and varying 

combinations of both across different watersheds are linked to the differences in 

the antecedent conditions necessary to produce floods. The first part of this study 

focuses on quantifying soil composition and land cover differences in watersheds 

of the Southeast U.S. region. A principal component analysis (PCA) of watershed 

attributes from the GAGES-II dataset was used to spread 78 sample watersheds 
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into a 2-D phase space. Ten sample watersheds were chosen to represent the 

phase space in the second part of this study which was to determine the role of 

antecedent precipitation in 5-year flow events. Eighty-eight 5-year flow events 

were identified and the cumulative antecedent precipitation (AP) prior to these 

events were analyzed using three parameters: storm precipitation (0-3 Day AP), 

intermediate (4-14 Day AP), and long-term (4-30 Day AP). A principal component 

regression analysis (PCR) of the 88 events was used to determine the role of 

antecedent precipitation in the 5-year flow events. Two PCR models consisting of 

four parameters each were used to analyze differences between the effects of 

intermediate and long-term precipitation on the magnitude of the 5-year flow 

events. The parameters used in the PCR were the storm precipitation, 

antecedent precipitation, and each sample watershed’s position in principal 

components one (PC1) and two (PC2). The results of the PCR determined that 

the cumulative antecedent precipitation prior to an event has little effect on the 

magnitude of these flows. It was determined that the attributes comprising PC1 

and PC2, along with the storm precipitation had a stronger effect on the flow 

magnitude of the events. The hydrological processes associated with the 

attributes of PC1 and PC2 were used to describe the differences between the 

watersheds, proving that a PCA can be used to quantitatively differentiate 

watersheds in the Southeast U.S. 
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CHAPTER 1 

 

1. Introduction 

This study focuses on quantifying the differences between watersheds 

and analyzing the role of antecedent precipitation prior to flood events. To 

perform such a study requires knowledge in both the fields of Meteorology and 

Hydrology to completely understand the complex processes involved in the 

movement of water through watersheds. These two sciences are inherently 

different; however, both are interconnected through the phases of Earth’s water 

cycle.  

The study of Meteorology focuses on the physics, chemistry, and 

dynamics of the Earth’s atmosphere. The primary goal in Meteorology is to gain a 

complete understanding of the different atmospheric phenomena and then to be 

able to accurately predict those phenomena. The study of Hydrology focuses on 

the movement of freshwater above and beneath the Earth’s surface. The goals of 

Hydrology include the following: to predict and describe the flow of freshwater 

through Earth’s land surfaces, to describe the physical and chemical changes of 

the freshwater throughout the cycle, and to describe the biological and human 

impacts on the flow and quality of the freshwater through the water cycle.  

Hydrometeorology is the study of the interrelationship between Hydrology 

and Meteorology as it pertains to the water cycle. This study will explore 

Hydrometeorology in terms of Watershed Hydrology, a sub-field of Hydrology 

that focuses on the behavior of freshwater in a watershed. A watershed is 
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defined as an area that topographically drains to a single outlet point as shown in 

figure 1.1. Watersheds are separated by ridgelines and the area contained within 

these ridges is known as the drainage area. Freshwater generally flows from 

higher to lower elevation through the drainage area. The land cover and soil 

composition of a watershed, in addition to physical characteristics such as the 

steepness of the water table or elevation determine how the freshwater flows 

through the drainage area and to the outlet point of the watershed. Defining the 

boundaries of a watershed is important when considering there is a freshwater 

mass balance that exists in each watershed.  
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Figure 1.1 Conceptual Watershed. The schematic above depicts a conceptual watershed. The 

diagram shows the ridge lines (black) used in the delineation process that defines the borders 

between watersheds. The legend in the top-right hand corner shows a set of basic watershed 

attributes with their corresponding schematic colors. The two dark blue arrows represent the 

general vector direction of the flow relative to the x and y elevation axes and the watershed outlet 

points are shown by the red circles.  
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a. The Conceptual Watershed and Freshwater Mass Balance 

 The total surface area of a watershed is known the drainage area and 

watersheds are separated by ridgelines which act as a dividing border. The 

process of selecting an outlet point and defining the divide or ridge surrounding 

the watershed is called delineation. Figure 1.1 illustrates how the process of 

delineation defines the boundaries of watershed both above and beneath the 

surface. The concept of a watershed helps in the application of the freshwater 

mass balance. However, this is not without a few nuances, such as the 

assumption that all the water within the drainage area of a watershed contributes 

to that watershed’s mass balance. Examples of this include any manmade 

diversion of water from the outlet point, percolation of water to the outside of the 

ridge surrounding the watershed, and outlet of water into a lake or pond that can 

be affected by other factors outside of the mass balance. Despite the nuances, 

the concept of a watershed does allow for use of the freshwater mass balance to 

aide in describing the motion of the water that lies within the borders of a 

watershed.  

The total amount of storage of water in any watershed, ΔS, is defined by 

the difference in freshwater inputs and freshwater outputs. 

Δ𝑆 = 𝐼𝑛𝑝𝑢𝑡𝑠 − 𝑂𝑢𝑡𝑝𝑢𝑡𝑠 (1.1) 

Freshwater inputs include precipitation, condensation fluxes, and tidal water 

(which only applies to coastal watersheds where the flow of water may be 

influenced by ocean tides). The two main outputs of water from a watershed are 
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evapotranspiration and runoff. The sources of water storage in a watershed 

include groundwater, soil moisture, lakes, reservoirs, and snowpack. Storage of 

water in lakes and reservoirs represent the amount of standing water in a 

watershed and their contributions to freshwater mass balance are driven by the 

location of the outflow point in a watershed. The influence of snowpack on the 

storage of a watershed is dependent on the climate of the watershed. Generally, 

the greater the snow pack a watershed retains on an annual basis the larger the 

impact snowpack will have on the storage of water in a watershed. The 

importance of groundwater and soil moisture however, are not diminished by the 

climate or location of the watershed or outflow point and both significantly 

contribute to the freshwater balance. 

 The freshwater mass balance in a watershed (figure 1.2) is derived from 

equation 1.1 and for any temporal length can be described by the following 

equation:  

Δ𝐺𝑊 +  Δ𝜃 = 𝑃 − 𝑅𝑂 − 𝐸𝑇 (1.2) 

Where P represents the amount of precipitation accumulated across the 

watershed, RO represents the amount of runoff that has exited through the outlet 

point of the watershed, and ET represents the total amount of water that exits the 

watershed through evapotranspiration. The terms on the left side of the balance 

equation are the change in groundwater (ΔGW) flowing beneath the water table 

and Δ𝜃, which represents the change in soil water or soil moisture between the 

water table and ground surface.  
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Soil water is defined as the water beneath the surface that lies above the 

water table in the unsaturated layer of the soil. Groundwater is defined as the 

water in the soil below the water table in the saturated layer. Figure 1.3 depicts 

the vertical profile of how these two relate to each other under the ground 

surface. It is important to note that the height of the water table in a watershed 

does not remain constant. The water table height fluctuates because of 

instantaneous perturbations to the freshwater mass balance equation. However, 

on an annual basis the perturbations in the water table height and total storage of 

water in a watershed are assumed to be negligible. This simplifies mass balance 

in equation 1.2 to only the terms on the right-hand side, shown in equation 1.3.  

𝑃 = 𝑅𝑂 + 𝐸𝑇 (1.3) 

However, when analyzing smaller temporal scales, the perturbations in the total 

storage of water and water table cannot be assumed to be negligible. In any 

given year there are several perturbations from the average total storage and 

water table height, and some are even large enough to produce flooding or 

drought conditions in a watershed. These extremes however are often what 

impacts the population, infrastructure, and industry in the watershed, making the 

ability to predict these perturbations imperative.  
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Figure 1.2 Freshwater Mass Balance in a Watershed. The schematic depicts the 5 variables 

from equation 1.3 and their respective locations and contributions to the freshwater mass 

balance. The downward blue arrow indicates that precipitation is an input to the watershed. The 

upward (yellow) and right direction (light blue) arrows show evapotranspiration and runoff 

variables respectively as outputs of water from the watershed. The level of the water table is 

shown by the dark blue line separating the soil moisture and groundwater variables.   
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Figure 1.3 Soil Water vs. Groundwater. The schematic shown describes the relationship 

between soil water and groundwater beneath the surface of the watershed. The water table (in 

blue) separates the two types of water and the arrow on the left indicates the direction of 

increasing depth below the surface.    
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b. Flood Forecasting Challenges 

 There are several challenges that forecasters are faced with when 

predicting floods. There are four main problems that arise: the quality of in situ 

measurements on the streams, communicating risk and probabilities, institutional 

factors, and modeling. Improving the skill of flood models remains the forefront of 

much of the research that has been done in this field. Most models have a high 

dependency on the accuracy of the precipitation forecast and simply are unable 

to resolve the complex processes of the flow of water beneath the surface 

(Pagano et al. 2014). Attempting to model hydrologic system requires a vast 

amount of computational power and a complete understanding of the watershed 

being modeled. However, many past studies have bypassed the need for 

modeling such complex processes by estimating runoff-generation using only 

precipitation, these are known as rainfall-runoff models (Wheater 2002).  

c. Rainfall Runoff-Models 

Wheater (2002) addresses the different types of precipitation-runoff 

models, evaluates those types of models, and finally analyzes different aspects 

of flood modeling. This study examined four different types of flood models: 

metric, conceptual, physics-based, and fluvial response. Metric models are the 

most basic type and use a data-based approach that primarily focuses on finding 

the relationship between different variables and the observed flow. Conceptual 

models attempt to parameterize the different processes in a watershed while 

physics-based models are an extension of conceptual models but focus on the 

most important physical processes of the watershed. Fluvial response methods 
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are the most conventional flood modelling methods. These types of models focus 

on an event-based approach and analysis to develop rainfall-runoff relationships 

through simulations, rather than using computationally expensive conceptual or 

physics-based continuous models (Wheater 2002). However, improvements in 

technology and computational power have encouraged the use of continuous 

simulation (Pathiraja et al. 2012) and synthetic precipitation simulation (Hlavoca 

et al. 2005, Koehn et al. 2011). These models can be complex but often 

incorporate the use of a rainfall-runoff estimation to simplify the land-surface 

processes within a watershed. 

Rainfall-runoff models estimate the relationship between precipitation and 

the discharge generated in streams, lakes, and rivers resulting from the 

precipitation. The most crucial part in estimating these is approximating the land-

surface water processes and how much they contribute to the magnitude of 

runoff generation (Wheater 2002). Past literature demonstrates a few different 

methods that have been used to approximate the precipitation and runoff 

relationship. Some have used land surface type as a function of runoff, such as 

the Natural Resources Conservation Services’ Curve Number (NRCS-CN) 

method (Patil et al. 2008). The antecedent precipitation index (API) is another 

methodology used in past studies and it focuses on the approximation of soil 

moisture (Heggen 2001). Additionally, there have been numerous approaches for 

analyzing rainfall-runoff relationships. 

  



 

11 
 

d. NRCS-CN Method 

The NRCS-CN method analyzes runoff generation caused by precipitation 

based on the average soil type, hydrological conditions and land cover type of 

the watershed being studied. The equation for the NRCS-CN is derived in Duran-

Barroso et al. (2016) and defined as follows:  

𝑄 =
(𝑃 − 𝐼𝑎)2

𝑆 + 𝑃 −  𝐼𝑎
 (1.4) 

Q represents the direct runoff, generated by the P, the cumulative rainfall depth. 

Ia is the initial abstraction and is a combination of surface storage, interception 

and infiltration prior to the runoff generation. In practice, Ia ≈ 0.2S, where S is the 

maximum potential retention of the watershed that is a function of the curve 

number, CN. The curve number is defined by: 

𝐶𝑁 =
25,400

𝑆 + 254
 (1.5) 

Solving for S in equation 1.5 and substituting the resulting equation into equation 

1.4, Q becomes a function of only the CN and P (Duran-Barroso et al. 2016). The 

values for CN are based upon the average soil type, land cover, and hydrological 

conditions and range theoretically from ~0.1 to 100. A value of 0 represents a 

watershed that retains all the precipitation and a value of 100 represents a 

watershed in which all the precipitation results in direct runoff. Some studies 

have included the use of the NRCS-CN method in conjunction with varying 5-day 

antecedent moisture conditions (AMC) to simulate potential flood scenarios 

(Koehn et al. 2011, Patil et al. 2008, Weissling et al. 2009). The NRCS-CN 
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method is widely accepted as the best rainfall-runoff estimate; however, it does 

not come without some spatial and temporal limitations (Duran-Barroso et al. 

2016). Despite its limitations, incorporation of the NRCS-CN method into flood 

models has proven useful in providing flood guidance at ungagged locations 

(Patil et al. 2008).   

e. The API and NAPI 

The API developed by Koehler and Linsley (1951) approximates the 

amount of moisture in the ground prior to an event or storm and is given by the 

following equation:  

𝐴𝑃𝐼 = ∑ 𝑃𝑡

−𝑖

𝑡=−1

𝑘−𝑡 (1.6) 

Equation 1.6 shows the API as a function of P, the daily precipitation on a given 

day t prior to the event that is then multiplied by k, the decay constant. The 

number of antecedent days prior to an event is represented by the variable i, and 

in past literature 5, 7, or 14 days (Heggen 2001) have been used. The values for 

the decay constant range from 0.80 to 0.98. The exact value of k is determined 

by the soil composition of the watershed being analyzed (Ali et al. 2010). Heggen 

(2001) developed a refined version of the API known as the Normalized 

Antecedent Precipitation Index (NAPI). The NAPI performs correspondingly to 

the API and is defined as follows: 

𝑁𝐴𝑃𝐼 =
∑ 𝑃𝑡

−𝑖
𝑡=0 𝑘−𝑡

 �̅� ∑ 𝑘−𝑡−𝑖
𝑡=−1

 (1.7) 
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Equation 1.7 presents one new variable P̅, the average precipitation across the 

watershed or station for the antecedent period studied. The main difference from 

the API lies in the NAPI’s ability to account for precipitation during the day of the 

event and the average precipitation during the antecedent period of study. The 

normalization of the API by the denominator yields a better estimate of the 

moisture in the ground (Heggen 2001). There have been studies that have 

incorporated the API and NAPI into rainfall-runoff models and have found them to 

perform better than classical-rainfall runoff models (Descroix et al. 2002) and 

even outperform curve number models (Heggen 2001, Ali et al. 2010). The API 

has also been used as a tool to identify potential flood events from past data 

(Lomazzi et al. 2014), showing the versatility of the API.  

f. Use of In Situ Measurements 

 The incorporation of rainfall-runoff models into larger-scale runoff 

generation models does raise the question of using soil moisture data instead of 

precipitation. There have been studies performed in individual watersheds that 

use in situ soil moisture measurements to analyze antecedent conditions. Such 

studies include analyses of the Babocomari River watershed (Zamora et al. 

2014), the Russian River watershed (Zamora et al. 2011), and watersheds in the 

Mediterranean region (Lozano-Parra et al. 2015). The analysis of the Russian 

and Babocomari river are part the development of a much larger soil moisture 

observation network, in which one of the primary goals is to provide real-time 

data to enhance flood guidance products. In addition, the hope is that the 

network would eventually be able to provide enough climatological data to 
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identify trends in soil moisture for a larger temporal range (Zamora et al. 2011). 

However, the development of such a network requires time to complete, which is 

the reason why current practice focuses on estimating runoff generation using 

rainfall-runoff models.  

g. Motivation and Scientific Question 

 Floods are among the most dangerous meteorological phenomena people 

are faced with each year. Wheater (2002) explored the different types of rainfall-

runoff models which are our best approximation of streamflow response in 

current practice. Precipitation records have been shown to be longer and more 

consistent than soil moisture measurements as the infrastructure for a reliable in 

situ soil moisture network is still in progress (Zamora et al. 2011). Additionally, 

past research has demonstrated the importance of antecedent soil moisture prior 

to flood events (Hlavoca et al. 2005, Nied et al. 2017, Nikolopoulos et al. 2011, 

Pathiraja et al. 2012). Different types of vegetation cover (Lozano-Parra et al. 

2015) and soil composition in a watershed (Grillakis et al. 2016) have been 

shown to influence the flow of antecedent precipitation into streams. Analyzing 

the relationship between soil composition and land cover shows that the 

processes involved in moving water through the watershed are not mutually 

exclusive. Instead, varying combinations of the two features produce different 

mechanisms in which runoff is generated based on the antecedent state of the 

soil prior to an event (Nikolopoulos et al. 2011).  

One of the primary motives in this study was to analyze the role 

antecedent precipitation has in producing floods that occur in the absence of 
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large precipitation events. The role antecedent precipitation has in a flood event 

depends on the magnitude of the triggering precipitation event. However, it has 

been shown that flood events of similar magnitudes can be produced by different 

combinations of antecedent precipitation and precipitation coinciding with a flood 

event (Pathiraja et al. 2012). The ability for a watershed to produce a flood event 

in the absence of the large precipitation event suggests that investigation into the 

role antecedent precipitation has in producing these flows is necessary. 

Differences in the hydrological processes producing flood events associated with 

varying antecedent soil conditions (Nikolopoulos et al. 2011) demonstrate the 

complexity in flood forecasting. Additionally, the differences in soil composition, 

land cover, and climates across watersheds, causes them to perform 

hydrologically different as well. Therefore, the difficulty involved in accounting for 

the differences in the watersheds and subsequently model the antecedent 

conditions accurately prior to flood events is the primary motivation for this study.  

The primary motivations in this study can be addressed with two distinct 

objectives. The first objective is to determine whether it is possible to quantify the 

differences in the soils and land cover characteristics of watersheds in the 

Southeast U.S. Considering watersheds confined to the Southeast U.S. partially 

mitigates the dissimilarities in climate between watersheds, which can contribute 

to hydrological differences. In addition, the Southeast U.S. is a region that is 

generally not hydrologically influenced by the presence of a snow pack, 

simplifying the analyses. The second objective is to determine the role of 

antecedent precipitation in producing flood events in watersheds with different 
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characteristics in the Southeast U.S. This two-part study will explore how to 

differentiate between watersheds in the Southeast U.S., described in chapters 

two and three. Chapters four and five will explore the role antecedent 

precipitation has in producing flood events and the magnitude of those events. 

Lastly, chapter six, will discuss the results of the two analyses performed; then 

conclude if it is possible to quantify the differences between watersheds in the 

Southeast U.S. and determine the role antecedent precipitation has in the events 

analyzed in this study.  
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CHAPTER 2 

2. Principal Component Analysis (PCA) of Watershed Characteristics 

Past literature has shown that it is difficult to discern the roles land cover 

and soil composition have on the flow of water through any given watershed 

(Grillakis et al. 2016, Lozano-Parra et al. 2015, Nikolopoulos et al. 2011). It is 

important to acknowledge that the two are intertwined, which makes it difficult to 

determine the differences between watersheds across the Southeast U.S. A 

principal component analysis (PCA) of watershed attributes was used in this 

study to quantify these differences. Attributes ranging through a variety of 

classes such as population, climate, and physical characteristics in addition to 

land cover and soil composition attributes were selected to use in the PCA. 

Sample watersheds in the Southeast U.S. region were then selected based on a 

set of criteria, resulting in a matrix comprised of sample watersheds and the 

selected watershed attributes that were then analyzed in the PCA. The 

subsequent sections of this chapter provide a general description of the PCA, the 

watershed attributes selected, the criteria used to build the matrix used in the 

PCA, and lastly how the PCA was performed in this study.  

a. Principal Component Analysis 

PCA is a statistical analysis that is used when many independent 

variables contribute to the magnitude of a single dependent variable in a dataset. 

The primary objective of a PCA is to find which set of independent variables have 

the largest impact on the dependent variable by reducing the number of 
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dimensions (variables) in the dataset. The variables retained through the 

dimension reduction process then contain the largest cumulative variance in the 

dataset, in which those variables become the principal components. Olden and 

Poff (2003) used 171 independent hydrological variables to describe streamflow 

at 420 locations across the U.S. with varying climates and geography. A PCA 

was used to identify the dominant patterns in the dataset and to reduce the 

number of variables used to describe the flow. There are two types of PCA 

matrices that are used, covariance and correlation. The difference between the 

two analyses is that a correlation matrix is used to find strong correlations among 

the variables, (e.g., Olden and Poff 2003), whereas a covariance matrix is used 

to describe spread between the samples. This study performs a covariance 

matrix PCA using the sample watersheds and watershed attributes to identify a 

reduced set of attributes that explains most of the variance in the dataset.  An in-

depth explanation of both types of PCA can be found in Olden and Poff (2003), 

and Alcázar and Palau (2010).  

b. PCA Datasets 

A. GAGES-II 

 The watershed characteristics and attributes used in the PCA were 

obtained from the United States Geological Survey (USGS) Geospatial Attributes 

of Gages for Evaluating Streamflow (GAGES-II) dataset (Falcone, 2017). 

GAGES-II is a dataset published in 2011 that provides geospatial attributes and 

classifications for 9,322 USGS gaged locations across the U.S. The gaged 

locations serve as the outlet of the watershed and the ridge lines containing the 
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drainage area to that gaged location are delineated by height. GAGES-II extracts 

several hundred watershed attributes from the drainage areas of the delineated 

watersheds. These attributes cover a wide variety of attribute classes including 

climate, geology, topography, land cover, and land use.  

A total of 34 attributes from the GAGES-II dataset were subjectively 

chosen for use in the PCA based on their hypothesized impact on streamflow. 

The attributes selected for the PCA (table 2.1) ranged six different classes: land 

cover, soil composition, population, physical attributes, dams, and climate 

attributes. The values of these 34 attributes for each of the sample watersheds 

selected in this study were then used to perform the PCA. The next section 

describes how the sample gages/watersheds from the GAGES-II were then 

selected to be used in the PCA.  
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Table 2.1: Table of PCA GAGES-II Attributes and Attribute Classes.  

PCA Watershed Attributes  

Class Attribute Additional Information  

Land Cover Forest %  

Land Cover Agriculture %  

Land Cover Urbanized/Developed %  

Land Cover Swamp/Marsh % Sum of Woody Wetlands % and 
Herbaceous Wetlands % attributes. 

Land Cover Grassland % Sum of Scrublands % and 
Herbaceous % attributes.  

Land Cover Open Water %  

Population Impervious Surfaces %  

Population Population Density  

Population Road Density  

Population Agriculture Irrigation %  

Population Freshwater Withdrawal   

Physical Attributes Mean Elevation of Watershed  

Physical Attributes Slope %  

Physical Attributes Drainage Area  

Physical Attributes Basin Compactness  

Soil Composition Clay %  

Soil Composition Silt %  

Soil Composition Sand %  

Soil Composition Average Permeability   

Soil Composition Average Available Water Capacity  

Soil Composition Average Water Table Depth  

Soil Composition Average Soil Thickness  

Soil Composition Contact Index  

Climate Mean Annual Air Temperature  

Climate Mean Annual Precipitation  

Climate Mean Annual Potential 
Evapotranspiration 

 

Climate Mean Relative Humidity   

Climate Standard Deviation of Monthly 
Maximum Temperatures 

 

Climate Standard Deviation of Monthly 
Minimum Temperatures 

 

Climate Average Annual Number of 
Precipitation Days in Watershed 

 

Climate Precipitation Seasonality Index  

Dams Dam Storage  

Dams Number of Major Dams  

Dams Major Dam Density  
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c. Choosing Sample Watersheds for the PCA 

 Prior to performing the PCA several watershed and data restrictions were 

applied to the GAGES-II dataset. Figure 2.1 shows the Southeast U.S. region 

defined in this study. Only gages from this region were selected. Figure 2.2 

shows the Hydrologic Unit Code two-digit (HUC-2) regions defined by USGS. 

HUC-2 regions represent the largest delineated watersheds in the country and 

are subdivided into HUC-4, 6, and 8 regions. The number represents the number 

of digits corresponding with a HUC region, the greater the number the smaller 

the subsection of a HUC-2 region that watershed represents. For example, HUC-

4 regions are subsections of a HUC-2 region, HUC-6 regions are subsections of 

HUC-4 regions, and so on (USGS, 2019). To mitigate the effects of precipitation 

or hydrological processes from other regions of the country, only gages from 

HUC-2 regions 03, 06, and 08 were used. In addition, a size restriction applied to 

the watersheds. The sample watersheds had to have a drainage area between 

259 and 2590 km
2
 (100 to 1000 mi

2
). This was done to ensure there were 

enough sample watersheds to be studied and to mitigate external effects on the 

flow at the gage. Watersheds such as the Mississippi River watershed were too 

large for this study as many of the downstream responses are not directly related 

to the meteorological or hydrological processes occurring in the vicinity of the 

gage analyzed. Applying the regional and size restrictions to the GAGES-II 

dataset, a total of 569 gaged sample watersheds remained.  
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Figure 2.1 Southeast U.S. Region. The map above shows the CONUS region with the states 

representing the Southeast U.S. region as defined in this study shaded in yellow. 
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Figure 2.2 USGS HUC-2 Regions. The map above displays the 21 HUC-2 regions. The 

watershed borders are outlined in white and the major rivers in each watershed are outlined in 

blue. (USGS, 1999) 
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Using the gage as the watershed outlet point introduces the risk of 

redundancy into the PCA. GAGES-II calculates the attributes of the drainage 

area that drains to the gage point. Streams and rivers may have multiple gages 

along their length (nested watersheds) and GAGES-II treats each of these as 

discrete watersheds (Fig. 2.3). Introducing these discrete watersheds into the 

PCA would skew the results toward the attributes of rivers/streams with a higher 

number of nested gaged watersheds. To reduce this effect, an R-Script was 

used. By identifying the gage with the largest drainage area within a discrete 

HUC-8 region (Fig. 2.4) and eliminating the smaller nested gaged watersheds 

with the same HUC-8 number, the largest non-nested representation of the 

watershed was found. The R-Script used to extract the HUC-8 numbers can be 

found in Appendix A. After removing the nested watersheds from the dataset, 

218 non-nested sample watersheds remained.  

 After reducing the number of watersheds to 218, two more restrictions 

were applied. The restrictions were applied prior to the PCA to ensure that each 

sample watershed had enough data to be analyzed. A gage was included in the 

analysis if it had at least 50 years of complete flow data from 1950 to 2009 and a 

mean daily flow data point in 2018 (see R-Script in Appendix A for details). After 

applying these two data restrictions the number of sample watersheds was 

reduced from 218 to 78. The attributes of the 78 remaining watersheds were 

used to run the PCA, explained in the next section of this chapter. 
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Figure 2.3 Nested Watersheds. The schematic shows a conceptual example of the GAGES-II 

delineation process. Watersheds 1 (hatched blue) and 2 (hatched yellow) are both discrete 

watersheds delineated by their respective gages indicated by the red circles. Watershed 3 is 

comprised of the watershed attributes from watersheds 1 and 2 in addition to the attributes from 

its respective drainage area (hatched green) delineated by the gage. Watershed 4 is then 

comprised of the attributes from watersheds 1, 2, 3, in addition to the drainage area (solid green) 

delineated by its respective gage. The blue arrows represent the general flow of water through 

the watershed. 
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Figure 2.4 HUC Regions. A map from USGS of the HUC-2 regions is shown on the left. The 

schematic on the right illustrates the delineation process between HUC-6 and HUC-8 regions of 

similar and different HUC-2 regions. The color scale shown in the top left of the schematic 

indicates the type of delineation border. (USGS, 2018) 

 

d. Performing the PCA 

 After applying the criteria described in the previous section, a total of 78 

non-nested gaged watersheds remained. The 34 watershed attributes selected 

were normalized by subtracting their respective means and dividing by their 

standard deviations, reducing the sensitivity of units when performing the PCA. 

An R-Script was used to perform a covariance matrix PCA on the watershed 

attributes. The use of the covariance matrix was important in identifying which set 

of attributes represented the largest variance in the dataset. The goal of the PCA 

is to find the most important attributes in describing the spread of the sample 

watersheds in a two-dimensional space. However, it is important to note that the 

use of PCA is not an exact science and requires knowledge of the dataset being 
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analyzed. Additionally, the process of identifying redundant variables is highly 

subjective and depends on the judgment of the user. Two different R-packages 

were used in this study to perform the PCA. The default R PCA package, 

‘princomp’ provides raw data values for each of the principal components and 

attributes analyzed. Additionally, an external R-software package called ‘PCA’ 

was used to perform the same principal component analysis as ‘princomp’ but it 

provided additional plots and data to supplement the prior package. The 

subjectivity involved in the PCA further justified the use of multiple PCA 

packages, in order to gather the most amount of data available prior to removing 

attributes throughout the PCA.  More information on the R-Script used to perform 

the PCA can be found in Appendix B 

 Two goals were identified for the PCA; the first was to have 80% of the 

variance explained in the first two principal components (PCs). The second goal 

was to reduce the number of total attributes to less than 10. The process of 

removing attributes is iterative and involves running the PCA, reviewing the 

output and subjectively removing a redundant attribute in order to achieve the 

goals. There is no defined end when running a PCA; however, the ability to 

interpret the results is dependent on the representation of the attributes in the 

first two PCs. A variety of output from each iteration of the PCA was used to 

identify and remove redundant attributes from the PCA, including the use of 

biplots, scree-plots, correlation plots, and cos2 distribution charts. Figure 2.5 

shows an example of a scree-plot used to visualize the distribution of the 

variance along each of the PCs. Biplots of the eigenvectors for each attribute 
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were used to analyze the correlation between attributes. Eigenvectors that are 

closely parallel are positively correlated while those perpendicular to each other 

are not correlated. An example of a biplot is shown in Figure 2.6.  
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Figure 2.5 PCA Scree-plot. The histogram shows each of the 34 principal components on the x-

axis, and their respective cumulative variance (y-axis) is shown by the height of the bars.  
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Figure 2.6 PCA Biplot. The biplot shows the position of the eigenvectors for each attribute 

shown by the blue arrows. The black dots represent the 78 non-nested watersheds with their 

positions determined by the principal components. Dim 1 and Dim 2 represent the x and y axes, 

respectively with their cumulative variance values shown in the parentheses.  
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Cos2 and loadings correlation plots were used in each iteration of the PCA 

to show the representation and weight the attributes had on each respective PC. 

Figures 2.7 and 2.8 show examples of a cos2 correlation and attribute loadings 

plots, respectively. The cos2 distribution charts used in this study (Fig. 2.9) show 

the cos2 values for each attribute used in the PCA. Cos2 values are useful in 

indicating the importance of an attribute in the respective PC being analyzed, 

with higher cos2 values correlating with higher represented attributes in the first 

two PCs. In each step, a combination of plots and raw data were used to reduce 

the amount of subjectivity in the PCA. A total of 25 iterations of the PCA were 

used to meet the two PCA goals, removing a total of 28 attributes. Details of 

each of the 25 steps in the PCA can be found in Appendix C.  
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Figure 2.7 PCA Cos2 Correlation Plot. The plot displays the cos2 for each watershed attribute 

through the first 10 principal components. The attributes are listed on the left and the circles are 

shaded according to the scale shown on the right. High cos2 values are depicted by the larger 

dark blue circles and scale to smaller white circles as the cos2 approaches zero.  
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Figure 2.8 PCA Loadings Correlation Plot. The loadings on the first five principal components 

for each of the watershed attributes are shown by the circles on the plot. The circles are shaded 

according to their value on the scale displayed on the right. The size of the circles is smallest at 0 

and increase in size as the absolute value of the data point represented by the circle approaches 

1.  

 



 

34 
 

 

Figure 2.9 Cos2 Distribution Plot. The histogram depicts each of the watershed attributes (x-

axis) with their respective cos2 values in principal components 1 and 2, shown by the blue bars. 

The size of the bars corresponds to their cos2 value displayed on the y-axis.  
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CHAPTER 3 

 

3. Analysis of Watershed Attributes from PCA 

a. PCA Results  

 Prior to the PCA the two goals proposed to achieve the highest spread in 

the data were to have the cumulative variance in PCs 1 and 2 to be at least 80% 

or greater, and to reduce the number of watershed attributes to below 10. To 

meet both requirements, 25 iterations of the PCA were used, removing attributes 

with each iteration. After the 25th iteration of the PCA, 28 attributes were 

removed, and 6 variables (Table 3.1) remained with 85% of the variance in the 

dataset explained by the first two PCs. A detailed report of the 25 iterations of the 

PCA can be found in Appendix C. Figure 3.1 shows the final scree-plot and the 

distribution of the variance through the six remaining PCs. Principal component 1 

explained 60.4% of the variance in the dataset and principal component 2 was 

shown to explain 24.6% of the total variance. The four remaining principal 

components contain the remaining 15% of the variance in the dataset. Further 

reducing the dimensions in the dataset would have most likely resulted in higher 

variance through the first two principal components. However, there was no 

justification in continuing the PCA after achieving 85% of the total variance in the 

principal components 1 and 2.  
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Table 3.1. Final PCA Attributes and Definitions 

Watershed 
Attribute 

Definition 

Mean Watershed 
Elevation 

The mean elevation of the watershed in meters.  

Forest % The percentage of land in the watershed covered by 
forest (Mixed, Deciduous, Evergreen).  

Swamp/Marsh % The percentage of land in the watershed covered by 
Woody Wetlands and Herbaceous Wetlands. 

Potential 
Evapotranspiration 
(PET) 

The mean annual PET of the watershed calculated 
using the Hamon Equation which computes PET from 
mean-monthly air temperature and latitude.  

Average 
Permeability 

The permeability of the soil is given in inches per hour. 
The average permeability is a combined measurement 
of the average rate of soil percolation and the average 
infiltration rate of the soil.   

Average Available 
Water Capacity 

Given in inches of water per soil depth (m). A 
measurement of how much water the soil can hold on 
average.  
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Figure 3.1 Final PCA Scree-plot. The histogram shows the six final principal components on the 

x-axis and their respective cumulative variance (y-axis) shown by the height of the bars. The 

percentages above the bars represent the approximate cumulative variance for each respective 

principal component. 
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 The final biplot (Fig. 3.2), depicts the positions of the eigenvectors of the 

six remaining attributes and the distribution of the 78 watersheds. The position of 

the eigenvectors shows four distinct attributes that are represented in principal 

component 1 (PC1); those four attributes are mean watershed elevation, average 

annual potential evapotranspiration, and the percentage of land cover by forest 

and swamp marsh. Principal component 2 (PC2) is then best represented by the 

two remaining attributes, average permeability and available water capacity. The 

position of the eigenvectors is also indicative of the relationships between the 

attributes. The eigenvectors of average permeability and available water capacity 

are approximately equal in magnitude and opposite in direction, which suggests 

a strongly negative correlation between the two attributes. Similar results are 

found in the four attributes that best represent principal component 1, as the 

eigenvectors that represent mean watershed elevation and land covered by 

forest oppose those of swamp marsh and average annual potential 

evapotranspiration. To further hypothesize the relationship between the 

attributes, eigenvector position, and distribution of the watershed additional data 

and plots from the final PCA iteration were analyzed.  
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Figure 3.2 Final PCA Biplot. The biplot shows the position of the eigenvectors for each of the 

final attributes shown by the blue arrows. The black dots represent the 78 watersheds with their 

positions determined by the principal components. Dim 1 (PC1) and Dim 2 (PC2) represent the x 

and y axes, respectively, with their cumulative variance values shown in the parentheses.  
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Correlation plots of the cos2 values and loadings were used to supplement 

the data and interpretation from the biplot. Figure 3.3 shows a correlation plot of 

the cos2 values of the six attributes. The plot shows that five of the six attributes 

have a high representation in the first principal component, the four previous 

shown to be strongly correlated with principal component 1 and average 

permeability. Despite the high representation that average permeability had in 

principal component 1, the attribute was still represented the least of the five. The 

loadings plot (Fig. 3.4) further indicates that average permeability had a strong 

loading in the first principal component. However, the loadings plot also shows 

that the attribute had a stronger loading in principal component 2, which is 

representative of the attribute’s eigenvector position on the biplot (Fig. 3.2). The 

cos2 values (Fig. 3.3) showed that average available water capacity is well 

represented in the second principal component and the loadings plot (Fig. 3.4) 

depicts the negative correlation between the two attributes. Additionally, the 

loadings plot showed that forest land cover and mean watershed elevation 

opposed swamp marsh and potential evapotranspiration, suggesting a similar 

relationship. The cos2 and loadings correlation plots support the position and 

magnitude of the eigenvectors on the biplot.  
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Figure 3.3 Final PCA cos2 Correlation Plot. The plot displays the cos2 for each watershed 

attribute through the first 5 principal components. The six remaining attributes are listed on the 

left and the color of the circles are shaded according to the scale shown on the right. High cos2 

values are depicted by the larger dark blue circles and scale to smaller white circles as the cos2 

approaches zero.  
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Figure 3.4 Final PCA Loadings Correlation Plot. The loadings on the first five principal 

components for each of the six remaining watershed attributes are shown by the circles on plot. 

The color of the circles is shaded according to their value on the scale displayed on the right. The 

size of the circles is smallest at 0 and increase in size as the absolute value of the data point 

represented by the circle approaches 1. 
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A histogram of the cos2 values of each of the attributes were used as 

additional supplemental data to interpret the biplot. The cumulative cos2 values 

across both of the first two principal components are displayed in Figure 3.5. 

Average permeability and available water capacity were the two highest 

represented watershed attributes in the first two principal components. Forest 

and swamp marsh land cover were the two lowest represented attributes 

according to the cos2 values. The lower representation can be seen on the biplot 

(Fig. 3.2), as forest and swamp land cover have the two smallest magnitude 

eigenvectors. Average permeability and available water capacity have the two 

largest magnitude eigenvectors.  

Figures 3.6 and 3.7 show the cos2 values for the attributes across principal 

components 1 and 2, respectively. The cos2 values in the first principal 

component show that potential evapotranspiration has the highest 

representation, with a cos2 value of approximately 0.8. Forest and swamp marsh 

land cover follow with the second and third highest representations in the first 

principal component, respectively. The extremely low representation of these 

three attributes in principal component two, especially swamp marsh, can be 

seen on the biplot (Fig. 3.2) by their respective eigenvector’s proximity to the x-

axis, or principal component 1. Similarly, the proximity of the average 

permeability and available water capacity to the y-axis are the result of their high 

representation in principal component 2. Analyzing the distribution of the cos2 

values and correlation plots further reinforced the position of the eigenvectors 

with respect to the first two PCs (Fig. 3.2). 
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Figure 3.5 Final Cos
2
 Distribution Plot. The histogram depicts each of the six final watershed 

attributes (x-axis) with their respective cos2 values in principal components 1 and 2, shown by the 

blue bars. The size of the bars is according to their corresponding cos2 value displayed on the y-

axis.  
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Figure 3.6 Final Cos
2
 Distribution Plot of Principal Component 1. The histogram depicts 

each of the final six watershed attributes (x-axis) with their respective cos2 values in principal 

components 1, shown by the blue bars. The size of the bars is according to their corresponding 

cos2 value displayed on the y-axis.  
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Figure 3.7 Final Cos
2
 Distribution Plot of Principal Component 2. The histogram depicts 

each of the final six watershed attributes (x-axis) with their respective cos2 values in principal 

components 2, shown by the blue bars. The size of the bars is according to their corresponding 

cos2 value displayed on the y-axis.  
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The goal of the PCA was to reduce the number of variables describing the 

dataset while retaining the variables that contained the highest amount of 

variance. The final biplot (Fig. 3.2) showed four variables that were correlated 

with PC1 and two corelated with PC2. However, despite the justification of the 

eigenvector positions, it is the interpretation of the two PCs that is the most 

important. Based on the four attributes correlated with PC1: mean watershed 

elevation, average annual potential evapotranspiration, percentage of land cover 

by forest, and percentage of land cover by swamp or marsh, PC1 can be 

interpreted as a land surface-air interaction axis. Similarly, PC2 which was 

comprised of the two remaining attributes, average permeability and available 

water capacity, can be interpreted as a soil composition axis as both attributes 

are directly related to the type of soil in a watershed. Figure 3.8 shows the final 

biplot with the interpretations of the PCs applied to the x and y axes. With the 

PCs defined, the characteristics of a sample watershed could then be described 

based on the watershed’s position in PC1 and PC2.   

The PCA performed in this study was shown to be able to spread the 78 

sample watersheds out in a new 2-D phase space described by two distinct PCs. 

However, the goal of this study was to quantitatively describe the differences 

between watersheds in the Southeast U.S. To prove this the watersheds needed 

to perform hydrologically differently based on their positions in PC1 and PC2. 

This study used the amount of antecedent precipitation prior to 5-year flow 

events to differentiate watersheds varying PC1 and PC2. The role of antecedent 

precipitation was then determined using a multi-linear regression analysis 
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comprised of the watershed’s position in the biplot (Fig. 3.2) and several 

antecedent precipitation parameters. The next two chapters describe how the 

results of the PCA were used to determine the role of antecedent precipitation in 

5-year flow events in the Southeast U.S.  

 

 

Figure 3.8 Conceptual PCA Biplot Model. The figure shows the biplot from figure 3.2 with the 

interpretations of PC1 and PC2 show by the horizontal and vertical bi-directional arrows, 

respectively. PC1 represents land-air surface interactions, while PC2 represents the soil 

composition of the watersheds shown on the biplot. The general characteristics of a watershed 

can be found based on its position on the biplot.   
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CHAPTER 4 

4. Regression Analysis of PCs and Antecedent Precipitation for Five-year 
Floods  

 

 The results of the PCA showed that we can differentiate between 

watersheds and their characteristics based on the interpretations of the PCs. 

However, to prove that watersheds in different sections of the biplot (Fig. 3.2) are 

hydrologically dissimilar, this study analyzed the antecedent precipitation 

conditions prior to 5-year flow events. The goal was to prove that watersheds 

with different positions in PC1 and PC2 would behave differently based on the 

amount antecedent precipitation prior to these 5-year flow events. Watersheds 

were subjectively grouped based on their position on the biplot and then samples 

from each group were chosen to be analyzed. 5-year flow recurrence intervals 

and events were identified for each of the sample watersheds chosen. Three 

different antecedent precipitation parameters were then calculated for each 

event. A multi-linear regression analysis comprised of the antecedent 

precipitation parameters and PCs was used to then determine the role of 

antecedent precipitation in 5-year flow events.  

a. Grouping and Sampling the Watersheds 

 Grouping and choosing sample watersheds for analysis were conducted 

after the final iteration of the PCA. Watersheds were first subjectively grouped 

based on their position on the final biplot. The groups were made with the 

assumption that sample watersheds from different groups would be 
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hydrologically dissimilar. Figure 4.1 displays the five groups that were 

subjectively defined on the biplot and detailed descriptions of those groups can 

be found in Table 4.1. 

Table 4.1. Description of PCA Watershed Groupings.  

Group Number  Description 

1 
Watersheds characterized by high amounts of forest, high 
elevation, with soils that are moderately to highly permeable. 
 

2 

Watersheds characterized by lower elevation with higher 
amounts of swamp and marsh, along with highly permeable 
soils, they also experience moderate to high levels of 
potential evapotranspiration on an annual basis.   
 

3 
Watersheds characterized by moderate to high elevation 
and forest coverage with moderately permeable soils that 
experience some potential evapotranspiration. 
 

4 

Watersheds characterized by moderate to low elevation with 
higher amounts of swamp and marsh than group 3, 
moderately permeable soils that experience moderate to 
high amounts of potential evapotranspiration.  
 

5 

Watersheds characterized by moderate to low elevation with 
higher amounts of swamp and marsh than group 3, low 
permeable soils that on average hold more water, and 
experience moderate to high levels of potential 
evapotranspiration.    
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Figure 4.1 PCA Groupings. The five groups are drawn on the phase space of the final biplot 

shown in figure 3.2. The black dots represent each of the 78 sample watersheds. The group color 

and numbers for each group are: Red (1), Blue (2), Purple (3), Green (4), and Yellow (5).  
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Two samples from each group were chosen to represent the phase space 

of each ellipse, once again with the hypothesis that watersheds from different 

groups would perform hydrologically dissimilar. However, to ensure that the two 

sample watersheds are the best representation of the group samples were 

chosen from two sub-ellipses within each group. The sub-ellipses were drawn 

subjectively with the focus on capturing the higher concentrations of watersheds 

(clusters) within each group (Fig. 4.2). Additionally, samples with proximity to the 

edge of the group were not used to ensure the best representation of the groups 

and to reduce redundancy in watershed attributes for the sample watersheds. 

Group two, however was an exception, as a full record of data for watershed 14 

was unavailable from USGS. One sample from each ellipse were selected for 

analysis based upon these criteria. The sample watersheds chosen are shown in 

Table 4.2. A full table of the watershed groupings can be found in Appendix E. 

The analysis using the 10 sample watersheds are explained in the subsequent 

sections of this chapter.  
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Figure 4.2 PCA Groupings and Sub-groups. The five groups are drawn on the phase space of 

the final biplot shown in figure 3.2 with two sub-ellipses drawn in each group, colored in orange. 

The black solid lines represent the semi-major axis of the ellipses drawn for each group. The 

black dots represent each of the 78 sample watersheds. The group color and numbers go as the 

following: Red (1), Blue (2), Purple (3), Green (4), and Yellow (5).  
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Table 4.2. Table of Sample Watersheds.  

Group 1  

Watershed   Station ID Station Name Drainage Area (km2) 

58 03503000 LITTLE TENNESSEE RIVER AT NEEDMORE, NC 1129.9 

60 03540500 EMORY RIVER AT OAKDALE, TN 1814.8 

Group 2  

Watershed  Station ID Station Name Drainage Area (km2) 

21 02227500 LITTLE SATILLA RIVER NEAR OFFERMAN, GA 1720.7 

23 02270500 ARBUCKLE CREEK NR DE SOTO CITY, FLA. 982.2 

Group 3  

Watershed  Station ID Station Name Drainage Area (km2) 

38 02387000 CONASAUGA RIVER AT TILTON, GA 1781.8 

42 02419000 UPHAPEE CREEK NEAR TUSKEGEE AL 862.2 

Group 4  

Watershed  Station ID Station Name Drainage Area (km2) 

28 02326900 ST. MARKS RIVER NEAR NEWPORT, FLA. 1383.5 

33 02370500 BIG COLDWATER CREEK NR MILTON, FLA. 618.5 

Group 5  

Watershed  Station ID Station Name Drainage Area (km2) 

50 02475500 CHUNKY RIVER NR CHUNKY, MS 957.6 

73 07377000 AMITE RIVER NEAR DARLINGTON, LA 1525.3 
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b. Choosing the Five-year Recurrence Interval 

 Prior to selecting a recurrence interval for the sample watersheds 

analyzed in this study a case study was analyzed. The purpose of performing this 

analysis was to provide provisional data on the magnitude of discharge, number 

of events, and societal impacts associated with varying recurrence intervals. 

Data from the Flint River at Albany, Georgia (USGS 02352500) gage were used 

for this case study. The drainage area delineated by the gage is approximately 

13,700 km2.  

Two datasets from USGS’s streamflow database were used in this case 

study and in the subsequent analysis performed on the 10 sample watersheds 

chosen in the previous section. First, peak flow data were used to calculate 

recurrence intervals. Peak flow (ft3 s–1) is a measurement of the highest annual 

instantaneous flow (discharge) at a gaged location. The recurrence intervals 

were then identified using a Log Pearson Type-III distribution calculator (Western 

Oregon University, 2018), which reduces the influence of outliers in calculations 

of the recurrence intervals. Additionally, the Log-Pearson Type-III distribution 

uses skew coefficients (Fig. 4.3) to account for a gage’s geographical location 

(Gotvald et al. 2009).   

To maximize the number of possible events to be analyzed in this study, 

mean daily flow data (ft3 s–1) were used (in favor of instantaneous flow data) to 

identify 5-year flow events. The primary motive in using mean daily flow data is 

the difference in the amount of data available. The instantaneous data record at 

most gaged locations is shorter when compared to the mean daily flow data. 
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However, using the coarser temporal resolution of mean daily flow data 

introduces the chance of event misidentification. The possibility of misidentifying 

an event lies in that the flow on any given day can instantaneously exceed a 

defined recurrence interval threshold but not in the mean daily flow. However, 

despite the nuance, the mean daily flow data can be used as a sufficient dataset 

to identify events. 

 

Figure 4.3 Skew Coefficient Map. The map above shows the skew coefficient values for the 
U.S., courtesy of the Interagency Advisory Committee on Water Data from 1982. These values 
are used in calculation of the Log-Pearson Type-III recurrence intervals. 

 

Recurrence intervals of 2, 3, 4, 5, and 10 years were used to identify 

events from Oct 1901 – Jun 2018 at Albany, Georgia. An event in this portion of 
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the study was defined as the first day the mean daily flow exceeded the 

corresponding recurrence interval threshold. All consecutive days exceeding the 

recurrence interval were excluded to reduce the redundancy of events in the 

results. Table 4.3 shows the number of events identified for each recurrence 

interval and the corresponding flow magnitudes associated with each recurrence 

interval.  

Table 4.3: Flint River at Albany Georgia Recurrence Intervals.  

Recurrence 
interval 

2 3 4 5 10 

Magnitude (ft3 s–1) 28975.78 37075.62 42822.56 47280.22 61127.00 

Number of events 94 47 30 22 8 

 

Figure 4.4 depicts the extent of the flooding in this watershed as a function 

of gage height. The flood stages defined by NOAA are subjective and focus on 

the societal impact that a certain gage height has rather than using a 

standardized height. The subjectivity of identifying flood stages is the primary 

reason a recurrence interval was instead used to identify events in the study. 

This ensures the transferability of the methodology to the sample watersheds 

chosen. However, the difference in the societal impacts between minor and 

moderate flood stages is quite large, which was taken into consideration when 

deciding of a proper recurrence interval. Additionally, it was important to choose 

a recurrence interval that would provide enough sample events to analyze in the 

study.  

 



 

58 
 

 

Figure 4.4 Flint River Flood Stages at Albany, GA. The flood stages near the gauge, indicated 

by the green dot, are shown. Minor (orange), Moderate (red), and Major (purple) flood stages are 

highlighted with their respective threshold stage heights shown by the color bar positioned in the 

upper-right hand corner.   

 

A study done by Grillakis et al. 2016 demonstrated that medium-sized 

flood events on an annual basis, economically are the costliest. This is due to the 

higher frequency when compared to major events. The same rationale was used 

in this case study to identify a proper flood stage to correlate with the recurrence 

interval chosen. When converting the magnitude of the recurrence interval 

discharge values to gage height, the 10-year flow is the only recurrence interval 

that exceeds the moderate flood stage threshold at Albany, GA. However, there 
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were only eight events identified over a 117-year period for the 10-year 

recurrence interval. Contrarily, there were many 2-year and 3-year flood events, 

but the magnitude of these events did not correlate to those of high societal 

impact and was thus not used in this study. However, 5-year flows provided 

enough sample events to be studied that were close enough to the medium-sized 

or moderate flood stage threshold.  

c. Identifying Five-year Flow Events 

 5-year recurrence intervals were calculated for each of the sample 

watersheds. Dates that exceeded the 5-year threshold from October 1956 to 

September 2018 (water years 1957–2018) were recorded and analyzed. October 

1956 was chosen to ensure consistency in the amount of data analyzed across 

the 10 sample watersheds. The first date in which the mean daily flow value 

reached the threshold was defined as the start of an event. To ensure events 

were discrete, a minimum of five days between the last date of an event and the 

start of the next event were needed to be identified as discrete events in this 

portion of the study. Additionally, raw discharge values were converted to specific 

discharge, which normalizes the discharge values according to the drainage area 

of the watershed. Equation 4.1 was used to normalize the discharge values, q 

represents the specific discharge (mm hr–1), Q is the discharge (ft3 s–1), and DA 

is the drainage area of the watershed (mi2). The four constants were used to 

convert the discharge from ft3 s–1 to mm hr–1. 

𝑞 =  
𝑄

𝐷𝐴
∗ 

304.8 ∗ 86400

24 ∗ 27800000
 (4.1) 
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 Normalization of the discharge values from the events identified in each of the 

ten sample watersheds was necessary to compare the magnitudes of the 5-year 

flow events between watersheds.  

d. Antecedent Precipitation Thresholds 

 Once the 5-year flow events for each watershed were identified, 

antecedent precipitation was calculated for each of the events. An R-Script was 

used in conjunction with the GIS shapefiles from the GAGES-II dataset to extract 

basin-wide average daily precipitation values from two precipitation datasets for 

each of the sample watersheds analyzed in the study.  The daily precipitation 

was retrieved from the NOAA Earth Systems Laboratory (NOAA-ESRL) Unified 

Precipitation Dataset (UPD) and Real Time Analysis (RTA) (NOAA-ESRL 

Physical Sciences Division, 2018). The UPD is a daily precipitation gridded 

dataset with a 0.25° x 0.25° spatial resolution. The UPD begins in 1948 and 

reports daily precipitation through 2006, when it became the RTA. Data for both 

datasets are in the form of NetCDF files and the daily precipitation data were 

extracted from October 1948 to September 2018. However, only data from water 

years 1957–2018 were used to ensure consistency between the available USGS 

streamflow data for each watershed. An explanation of the script used to extract 

basin-wide precipitation from the UPD and RTA datasets can be found in 

Appendix D.    

Three cumulative antecedent precipitation parameters were then 

developed and calculated for three temporal ranges prior to each event: 0–3 

days, 4–14 days, and 4–30 days prior to an event. Past studies have concluded 
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that smaller magnitude flood events are more sensitive to antecedent 

precipitation, whereas larger events are usually the result of a high amount of 

precipitation directly preceding an event (Grillakis et al. 2016, Nikolopoulos et al. 

2011, Pathiraja et al. 2012). Therefore, to measure the precipitation directly prior 

the 0–3-day value was used.  

The use of a 4–14-day antecedent precipitation value was adapted from 

the API, which generally measures antecedent precipitation on three temporal 

scales, 5, 7, and 14 days (Heggen 2001, Ali et al. 2010). The 5-day API has been 

shown to produce inconsistent results, suggesting a larger temporal range of 

antecedent precipitation needed to be analyzed (Duran-Barroso et al. 2016). 

However, some studies suggest an even larger temporal range may be 

necessary to measure the antecedent precipitation (Lozano-Parra et al. 2015, 

Pathiraja et al. 2012).  

The 4–30-day antecedent precipitation value was based on the possibility 

of a long-term control on the magnitude of flood events (Pathiraja et al. 2012). A 

principal component regression analysis (PCR) was then used to determine the 

role each of the three antecedent precipitation parameters (0–3, 4–14, 4–30) had 

on the magnitude of the 5-year flow events. The next section of this chapter 

provides a description of the PCR used in this study. 
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e. Principal Component Regression Analysis 

 A multiple linear regression (MLR) was initially proposed to determine the 

role antecedent precipitation had on the magnitude of the 5-year flow. The 

watershed group, site number, along with the 0–3-day, 4–14 day, and 4–30-day 

antecedent precipitation values from each event were the proposed variables to 

be used in the MLR. Two MLR models were proposed to analyze if there was a 

difference between the roles of intermediate antecedent precipitation (4–14 day) 

and the long-term antecedent precipitation (4–30 day). The two proposed models 

are shown as functions in equations 4.2 and 4.3.   

𝑞5−𝑌𝑒𝑎𝑟 =  𝑓( 𝑔𝑟𝑜𝑢𝑝. 𝑠𝑖𝑡𝑒,  𝐴𝑃0−3,  𝐴𝑃4−14 ) (4.2) 

𝑞5−𝑌𝑒𝑎𝑟 =  𝑓( 𝑔𝑟𝑜𝑢𝑝. 𝑠𝑖𝑡𝑒,  𝐴𝑃0−3,  𝐴𝑃4−30 ) (4.3) 

However, the problem of redundancy arises due to the high correlation between 

the group and site variables. Using the group and site variables would skew the 

results of the multiple linear regression. A principal component regression 

analysis (PCR) was used instead. The PCR is an alternative form of the multiple 

linear regression analysis that incorporates the results of the PCA from the 

previous chapter with the antecedent precipitation parameters described in this 

chapter.  

The analysis used the loadings of the first two principal components for 

each watershed in place of the group and site numbers. The use of the PCR 

eliminates the importance of the groups subjectively drawn from Figures 4.1 and 

4.2. However, the data from each of the events were able to be retained and then 
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used for analysis. Additionally, the spread of the sample watersheds on the biplot 

(Fig. 4.5) shows that the entire 2-D space was still represented by the sample 

watersheds already chosen. The use of the PCR allows for a more natural 

interpretation of the results. Equations 4.4 and 4.5 show the proposed PCR 

models.  

𝑞5−𝑌𝑒𝑎𝑟 =  𝑓( 𝑃𝐶1, 𝑃𝐶2,  𝐴𝑃0−3,  𝐴𝑃4−14 ) (4.4) 

𝑞5−𝑌𝑒𝑎𝑟 =  𝑓( 𝑃𝐶1, 𝑃𝐶2,  𝐴𝑃0−3,  𝐴𝑃4−30 ) (4.5) 

 The two new proposed PCR models include the loadings of the first two 

principal components of each of the 10 sample watersheds. The same 

antecedent precipitation parameters are used from the MLR. PC1 represents the 

land cover, elevation, and potential evapotranspiration of each watershed. PC2 is 

more representative of each watershed’s soil composition.  𝐴𝑃0−3 represents the 

storm precipitation directly preceding the event and is used in both models due to 

the sensitivity of antecedent precipitation on smaller magnitude flood events 

(Grillakis et al. 2016, Nikolopoulos et al. 2011, Pathiraja et al. 2012). Figure 4.6 

shows a schematic of the relative position that each of the four PCR parameters 

has in the watershed. The antecedent precipitation parameters and normalized 

flow values were scaled to ensure that the difference in units did not skew the 

results of the PCR. The coefficients of the equations resulting from the PCR were 

used to determine the role these five variables had on the magnitude of the 5-

year flow and whether the  𝐴𝑃4−14  or  𝐴𝑃4−30  had a greater impact on the 

magnitude of the 5-year flow.  
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Figure 4.5 Sample Watersheds. The figure displays the final biplot with each of the ten sample 

watersheds circled in orange, showing the spatial distribution of the samples chosen in the study.  
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Figure 4.6 PCR Conceptual Diagram. The schematic shows a theoretical vertical cross-section 

of a watershed. The four parameters used in both PCR models are shown in their respective 

areas of the diagram. PC2 represents the general soil composition of the watershed, PC1 is 

representative of the land cover, elevation, and PET of the watershed. The blue curved arrows 

represent the antecedent precipitation and the cloud and raindrops represent the storm 

precipitation.  
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CHAPTER 5 

5. Determining the Role of Antecedent Precipitation in Events 

a. Principal Component Regression Analysis Results 

 A total of 88 events were identified from the 10 sample watersheds. These 

88 events were used in the PCR and the coefficients of the two models are 

shown in Table 5.1. A complete list of the event dates with corresponding 

streamflow and antecedent precipitation values for each watershed can be found 

in Table 5.2. The magnitude of the coefficients represents the influence of each 

of the variables on the magnitude of the 5-year flow. Both models produced 

similar results with approximately equal coefficients. From greatest to least 

magnitude, the variables with the most influence on the 5-year flow events are 

the following: principal component 2 (PC2), 0–3-day antecedent precipitation 

(Storm), principal component 1 (PC1), and the 4–14 and 4–30 antecedent 

precipitation parameters. The correlation coefficients (R2) for the 4–14 and 4–30 

models were 0.3944 and 0.3948, respectively, demonstrating that ~40% of the 

magnitude of these 5-year flow events can be explained by the four parameters 

used in the PCR. 

Table 5.1 PCR Model Coefficients.  

 PC1 PC2 Storm (0-3 AP) AP R
2
 

Model 4–14 -0.089 -0.384 0.346 -0.048 0.3944 

Model 4–30 -0.090 -0.388 0.341 -0.052 0.3948 

 

The magnitudes of the values of the coefficients for PC2 and 0–3 

antecedent precipitation are similar in both models, indicating approximately the 
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same influence on the magnitude of the 5-year flow. Comparing the two principal 

components, PC1 has approximately four times less influence on the 5-year flow 

than PC2, despite PC1 (60.4%) containing more than twice the variance PC2 

(24.6%) had in the dataset (Fig. 3.2). The coefficients for PC1 and two other 

antecedent precipitation parameters were similar in magnitude, but opposite in 

sign, which suggest there may be a negative correlation between the two 

parameters. PC2 and the 0–3-day antecedent precipitation also showed a similar 

relationship. The coefficient of the 4–30-day antecedent precipitation was 

marginally higher than the 4–14-day antecedent precipitation, which is consistent 

with the higher R2
 value in the 4–30-day model. However, the small magnitude of 

the two antecedent precipitation coefficients does not completely diminish the 

role antecedent precipitation has on the magnitude of 5-year flows, but rather 

suggests that redefining the temporal thresholds of the antecedent precipitation 

parameters used in this study could yield a stronger signal. 

  



 

68 
 

Table 5.2. 5-Year Flow Events by Watershed.  

WS 58 (Little Tennessee River; USGS 03503000) – 6 Events   
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP  4-30 AP 

10/5/1964 17200 1.56 221.2 216.7 232.2 

3/5/1979 14200 1.29 147.8 97.8 150.9 

3/17/1990 14800 1.34 163.6 50.0 260.9 

1/27/1996 13800 1.25 138.4 87.6 155.2 

1/8/1998 13400 1.21 152.7 48.5 106.9 

9/17/2004 16400 1.48 131.1 149.1 218.9 

WS 60 (Emory River, USGS 03540500) – 2 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

12/30/1969 86000 4.85 130.3 36.1 86.6 

12/23/1990 103000 5.81 162.1 50.8 132.8 

WS 21 (Little Satilla River, USGS 02227500) – 13 Events  
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

12/6/1964 10300 0.61 149.6 39.1 53.8 

5/15/1979 12900 0.77 76.7 92.7 142.0 

3/14/1980 11300 0.67 110.5 81.0 91.7 

1/29/1984 13200 0.78 101.9 86.6 93.2 

3/8/1984 12400 0.74 114.8 50.3 75.2 

2/11/1986 9760 0.58 87.6 96.8 112.8 

1/7/1987 10200 0.61 76.2 52.3 175.3 

1/31/1991 11300 0.67 95.5 142.5 239.3 

3/5/1991 10900 0.65 136.1 1.8 9.9 

9/8/2004 12500 0.74 209.8 22.9 149.9 

4/3/2009 12800 0.76 154.7 117.1 124.7 

1/25/2017 10000 0.59 115.6 0.5 50.5 

WS 23 (Arbuckle Creek, USGS 02270500) – 15 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

9/18/1959 2780 0.29 84.8 90.9 183.6 

10/21/1959 2880 0.30 61.7 107.2 148.6 

8/1/1960 3060 0.32 111.5 122.7 210.3 

9/11/1960 4120 0.43 128.3 59.7 131.6 

9/26/1960 2880 0.30 64.3 49.0 237.5 

9/25/1969 2830 0.29 99.8 46.7 99.6 

10/3/1969 3420 0.36 93.2 112.8 183.9 

8/1/1978 2880 0.30 28.2 170.2 317.8 

2/20/1998 2890 0.30 72.4 55.1 189.0 

3/21/1998 3640 0.38 164.6 39.1 71.6 

9/15/2001 3030 0.32 116.8 233.4 258.6 

9/27/2004 2850 0.30 159.8 28.2 233.4 

10/10/2011 3170 0.33 172.2 51.6 124.5 

9/12/2017 3340 0.35 202.2 58.9 158.8 

WS 38 (Consauga River, 02387000) – 8 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

3/18/1973 23300 1.34 105.4 49.0 73.7 

3/23/1980 22000 1.26 106.9 98.0 195.8 

2/17/1990 29000 1.66 156.7 91.2 212.1 

3/18/1990 22600 1.30 141.7 43.2 282.4 

3/29/1994 24200 1.39 157.7 38.4 125.7 

5/9/2003 24200 1.39 148.3 39.4 110.2 

12/27/2015 21900 1.26 152.9 51.6 180.3 
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WS 42 (Unhapee Creek, USGS 02419000) – 8 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

2/25/1961 18600 2.21 196.3 155.7 209.0 

4/8/1964 21700 2.57 198.9 20.6 96.8 

3/17/1990 24900 2.95 216.2 11.9 106.2 

11/26/1992 18600 2.21 133.4 42.4 167.4 

7/8/1994 19700 2.34 175.8 140.7 211.8 

3/9/1998 18400 2.18 136.7 55.9 115.3 

12/24/2015 16800 1.99 137.7 58.2 62.0 

WS 28 (St. Marks River, USGS 02326900) – 10 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

10/1/1957 3290 0.24 186.7 40.9 376.7 

7/19/1964 3030 0.22 147.6 48.8 190.5 

3/6/1966 3200 0.24 67.1 92.7 229.9 

4/2/1973 3310 0.24 142.2 79.8 144.8 

4/6/1984 2980 0.22 98.0 87.9 112.0 

3/4/1991 3710 0.27 246.6 1.5 27.2 

8/16/1994 3320 0.25 169.4 123.4 240.0 

8/24/2008 5090 0.38 321.3 76.5 119.4 

4/4/2009 2960 0.22 189.2 77.5 81.8 

WS 33 (Big Coldwater Creek, USGS 02370500) – 13 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

7/31/1975 16100 2.66 349.3 114.3 154.9 

1/26/1978 13400 2.21 227.3 63.2 109.7 

6/9/1978 14200 2.35 170.9 51.6 113.3 

9/11/1988 19800 3.27 197.9 82.3 140.2 

6/9/1989 11800 1.95 111.5 21.3 174.2 

6/17/1989 16800 2.78 153.4 120.9 280.4 

3/17/1990 29700 4.91 350.0 8.1 130.0 

3/9/1998 17900 2.96 247.4 46.5 121.4 

9/29/1998 23000 3.80 294.6 71.4 131.1 

9/17/2004 13900 2.30 188.5 21.1 72.4 

3/29/2009 17700 2.93 184.9 92.5 102.4 

1/22/2010 13400 2.21 90.7 41.4 96.3 

WS 50 (Chunky River, 02475500) – 9 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

4/14/1974 21900 2.34 173.2 44.7 105.9 

3/4/1979 26400 2.82 161.3 137.2 211.3 

4/13/1979 16600 1.77 144.8 118.9 142.7 

2/16/1990 19000 2.03 179.8 90.7 280.9 

2/23/2003 17000 1.81 122.9 52.1 127.5 

4/8/2003 34700 3.70 198.6 5.1 69.6 

2/7/2004 20800 2.22 150.4 42.9 85.9 

4/8/2014 21700 2.32 123.2 78.7 105.2 

WS 73 (Amite River, 07377000) – 4 Events 
Date Q (ft3 s–1) Specific Q (mm hr–1) Storm (0-3 AP) 4-14 AP 4-30 AP 

4/22/1977 54900 3.68 244.6 6.6 78.2 

4/7/1983 58500 3.92 259.3 71.1 106.2 

1/25/1990 66400 4.45 176.5 75.9 243.3 

8/12/2016 57200 3.83 84.8 51.8 181.6 
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b. Number of Five-year Flow Events  

 Of the 88 five-year flow events identified in this study, 87 were produced 

with greater than 50mm of storm precipitation, further reinforcing the influence of 

storm precipitation on 5-year flow events. Table 5.2 shows the storm and 

antecedent precipitation values, discharge and specific discharge values, and 

dates for each of the 88 events identified in this study. The table shows a spread 

in the number of events per watershed, ranging from 2 events in the Emory River 

watershed (WS 60), to 15 events in the Arbuckle Creek watershed (WS 23). Both 

events in the Emory River watershed produced the highest specific discharge 

values analyzed in the study. Contrarily, the events in the Arbuckle Creek 

watershed had some of the lowest flows analyzed in the study. The departure in 

flow magnitudes and the number of events between the Emory River (WS 60) 

and Arbuckle Creek (WS 23) watersheds raises the question of, are there 

watershed characteristics that affect the number of 5-year flow events produced 

in a watershed? Throughout this section we will compare the characteristics of 

watersheds with similar number of events and the hydrological processes 

assumed with those characteristics to determine if a watershed’s position on the 

phase space biplot of PC1 and PC2 affects the number of events produced in a 

watershed.  

First, we will investigate the three watersheds with the highest number of 

events: Arbuckle Creek (WS 23, 15 events), Little Satilla River (WS 21, 13 

events), and Big Coldwater Creek (WS 33, 13 events). In general, the events that 

occurred in the Little Satilla River (WS 21) watershed had similar specific 
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discharge values to those in the Arbuckle Creek (WS 23) watershed, whereas 

the events identified in Big Coldwater Creek (WS 33) watershed had higher 

flows. The difference in magnitude of the flows between these three watersheds 

can be linked to the cumulative antecedent precipitation associated with each 

watershed’s respective events. The events in each of the watersheds generally 

had similar 4–14-day and 4–30-day antecedent precipitation values. However, 

the 0–3-day antecedent precipitation values associated with events from the Big 

Coldwater Creek (WS 33) were greater than those of the Arbuckle Creek (WS 

23) and Little Satilla River (WS 21) watersheds.  

The higher permeability of the soils in the Arbuckle Creek (WS 23) and 

Little Satilla River (WS 23) watersheds when compared to the Big Coldwater 

Creek (WS 33) watershed, shown by their respective positions in PC2 (Fig. 3.2), 

can be used in conjunction with the 0–3-day antecedent precipitation to explain 

the differences in the flow. The permeability of the soil is a characteristic 

associated with PC2 and is related to the rate of percolation of water through the 

soil and into the streams. When comparing how water flows through these three 

watersheds, the soils of the Arbuckle Creek (WS 23) and Little Satilla River (WS 

21) watersheds percolate at a higher rate than the Big Coldwater Creek (WS 33) 

watershed. The result is a faster response of precipitation to an increase in flow 

in the Arbuckle Creek (WS 23) and Little Satilla River (WS 21) watersheds. The 

higher rate of percolation means that the runoff generated by the storm 

precipitation coinciding with these events does not usually align with the 

percolation of stored antecedent precipitation into the stream. However, this is 
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not the case in the Big Coldwater Creek (WS 33) watershed in which the soils 

percolate at a slower rate. This can therefore result in the percolation of water 

into the stream occurring with the storm precipitation directly preceding the event, 

and the two combined produce a greater flow than those observed in the 

Arbuckle Creek (WS 23) and Little Satilla River (WS 21) watersheds. The 

departure in the magnitude from the flows from the Arbuckle Creek (WS 23) and 

Little Satilla River (WS 21) watersheds to those in the Big Coldwater Creek (WS 

33) watershed WS 23, further reinforces the results of the PCR in which PC2 and 

the 0–3-day antecedent precipitation have the largest influence on the magnitude 

of 5-year flow events. 

 Secondly, we will explore the three watersheds with the lowest number of 

events: Emory River (WS 60, 2 events), Amite River (WS 73, 4 events), and Little 

Tennessee River (WS 58, 6 events). The low number of events in WS 58 and 

WS 60 may be attributed to the high elevation of these watersheds based on 

their position in PC1 (Fig. 3.2). In general, higher elevation can be associated 

with a steeper water table and faster rates of percolation through the soil. The 

flow at these locations can instantaneously exceed the 5-year recurrence 

threshold (e.g. a flash flood) but daily flow averages exceedances are rare. An 

example of such an event from WS 58 is shown in Figure 5.1. Additionally, 

considering the other characteristics associated with PC1, the relatively higher 

permeable soils and forest land cover in conjunction with the higher slope due to 

elevation allow for the higher rates of percolation in the Emory River (WS 60) and 

Little Tennessee River (WS 58) watersheds, resulting in higher flows that are 
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shorter in duration. The difference in water table slope is also probable cause for 

the departure of specific discharge from the Emory River (WS 60) watershed to 

Little Tennessee River (WS 58) watershed, as both have similar soil composition 

and land cover features, in addition to antecedent storm precipitation values. 

These same assumptions, however, cannot be drawn from the Amite River (WS 

73), which does not share the same watershed characteristics the Little 

Tennessee River (WS 58) and Emory River (WS 60) watersheds and suggests 

that a different set of hydrological processes could be responsible for producing 

the small number of 5-year flow events observed. 
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Figure 5.1. Example of Instantaneous 5-Year Flow Exceedance. The plot above shows the 

instantaneous flow (blue line) of a 5-year flow event from the Little Tennessee watershed (WS 

58). The y-axis shows the discharge in cubic feet per second and the x-axis shows the date and 

time in UTC from 0000 UTC 24 December 2015 to 0000 UTC 26 December 2015. The yellow line 

represents the 5-year flow threshold whereas the black line shows the mean flow for the 24 

December 2015. The instantaneous flow between 1200 UTC 24 December 2015 and 0600 UTC 

25 December 2015 is shown exceeding the 5-year threshold (USGS, 2019).  
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 The Amite River (WS 73) watershed had a total of four 5-year events 

through the period of study. All four of the events were among some of the 

highest magnitude flows analyzed in the study, despite the relatively low 4–14-

day antecedent precipitation values when compared to the other watersheds. 

The low permeability of the soil in the Amite River (WS 73) watershed can be 

shown by its position in PC2 (Fig. 3.2). Additionally, the negative correlation 

between soil permeability and available water capacity suggests that the amount 

of storage in the Amite River watershed (WS 73) is among the highest of the 

sample watersheds in the study. In each of the four events that occurred, the 4–

30-day antecedent precipitation was much higher than the 4–14-day antecedent 

precipitation. The events from 1977 and 1983 were more indicative of intense 

rainfall being the likely trigger for the event as those were associated with higher 

storm precipitation values. However, the two other events had considerably 

higher amount of 4–30-day antecedent precipitation than the 0–3 day or 4–14-

day periods. The high amount of long-term antecedent precipitation in 

conjunction with the low rate at which the soil percolates in the Amite River (WS 

73) could result in saturation excess of the entire soil depth and thus a rise in the 

water table. The reduced amount of storage and increased groundwater 

exfiltration into the streams caused by the rise of the water table can contribute to 

runoff generation. Therefore, when combined with a modest amount of storm 

precipitation like the one that occurred with these events, a 5-year flow can be 

produced. The Emory River (WS 60) and Little Tennessee River (WS 58) 

watersheds were different in PC2 when compared to the Amite River (WS 73) 
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watershed. 5-year flow events in these watersheds were produced by different 

mechanisms linked by differences in soil composition between these watersheds, 

further demonstrating the influence PC2 has in producing these events.  

c. Magnitude of Five-year Flow Events  

The events that occurred in the St. Marks River (WS 28, 15 events) on 

average were the lowest flows analyzed in the study. The events in this 

watershed trended towards two different antecedent precipitation scenarios. The 

first scenario was characteristic of 5-year flow events with a 0-3-day antecedent 

precipitation that was much greater than the two other antecedent precipitation 

parameters (4-14, 4-30). The difference in the amount of storm precipitation and 

the antecedent precipitation parameters in this first scenario suggest that most of 

the runoff generation may have been the result of infiltration excess. In these 

types of events, the rate at which the water can infiltrate through the top layer of 

the soil is less than the rate of precipitation. The result is the conversion of most 

of the storm precipitation to runoff generation, which is what most likely occurred 

in the events from March 1991 and August 2008 in this watershed.  

The events that occurred in the St. Marks River (WS 28, 15 events) on average 

were the lowest flows analyzed in the study. The events in this watershed 

showed two different antecedent precipitation scenarios. The first scenario was 

characteristic of 5-year flow events with a 0–3-day antecedent precipitation that 

was much greater than the two other antecedent precipitation parameters (4–14, 

4–30). The difference in the amount of storm precipitation and the antecedent 

precipitation parameters in this first scenario suggests that most of the runoff 
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generation may have been the result of infiltration excess. In these types of 

events, the rate at which the water can infiltrate through the top layer of the soil is 

less than the rate of precipitation. The result is the conversion of most of the 

storm precipitation to runoff generation, which is what most likely occurred in the 

events from March 1991 and August 2008 in this watershed.  

The second scenario in which events from the St. Marks River (WS 28) 

watershed occurred were most likely the result of a combination of hydrological 

processes associated with saturation and infiltration excess. The similar 

magnitude in storm total and 4–30-day antecedent precipitation from the events 

in April 1973 and April 1984 are indicative of these mechanisms. When 

comparing the magnitude of Specific Q from March 1991 (0.27 mm hr–1) to those 

of April 1973 (0.24 mm hr–1) and April 1984 (0.22 mm hr–1) they are similar in 

magnitude, despite the differences in the mechanisms in which they are 

produced. These events show that there is no single set of hydrological 

processes that are associated with 5-year flow events, but rather that there are 

several ways in which a 5-year flow event can be produced.  

 Eight 5-year flow events were identified in both the Consauga River (WS 

38) and Unhapee Creek (WS 42) watersheds. Both watersheds were shown to 

have similar antecedent precipitation values among the parameters (0–3, 4–14, 

4–30), yet the specific discharge values for all the events in the Unhapee Creek 

(WS 42) watershed were greater than any of the events from Consauga River 

(WS 38) watershed. The soil composition of these two watersheds are similar 

based on their position in PC2 (Fig. 3.2), but the difference in flow between both 
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watersheds suggests that the elements of PC1 are the primary driver of the 

departure in the magnitude of the flows. However, considering the size of these 

two watersheds, the Consauga River (WS 38) watershed is approximately twice 

the size of the Unhapee Creek (WS 42) watershed. Therefore, due to the smaller 

size of the Unhapee Creek (WS 42) watershed, the same amount of antecedent 

and storm precipitation will generally produce higher flows in Unhapee Creek 

(WS 42) when compared to the Consauga River (WS 38) watershed.  

 A total of nine events were identified in the Chunky River (WS 50) 

watershed. The magnitude of the 5-year flows varied from 1.77 to 3.70 mm hr–1 

the second largest spread in magnitude behind the events that occurred in the 

Big Coldwater Creek (WS 33, 1.95 to 4.91 mm hr–1). The events in the Chunky 

River (WS 50) watershed that resulted from a similar 0–3 day and 4–30-day 

antecedent precipitation generally had lower flows than events resulting from a 

higher storm total precipitation than the other two antecedent parameters. 

However, there were two events that were exceptions. An event from February 

1990 produced a flow of 2.03 mm hr–1, despite the high antecedent precipitation 

values for all parameters. Conversely, the event that occurred in April 2003 

produced a 3.70 mm hr–1 flow. This event had the second highest 0–3-day 

antecedent precipitation value, but the lowest 4–14 and 4–30-day antecedent 

precipitation of all the events from this watershed. The difference in the 

magnitude of these events despite the antecedent precipitation parameters 

exemplifies that a higher amount of antecedent precipitation does not always 

yield a higher magnitude flow.  
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The position of the Chunky River (WS 50) watershed in PC2 (Fig. 3.2) 

shows that the soil in this watershed is among the least permeable of the sample 

watersheds analyzed in the study. The relatively large available water capacity 

would suggest that in the case of the April 2003 event the Chunky River (WS 50) 

watershed should be able receive the rainfall without producing a 5-year flow. 

However, the low intermediate and long-term antecedent precipitation 

parameters hint at the possibility of drought conditions across this watershed 

directly preceding the storm precipitation. The reduced infiltration rate of the soil 

during drought conditions can act to convert much of the precipitation to overland 

flow, causing a rapid rise in streamflow, like the mechanisms associated with 

infiltration excess. Contrarily, in the case of the February 1990 event, the large 

storage capacity of the watershed was available due to the consistent antecedent 

precipitation. The higher infiltration rate through the top layer of the soil allowed 

for the watershed in this case to efficiently retain the precipitation, thus reducing 

the magnitude of the resulting flow.  

d. Discussion 

 Investigation of flow events in this section suggests that the magnitudes of 

5-year flow events were more influenced by the attributes of PC2 (soil 

characteristics) and the storm precipitation (0–3-day antecedent precipitation). 

However, these attributes were not shown to influence the number of events that 

occurred in each of these watersheds. The distribution of antecedent 

precipitation (0–3, 4–14, 4–30) for each of the 88 events presented three general 

regimes in which 5-year flow events could be produced. Most of the events were 
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the result of a combination of both moderate storm and antecedent precipitation, 

in which the magnitude of the events was influenced by the percolation of water 

through the watershed. Secondly, there were events identified that resulted from 

low storm precipitation and high antecedent precipitation. Finally, there were 

events that were produced largely in part by a high storm precipitation coinciding 

with the event. The influence of storm precipitation and the hydrological 

processes assumed with PC2 demonstrate that the two parameters have a large 

role in determining the magnitude of 5-year flow events. However, based on the 

R2 values of both PCR models it is important to note that only 40% of the 

magnitude of these events can be explained by the parameters used in the PCR.  
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CHAPTER 6 

6. Applying Principal Component and Regression Analyses to Watershed 
Hydrologic Responses 

 

 The coefficients resulting from the PCR were used to determine the 

influence of each of the four parameters in producing 5-year flow events in the 

Southeast U.S. A watershed’s soil composition (PC2) and the magnitude of the 

storm precipitation were shown to have the most influence on the magnitude of 

5-year flow events in this region. PC1 (land-air surface interactions) and the 

amount of cumulative antecedent precipitation (4–14, 4–30) were shown to have 

lesser influence on these events. Incorporating the PCs into the regression 

analysis allows for the interpretation of the hydrologic processes associated with 

the attributes comprising PC1 and PC2 to be used to differentiate between 

watersheds. We can then use these watershed characteristics and knowledge of 

hydrology to broadly describe the differences in the magnitude of events between 

the sample watersheds and event regimes observed in this study. This chapter 

uses the information from the 5-year flow events to identify three hydrologic 

“regimes” and describes the hydrological processes associated with each of the 

three regimes using the four PCR parameters. Then we use the watershed 

characteristics to demonstrate the influence of PC1 and PC2 on the distribution 

and magnitude of the 5-year flow events.  
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a. Five-Year Flow Event Regimes 

 By plotting the relationship between storm (0–3 day) and antecedent 

precipitation (4–14 Day, Fig. 6.1; 4–30 day, Fig. 6.2), three different regimes can 

be subjectively identified. Regime 1 represents 5-year flow events with large (> 

200 mm) storm (0–3 day) precipitation values. Regimes 2 and 3 represent flow 

events with modest (< 200 mm) storm (0–3 day) precipitation and large and 

modest antecedent precipitation values, respectively. Each of the sample 

watersheds had events produced by at least one of these three regimes. 

However, the number of events that each watershed had in a regime was not 

distributed equally. For example, most of the events from the Little Satilla River 

(WS 21, dark blue diamonds) and Arbuckle Creek (WS 23, light blue dots) 

watersheds are confined to regimes two and three, whereas events from the Big 

Coldwater Creek (WS 33, dark green squares) watershed were spread mostly 

between regimes one and three. Five-year flow events were generally produced 

by the following three combinations: a high storm precipitation with a small 

amount of antecedent precipitation (Regime 1), a small to moderate storm 

precipitation with a moderate amount of antecedent precipitation (Regime 3), and 

a small to moderate storm precipitation with a high amount of antecedent 

precipitation (Regime 2). These regimes represent 5-year flow events that can be 

produced by a variety of mechanisms that affect the rates of percolation and 

infiltration through the soil associated with the attributes of PC1 and PC2.  
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Figure 6.1: 5-year Flow Event Distribution and Regimes (4–14 AP). The chart above displays 

each of the 88 events analyzed in the study. The position of each event on the chart is 

determined by the cumulative 4–14-day antecedent precipitation (y-axis) and the 3-day storm 

precipitation (x-axis). Precipitation values for both the x and y axes are shown in mm. The legend 

on the right identifies the 10 sample watersheds, with their corresponding markers on the chart. 

The phase space representing each of the three regimes are separated by the horizontal and 

vertical black lines, with the corresponding regime shown by the number inside the dark blue 

circles. Regime one is defined as events with greater than 200mm of 3-day antecedent 

precipitation. Regime two is defined as events with less than 200mm of 3-day antecedent 

precipitation and greater than 100mm of 4–14-day antecedent precipitation. Regime three is 

defined as events with less than 200mm of 3-day antecedent precipitation and less than 100mm 

of 4–14-day antecedent precipitation. 
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Figure 6.2: 5-year Flow Event Distribution and Regimes (4–30 AP). The chart above displays 

each of the 88 events analyzed in the study. The position of each event on the chart is 

determined by the cumulative 4–30-day antecedent precipitation (y-axis) and the 3-day storm 

precipitation (x-axis). Precipitation values for both the x and y axes are shown in mm. The legend 

on the right identifies the 10 sample watersheds, with their corresponding markers on the chart. 

The phase space representing each of the three regimes are separated by the horizontal and 

vertical black lines, with the corresponding regime shown by the number inside the dark blue 

circles. Regime one is defined as events with greater than 200mm of 3-day antecedent 

precipitation. Regime two is defined as events with less than 200mm of 3-day antecedent 

precipitation and greater than 200mm of 4–30-day antecedent precipitation. Regime three is 

defined as events with less than 200mm of 3-day antecedent precipitation and less than 200mm 

of 4–30-day antecedent precipitation. 
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A. REGIME 1  

The first regime is best defined as events that resulted from a high 

precipitation event with only a moderate to small amount of antecedent 

precipitation. The results of the PCR identified that storm (0–3 day) precipitation 

had the second highest influence on the magnitude of those events. Fifteen (out 

of 88) events occurred in regime 1. Eight of the ten sample watersheds analyzed 

have at least one event that fell within this regime. The Little Satilla River (WS 

21, dark blue diamonds) and Consauga River (WS 38, pink dots) watersheds 

were the only two without an event and the Big Coldwater Creek (WS 33, dark 

green squares) watershed had five (out of 15) events in regime one. The flows 

produced in these events are primarily the result of oversaturation of the top layer 

of the soil, leading to a reduced rate of infiltration (Fig. 6.3). The reduced 

infiltration rate during these high storm precipitation events results in a high 

percentage of the runoff generated reaching the streams as overland flow. The 

efficient conversion of precipitation to runoff generally leads to the rise of the 

streams during these types of events. A case study done by Zamora et al. (2014) 

found similar results in high precipitation events. The amount of runoff into the 

streams from overland flow caused by these high precipitation events reduces 

the influence of the antecedent precipitation stored in the watershed on the 

magnitude of the flow (Grillakis et al. 2016, Nikolopoulos et al. 2011, Pathiraja et 

al. 2012).  
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Figure 6.3: Infiltration Excess Schematic. A schematic of the processes involved in producing 

an event dominated by infiltration excess. The arrows represent the magnitude and general 

vector direction of the storm precipitation (blue), overland flow (red), percolation (magenta), and 

groundwater exfiltration (yellow) through the watershed for this type of regime. The level of the 

water table is shown by the dashed lines. The height of the beginning flow is shown by the dark 

blue area of the schematic labeled t0 and the height of the resulting flow is shown by the light blue 

area indicated by t1. The blue curved arrows show theorized directions of percolation through the 

soil. The legend in the top-right corner shows a set of watershed attributes and their 

corresponding color schemes on the schematic.  
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B. REGIME 2 

The second and third regimes represent events that occurred with a low to 

moderate amount of storm precipitation. While the storm precipitation is similar in 

these two regimes, the events in regime two occurred with a higher amount of 

antecedent precipitation than those in regime three. Twenty (out of 88) events 

occurred in regime two, with nine of the ten sample watersheds having at least 

one event in this regime. The Emory River (WS 60, brown squares) was the only 

watershed not to have an event in this regime. When comparing regimes two and 

three, the mechanisms involved are similar, with saturation excess having a 

larger influence in producing the 5-year flow. However, in the case of events from 

regime two, the rise of the water table from oversaturation of the soil from the 

high amount of antecedent precipitation becomes a primary factor in generating 

runoff. The raised water table in this scenario rises above the level of the stream 

and can cause a rise in streamflow to occur (Fig. 6.4). Additionally, the reduction 

in storage space during these types of events further exacerbates the effect of 

subsequent precipitation in the watershed. Depending on the precipitation 

intensity, the precipitation either contributes to a continued rise of the water table 

or is converted to runoff through infiltration excess. However, saturation excess is 

more likely to be the main driver of the events in regime two, comparable to the 

influence that infiltration excess has in the events from regime one.  
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Figure 6.4: Saturation Excess Schematic. A schematic of the processes involved in producing 

an event dominated by saturation excess. The arrows represent the magnitude and general 

vector direction of the storm precipitation (blue), overland flow (red), percolation (magenta), and 

groundwater exfiltration (yellow) through the watershed for this type of regime. The level of the 

water table prior to the storm precipitation (t0) and after the storm precipitation (t1) are shown by 

the dashed and dotted line, respectively. The height of the beginning flow is shown by the dark 

blue area of the schematic labeled t0 and the height of the resulting flow is shown by the light blue 

area indicated by t1. The blue curved arrows show theorized directions of percolation through the 

soil. The legend in the top-right corner shows a set of watershed attributes and their 

corresponding color schemes on the schematic. 
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C. REGIME 3 

The events of regime three in general are not dominated by the processes 

of infiltration or saturation excess, instead these events are the result of a 

constructive interference between the two processes (Fig. 6.5). Regime three 

events are best categorized as those that occurred with both low to moderate 

storm and antecedent precipitation. The weaker antecedent and storm 

precipitation signals in this regime generally make these events harder to identify 

when forecasting 5-year flow events. Yet regime three had the greatest number 

of events (53 out of 88) among the regimes. The events from regime three can 

result from percolation of the antecedent precipitation combined with overland 

flow from the storm precipitation. In these cases, the precipitation occurring with 

the storm does not always cause the top layer of the soil to become 

impermeable; instead, the water may or may not percolate to force the stored 

groundwater into the stream as runoff. The groundwater combined with the 

overland flow then could produce runoff necessary for a 5-year flow event. The 

absence of a high precipitation event coinciding with these flows suggest that the 

watershed attributes contained in PC2 and to a lesser degree PC1 have a 

greater influence on the flow in regimes two and three. 
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Figure 6.5: Infiltration and Saturation Excess Schematic. A schematic of the processes 

involved in producing an event influenced approximately equal by infiltration and saturation 

excess. The solid arrows represent the magnitude and general vector direction of the storm 

precipitation (blue), overland flow (red), percolation (magenta), and groundwater exfiltration 

(yellow) through the watershed for this type of regime. In this regime the magnitudes of the 

processes are similar throughout an event. However, their contributions may differ 

instantaneously through the different stages of an event. The level of the water table prior to the 

storm precipitation (t0) and after the storm precipitation (t1) are shown by the dashed and dotted 

line respectively. The height of the beginning flow is shown by the dark blue area of the 

schematic labeled t0 and the height of the resulting flow is shown by the light blue area indicated 

by t1. The blue curved arrows show theorized directions of percolation through the soil. The 

legend in the top-right corner shows a set of watershed attributes and their corresponding color 

schemes on the schematic. 
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b. Influence of Principal Components on Event Distribution 

In regimes two and three, the role of the antecedent storm precipitation 

has in producing a 5-year flow is reduced. In these smaller storm precipitation 

events the antecedent precipitation and storm precipitation are closer in 

magnitude, thus increasing the role antecedent precipitation has in producing 

these events (Grillakis et al. 2016). In the absence of extreme storm precipitation, 

watersheds become increasingly sensitive to the amount of antecedent 

precipitation prior to the storm that triggers an event. The runoff produced via 

saturation excess has a larger role in these types of events, instead of the runoff 

produced by infiltration excess caused by extreme precipitation events 

(Nikolopoulos et al. 2011). Smaller magnitude 5-year flow events tend to be more 

significantly impacted by antecedent precipitation as the available storage space 

and storm precipitation are similar in magnitude (Pathiraja et al. 2012). The 

examples described in this section show that a watershed’s position in PC1 and 

PC2 are linked to the differences in the distribution of antecedent precipitation 

necessary to produce an event in regimes two and three. Furthermore, the 

attributes of both these principal components can be used to interpret difference 

in the hydrological processes involved in the producing these flows. 

A. PC1 INFLUENCE ON EVENT DISTRIBUTION 

The differences between the land cover, elevation, and amount of 

potential evapotranspiration between the sample watersheds contribute to the 

differences in the distribution of the events in regimes two and three. For 

example, when comparing the distribution of events from the Little Satilla River 
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(WS 21, dark blue diamonds) and Arbuckle Creek (WS 23, light blue dots) 

watersheds in both the 4–14- (Fig. 6.1) and 4–30-day (Fig. 6.2) range, the events 

from the Arbuckle Creek (WS 23, light blue dots) watershed generally were 

produced with higher amounts of antecedent precipitation. These two watersheds 

are similar in soil composition (PC2), but their positions in PC1 show that the 

Arbuckle Creek (WS 23, light blue dots) watershed on average experiences 

higher amounts of evapotranspiration on an annual basis. Therefore, to produce 

an event in the Arbuckle Creek WS 23 (light blue dots) watershed, a higher 

amount of antecedent precipitation is needed to offset the extraction of water 

from the watershed through evapotranspiration. The difference in distribution of 

the events between the Little Satilla River (WS 21, dark blue diamonds) and 

Arbuckle Creek (WS 23, light blue dots) watersheds in regimes two and three 

demonstrates how some of the attributes of PC1 can affect the antecedent 

conditions necessary to produce a 5-year flow.  

B. PC2 INFLUENCE ON EVENT DISTRIBUTION 

Comparing the distribution of events from the Little Satilla River (WS 21, 

dark blue diamonds) watershed to the St. Marks River (WS 28, green triangles) 

watershed exemplify how the attributes of PC2 can influence the amount of 

antecedent precipitation needed to produce a 5-year flow in a watershed. These 

two watersheds are in similar positions in PC1 (land-air surface interactions), but 

different in PC2 (soil composition). The events in regimes two and three for the 

Little Satilla River (WS 21, dark blue diamonds) and St. Marks River (WS 28, 

green triangles) watersheds resulted from generally similar amounts of 4–14 (Fig. 
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6.1) and 4–30-day (Fig. 6.2) antecedent precipitation, but most of the events in 

the St. Marks River (WS 28, green triangles) watershed coincided with a higher 

magnitude storm precipitation than those in the Little Satilla River (WS 21, blue 

diamonds) watershed. The similarities in PC1 between the Little Satilla River 

(WS 21, dark blue diamonds) and St. Marks River (WS 28, green triangles) 

watersheds suggest that the attributes comprising PC2 (soil permeability, 

available water capacity) are the cause of the difference in the distribution of 

events. Based on the position of the two watersheds in PC2, the permeability of 

the soil in the St. Marks River (WS 28, green triangles) watershed is lower than 

that of the Little Satilla River (WS 21, dark blue diamonds) watershed, but the 

soils of the St. Marks River (WS 28, green triangles) watershed have a higher 

amount of availably water capacity when compared to the Little Satilla River (WS 

21, dark blue diamonds) watershed. 

The increased storage in the St. Marks River (WS 28, green triangles) 

watershed allows the watershed to retain more water and the lower permeability 

reduces the rate in which the water percolates through the soil. Hence, a higher 

magnitude storm is more likely to produce an event in the St. Marks River (WS 

28, green triangles) watershed than in the Little Satilla River (WS 21, dark blue 

diamonds) watershed. Depending on the intensity of the storm precipitation, the 

event would result from a large amount of overland flow due to infiltration excess 

or percolation of the water through the soil acting to push the stored groundwater 

into the stream. The soils of the Little Satilla River (WS 21, dark blue diamonds) 

watershed are highly permeable and a smaller magnitude storm is more likely to 
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trigger an event as the watershed is not able to retain the capacity of water that 

the St. Marks River (WS 28, green triangles) watershed is able to. The processes 

in which an event would occur in these two watersheds are similar, but the 

reduced storage space of the Little Satilla River (WS 21, dark blue diamonds) 

watershed when compared to the St. Marks River (WS 28, green triangles) 

watershed allows for an efficient conversion of precipitation to runoff in the Little 

Satilla River (WS 21, dark blue diamonds) watershed, rather than being retained 

by the soil like in the St. Marks River (WS 28, green triangles) watershed. The 

difference in the distribution of the events between the Little Satilla River (WS 21, 

dark blue diamonds) and St. Marks River (WS 28, green triangles) watersheds 

demonstrate that the attributes of PC2 do affect the antecedent precipitation 

thresholds prior to these 5-year flow events.  

c. Magnitude of the Five-year Flow Events 

Generally, as antecedent moisture increases so does the flood severity 

(Hlavcova et al. 2005). However, there are exceptions to this as there were 

several 5-year flow events produced with exceptionally dry intermediate 

antecedent precipitation conditions (Fig. 6.1). The vegetation cover and the lack 

of short-range antecedent precipitation tend to play a larger role in producing 

these events as the top layer of the soil becomes hard and impermeable 

(Lozano-Parra et al. 2015). This is consistent when comparing the magnitude of 

the 5-year flow events to the short-range antecedent precipitation. Figure 6.6 

shows that some of the largest flows from each watershed were produced with 

minimal amounts of 4–14-day antecedent precipitation. This suggests that a 
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large amount of antecedent precipitation does not always guarantee a 5-year 

flow and that the magnitude of these events is driven more by the processes 

involved with PC2, PC1, and the storm precipitation triggering the event.  

The results of the PCR showed that the antecedent precipitation 

parameters in both models contributed the least to the magnitude of the flow. The 

attributes associated with PC2 along with the coinciding storm precipitation were 

also shown to have the greatest influence on the flow. The magnitude of the 

events in the 4–14 (Fig. 6.6) and 4–30-day (Fig. 6.7) range fall into all three 

regimes. This implies that for each watershed there are different mechanisms 

that can produce similar magnitude flood events. Additionally, there are 

differences between the magnitude of the specific discharge values for similar 

antecedent conditions across the watersheds. Which further indicates that the 

attributes of PC1 (land-air surface interactions) and PC2 (soil composition) do 

affect how these watersheds perform hydrologically.   
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Figure 6.6: Largest 5-Year Flow Events (4–14 AP). The bubble chart shows the two largest 

magnitude 5-year flow events from each watershed. The x-axis represents the 3-day antecedent 

precipitation and the y-axis represents the 4–14-day antecedent precipitation in mm. The 10 

sample watersheds are shown above the chart in the legend with corresponding chart colors 

displayed to the left of the watershed name (e.g. WS 21 is represented by the blue circles).  The 

size of the circles shown is proportional to the magnitude of the specific discharge of the event. 

The bubble sizes are scaled from the highest specific discharge value, represented by the largest 

circle. All other circles are sized proportional to magnitude of the largest flow. The phase space 

representing each of the three regimes defined in Figure 6.1 are separated by the horizontal and 

vertical black lines, with the corresponding regime shown by the number inside the dark blue 

rectangles. 
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Figure 6.7: Largest 5-Year Flow Events (4–30 AP). The bubble chart shows the two largest 

magnitude 5-year flow events from each watershed. The x-axis represents the 3-day antecedent 

precipitation and the y-axis represents the 4–30-day antecedent precipitation in mm. The 10 

sample watersheds are shown above the chart in the legend with corresponding chart colors 

displayed to the left of the watershed name (e.g. WS 21 is represented by the blue circles). The 

size of the circles shown is proportional to the magnitude of the specific discharge of the event. 

The bubble sizes are scaled from the highest specific discharge value, represented by the largest 

circle. All other circles are sized proportional to magnitude of the largest flow. The phase space 

representing each of the three regimes defined in Figure 6.2 are separated by the horizontal and 

vertical black lines, with the corresponding regime shown by the number inside the dark blue 

rectangles. 

 

 

  



 

98 
 

A. INFLUENCE OF PC2 ON EVENT MAGNITUDE 

 Examining the largest events from the Uphapee Creek (WS 42, purple 

circles) watershed and comparing them to the Chunky River (WS 50, grey 

circles), and Amite River (WS 73, yellow circles) watersheds (Fig. 6.7) 

demonstrate the influence of PC2 (soil composition) on the magnitude of these 5-

year flow events. The Uphapee Creek (WS 42, purple circles) is similar in PC1 to 

the Chunky River (WS 50, grey circles) and Amite River (WS 73, yellow circles) 

watersheds, but different in PC2. The two events from the Amite River (WS 73, 

yellow circles) watershed required a higher magnitude antecedent precipitation 

and storm precipitation than the Unhapee Creek (WS 42, purple circles) 

watershed did to produce their largest flows, respectively. This can be linked to 

the higher amount of storage available in the Amite River WS 73 (yellow circles) 

watershed when compared to the Unhapee Creek (WS 42, purple circles) 

watershed, which means that the Amite River (WS 73, yellow circles) watershed 

generally requires a higher amount of either antecedent or storm precipitation to 

produce an event. Equally, when comparing the events of the Chunky River (WS 

50, grey circles) watershed to those in the Amite River (WS 73, yellow circles) 

watershed the same conclusion can be drawn, as the soils in the Chunky River 

(WS 50, grey circles) watershed are slightly more permeable and retain less 

water than the Amite River WS 73 (yellow circles) watershed. Both events in the 

Unhapee Creek (WS 42, purple circles) watershed occurred in regime one, in 

which the processes involved with infiltration excess tended to dominate, 

producing the runoff necessary for each of the two events. However, the lower 
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permeability of the soils in the Chunky River (WS 50, grey circles) and Amite 

River (WS 73, yellow circles) watersheds during these high magnitude 

precipitation events causes a more efficient conversion to runoff, thus producing 

a higher magnitude flow. When comparing the events of the Unhapee Creek (WS 

42, purple circles) watershed to those in the Chunky River (WS 50, grey circles) 

and Amite River (WS 73, yellow circles) watersheds, the lower permeable soils in 

this case contributed to the higher flows in regime one, demonstrating the 

influence PC2 has on the magnitude of these 5-year flow events.   

B. INFLUENCE OF PC1 ON EVENT MAGNITUDE 

The influence of PC2 and the storm precipitation do impact the magnitude 

of the flow; however, comparing events from regime three with different 

watersheds of similar soil composition, PC1 was also shown to affect the 

magnitude of the 5-year flow events. This is best exemplified when comparing 

the largest events from the Little Satilla River (WS 21, dark blue circles) 

watershed to those in the Arbuckle Creek (WS 23, light blue circles) watershed. 

As discussed in the previous section, the higher amount of evapotranspiration in 

the Arbuckle Creek (WS 23, light blue circles) watershed was linked to the 

difference in the overall distribution of events between these two watersheds. 

The magnitude of the smallest (Fig. 6.8, 6.9) and largest (Fig. 6.6, 6.7) events 

from the Arbuckle Creek (WS 23, dark blue circles) watershed were smaller than 

those from the Little Satilla River (WS 21, light blue circles) watershed despite 

similar amounts of antecedent precipitation. This example demonstrates that the 

magnitude is also affected by the difference in evapotranspiration between the 
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two watersheds. The extraction of water through evapotranspiration 

demonstrates that PC1 also has a role in affecting the magnitude of these 5-year 

flow events.  

 

Figure 6.8: Smallest 5-Year Flow Events (4–14 AP). The bubble chart shows the two smallest 
magnitude 5-year flow events from each watershed. The x-axis represents the 3-day antecedent 
precipitation and the y-axis represents the 4–14-day antecedent precipitation in mm. The 10 
sample watersheds are shown above the chart in the legend with corresponding chart colors 
displayed to the left of the watershed name (e.g. WS 21 is represented by the blue circles). The 
size of the circles shown is proportional to the magnitude of the specific discharge of the event. 
The bubble sizes are scaled from the highest specific discharge value, represented by the largest 
circle. All other circles are sized proportional to magnitude of the largest flow. The phase space 
representing each of the three regimes defined in Figure 6.1 are separated by the horizontal and 
vertical black lines, with the corresponding regime shown by the number inside the dark blue 
rectangles. 
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Figure 6.9: Smallest 5-Year Flow Events (4–30 AP). The bubble chart shows the two smallest 

magnitude 5-year flow events from each watershed. The x-axis represents the 3-day antecedent 

precipitation and the y-axis represents the 4–30-day antecedent precipitation in mm. The 10 

sample watersheds are shown above the chart in the legend with corresponding chart colors 

displayed to the left of the watershed name (e.g. WS 21 is represented by the blue circles). The 

size of the circles shown is proportional to the magnitude of the specific discharge of the event. 

The bubble sizes are scaled from the highest specific discharge value, represented by the largest 

circle. All other circles are sized proportional to magnitude of the largest flow. The phase space 

representing each of the three regimes defined in Figure 6.2 are separated by the horizontal and 

vertical black lines, with the corresponding regime shown by the number inside the dark blue 

rectangles. 

 

C. SUMMARY 

By comparing the magnitudes of the events with different combinations of 

storm and antecedent precipitation across watersheds varying in PC1 and PC2, 

we demonstrated the impact PC1 and PC2 can have on the magnitude of these 

5-year flow events. The largest events from each watershed (Fig. 6.6, 6.7) 

showed that similar magnitude events can be produced with different 

combinations of antecedent precipitation and storm precipitation. Therefore, 

events produced by different hydrologic mechanisms, based on the three 
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regimes defined in this study can result in a similar magnitude flow. Analyzing the 

smaller events from Figures 6.8 and 6.9, most of the events are contained within 

regime three. This suggests that generally, events in regimes one and two will 

tend to produce higher flows. However, the fact that some of the highest amounts 

of antecedent precipitation (4–14, 4–30) did not result in the largest flows, 

indicates the processes involved with the three other parameters used in the 

PCR are more likely to determine the magnitude of the flow.  
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CHAPTER 7 

7. Concluding Discussion 

a. Principal Components, Regression Analyses, and Five-Year Flows 

 One of the questions proposed in this study was to determine the role 

antecedent precipitation has in producing 5-year flow events. To determine the 

role antecedent precipitation had on the magnitude of the 5-year flow events 

analyzed in this study, a PCR was used. The R2 values for both models showed 

that the four parameters analyzed explained approximately 40% of the 

magnitude of the flow. The resulting coefficients (Table 5.1) were used to rank 

and determine the influence each of the parameters had on the magnitude of the 

5-year flow. PC2 (soil composition) had the largest influence on the magnitude of 

the 5-year flow. The difference in the distributions of the events between 

watersheds in regimes two and three demonstrated the influence of PC2 on the 

flow. The hydrological processes associated with the soils of varying permeability 

and available water capacity between watersheds act to produce different flows 

depending on the amount of the antecedent and storm precipitation. The reduced 

influence of infiltration excess linked events in regimes two and three allowed for 

a watershed’s position in PC2 to drive the differences in event distribution and 

flow magnitude. However, the results of the PCR also showed that the magnitude 

of the storm precipitation also had an approximately equal contribution to the 5-

year flow events. 

 Storm precipitation was determined to be the second most influential 

parameter in affecting the magnitude of the 5-year flow. The importance of a 
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precipitation event coinciding with a 5-year flow event was demonstrated by the 

distribution of events (Fig. 6.1, 6.2), in which 87 of the 88 events occurred with 

greater than 50 mm of storm precipitation. Additionally, the event from the 

Arbuckle Creek (WS 23, light blue circles) that did not occur with 50 mm was not 

among the two largest events for that watershed (Fig. 6.7). Furthermore, Figures 

6.6 and 6.7 showed that some of the largest flows analyzed in the study occurred 

with minimal antecedent precipitation, further validating the influence of storm 

precipitation. The events that occurred in regime one (Fig. 6.1 and 6.2) also 

support this conclusion. Most regime one events occurred with relatively low 

antecedent precipitation values. Depending on the regime, runoff generation from 

the storm precipitation occurred in the form of infiltration excess—like in regime 

one—or a combination of infiltration and saturation excess needed to trigger an 

event. The coefficients for PC2 and storm precipitation showed that their 

influence on the flow is similar in magnitude. The difference between the 

magnitudes of the PC2 and storm precipitation coefficients when compared to 

the other two parameters analyzed in the PCR exemplifies the dominance that 

PC2 and storm precipitation have on the flow.  

 PC1 (land-air surface interactions) and both antecedent precipitation 

parameters (4–14, 4–30) were shown to have the least influence on the 

magnitude of the 5-year flow events analyzed in this study. The attributes 

comprising PC1 are related to land cover, elevation, and air-surface interaction 

with PET. The land cover attributes of PC1 influence the amount of PET a 

watershed experiences, while elevation is related to the slope of the water table 
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in a watershed. Both can influence the magnitude of the flow. However, the 

influence of the slope of the water table is not independent of the storm 

precipitation or the soil composition (PC2). Based on the magnitude of the 

coefficients (Table 5.1), PC2 and the storm precipitation were shown to have a 

greater influence. However, the extraction of water from the watershed through 

evapotranspiration was shown to influence the flow by the differences in the 

magnitude and distribution of the events from the Little Satilla River (WS 21) and 

Arbuckle Creek (WS 23) watersheds. The weak signal of PC1 when compared to 

PC2 and storm precipitation does make this connection difficult to identify. This 

was similar when identifying the influence that the antecedent precipitation 

parameters had on the magnitude of the flow.  

 The results of the PCR showed that in both models the amount of 4–14 

and 4–30-day antecedent precipitation had the least amount of influence on the 

magnitude of the 5-year flows, respectively. Figures 6.6 and 6.7 showed that the 

cumulative amount of antecedent precipitation is not always a factor in these 

events. When differentiating between the amount of antecedent precipitation 

needed to produce an event across watersheds, the hydrological processes 

contained with the attributes of PC2, and to a lesser degree PC1, can be used to 

describe the departures in regimes two and three. Factoring in the storm 

precipitation when comparing events from all three regimes, the PCR hints that 

the hydrological processes of these watersheds are too complex to be explained 

solely by the antecedent precipitation parameters used. Therefore, based on the 

results of the PCR, it can be concluded that the amount of cumulative antecedent 
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precipitation has a minimal effect on the magnitude of the 5-year flow events 

identified in this study. 

In addition to analyzing the role antecedent precipitation has in producing 

5-year flow events, the other objective in this study was to investigate if there 

was a method to quantitatively differentiate watersheds in the Southeast U.S. A 

PCA of 34 watershed attributes from the GAGES-II dataset was used to spread 

the watersheds out in a 2-D phase space. The resulting biplot (Fig. 3.2) showed 

the six attributes (table 3.1), the position of their eigenvectors, and the positions 

of each of the 78 watersheds used in the analysis. The two principal components 

contained 85% percent of the variance explained between the 78 watersheds. 

The distribution of the samples chosen (Fig. 4.3) were done to gain the best 

representation of the entire phase space. To prove the PCA was able to 

quantitatively differentiate between watersheds, the sample watersheds needed 

to perform hydrologically similarly or dissimilarly based on their positions in PC1 

and PC2.   

 The results of the PCR showed that the watershed’s position on the biplot 

did factor into the magnitude of the events analyzed in the study. The differences 

in the distribution and magnitude of the events in regimes two and three could be 

explained hydrologically through the attributes comprising PC1 and PC2. The 

clear interpretation of the two principal components demonstrated the success of 

the dimension reduction from a 34-dimensional object to a 6-dimensional object. 

Performing a PCA introduces the risk of losing the ability to interpret the resulting 

principal components. The resulting biplot, however, was able to demonstrate a 
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clear soil composition axis, by differentiating watersheds based on their available 

water capacity and permeability in PC2. Similarly, PC1 could be described as 

land-air interaction and elevation axis, the former which then relates to PET. The 

motivation for using the PCA was that past literature showed that land cover and 

soil composition were linked and not independent of each other (Nikolopoulos et 

al. 2011). The 2-D phase space created by the PCA, analyzed a watershed’s soil 

composition and land cover simultaneously. Therefore, an analysis of the event 

magnitude and distribution based on the antecedent and storm precipitation then 

could be used to demonstrate the hydrological differences between watersheds 

of varying PC1 and PC2. Based on the results of the PCR and the ability to 

distinguish the hydrological processes involved for different watersheds and with 

events of varying magnitude (Fig. 6.6 and 6.7) and distributions (Fig. 6.1 and 

6.2), it can be concluded that the PCA can be used to quantitatively differentiate 

between watersheds in the Southeast U.S. 

b. Potential for PCA in Flood Forecasting 

 In this study a PCA was used to differentiate between watersheds in the 

Southeast U.S. using a set of watershed attributes that ranged across several 

distinct classes. The purpose of using the PCA was to create a new 2-D phase 

space (Fig. 3.2) containing many watersheds across the region, in which 

watersheds would perform hydrologically similarly or dissimilarly based on their 

proximity to each other. This study demonstrated that the sample watersheds did 

perform hydrologically differently based on their varying positions in PC1 and 

PC2. Theoretically, if watersheds close in proximity perform similarly, then it can 



 

108 
 

also be inferred that forecasting floods in those watersheds should be similar as 

well. 

The relationship between a watershed’s position on the biplot (Fig. 3.2) 

and the amount of antecedent precipitation (0–3, 4–14, 4–30) could be used to 

better predict the thresholds required produce a 5-year flow event in different 

watersheds close in proximity in PC1 and PC2. However, the results of the PCR 

did show that both models were only able to explain approximately 40% of the 

magnitude of these 5-year flow events. Therefore, a higher R2 value would be 

needed to state that PCA of watersheds could be used operationally to forecast 

floods. Using a set of variables that contained more variance in the dataset in the 

PCA or a more sophisticated estimation of the antecedent soil moisture in the 

PCR could improve the skill of the model in predicting the magnitude of 5-year 

flow events in this region. 

c. Future Work 

The results of the PCR showed that the amount of antecedent 

precipitation preceding a flooding event had minimal impact on the magnitude of 

the 5-year flow events analyzed in this study. The hydrological processes 

associated with PC2 and PC1 along with the magnitude of the storm precipitation 

coinciding with the event were concluded to be more influential on the flow. 

However, there were events that did occur with a small magnitude storm 

precipitation and large antecedent precipitation values. Those events suggest 

that antecedent precipitation has a larger influence on producing a flood event 

than the PCR showed. Different antecedent precipitation distributions have been 
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shown to produce similar events (Pathiraja et al. 2012). The temporal thresholds 

used in this study assumed that precipitation on antecedent days held equal 

weight. For example, the methodology used in our long-term (4–30 day) 

antecedent precipitation parameters assumes that the antecedent precipitation 

on days 4 and 30 prior to an event have the same impact on the flow. However, 

the importance of PC2 in the PCR demonstrates that the soil composition is more 

likely to impact the movement of precipitation through the watershed. Thus, the 

differences in flow between events of the watersheds analyzed are driven more 

by the differences in PC2, not the magnitude of the antecedent precipitation prior 

to an event. Dividing the antecedent precipitation temporal thresholds could be 

used to resolve the issue of antecedent precipitation distribution. However, 

incorporating a more sophisticated estimation of soil moisture into the regression 

analysis such as the API or NAPI (Ali et al. 2010, Heggen 2001) could prove 

better in representing the antecedent moisture prior to these 5-year flow events.  

 A total of 88 events across the 10 sample watersheds were identified 

using the 5-year flow as a threshold. The events identified were based on the 

mean daily flow exceedance of the 5-year threshold for each watershed, 

respectively. To ensure there were enough events to analyze, the longer 

temporal length of the mean daily flow dataset allowed for more events to be 

identified when compared to the instantaneous dataset. However, the coarser 

temporal resolution (daily mean flow) of the dataset did cause events to be 

missed, such as the event from WS 58 shown in Figure 5.1. The flow 

instantaneously exceeded the 5-year threshold but did not in the mean daily flow. 
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The use of the instantaneous flow dataset in the future would help to mitigate the 

problem of event misidentification. Additionally, the use of instantaneous data 

instead of daily means would be more consistent with the literature since the 

peak flow used to derive the recurrence intervals is determined based on the 

instantaneous data (Gotvald et al. 2009).  

 Analysis of the 88 events in the PCR was based on a watershed’s position 

in PC1 and PC2, in addition to the antecedent and storm precipitation 

parameters. A study from Nied et al. in 2017 emphasized the importance of 

analyzing the soil moisture of watersheds on an inter-seasonal basis. The events 

from the Chunky River (WS 50) watershed exemplified the importance of 

performing an inter-seasonal analysis, as all of the events occurred in the cold 

season. This signals that the temporal distribution of the 5-year flow events 

throughout the year could be used to differentiate between watersheds of varying 

soil composition and land cover. Additionally, there could be a link to the type of 

precipitation produced based on the season. The temporal distribution of the 

events of a watershed could be influenced by whether the antecedent and storm 

precipitation is convective, synoptic (Nied et al. 2017, Lomazzi et al. 2014), or 

tropical. However, this type of analysis was outside the scope of the questions 

proposed in this study, but does provide an avenue for future research into 

improving the accuracy of flood prediction in the Southeast U.S.   

 The methodology used in this study focused on analyzing watersheds in 

the Southeast U.S. The GAGES-II dataset has watershed attributes for over 

9300 different watersheds across the U.S., and theoretically a PCA could be 
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used to differentiate between watersheds from other regions of the U.S. 

However, the same variables used in this study may not contain the same 

amount of variance for another set of watersheds. Therefore, it would be 

necessary to run the PCA with another set of variables tailored to the region of 

focus.  

One of the primary motivations in analyzing watersheds in the Southeast 

U.S. was to avoid the effect of a snow pack on the hydrological processes of a 

watershed. An analysis in a region that on annual basis experiences the effects 

of a snow pack would need to account for the snow water equivalent (SWE) in 

the watershed. The SWE gains and losses in addition to the antecedent 

precipitation, would be needed to accurately describe the effect on the flow. 

Regardless, by selecting appropriate watershed attributes, precipitation data, and 

streamflow data, the analyses performed in this study can be reproduced for 

another region in the country. 
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APPENDIX A 

Choosing Sample Watersheds R-Scripts 

 HUC Region Identifier R-Script 

 

Figure A.1 HUC Region Identifier Code.  

 

This R-Script reads in a list of USGS station ID numbers and for each of 

the station ID numbers the corresponding HUC region ID number is extracted. 

This code uses functions from an external R-package called ‘dataRetrieval’ to 

extract data from online USGS databases. The resulting table in R consisting of 

HUC ID numbers with corresponding station ID and station names were then 

copied into Microsoft Excel 2016 where the largest watershed representation for 

each unique HUC region was identified. More information the ‘dataRetrieval’ 

package can be found at rdocumentation.org. 
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Mean Daily Flow Record Extraction R-Script 

 

Figure A.2 Mean Daily Flow Record Code.   

 

This R-Script reads in a list of USGS station ID numbers and then extracts 

the mean daily flow record begin date, end date, and number of observations. 

This code use functions from an external R-package called ‘dataRetrieval’, which 

was used to extract data from online USGS databases. The output from this 

script shows, the station name and ID with corresponding mean daily flow begin 

and end dates along with the number of observations. More information the 

‘dataRetrieval’ package can be found at rdocumentation.org.  
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APPENDIX B 

Principal Component Analysis R-Script 
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Figure B.1 Principal Component Analysis Code.  

 This R-Script was used to run the final iteration of the PCA done in this 

study. The GAGES-II attributes analyzed in the PCA for each of the 78 sample 

watersheds are contained within the data frame called ‘df1’. The script runs two 

principal component analyses simultaneously using the data contained in ‘df1’, 

shown in variables ‘pca’ and ‘PCA’. The ‘princomp’ function used in ‘PCA’ 

variable is the default R-package used for principal component analysis and 

returns several values, including the raw loadings of each variable on the 

principal components. The ‘PCA’ function used in the ‘pca’ variable is an external 

principal component analysis package and provides advanced visualization and 
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additional data on the results of the principal component analysis. The external 

libraries required for the ‘PCA’ function are listed at the top of the script. More 

information on the ‘PCA’ function can be found at (STHDA, 2017). The rest of the 

code is used to produce PCA reports containing a variety of plots and raw 

values. These reports were used to gather the most amount of data available 

prior to removing attributes throughout each of the iterations of the PCA.  
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APPENDIX C 

Principal Component Analysis Iterations 

 The goal of the PCA in this study was to find a combination of less than 

ten GAGES-II watershed attributes that were able to describe 80% of the 

cumulative variance in dimensions one and two. This appendix shows the 25 

iterations of the PCA with annotations of the attributes removed throughout the 

PCA, the number of attributes remaining, and the scree-plot distribution in the 

first three principal components respectively.  

• PCA Run-1  

o The initial scree-plot (see Fig. 2.7) shows that cumulative variance 

distribution for the first three dimensions are 30.8%, 17.6%, and 

12.2%, respectively. 

o The initial biplot (see Fig. 2.8) shows a wide range of eigenvector 

directions and magnitudes associated with the attributes in PC1 

and PC2.  

▪ Attributes with eigenvectors close in proximity are well 

correlated and that they are redundant. The reports 

generated from the script in Appendix B were used to reduce 

subjectivity involved in deciding which attributes to remove 

throughout the analysis. 

• For example, figure C.2a shows that PET and Mean 

Annual Air Temperature are very well correlated 

however PET is better represented according to the 
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cos2 values in dimensions 1 and 2 (Fig. C.2b). 

Therefore, removing Mean Annual Air Temperature 

would be justified. 

 

 

Figure C.1. Correlated Watershed Attributes. Two proximity eigenvectors shown (a) by the 

black ellipse with corresponding cos2 values in PC1 and PC2 for the two attributes circled in (a) 

highlighted by the yellow box. PET is shown to have a higher representation in PC1 and PC2 

than its proximity eigenvector attribute, Mean Annual Air Temperature.  

• PCA Run-2  

o Removed Mean Annual Air Temperature, in favor of PET. 

o Number of variables - 33 

o Screeplot – 29.2, 18.1, 12.5, Total = 59.8% 

• PCA Run-3  

o Removed Number of Major Dams and Dam Storage, in favor of 

Major Dam Density.  

o Number of variables – 31  

o Screeplot – 30.9, 16.4, 12.9, Total = 60.2% 
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• PCA Run-4  

o Removed Sand% in favor for Ave. Permeablility due to proximity on 

Biplot and Cos2 value of Ave. Permeability being higher.  

o Number of Variables – 30 

o Screeplot – 30.9, 15.8, 12.7, Total = 59.6% 

• PCA Run-5 

o Removed Slope% in favor for Mean Elevation of WS due to 

proximity and higher cos2 value through first 4 PCA runs. 

o Number of Variables – 29 

o Screeplot – 29.6, 16, 13, Total = 58.6% 

• PCA Run-6  

o Removed STD_Month_Min_T in favor of STD_Month_Max_T 

o Number of Variables – 28 

o Screeplot – 29, 16.3, 13.2, Total = 58.5% 

• PCA Run-7  

o Removed STD_Month_Max_T in favor of mean elevation based on 

position of eigenvectors and cos2 values.  

o Number of Variables – 27 

o Screeplot – 28.3, 16.5, 13.4, Total = 57.2% 

• PCA Run-8 

o Removed Population Density in favor of Urban% 

o Number of Variables – 26 

o Screeplot – 29.3, 15.7, 13.2, Total = 58.2% 
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• PCA Run-9 

o Removed Grassland in favor of Ave. Soil Thickness due to 

proximity of eigenvectors and cos2 value. 

o Number of Variables – 25 

o Screeplot – 29.7, 16, 12.3, Total = 58% 

• PCA Run-10  

o Removed Open Water% and Impervious Surface% due to proximity 

of eigenvectors to Ave. Permeability and cos2 values through the 

first nine iterations.  

o Number of Variables – 23 

o Screeplot – 29.8, 16.1, 12.1, Total = 58% 

• PCA Run-11 

o Removed Average Water Table Depth in favor for Forest%.  

o Number of Variables – 22 

o Screeplot – 28, 16.6, 12.6, Total = 57.2% 

• PCA Run-12 

o Removed Clay% in Favor of Ave. AWC  

o Number of Variables – 21 

o Screeplot – 28.5, 15.3, 12.3, Total = 56.1% 

• PCA Run-13  

o Removed Silt in Favor of Ave. AWC 

o Number of Variables – 20 

o Screeplot – 28.3, 14, 12.8, Total = 55.1% 
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• PCA Run-14 

o Removed Average Annual Number of Precipitation Days in favor of 

Mean Elevation.  

o Number of Variables – 19 

o Screeplot – 27.5, 14.5, 13.4, Total = 55.4% 

• PCA Run-15 

o Began to analyze redundant variables in higher dimensions such as 

the correlations between Agriculture% and Irrigation%; and Contact 

Index Mean Relative Humidity. Therefore, have removed 

Irrigation% and Mean Relative Humidity. Also, have noticed a 

horseshoe shaped distribution of the sample watersheds beginning 

to form, opposing the urban variables.  

o Number of Variables – 17 

o Screeplot – 28.9, 15.9, 12.7, Total = 57.5% 

• PCA Run-16 

o Attributes strongly represented in dimensions 4 and 5 such as 

Freshwater Withdrawal and Drainage Area show little 

representation in the first three dimensions so have elected to 

remove these variables.  

o Number of Variables – 15 

o Screeplot - 32.9, 17.9, 14, Total = 64.8 

• PCA Run-17 
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o Observation of the eigenvector position on the biplot shows that 

Basin Compactness is well corelated with Average_AWC, based on 

cumulative representation in the first three dimensions, have 

elected to remove Basin Compactness. Additionally, using similar 

logic have elected to remove Agriculture% in favor of Ave. Soil 

Thickness.  

o Number of Variables – 13 

o Screeplot – 36.4, 20.2, 13.1, Total = 69.7% 

• PCA Run-18 

o The representation of Urban% in the first 3 dimensions was shown 

to be greater than that of the Major Dam Density so have decided 

to remove Major Dam Density in favor of Urban.  

o Number of Variables – 12 

o Screeplot – 39.3, 19.7, 14.1, Total = 73.1% 

• PCA Run-19 

o Have decided to remove Mean Annual Precipitation in favor of 

Average AWC based on position on biplot and the representation in 

the first 3 principal components shown by the cos2 values.  

o Number of Variables – 11  

o Screeplot – 42.1, 20.5, 13.8, Total = 76.4 

• PCA Run-20  

o Decided to remove Urban % in favor of Road Density due to the 

stronger representation of Road Density in PC1 and PC2.  
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o Number of Variables – 10 

o Screeplot – ended up with a horseshoe shaped distribution on the 

Biplot 

▪ 46, 21.4, 9.6, Total = 77% 

• PCA Run-21  

o Added Urban% and removed Road Density due to large shift in 

distribution of sample watersheds. A large shift in the distribution of 

samples is a strong indicator that a variable should not have been 

removed. Then based on the decisions made in the prior iteration, 

decided to remove Road Density instead.  

o Number of Variables – 10 

o Screeplot – 44.3, 20.7, 11, Total = 76% 

• PCA Run-22 

o A similar shift in the distribution of samples occurred, in which have 

decided to remove Urban% since it is the least represented in the 

first two dimensions when compared to the other nine remaining 

attributes. 

o Number of Variables – 9 

o Screeplot – 49.1, 22.8, 10.5, Total = 82.4% 

• PCA Run-23 

o Elected to remove Average Soil Thickness due to low 

representation in first two principal components.  

o Number of Variables – 8 
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o Screeplot- 51, 24.2, 9.6, Total = 84.8% 

• PCA Run-24 

o Continuing the same methodology from PCA Run-23 removed 

Seasonal Precipitation Index.  

o Number of Variables – 7 

o Screeplot – 52, 27.3, 9.7, Total = 89% 

• PCA Run-25 

o Elected to remove Contact Index based on cos2 values in PC1 and 

PC2. Resulting in a cumulative variance greater than 80% in the 

first two principal components and 90% contained in the first three 

principal components. Therefore, the results generated from this 

iteration of the PCA were used through the conclusion of this study.  

o Number of Variables – 6 

o Screeplot – 60.4, 24.6, 5.9, Total = 90.9% 
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APPENDIX D 

Sample Watershed Precipitation Extraction R-Script 

 

Figure D.1 Watershed Precipitation Extraction Script. 

 Ten different variations of the R-Script above were used to extract the 

daily precipitation data from each of the ten-sample watershed. The single 

difference between the scripts is shown by the ‘gage’ variable which contains the 

station ID of the sample watershed. The script extracts the daily precipitation 

values from the UPD and RTA NetCDF format files arranged in ascending order. 
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These precipitation values are then averaged over the watershed’s shape 

transformation using the watershed’s respective shapefile from the GAGES-II 

dataset. These daily precipitation values with corresponding dates are then 

exported to a ‘csv’ file.  
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APPENDIX E 

Table of Watershed Groupings from the Principal Component Analysis 

Table E.1. PCA Groupings and Sample Watersheds. The watershed number, 

station ID, station name, and drainage for each of the sample watersheds used in 

the PCA are shown below. The watershed number refers to the biplot in figure 

3.2.  

Group 1 (9 Watersheds) 

Watershed 
No.  

Station 
ID 

Station Name Drainage Area 
(km2) 

17 02177000 CHATTOOGA RIVER NEAR CLAYTON, GA 526.8 

29 02331600 CHATTAHOOCHEE RIVER NEAR CORNELIA, GA 819.8 

56 03451500 FRENCH BROAD RIVER AT ASHEVILLE, NC 2444.7 

57 03465500 NOLICHUCKY RIVER AT EMBREEVILLE, TN 2081.6 

58 03503000 LITTLE TENNESSEE RIVER AT NEEDMORE, NC 1129.9 

59 03513000 TUCKASEGEE RIVER AT BRYSON CITY, NC 1694.7 

60 03540500 EMORY RIVER AT OAKDALE, TN 1814.8 

61 03548500 HIWASSEE RIVER ABOVE MURPHY, NC 1052.7 

69 07356000 OUACHITA RIVER NEAR MOUNT IDA, AR 1071.6 

Group 2 (10 Watersheds) 

Watershed 
No.  

Station 
ID 

Station Name Drainage Area 
(km2) 

2 02053200 POTECASI CREEK NEAR UNION, NC 583.7 

14 02173500 NORTH FORK EDISTO RIVER AT ORANGEBURG, SC 1789.8 

21 02227500 LITTLE SATILLA RIVER NEAR OFFERMAN, GA 1720.7 

22 02231000 ST. MARYS RIVER NR MACCLENNY, FLA. 1748.4 

23 02270500 ARBUCKLE CREEK NR DE SOTO CITY, FLA. 982.2 

24 02256500 FISHEATING CREEK AT PALMDALE, FLA. 824.3 

25 02295637 PEACE RIVER AT ZOLFO SPRINGS FL 2280.1 

26 02300500 LITTLE MANATEE RIVER NEAR WIMAUMA FL 405.3 

27 02324000 STEINHATCHEE RIVER NEAR CROSS CITY, FLA. 791.0 

31 02359500 ECONFINA CREEK NEAR BENNETT, FLA. 300.2 

Group 3 (21 Watersheds) 

Watershed 
No.  

Station 
ID 

Station Name Drainage Area 
(km2) 

1 02074000 SMITH RIVER AT EDEN, NC 1408.7 

3 02083000 FISHING CREEK NEAR ENFIELD, NC 1371.8 

6 02096500 HAW RIVER AT HAW RIVER, NC 1561.8 

7 02100500 DEEP RIVER AT RAMSEUR, NC 920.5 

10 02118000 SOUTH YADKIN RIVER NEAR MOCKSVILLE, NC 789.9 

12 02151500 BROAD RIVER NEAR BOILING SPRINGS, NC 2260.3 

13 02163500 SALUDA RIVER NEAR WARE SHOALS, SC 1505.4 
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18 02196000 STEVENS CREEK NEAR MODOC, SC 1408.4 

32 02368000 YELLOW RIVER AT MILLIGAN, FLA. 1643.2 

36 02371500 CONECUH RIVER AT BRANTLEY AL 1292.8 

37 02373000 SEPULGA RIVER NEAR MCKENZIE AL 1213.6 

38 02387000 CONASAUGA RIVER AT TILTON, GA 1781.8 

39 02383500 COOSAWATTEE RIVER NEAR PINE CHAPEL, GA 2155.7 

40 02392000 ETOWAH RIVER AT CANTON, GA 1589.4 

41 02412000 TALLAPOOSA RIVER NEAR HEFLIN, ALA. 1160.1 

42 02419000 UPHAPEE CREEK NEAR TUSKEGEE AL 862.2 

45 02446500 SIPSEY RIVER NR ELROD, AL 1368.0 

47 02456500 LOCUST FORK AT SAYRE, AL. 2299.5 

62 03571000 SEQUATCHIE RIVER NEAR WHITWELL, TN 1000.6 

63 03588500 SHOAL CREEK AT IRON CITY, TN 900.6 

64 03602500 PINEY RIVER AT VERNON, TN 501.0 

Group 4 (13 Watersheds) 

Watershed 
No.  

Station 
ID 

Station Name Drainage Area 
(km2) 

4 02091500 CONTENTNEA CREEK AT HOOKERTON, NC 1908.6 

5 02092500 TRENT RIVER NEAR TRENTON, NC 447.6 

8 02106500 BLACK RIVER NEAR TOMAHAWK, NC 1759.4 

9 02108000 NORTHEAST CAPE FEAR RIVER NEAR CHINQUAPIN, NC 1569.5 

15 02175500 SALKEHATCHIE RIVER NEAR MILEY, SC 864.1 

16 02176500 COOSAWHATCHIE RIVER NEAR HAMPTON, SC 518.1 

19 02198000 BRIER CREEK AT MILLHAVEN, GA 1675.7 

20 02203000 CANOOCHEE RIVER NEAR CLAXTON, GA 1450.1 

28 02326900 ST. MARKS RIVER NEAR NEWPORT, FLA. 1383.5 

30 02359000 CHIPOLA RIVER NR ALTHA, FLA. 2162.9 

33 02370500 BIG COLDWATER CREEK NR MILTON, FLA. 618.5 

34 02376500 PERDIDO RIVER AT BARRINEAU PARK, FL 978.3 

35 02361000 CHOCTAWHATCHEE RIVER NEAR NEWTON, AL. 1781.6 

Group 5 (25 Watersheds) 

Watershed 
No.  

Station 
ID 

Station Name Drainage Area 
(km2) 

11 02109500 WACCAMAW RIVER AT FREELAND, NC 1783.8 

43 02421000 CATOMA CREEK NEAR MONTGOMERY AL 759.2 

44 02436500 TOWN CREEK NR NETTLETON, MS 1611.2 

46 02448000 NOXUBEE RIVER AT MACON, MS 1996.2 

48 02467500 SUCARNOOCHEE RIVER AT LIVINGSTON AL 1574.1 

49 02471001 CHICKASAW CREEK NEAR KUSHLA AL 324.2 

50 02475500 CHUNKY RIVER NR CHUNKY, MS 957.6 

51 02477000 CHICKASAWHAY RIVER AT ENTERPRISE, MS 2378.5 

52 02472000 LEAF RIVER NR COLLINS, MS 1927.1 
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53 02474500 TALLAHALA CREEK NR RUNNELSTOWN, MS 1591.1 

54 02482000 PEARL RIVER AT EDINBURG, MS 2335.2 

55 02490500 BOGUE CHITTO NR TYLERTOWN, MS 1272.0 

65 07047800 ST. FRANCIS RIVER AT PARKIN, AR 2496.1 

66 07264000 BAYOU METO NEAR LONOKE, AR 505.1 

67 07268000 LITTLE TALLAHATCHIE RIVER AT ETTA, MS 1360.9 

68 07283000 SKUNA RIVER AT BRUCE, MS 668.8 

70 07369500 TENSAS RIVER AT TENDAL, LA 721.0 

71 07292500 HOMOCHITTO RIVER AT ROSETTA, MS 2073.1 

72 07295000 BUFFALO RIVER NR WOODVILLE, MS 466.6 

73 07377000 AMITE RIVER NEAR DARLINGTON, LA 1525.3 

74 07376000 TICKFAW RIVER AT HOLDEN, LA 651.6 

75 07375500 TANGIPAHOA RIVER AT ROBERT, LA 1674.8 

76 08012000 BAYOU NEZPIQUE NEAR BASILE, LA 1308.2 

77 08013500 CALCASIEU RIVER NEAR OBERLIN, LA. 1966.5 

78 08014500 WHISKEY CHITTO CREEK NEAR OBERLIN, LA 1305.1 
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