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ABSTRACT 

The Lasting Impacts of Large-Volume Runoff Events: Evaluating River Discharge and 

Suspended Sediment Transfer Patterns Following Hurricane Irene and Tropical Storm 

Lee, Schoharie Watershed, New York State, USA 

Jesse Van Patter  Advisor: 
University of Guelph, 2017  Dr. Jaclyn Cockburn 
   
  Committee Member: 
  Dr. Wanhong Yang 

  

Large-volume runoff events have lasting impacts on sediment transfer by providing long-term 

supplies of transferable sediment. Hurricane Irene and Tropical Storm Lee generated extreme 

runoff throughout the Northeastern United States. This research evaluated multi-year discharge 

and suspended sediment transfer patterns for Schoharie Creek, New York State, USA to 

investigate the lasting impacts associated with extreme (>500-year recurrence interval) runoff 

generated by Irene and Lee. The relationship for river discharge and suspended sediment transfer 

was evaluated for 69 runoff events in 2013-2015; results indicated that sediment supply 

depletion did not occur. The multi-decadal suspended sediment flux was estimated during 1973-

2012 to investigate long-term sediment transfer processes. The suspended sediment flux was 

primarily transported during high discharge periods in each water year. Annual runoff and the 

frequency for large-volume runoff events have increased in the Northeastern United States from 

the mid-20th century to the present, thus suspended sediment transfer has likely increased. 
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Chapter 1: Introduction 

1.1 Background 

 Suspended sediment transfer is an important component of many physical, biological, 

and chemical processes in rivers. Suspended sediment accounts for most fluvial sediment 

transfer. The global annual sediment flux is approximately 17.8 billion metric tons, to which 

suspended sediment contributes approximately 16.2 billion metric tons (Syvitski et al., 2005). 

Furthermore, many nutrients and contaminants are transported in suspension through rivers 

(Owens et al., 2005). Thus, changes in suspended sediment transfer can have considerable 

impacts on water quality, benthic habitat, and infrastructures. Research commonly characterizes 

suspended sediment transfer through rivers and identifies factors that alter sediment transfer 

processes over time.  

 Hydrological regimes in the Northeastern United States exhibit a seasonal cycle. 

Streamflow patterns are dominated by spring snowmelt runoff and the annual flood generally 

occurs during the spring (Smith et al., 2010; Collins et al., 2014; Yellen et al., 2014). Large-

volume runoff events during the spring are primarily generated by snowmelt and rain-on-snow 

events (Matonse & Frei, 2013; Pradhanang et al., 2013). Streamflow patterns recede to the 

lowest annual flows during the summer (Hodgkins & Dudley, 2011; Shaw & Riha, 2011). 

However, rainfall events during the summer and fall are capable of generating high runoff 

volumes (Matonse & Frei, 2013). Tropical cyclones are particularly important during the 

summer and fall because they generally produce the largest floods in the region (Smith et al., 

2010; Collins et al., 2014). Research in the Northeastern United States points to increasing 

annual runoff and more frequent large-volume runoff events (Burns et al., 2007; Collins, 2009; 

Hodgkins & Dudley, 2011; Matonse & Frei, 2013; Cockburn & Garver, 2015; Frei et al., 2015; 
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Berton et al., 2016), attributed to more rainfall in the Northeastern United States (Karl & Knight, 

1998; Groisman et al., 2004; Burns et al., 2007; Seager et al., 2012). 

 Suspended sediment transfer generally increases as a power-law function with river 

discharge (Nash, 1994). Thus, rivers transfer disproportionately more suspended sediment during 

high-streamflow periods relative to lower-streamflow periods. Furthermore, during extreme 

runoff events suspended sediment transfer can exceed the long-term average sediment transfer in 

an entire water year (Ralston et al., 2013; Yellen et al., 2014). Consequently, in the Northeastern 

United States most suspended sediment transfer occurs when streamflow peaks during the 

spring, as well as during the late-summer and fall when the frequency for large-volume runoff 

events increases.  

 In addition to river discharge, suspended sediment transfer varies based on sediment 

supply availability. Sediment supply depletion occurs during individual runoff events (Asselman, 

1999; Smith & Dragovich, 2009) and progressively through a series of runoff events in a water 

year (Rovira & Batalla, 2006; Oeurng et al., 2010). In these cases, suspended sediment transfer 

decreases because available sediment supplies are depleted. During large-volume runoff events, 

new sediment is introduced to rivers through slope failure, incision, land-surface erosion, and 

channel-bank erosion. Recent research (Dethier et al., 2016; Nelson & Dubé, 2016) has 

demonstrated that large-volume runoff events have lasting impacts on watershed suspended 

sediment transfer because such events provide relatively long-term supplies of transferable 

sediment.  

 The relationship between river discharge and suspended sediment transfer is variable due 

to hysteresis effects; in addition to discharge, suspended sediment transfer varies with such 

factors as sediment supply availability, antecedent conditions, and spatial variability in runoff. 
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Hysteresis effects generate variability in the relationship between river discharge and suspended 

sediment transfer (López-Tarazón et al., 2009; Mukundan et al., 2013). The standard rating curve 

(SRC) approach is commonly used in sediment transport studies to estimate suspended sediment 

transfer. However the SRC approach assumes a direct relationship between river discharge and 

suspended sediment concentration. The SRC approach is only suitable when hysteresis effects do 

not result in considerably and asymmetrically distributed scatter about the function. It is 

therefore important to characterize hysteresis effects for a particular catchment before using the 

SRC approach. 

1.2 Schoharie Watershed 

 Schoharie watershed (2,300 km2) drains the north slopes of the Catskill Mountains, east-

central New York State, USA. Recent research in the region points to increasing annual runoff 

and more frequent large-volume runoff events (Burns et al., 2007; Collins, 2009; Hodgkins & 

Dudley, 2011; Matonse & Frei, 2013; Frei et al., 2015; Berton et al., 2016). Recent research 

demonstrated that for most of the last two decades annual runoff was greater than the mean 

annual discharge recorded between 1940 and 2015. Furthermore, during the most recent two 

decades runoff during typically high flow periods was greater than average (Cockburn & Garver, 

2015). 

 Hurricane Irene (August 28-29, 2011) and Tropical Storm Lee (September 6-9, 2011) 

generated intense rainfall and widespread flooding in the Northeastern United States. For 

instance, Lumia et al. (2014) reported that rainfall during Hurricane Irene reached 0.5 metres in 

less than 24 hours in the Catskill Mountains region. Schoharie watershed was particularly hard 

hit; 3 of 6 stream gauges for Schoharie Creek measured peak discharge that exceeded the 

estimated 500-year recurrence interval (Lumia et al., 2014). Recent research illustrated that 
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Hurricane Irene had lasting impacts on suspended sediment transfer in the Northeastern United 

States because hillslope scars created during Irene continued to provide sediment over 5 years 

after Irene (Dethier et al., 2016). Cockburn et al. (2016) investigated a rotational slide at 

Burtonsville, New York State. They reported reduced slope stability following Hurricane Irene 

and Tropical Storm Lee that likely persisted until the study was conducted in 2013. Research by 

Dethier et al. (2016) and Nelson and Dubé (2016) demonstrated that landscape features such as 

landslides increase available sediment supplies. Thus, there is a demonstrated opportunity to 

evaluate suspended sediment transfer in Schoharie watershed following Hurricane Irene and 

Tropical Storm Lee.   

1.3 Research Objectives and Thesis Structure 

 Suspended sediment transfer generally increases as a power-law function with river 

discharge (Nash, 1994), thus disproportionately more suspended sediment transfer occurs during 

high-streamflow periods relative to lower-streamflow periods (Mukundan et al., 2013; Ralston et 

al., 2013; Yellen et al., 2013). Large-volume runoff events have lasting impacts on watershed 

suspended sediment transfer because they provide relatively long-term supplies of transferable 

sediment (Dethier et al., 2016; Nelson & Dubé, 2016). River discharge research in the 

Northeastern United States points to increasing annual runoff and more frequent large-volume 

runoff events (Burns et al., 2007; Collins, 2009; Hodgkins & Dudley, 2011; Matonse & Frei, 

2013; Frei et al., 2015; Berton et al., 2016). As a result, suspended sediment transfer has likely 

increased, as well as environmental and infrastructure problems associated with suspended 

sediment transfer. Hurricane Irene and Tropical Storm Lee provide a unique opportunity to 

investigate the lasting impacts of large-volume runoff events on watershed suspended sediment 

transfer patterns.   



5 
 

 This thesis evaluates the multi-year patterns for river discharge and suspended sediment 

transfer in Schoharie watershed to investigate the lasting impacts associated with the extreme 

runoff generated by Hurricane Irene and Tropical Storm Lee in 2011. The first research objective 

was to evaluate multi-year patterns for river discharge and suspended sediment transfer in 

Schoharie watershed for the 2013 to 2015 water years. In doing so, the lasting impacts associated 

with Hurricane Irene and Tropical Storm Lee were evaluated. The first working hypothesis is 

that Hurricane Irene and Tropical Storm Lee had lasting impacts on suspended sediment transfer 

in Schoharie watershed by providing relatively long-term supplies of transferable sediment. The 

second research objective was to estimate the multi-decadal suspended sediment flux in 

Schoharie watershed during the 1973 to 2012 water years to investigate long-term sediment 

transport processes. In doing so, the performance for empirical approaches used to estimate the 

suspended sediment flux were compared. The second working hypothesis is that the frequency 

and magnitude of large-volume runoff events is a better predictor of suspended sediment flux 

than runoff volume. The findings provide insights regarding the lasting impacts that large-

volume runoff events can have on suspended sediment transfer. Given that extreme floods such 

as those observed during Hurricane Irene and Tropical Storm Lee are rare, so too are 

opportunities to research their impacts on watershed suspended sediment transfer.  

 Chapter 2 reviews the literature and establishes the two primary bodies of knowledge that 

underpin this research: (1) streamflow in the Northeastern United States and (2) evaluating 

suspended sediment transfer. Chapter 3 presents the methods used in this research and describes 

the (1) study site, (2) data acquisition, (3) characterizing river discharge and suspended sediment 

variability (2013 to 2015 water years), and (4) estimating the multi-decadal suspended sediment 

transfer (1973 to 2012 water years). Chapter 4 presents the results for this research, including (1) 
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discharge and suspended sediment variability within runoff events (2013 to 2015 water years), 

(2) inter-annual discharge – suspended load variability (2013 to 2015 water years), (3) 

comparison of equations used to estimate the multi-decadal suspended sediment flux (1973 to 

2012 water years), and (4) estimated multi-decadal suspended load flux (1973 to 2012 water 

years). Chapter 5 presents a discussion and synthesis for important ideas illustrated by this 

research, including (1) discharge and suspended load variability (2013 to 2015 water years), (2) 

estimated multi-decadal suspended load (1973 to 2012 water years), and the (3) empirical 

approach performance evaluation. Chapter 6 presents conclusions and highlights topics for 

continued research in Schoharie watershed.  
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Chapter 2: Literature Review 

2.1 Introduction 

 The following literature review addresses hydrological regimes in the Northeastern 

United States and suspended sediment transfer through rivers. Streamflow in the Northeastern 

United States is dominated by spring snowmelt runoff, but the impacts of tropical cyclones are 

also important. Research points to increasing annual runoff and more frequent large-volume 

runoff events at a regional scale in the Northeastern United States.  Related to increased runoff 

and more frequent large-volume runoff events, it is expected that suspended sediment transfer in 

these basins will also increase.  Suspended sediment transfer generally increases as a power law 

function with river discharge and therefore most suspended sediment transfer occurs during high-

volume runoff events. In addition to discharge, suspended sediment transfer varies with sediment 

supply availability. Large-volume runoff events have lasting impacts on multi-year suspended 

sediment transfer. Suspended sediment is not typically monitored; in order to estimate suspended 

sediment transfer the sediment rating curve approach is commonly used. The sediment rating 

curve approach generally performs poorly for rivers that exhibit pronounced variability in the 

relationship for river discharge and suspended sediment concentration due to hysteresis effects, 

thus it is important to establish hysteresis effects for a particular catchment before estimated 

sediment transfer results are interpreted.  This literature review establishes the two primary 

bodies of knowledge that underpin this research: (1) streamflow in the Northeastern United 

States and (2) evaluating suspended sediment transfer.  

2.2 Streamflow in the Northeastern United States 

 Hydrological regimes in the Northeastern United States exhibit a seasonal cycle. Annual 

runoff generally peaks during the spring due to snowmelt (Shaw & Riha, 2011). Snowmelt is 
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important for hydrological regimes because water that was previously stored as snowpack during 

the winter melts in a short time and therefore large runoff volumes are produced. Following 

spring snowmelt, runoff recedes to the lowest annual flows during the summer (Hodgkins & 

Dudley, 2011; Shaw & Riha, 2011). Low flows during the summer are attributable to increased 

evapotranspiration and soil moisture storage capacity (Burns et al., 2007; Shaw & Riha, 2011). 

However, considerable rainfall events during the summer and fall are capable of generating high 

runoff volumes (Matonse & Frei, 2013).  

 River discharge studies have expanded our knowledge regarding streamflow patterns 

across the Northeastern United States (Figure 2.1; Table 2.1). Runoff events are generated by 

different mechanisms such as snowmelt, rainfall, and rain-on-snow events. These runoff-

mechanisms are produced by different synoptic storm types such as Great Lake lows, coastal 

lows, and tropical cyclones (Smith et al., 2010; Collins et al., 2014). Regional streamflow 

patterns are further complicated due to spatial variability in natural (e.g., topography, forest 

cover, soil properties, watershed size) and anthropogenically altered (e.g., urbanization, river 

regulation) land surface properties. Spatial and temporal streamflow patterns across the 

Northeastern United States therefore reflect a mixture of generating mechanisms and controls. 

Despite variability, regional streamflow patterns are observed. 
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Figure 2.1. The Northeastern United States region evaluated in research cited in the literature 
review. Outlines are provided for the watersheds that contain each of the numbered stream 
gauging stations used in the literature. Study sites used by Collins et al. (2014) are green, study 
sites used by Yellen et al. (2014) are grey, and study sites used by Smith et al. (2010) are blue. 
Schoharie watershed (this study) is highlighted in yellow. Station information is presented in 
Table 2.1. 
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Table 2.1: Stream gauges in the Northeastern United States region evaluated in research cited in 
the literature review and displayed in Figure 2.1. 

Number on 
Figure 2.1 

USGS Gauge 
Station Number 

USGS Gauge Station Name Basin 
Area 
(km2) 

References 

1 01013500 Fish River Near Fort Kent, Maine 2,253 Collins et al. (2014) 
2 01022500 Narraguagus River At Cherryfield, 

Maine 
574 Collins et al. (2014) 

3 01047000 Carrabassett River Near North 
Anson, Maine 

909 Collins et al. (2014) 

4 01052500 Diamond River Near Wentworth 
Location, NH 

384 Collins et al. (2014) 

5 01073000 Oyster River Near Durham, NH 31 Collins et al. (2014) 
6 01076500 Pemigewasset River At Plymouth, 

NH 
1,609 Collins et al. (2014) 

7 01121000 Mount Hope River Near 
Warrenville, CT 

70 Collins et al. (2014) 

8 01144000 White River At West Hartford, VT 1,790 Collins et al. (2014) 
9 01169000 North River At Shattuckville, MA 231 Collins et al. (2014) 
10 01013500 Quinnipiac River At Wallingford, 

CT 
286 Collins et al. (2014) 

11 01154500 Connecticut River At North 
Walpole, NH 

14,220 Yellen et al. (2014) 

12 01168500 Deerfield River At Charlemont, 
MA 

939 Yellen et al. (2014) 

13 01170500 Connecticut River At Montague 
City, MA 

20,390 Yellen et al. (2014) 

14 01184000 Connecticut River At 
Thompsonville, CT 

25,049 Yellen et al. (2014) 

15 01413500 East Br Delaware R At 
Margaretville NY 

424 Smith et al. (2010) 

16 01417500 East Br Delaware River At Harvard 
NY 

1,184 Smith et al. (2010) 

17 01420500 Beaver Kill At Cooks Falls NY 627 Smith et al. (2010) 
18 01421000 East Br Delaware R At Fishs Eddy 

NY 
2,029 Smith et al. (2010) 

19 01423000 West Branch Delaware River At 
Walton NY 

860 Smith et al. (2010) 

20 01426500 West Branch Delaware River At 
Hale Eddy NY 

1,539 Smith et al. (2010) 

21 01427510 Delaware River At Callicoon NY 4,725 Smith et al. (2010) 
22 01428750 West Branch Lackawaxen River 

Near Aldenville, PA 
108 Smith et al. (2010) 

23 01430000 Lackawaxen River Near Honesdale, 
PA 

425 Smith et al. (2010) 

24 01431500 Lackawaxen River At Hawley, PA 749 Smith et al. (2010) 
25 01434000 Delaware River At Port Jervis NY 7,968 Smith et al. (2010) 
26 01438500 Delaware River At Montague NJ 9,016 Smith et al. (2010) 
27 01446500 Delaware River At Belvidere NJ 11,769 Smith et al. (2010) 
28 01447500 Lehigh River At Stoddartsville, PA 240 Smith et al. (2010) 
29 01447720 Tobyhanna Creek Near Blakeslee, 

PA 
308 Smith et al. (2010) 

30 01451000 Lehigh River At Walnutport, PA 2,297 Smith et al. (2010) 
31 01453000 Lehigh River At Bethlehem, PA 3,306 Smith et al. (2010) 
32 01463500 Delaware River At Trenton NJ 17,580 Smith et al. (2010) 
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 Streamflow through the water year exhibits a seasonal cycle. The annual flood (the 

largest peak discharge recorded in a water year, regardless of magnitude) often occurs during the 

spring. Smith et al. (2010), Collins et al. (2014), and Yellen et al. (2014) evaluated long-term 

(>50 years) maximum annual discharge records across the Northeastern United States (Figure 

2.1; Table 2.1). They found that annual peak discharge occurred in the spring approximately 

50% of the time. Large runoff volumes in the spring are primarily generated by snowmelt and 

rain-on-snow events. Rain-on-snow events occur when rain falls on a snowpack and causes 

snowmelt, thereby accelerating overall snowpack melt (Pradhanang et al., 2013). Matonse and 

Frei (2013) evaluated long-term (>30 years) daily average discharge and annual peak discharge 

records from 10 stream gauges (station number 5, 8, 9, 11, 18-20, 22, 23, 26; Figure 2.2; Table 

2.2) in the Catskill Mountains; they found a higher frequency for large-volume runoff events 

during the spring that was primarily attributable to rain-on-snow events. Pradhanang et al. (2013) 

found that rain-on-snow events generated most annual floods in 31 New York State watersheds 

(station number 2-5, 7, 8, 10, 12-17, 23, 25, 27-41; Figure 2.2; Table 2.2) during 2003 to 2012. 

Runoff response to rain-on-snow events primarily depends on the synoptic storm type which 

influences rainfall intensity and duration (Collins et al., 2014), snow water equivalent, and 

spatial extent of the antecedent snowpack (Pradhanang et al., 2013). Rain-on-snow events are 

important runoff-generating mechanisms in the Northeastern United States because they 

generally produce cumulative runoff volumes greater than those produced by either rainfall or 

snowmelt alone.  
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Figure 2.2. The New York State region evaluated in research cited in the literature review. 
Outlines are provided for the watersheds that contain each of the numbered stream gauging 
stations used in the literature. Schoharie watershed (this study) is highlighted in yellow. Station 
information is presented in Table 2.2. 

Table 2.2. Stream gauges in New York State evaluated in research cited in the literature review 
and displayed in Figure 2.2. 

Number on 
Figure 2.2 

USGS Gauge 
Station Number 

USGS Gauge Station Name Basin 
Area 
(km2) 

References 

1 1200000 Tenmile River Near Gaylordsville, 
CT 

533 Shaw & Riha (2011) 

2 1312000 Hudson River Near Newcomb NY 498 Pradhanang et al. (2011) 

3 1321000 Sacandaga River Near Hope NY 1,264 Pradhanang et al. (2011) 

4 1349150 Canajoharie Creek Nr Canajoharie 
NY 

155 Pradhanang et al. (2011) 

5 1350000 Schoharie Creek At Prattsville NY 613 Burns et al. (2007); Pradhanang et al. 
(2011); Matonse & Frei (2013); 
Cockburn & Garver (2015) 

6 1351500 Schoharie Creek At Burtonsville 
NY 

2,321 Cockburn & Garver (2015) 

7 1356190 Lisha Kill Northwest Of Niskayuna 
NY 

41 Pradhanang et al. (2011) 

8 1362200 Esopus Creek At Allaben NY 169 Pradhanang et al. (2011); Matonse & 
Frei (2013) 

9 1362500 Esopus Creek At Coldbrook NY 493 Matonse & Frei (2013) 
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10 1365000 Rondout Creek Near Lowes 
Corners NY 

100 Burns et al. (2007); Pradhanang et al. 
(2011) 

11 1371500 Wallkill River At Gardiner NY 1,866 Matonse & Frei (2013) 

12 137449480 East Branch Croton River Near 
Putnam Lake NY 

156 Pradhanang et al. (2011) 

13 1374559 West Branch Croton River At 
Richardsville NY 

29 Pradhanang et al. (2011) 

14 1374890 Cross River Near Cross River NY 41 Pradhanang et al. (2011) 

15 1374918 Stone Hill River South Of Katonah 
NY 

49 Pradhanang et al. (2011) 

16 1374930 Muscoot River At Baldwin Place 
NY 

35 Pradhanang et al. (2011) 

17 1374987 Kisco River Below Mount Kisco 
NY 

45 Burns et al. (2007); Pradhanang et al. 
(2011) 

18 1413500 East Br Delaware R At 
Margaretville NY 

424 Burns et al. (2007); Matonse & Frei 
(2013) 

19 1414500 Mill Brook Near Dunraven NY 64 Burns et al. (2007); Matonse & Frei 
(2013) 

20 1415000 Tremper Kill Near Andes NY 86 Matonse & Frei (2013) 

21 1420500 Beaver Kill At Cooks Falls NY 627 Burns et al. (2007) 

22 1421900 W Br Delaware River Upstream 
From Delhi NY 

348 Matonse & Frei (2013) 

23 1423000 West Branch Delaware River At 
Walton NY 

860 Burns et al. (2007); Pradhanang et al. 
(2011); Matonse & Frei (2013) 

24 1425000 West Br Delaware River At 
Stilesville NY 

1,181 Pradhanang et al. (2011) 

25 1434498 West Branch Neversink R At 
Claryville 

88 Pradhanang et al. (2011) 

26 1435000 Neversink River Near Claryville 
NY 

172 Burns et al. (2007); Matonse & Frei 
(2013) 

27 1510000 Otselic River At Cincinnatus NY 383 Pradhanang et al. (2011) 

28 3014500 Chadakoin River At Falconer NY 499 Pradhanang et al. (2011) 

29 4213500 Cattaraugus Cr At Gowanda NY 1,129 Pradhanang et al. (2011) 

30 4218000 Tonawanda Creek At Rapids NY 897 Pradhanang et al. (2011) 

31 4224775 Canaseraga Creek Above Dansville 
NY 

232 Pradhanang et al. (2011) 

32 4230380 Oatka Creek At Warsaw NY 107 Pradhanang et al. (2011) 

33 4234000 Fall Creek Near Ithaca NY 321 Pradhanang et al. (2011) 

34 4235250 Flint Creek At Phelps NY 261 Pradhanang et al. (2011) 

35 4240300 Ninemile Creek At Lakeland NY 289 Shaw & Riha (2011); Pradhanang et 
al. (2011) 

36 4243500 Oneida Creek At Oneida NY 300 Pradhanang et al. (2011) 

37 4250750 Sandy Creek Near Adams NY 325 Pradhanang et al. (2011) 

38 4252500 Black River Near Boonville NY 784 Pradhanang et al. (2011) 

39 4262500 West Branch Oswegatchie R Nr 
Harrisville NY 

668 Pradhanang et al. (2011) 

40 4268800 W Br St. Regis R Nr Parishville NY 444 Pradhanang et al. (2011) 

41 4273500 Saranac River At Plattsburgh NY 1,582 Pradhanang et al. (2011) 

42 4280000 Poultney River Below Fair Haven, 
VT 

488 Shaw & Riha (2011) 

 



14 
 

 Increasingly, large-volume runoff events occur during the late-summer and fall. Matonse 

and Frei (2013) found a higher frequency for large-volume runoff events during this period, as 

well as during the spring, such that the seasonal cycle of large-volume runoff events exhibited a 

bimodal distribution. Furthermore, Matonse and Frei (2013) found that this trend coincides with 

the seasonal cycle of extreme precipitation (>95th percentile) in the Catskill Mountains, which 

was unimodal and peaked during the late-summer and fall. Thus, extreme rainfall is an important 

generating mechanism for large-volume runoff events in the late-summer and fall.  

 Antecedent soil moisture plays an important role for runoff response to rainfall because 

antecedent soil moisture determines the amount of saturation excess overland flow that occurs. 

Shaw and Riha (2011) demonstrated that 60% of annual floods in three New York State 

watersheds (station number 1, 35, 42; Figure 2.2; Table 2.2) were generated by moderate rainfall 

events and very wet soil conditions. Runoff response to rainfall in a wet catchment is flashier and 

less buffered than in a dry catchment (Shaw & Riha, 2011). Consequently, rainfall events 

generate increased runoff when they occur in quick succession such that the underlying 

watershed has high soil moisture from the previous event.  

 Large-volume runoff events during the late-summer and fall are generated by rainfall 

produced by different synoptic mechanisms (Smith et al., 2010; Collins et al., 2014). Tropical 

cyclones are particularly impactful in the mixture of runoff-generating mechanisms during this 

period in the water year. Tropical cyclones (including hurricanes, tropical storms, and tropical 

depressions) are large storms formed over tropical waters that are capable of generating extreme 

rainfall. Vermette (2007) characterized the tropical cyclone frequency in New York State from 

1851 to 2005. Vermette (2007) demonstrated that less severe tropical cyclones (tropical storms 

and tropical depressions) had recurrence intervals equal to approximately 1 in 2 years. 
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Furthermore, 14 tropical cyclones were classified as hurricanes (the most severe tropical cyclone 

class) during 1851 to 2005 and therefore hurricane frequency was approximately 1 in 11 years 

(Vermette, 2007). Smith et al. (2010) and Collins et al. (2014) found that tropical cyclones 

accounted for a small percentage of annual floods across the Northeastern United States (8% and 

5%, respectively) but they generally produced the largest floods in the record. The frequency 

reported by Vermette (2007) for New York State was similar to the frequencies reported by 

Smith et al. (2010) and Collins et al. (2014), suggesting that when hurricanes occur they are 

likely to produce the annual flood. These studies illustrate that although tropical cyclones are 

infrequent, they are important for streamflow patterns in the Northeastern United States because 

they produce the largest floods in the region. 

 River discharge studies in the Northeastern United States have evaluated stream gauge 

records for trends in the largest instantaneous discharge in each water year (Collins, 2009; 

Berton et al., 2016) and discharge at the daily timescale (Burns et al., 2007; Hodgkins & Dudley, 

2011; Frei et al., 2015). For instance, Burns et al. (2007) evaluated mean daily discharge records 

from 8 stream gauges (station number 5, 10, 17-19, 21, 23, 26; Figure 2.2; Table 2.2) in the 

Catskill Mountains from 1952 to 2005; all stream gauges showed increasing trends in mean 

annual runoff during this period. Matonse and Frei (2013) found that during the last two decades, 

10 stream gauges (station number 5, 8, 9, 11, 18-20, 22, 23, 26; Figure 2.2; Table 2.2) in New 

York State showed a marked increase in large-volume runoff event frequency during June to 

October. Cockburn and Garver (2015) evaluated streamflow patterns for two gauges in 

Schoharie watershed (station number 5, 6; Figure 2.2; Table 2.2); for most of the last two 

decades annual runoff was higher than the long-term average, and runoff during typically high 

flow periods was greater than average. The trends observed in these studies (Burns et al., 2007; 
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Matonse & Frei, 2013; Cockburn & Garver, 2015) correspond to increased precipitation patterns 

in the Catskill Mountains region reported by Burns et al. (2007) during 1952 to 2005. 

Furthermore, Seager et al. (2012) highlighted that the Catskill Mountains is in pluvial since the 

1970s, and results presented by Matonse and Frei (2013), and Cockburn and Garver (2015) 

suggest that it has intensified in the most recent two decades. Other research in the Northeastern 

United States found increasing trends for runoff (Hodgkins & Dudley, 2011; Berton et al., 2016; 

station number 2-4, 6-33, 35, 38; Figure 2.3; Table 2.3) and more frequent large-volume runoff 

events (Collins, 2009; Frei et al., 2015; Berton et al., 2016; station number 1-10, 12-32, 34-38; 

Figure 2.3; Table 2.3). These trends coincide with increased precipitation trends observed in the 

Catskill Mountains region (Burns et al., 2007; Seager et al., 2012) and across the Northeastern 

United States (Karl & Knight, 1998; Groisman et al., 2004) through the 20th century. These 

studies (Burns et al., 2007; Collins, 2009; Hodgkins & Dudley, 2011; Matonse & Frei, 2013; 

Cockburn & Garver, 2015; Frei et al., 2015; Berton et al., 2016) illustrate that region-wide, 

streamflow patterns at the daily and instantaneous timescales are changing such that annual 

runoff volumes are increasing and more frequently large-volume runoff events are occurring.  
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Figure 2.3. The Northeastern United States region evaluated in research cited in the literature 
review. Outlines are provided for the watersheds that contain each of the numbered stream 
gauging stations used in the literature. Schoharie watershed (this study) is highlighted in yellow. 
Station information is presented in Table 2.3. 

Table 2.3. Stream gauges in the Northeastern United States region evaluated in research cited in 
the literature review and displayed in Figure 2.3. 

Number on 
Figure 2.3 

USGS Gauge 
Station Number 

USGS Gauge Station Name Basin 
Area 
(km2) 

References 

1 1011000 Allagash River Near Allagash, 
Maine 

3,187 Collins (2009) 

2 1013500 Fish River Near Fort Kent, Maine 2,253 Collins (2009); Hodgkins & Dudley 
(2011) 

3 1022500 Narraguagus River At Cherryfield, 
Maine 

574 Collins (2009) ; Hodgkins & Dudley 
(2011) 

4 1030500 Mattawamkeag River Near 
Mattawamkeag, Maine 

3,676 Collins (2009); Hodgkins & Dudley 
(2011) 

5 1031500 Piscataquis River Near Dover-
Foxcroft, Maine 

769 Collins (2009) 

6 1038000 Sheepscot River At North 
Whitefield, Maine 

375 Collins (2009); Hodgkins & Dudley 
(2011) 

7 1047000 Carrabassett River Near North 
Anson, Maine 

909 Collins (2009) ; Hodgkins & Dudley 
(2011) 
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8 1052500 Diamond River Near Wentworth 
Location, NH 

384 Collins (2009) ; Hodgkins & Dudley 
(2011) 

9 1055000 Swift River Near Roxbury, Maine 251 Collins (2009); Hodgkins & Dudley 
(2011) 

10 1057000 Little Androscoggin River Near 
South Paris, Maine 

191 Collins (2009); Hodgkins & Dudley 
(2011) 

11 1060000 Royal River At Yarmouth, Maine 365 Hodgkins & Dudley (2011) 

12 1064500 Saco River Near Conway, NH 994 Collins (2009); Hodgkins & Dudley 
(2011) 

13 1073000 Oyster River Near Durham, NH 31 Collins (2009) ; Hodgkins & Dudley 
(2011) 

14 1076500 Pemigewasset River At Plymouth, 
NH 

1,609 Collins (2009) ; Hodgkins & Dudley 
(2011) ; Berton et al. (2016) 

15 1078000 Smith River Near Bristol, NH 222 Collins (2009) ; Hodgkins & Dudley 
(2011) ; Berton et al. (2016) 

16 1081000 Winnipesaukee River At Tilton, NH 1,217 Berton et al. (2016) 

17 1092000 Merrimack R Nr Goffs Falls, Below 
Manchester, NH 

7,988 Berton et al. (2016) 

18 1094400 North Nashua River At Fitchburg, 
MA 

166 Berton et al. (2016) 

19 1094500 North Nashua River Near 
Leominster, MA 

280 Berton et al. (2016) 

20 1096000 Squannacook River Near West 
Groton, MA 

173 Berton et al. (2016) 

21 1096500 Nashua River At East Pepperell, 
MA 

1,126 Berton et al. (2016) 

22 1097000 Assabet River At Maynard, MA 299 Berton et al. (2016) 

23 1097300 Nashoba Brook Near Acton, MA 31 Berton et al. (2016) 

24 1099500 Concord R Below R Meadow 
Brook, At Lowell, MA 

1,036 Berton et al. (2016) 

25 1100000 Merrimack River Bl Concord River 
At Lowell, MA 

11,983 Berton et al. (2016) 

26 1100600 Shawsheen River Near Wilmington, 
MA 

96 Berton et al. (2016) 

27 1121000 Mount Hope River Near 
Warrenville, CT 

70 Collins (2009) ; Hodgkins & Dudley 
(2011) 

28 1134500 Moose River At Victory, VT 195 Collins (2009); Hodgkins & Dudley 
(2011) 

29 1137500 Ammonoosuc River At Bethlehem 
Junction, NH 

229 Collins (2009); Hodgkins & Dudley 
(2011) 

30 1142500 Ayers Brook At Randolph, VT 82 Collins (2009); Hodgkins & Dudley 
(2011) 

31 1144000 White River At West Hartford, VT 1,790 Collins (2009); Hodgkins & Dudley 
(2011) 

32 1169000 North River At Shattuckville, MA 231 Collins (2009); Hodgkins & Dudley 
(2011) 

33 1180000 Sykes Brook At Knightville, MA 4 Hodgkins & Dudley (2011) 

34 1181000 West Branch Westfield River At 
Huntington, MA 

243 Collins (2009) 

35 1188000 Burlington Brook Near Burlington, 
CT 

11 Collins (2009); Hodgkins & Dudley 
(2011) 

36 1193500 Salmon River Near East Hampton, 
CT 

271 Collins (2009) 

37 1196500 Quinnipiac River At Wallingford, 
CT 

286 Collins (2009) 

38 1204000 Pomperaug River At Southbury, CT 195 Collins (2009); Hodgkins & Dudley 
(2011) 
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2.3 Evaluating Suspended Sediment Transfer 

 Suspended sediment transfer generally increases with river discharge. As discharge 

increases, greater bed material size fractions are mobilized into suspension. Researchers 

generally assume that suspended sediment transfer increases as a power function with river 

discharge (Nadal-Romero et al., 2008; López-Tarazón et al., 2009; Gao & Josefson, 2012b; 

Mukundan et al., 2013). This assumption was important for Wolman and Miller’s (1960) 

magnitude-frequency analysis that evaluated the effectiveness of rare runoff events in long-term 

sediment transfer. Nash (1994) tested this assumption by evaluating long-term (>10 years) daily 

discharge and suspended sediment records for 55 rivers across the United States. Nash (1994) 

found that a power-law function fit the observed data fairly well for all rivers (mean r = 0.88). 

The assumption tested by Nash (1994) suggests that rivers will transfer disproportionately more 

suspended sediment during high-streamflow periods relative to lower-streamflow periods. 

 In the Northeastern United States, streamflow patterns exhibit a seasonal cycle (e.g., 

Smith et al., 2010; Matonse & Frei, 2013; Collins et al., 2014). Thus, most suspended sediment 

transfer occurs when runoff peaks during the spring, as well as during the late-summer and fall 

when there are frequent large-volume runoff events. Furthermore, hurricanes occur 

approximately 1 in 11 years (Vermette, 2007) and generally produce the largest floods in the 

region (Smith et al., 2010; Collins et al., 2014), suggesting that suspended sediment transfer is 

greatly increased during approximately 1 in 11 years. 

 Sediment transport studies in the Northeastern United States demonstrated the impact 

associated with a small number of large-volume runoff events. Mukundan et al. (2013) evaluated 

the factors that cause variability in storm event turbidity for stream gauges in Esopus Creek 

watershed, New York State (station number 5-9; Figure 2.4; Table 2.4). Mukundan et al. (2013) 
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estimated daily suspended sediment transfer and demonstrated that over 8 years, 80% of the total 

suspended sediment transfer occurred on days when mean daily discharge was greater than 100 

m3 s-1 (equal to 4% of the total time). Ralston et al. (2013) evaluated suspended sediment inputs 

into the Hudson River estuary during Hurricane Irene (August 28-29, 2011) and Tropical Storm 

Lee (September 6-9, 2011). Ralston et al. (2013) demonstrated that increased discharge during 

these events combined to transfer approximately 5 times the long-term annual sediment input to 

the estuary in less than 1 month. Similarly, Yellen et al. (2014) evaluated suspended sediment 

transfer in the Connecticut River watershed during Hurricane Irene (station number 1-4; Figure 

2.4; Table 2.4). Yellen et al. (2014) found that suspended sediment transfer in the Deerfield 

River (a tributary of the Connecticut River) exceeded 10-40 times the long-term annual average 

during Irene. These studies (Mukundan et al., 2013; Ralston et al., 2013; Yellen et al., 2013) 

illustrate a small number of intense events with increased discharge transfer more suspended 

sediment than during much longer periods of lower discharge. Furthermore, the research 

conducted by Ralston et al. (2013) and Yellen et al. (2014) illustrate that if discharge is 

sufficiently high then suspended sediment transfer during an event can exceed many times (5 

times, 10-40 times, respectively) the long-term annual average. 
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Figure 2.4. Sediment transport studies in the Northeastern United States region evaluated in 
research cited in the literature review. Outlines are provided for the watersheds that contain each 
of the numbered stream gauging stations used in the literature. Schoharie watershed (this study) 
is highlighted in yellow. Station information is presented in Table 2.4. 
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Table 2.4. Stream gauges used for sediment transport studies in the Northeastern United States 
region evaluated in research cited in the literature review and displayed in Figure 2.4. 

Number on 
Figure 2.4 

USGS Gauge 
Station Number 

USGS Gauge Station Name Basin 
Area 
(km2) 

References 

1 1154500 Connecticut River At North 
Walpole, NH 

14,220 Yellen et al. (2014) 

2 1168500 Deerfield River At Charlemont, 
MA 

939 Yellen et al. (2014) 

3 1170500 Connecticut River At Montague 
City, MA 

20,390 Yellen et al. (2014) 

4 1184000 Connecticut River At 
Thompsonville, CT 

25,049 Yellen et al. (2014) 

5 13621955 Birch Creek At Big Indian NY 33 Mukundan et al. (2013) 

6 136230002 Woodland Creek Above Mouth At 
Phoenicia NY 

53 Mukundan et al. (2013) 

7 1362370 Stony Clove Creek Blw Ox Clove 
At Chichester NY 

80 Mukundan et al. (2013) 

8 1362497 Little Beaver Kill @ Beechford Nr 
Mt Tremper NY 

43 Mukundan et al. (2013) 

9 1362500 Esopus Creek At Coldbrook NY 493 Mukundan et al. (2013) 

10 4243500 Oneida Creek At Oneida NY 300 Gao & Josefson (2012b); Gao & 
Puckett (2013) 

 

 In addition to discharge, suspended sediment transfer varies based on sediment supply 

availability. For instance, Asselman (1999) evaluated suspended sediment transfer in the Rhine 

River between Kaub and the German-Dutch border during 1982 to 1990, and Smith and 

Dragovich (2009) evaluated suspended sediment transfer in Flyers Creek, New South Wales, 

Australia during 2005 to 2006. Asselman (1999) and Smith and Dragovich (2009) demonstrated 

that sediment supply depletion occurred during individual runoff events. Sediment supply 

depletion has also been observed during water years. Rovira and Batalla (2006) evaluated 

suspended sediment transfer in the Tordera watershed, northeast Spain during 1996 to 1999, and 

Oeurng et al. (2010) evaluated suspended sediment transfer in the Save watershed, southwest 

France during 2007 to 2009. Rovira and Batalla (2006) and Oeurng et al. (2010) demonstrated 

that sediment supply depletion occurred progressively through a series of runoff events in a 

water year. In these cases (Asselman, 1999; Rovira & Batalla, 2006; Smith & Dragovich, 2009; 

Oeurng et al., 2010), suspended sediment transfer decreased, regardless of discharge, because 
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available sediment supply was depleted. Asselman (1999) and Smith and Dragovich (2009) 

demonstrated that this phenomenon occurs during individual runoff events, whereas Rovira and 

Batalla (2006) and Oeurng et al. (2010) demonstrated that this phenomenon occurs progressively 

over successive runoff events in a water year.  

 Sediment supply availability is a key control for suspended sediment transfer. For 

instance, Nadal-Romero et al. (2008) and López-Tarazón et al. (2009) evaluated multi-year 

suspended sediment transfer in highly erodible Mediterranean watersheds. These authors (Nadal-

Romero et al., 2008; López-Tarazón et al., 2009) determined that the available sediment supply 

was unrestricted because baseflows and low-intensity runoff events recorded high suspended 

sediment transfers, and therefore the rivers were transferring suspended sediment at or near 

capacity across the full discharge range. These authors (Nadal-Romero et al., 2008; López-

Tarazón et al., 2009) also demonstrated that the multi-year suspended sediment transfer occurred 

primarily during large-volume runoff events. Conversely, Gao and Josefson (2012b) and Gao 

and Puckett (2013) evaluated suspended sediment transfer in Oneida Creek watershed, New 

York State (station number 10; Figure 2.4; Table 2.4) and found that suspended sediment transfer 

was below capacity during large-volume runoff events. These authors (Gao & Josefson, 2012b; 

Gao & Puckett, 2013) demonstrated that available sediment supplies were generally restricted 

and thus multi-year suspended sediment transfer occurred primarily during relatively frequent 

events (<1.2 year recurrence interval) with moderate flows (<65 m3 s-1). The Oneida Creek 

results (Gao & Josefson, 2012b; Gao & Puckett, 2013) differ from the Esopus Creek results 

(Mukundan et al., 2013) because in Esopus Creek a small number of intense events with 

increased discharge transferred more suspended sediment than during much longer periods of 

lower discharge. Sediment transport studies in the Mediterranean (Rovira & Batalla, 2006; 
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Nadal-Romero et al., 2008; López-Tarazón et al., 2009; Oeurng et al., 2010) and in Upstate New 

York (Gao & Josefson, 2012b; Gao & Puckett, 2013; Mukundan et al., 2013) demonstrate that 

sediment supply availability is a key control for suspended sediment transfer because the 

assumption tested by Nash (1994) holds true only if the available sediment supply is unrestricted.  

 Large-volume runoff events have the capacity to increase sediment supply availability 

and therefore suspended sediment transfer. During large-volume runoff events, new sediment is 

introduced to rivers through slope failure, incision, land-surface erosion, and channel-bank 

erosion. Dethier et al. (2016) evaluated stream response to a 100-300 year flood caused by 

Hurricane Irene in New England. Dethier et al. (2016) reported that Irene had a lasting impact on 

suspended sediment transfer because hillslope scars created during Irene continued to provide 

sediment over 5 years after Irene. Similarly, Nelson and Dubé (2016) evaluated channel response 

to a 500-year flood that caused more than 2,500 concurrent landslides on the Chehalis River, 

southwestern Washington State. Nelson and Dubé (2016) characterized the landslide-derived 

sediment pulse that increased available sediment supplies throughout the Chehalis River 

following the 2007 flood. Increased suspended sediment transfer throughout the watershed 

decayed exponentially during 2007 to 2013 as the sediment pulse propagated downstream, with 

half-lives ranging from several years in catchment headwaters to several decades near the basin 

outlet (Nelson & Dubé, 2016). These sediment transport studies following >100-year flood 

events (Dethier et al., 2016; Nelson & Dubé, 2016) highlight that large-volume runoff events 

have lasting impacts on suspended sediment availability. Large-volume runoff events increase 

available sediment supplies and therefore suspended sediment transfer during subsequent runoff 

events for timescales ranging from several seasons to several water years, or longer.  
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 Regardless of discharge, suspended sediment transfer varies with such factors as 

sediment supply availability, antecedent conditions, and spatial variability in runoff. Hysteresis 

effects describe variability in these controls and therefore variability in the relationship for river 

discharge and suspended sediment transfer. Researchers commonly characterize hysteresis 

effects using hysteresis pattern analysis; hysteresis patterns are the characteristic shapes formed 

when event suspended sediment concentration is plotted versus event discharge (Asselman, 

1999; Hudson, 2003; López-Tarazón et al., 2009; Smith & Dragovich, 2009; Oeurng et al., 

2010). In doing so, researchers infer characteristics regarding sediment supply availability, 

antecedent conditions, and spatial variability in runoff. For example, Hudson (2003) evaluated 

hysteresis patterns for the lower Panuco watershed, Mexico from the late-1950s to the early-

1990s, and Oeurng et al. (2010) evaluated hysteresis patterns for the Save watershed, southwest 

France during 2007 to 2009. Hudson (2003) and Oeurng et al. (2010) found that maximum 

suspended sediment concentration preceded maximum discharge during most runoff events (57% 

and 68% of all events, respectively). These studies (Hudson, 2003; Oeurng et al., 2010) 

determined that suspended sediments were derived primarily from sediment supplies in or near 

the river channels that were quickly delivered to the basin outlet during runoff events. 

Conversely, López-Tarazón et al. (2009) found that during most runoff events (57%) during 

2005 to 2008 in the River Isábena watershed, northeast Spain maximum discharge preceded 

maximum suspended sediment concentration. López-Tarazón et al. (2009) determined that 

suspended sediments were derived primarily from sediment supplies in headwater areas that 

were delayed in reaching the basin outlet. Furthermore, Asselman (1999) and Smith and 

Dragovich (2009) used hysteresis loop analysis to demonstrate that sediment supply depletion 

occurred during individual runoff events for streamflow records from the River Rhine and Flyers 
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Creek, respectively. These sediment transfer studies that apply hysteresis analysis (Asselman, 

1999; Hudson, 2003; López-Tarazón et al., 2009; Smith & Dragovich, 2009; Oeurng et al., 2010) 

illustrate the potential effects associated with hysteresis: (1) suspended sediment concentration at 

a given discharge differs on the rising and falling hydrograph limbs, and (2) peak suspended 

sediment concentration is not in phase with peak discharge. Sediment transport studies 

commonly assume a direct relationship between river discharge and suspended sediment 

concentration. Considerable hysteresis effects invalidate this assumption, thus it is important to 

characterize hysteresis effects in sediment transport studies for a particular catchment.  

 Sediment transport studies commonly use the sediment rating curve (SRC) approach to 

estimate suspended sediment transfer from river discharge when suspended sediment 

observations are unavailable or incomplete. The SRC is a mathematical relationship used to 

estimate suspended sediment concentration from river discharge. It is a power-law function and 

is defined in Eq. 2.1.  

SSC = aQb                                                           Eq. 2.1 

Where SSC is suspended sediment concentration (mg L-1), Q is river discharge (m3 s-1), and a 

and b are regression coefficients. Campbell and Bauder (1940) and Miller (1951) provide early 

examples of SRC application. Campbell and Bauder (1940) developed a ‘silt rating curve’ by 

plotting daily suspended sediment load versus mean daily discharge in logarithmic space. Miller 

(1951) provided a more detailed evaluation of the technique than Campbell and Bauder (1940) 

and discussed the need to develop seasonal rating curves because they had improved results 

when calculating total sediment yield. Gao (2008) highlights that the SRC approach is favoured 

because it does not require considerable sampling and therefore it allows for fluvial 
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geomorphologists to characterize trends in suspended sediment transfer when observations are 

not available.  

 The SRC approach assumes a direct relationship between river discharge and suspended 

sediment concentration. However, hysteresis effects caused by variability in such factors as 

sediment supply availability, antecedent conditions, and spatial variability in runoff invalidate 

the assumption that there is a direct relationship between river discharge and suspended sediment 

concentration. Hysteresis effects generate variability in the relationship between river discharge 

and suspended sediment concentration. For example, López-Tarazón et al. (2009) found that for 

a given discharge, suspended sediment concentration varied by up to 5 orders of magnitude in 

the River Isábena watershed, northeast Spain during their 2005 to 2008 study period. López-

Tarazón et al. (2009) concluded that the SRC approach was not suitable due to the degree of 

variability between suspended sediment concentration and discharge. In the case presented by 

López-Tarazón et al. (2009), fitting a power-law equation to these data would yield poor 

relationships. Similarly, Mukundan et al. (2013) evaluated turbidity as a proxy for suspended 

sediment concentration in Esopus Creek watershed, New York State. In Esopus Creek mean 

daily discharge explained 29% of the variability in mean daily turbidity due to hysteresis effects 

caused by the spatial variability in runoff, antecedent conditions, and season (Mukundan et al., 

2013). These results (López-Tarazón et al., 2009; Mukundan et al., 2013) illustrate that the SRC 

approach is not suitable when hysteresis effects result in considerable variability in the 

relationship for river discharge and suspended sediment concentration.  

 Nash (1994) highlighted that hysteresis effects do not invalidate the application of the 

SRC approach if the variability between river discharge and suspended sediment concentration is 

symmetrically distributed about the power-law relationship across the full range of observed 
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discharges. For instance, Gao and Josefson (2012b) evaluated temporal variations in suspended 

sediment transfer in Oneida Creek watershed, central New York State, where a single SRC for 

the 3-year study had a better fit than SRCs fit to each season and water year. Gao and Josefson 

(2012b) concluded that variability around the regression line at the seasonal and water year 

scales were smoothed and made symmetrically distributed when the data were pooled together. 

Results by Gao and Josefson (2012b) support Nash’s (1994) concept that hysteresis effects do 

not necessarily invalidate the SRC approach, and provide a contrast to aforementioned research 

where they do (López-Tarazón et al., 2009; Mukundan et al., 2013). These studies (López-

Tarazón et al., 2009; Gao and Josefson, 2012b; Mukundan et al., 2013) highlight that prior to 

using the SRC approach to estimate suspended sediment concentration, it is important to 

characterize hysteresis. If hysteresis effects are not pronounced, or if the variability between 

river discharge and suspended sediment concentration is symmetrically distributed about the 

power-law relationship, then the SRC approach is suitable. 

2.4 Conclusion  

 Streamflow patterns in the Northeastern United States exhibit a seasonal cycle. Runoff 

generally peaks in the spring due to snowmelt and rain-on-snow events. More frequent, large-

volume runoff events also occur during the late-summer and fall. Tropical cyclones in the late-

summer and fall are important for streamflow patterns because they generally produce the largest 

annual floods. River discharge studies point to increasing annual runoff and more frequent large-

volume runoff events. Suspended sediment transfer varies primarily with discharge and sediment 

supply availability; other factors such as antecedent conditions and spatial variability in runoff 

influence suspended sediment transfer but are less important than discharge and sediment supply 

availability. If sediment supply availability is unrestricted then suspended sediment transfer 
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increases as a power law function with river discharge, and most of the multi-year suspended 

sediment transfer occurs during large-volume runoff events. Consequently, suspended sediment 

transfer in the Northeastern United States primarily occurs during the spring when annual runoff 

peaks, as well as during large-volume runoff events in the late-summer and fall. Large-volume 

runoff events have the capacity to increase sediment supply availability, and therefore suspended 

sediment transfer during subsequent events. Increased annual runoff and more frequent large-

volume runoff events in the Northeastern United States suggest that suspended sediment transfer 

will increase. The standard SRC approach is commonly used in sediment transport studies to 

estimate suspended sediment transfer. However, the SRC approach is only suitable when 

hysteresis effects do not result in considerably and asymmetrically distributed scatter about the 

function. It is therefore important to characterize hysteresis effects for a particular catchment 

before using the SRC approach.  
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Chapter 3: Research Methods 

3.1 Study Site 

 Schoharie Creek watershed (2,300 km2) drains the north slopes of the Catskill Mountains, 

New York State, USA into the Mohawk River, which is a major tributary to the Hudson River 

(Figure 3.1). Relief in Schoharie watershed ranges from more than 1,200 m a.s.l. at local 

mountain peaks to approximately 84 m a.s.l. at the outlet in Fort Hunter, New York. Surficial 

geology in the region resulted from past glaciations during the Pleistocene from both the 

Laurentide Ice Sheet and simultaneously occurring mountain glaciers (Titus, 1996). Soils in the 

watershed are primarily derived from glacial and lake deposits that are generally 12,000 years 

old or younger (Titus, 1996). Cool summers, cold winters, and abundant precipitation throughout 

the year characterize regional climate. Regional precipitation increased by 136 mm between 

1952 and 2005, with precipitation increases occurring primarily in June through October (Burns 

et al., 2007). Regional mean annual temperature ranges from 5°C to 10°C, with an average of 

170 freeze-free days during the year (NRCS, 2010). 
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Figure 3.1. The Schoharie Creek watershed. The primary USGS gauging stations used for this 
research at Burtonsville, New York and Cohoes, New York are indicated. The locations for the 
Blenheim-Gilboa Pumped Storage Project and the Schoharie Reservoir are indicated. The 
location for the rotational landslide at Burtonsville investigated by Cockburn et al. (2016) is 
indicated. The inset map (lower right) shows the location of Schoharie watershed in the 
Northeastern United States. 
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 According to the Natural Resource Conservation Service (NRCS) (2010), the watershed 

currently comprises approximately 68% forested land, including large secondary growth forests 

that re-established after exploitation in the agricultural, logging, and tanning industries. The 

remaining land area comprises approximately 16% grassland, 5% cultivated land, 5% wetland, 

5% developed land, and 1% other classifications. Cultivated land includes approximately 720 

farms that are clustered in the central valley (NRCS, 2010). Two large reservoirs were built on 

Schoharie Creek; the Schoharie Reservoir and the Blenheim-Gilboa Pumped Storage Project. 

The former was built in the 1920s and the latter was completed in 1972 (NYPA, 2012). These 

dams act as sediment traps, thereby inhibiting sediment transfer from the upper reaches of the 

watershed to the main stem. 

 Mean annual discharge recorded near the watershed outlet at Burtonsville (USGS 

01351500), New York during the entire 1940 to 2015 instrument record is 1.0 km3. Discharge 

through the water year is generally greatest in the spring due to snowmelt, followed by a 

recession to the lowest volumes in the summer. Rainfall events are capable of generating high 

runoff during the summer and fall. Recent research (Cockburn & Garver, 2015) has 

demonstrated that for most of the last two decades annual runoff was higher than the mean 

annual discharge recorded during the entire 1940 to 2015 observational record, and runoff during 

typically high flow periods was greater than average (Cockburn & Garver, 2015). These trends 

were attributed to increased rainfall in the Catskills region reported by Burns et al. (2007) and 

Seager et al. (2012). Hurricane Irene (August 28-29, 2011) and Tropical Storm Lee (September 

6-9, 2011) generated intense rainfall and flooding in Schoharie watershed. Three of six stream 

gauges along Schoharie Creek measured peak discharge exceeding the estimated 500-year 

recurrence interval (Lumia et al., 2014). Cockburn et al. (2016) investigated a rotational slide at 
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Burtonsville, New York State (Figure 3.1). They reported reduced slope stability following 

Hurricane Irene and Tropical Storm Lee that likely persisted until the study was conducted in 

2013. The rotational slide at Burtonsville is downstream from the USGS gauging station at 

Burtonsville (USGS 01351500) and therefore the rotational slide does not influence suspended 

load measurements at this gauging station.  

3.2 Data Acquisition 

 Data were accessed through the USGS National Water Information System as mean daily 

discharge (ft3 s-1, converted into m3 s1), mean daily suspended load concentration (mg L-1), and 

total daily suspended load (t, converted into Mg). Runoff and suspended sediment data for 

Schoharie Creek were obtained from the USGS gauging station at Burtonsville (USGS 

01351500), New York. To avoid analytical bias due to the construction of the Blenheim-Gilboa 

Pumped Storage Project, this study focused on data after the Blenheim-Gilboa Pumped Storage 

Project was completed in 1972. Daily discharge observations were obtained for the 1973 to 2015 

water years. Daily suspended load data were obtained for the 2013 to 2015 water years, as the 

instrument was installed in October 2012. 15-minute measurements for discharge and suspended 

sediment concentration were obtained from the USGS from October 18, 2012 to September 30, 

2015. Runoff and suspended sediment data for Mohawk River at Cohoes (USGS 01357500) 

were also obtained for the 1973 to 2015 water years.    

3.3 Characterizing Discharge and Suspended Sediment Variability (2013 to 2015 Water 

Years) 

 15-minute data were used to evaluate discharge and suspended load patterns during 

runoff events to avoid autocorrelation bias that likely exists between runoff events during low 

flow (Helsel & Hirsch, 2002; Uhrich et al., 2014). Runoff events were identified graphically as 



34 
 

local discharge maxima on the plotted discharge time series following methods presented by 

Mather and Johnson (2014). Event duration was calculated following methods used in the 

literature (e.g., Linsley et al., 1975; Sloto & Crouse, 1996; Mather & Johnson, 2014), and 

defined in Eq. 3.1.  

T = A0.175                Eq. 3.1 

Where T is time (days) and A is the watershed area (km2). Following Eq. 3.1, the duration for 

runoff events was 6 days; beginning 2 days (0.5T) before peak and ending 4 days (T) following 

peak discharge. 69 events were identified during the 2013 to 2015 water years.   

 Hysteresis effects were characterized following the methods outlined by others (e.g., 

Asselman, 1999; Hudson, 2003; López-Tarazón et al., 2009; Smith & Dragovich, 2009; Oeurng 

et al., 2010). First, each runoff event was characterized with one of five hysteresis loop patterns: 

(1) clockwise, (2) counter-clockwise, (3) linear, (4) figure-eight, and (5) complex. Second, 

Pearson’s r coefficient was calculated during each runoff event to determine whether the 

variables lagged one another during runoff events. The suspended sediment concentration time 

series for each runoff event was shifted forwards and backwards in time by 1-hour increments, 

up to a total of 24 hours. The Pearson’s r coefficient was calculated for each time-step. 

Hysteresis loop analysis results and Pearson’s r coefficient results were aggregated by season to 

assess for seasonality. Daily data from Burtonsville (USGS 01351500), New York were used to 

evaluate whether the relationship for river discharge and suspended sediment transfer was 

changing during the 2013 to 2015 water years. Daily data were used to calculate total annual 

discharge and suspended sediment transfer for the 2013 to 2015 water years. Total daily-

suspended sediment transfer versus mean daily discharge for the 2013 to 2015 water years was 

plotted.  
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3.4 Characterizing the Observed Suspended Sediment Transfer (2013 to 2015 Water Years) 

to Estimate the Multi-Decadal Suspended Sediment Transfer (1973 to 2012 Water Years)  

 The relationship for mean daily discharge and total daily suspended load during the 2013 

to 2015 water years was characterized using mathematical equations. The first mathematical 

equation was a standard rating curve (SRC) represented by an ordinary least-squared regression. 

The standard rating curve is defined in equation 2.1. In this context, the ordinary least squares 

approach aims to minimize the sum of the squares of the differences between the suspended load 

observations in the recorded dataset and those estimated by the standard rating curve. The 

ordinary least squares approach assumes a direct relationship between the dependant and 

independent variable such that there are no special variance or correlation structures in the data. 

However, considerable hysteresis effects would invalidate this assumption and generate poor 

performance for the standard rating curve.  

 The second mathematical equation was a linear mixed-effects (LME) equation, following 

methods presented by Araujo et al. (2012) and fit using the nlme library in R version 3.2.2 

(Pinheiro et al., 2014). The linear mixed-effects equation was included to account for potential 

hysteresis effects that would invalidate the standard rating curve approach. According to Araujo 

et al. (2012), the linear mixed-effects model allows researchers to directly account for 

seasonality that may vary across years and hysteresis that may vary within months. The linear 

mixed-effects model assumes a hierarchical data structure such that river discharge and 

suspended load observations are made within groups in the population. Grouping is in relation to 

sections of the hydrological cycle that share similar characteristics. For instance, Araujo et al. 

(2012) grouped river discharge and suspended load data within months because clear month-to-

month patterns were observed.  
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 Both equations were fit to the complete daily dataset during the 2013 to 2015 water years 

using restricted maximum likelihood. Upwards concavity in the data was accounted for by 

following a framework presented by Gao and Josefson (2012b) where a discharge threshold was 

used to divide the data into two subsets. A discharge threshold equal to the mean daily discharge 

(28.9 m3 s-1) during the 2013 to 2015 water years was used to divide the data. Thus, four 

approaches were used to characterize the relationship between daily discharge and total daily-

suspended load: (1) a standard rating curve for all data (SRC), (2) a linear mixed-effects equation 

for all data (LME), (3) a standard rating curve for threshold-divided data (SRCTHR), and (4) a 

linear mixed-effects equation for threshold-divided data (LMETHR). The performance for each 

approach was evaluated by comparing the difference between total estimated versus total 

observed suspended sediment loads for the 2013 to 2015 water years. The goodness of fit for 

each approach was also compared using the Nash-Sutcliffe Efficiency (NSE), the coefficient of 

determination (R2), and the root-mean-square error (RMSE).  

 The approach with the best performance measures was selected to estimate the multi-

decadal suspended sediment loads for Schoharie watershed based on mean daily discharge 

measurements for the 1973 to 2012 water years. Since the USGS began turbidity monitoring in 

October 2012 at Burtonsville (USGS 01351500), New York, direct validation was not possible 

for the estimated data. However, during the 1973 to 2015 water years suspended load 

measurements were taken downstream from the Schoharie watershed in the Mohawk River at 

Cohoes (USGS 01357500), New York. Daily suspended load observations from Schoharie Creek 

were compared with Mohawk River for the 2013 to 2015 water years. The observations were 

normalized by watershed area. A nonlinear equation was fit to the observed daily data using 

ordinary least-squares regression to characterize the relationship. Next, estimated suspended 
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loads for Schoharie Creek were plotted versus observed suspended loads from Mohawk River for 

the 1973 to 2012 water years. The data were normalized by watershed area. The observed 

relationship observed during the 2013 to 2015 water years was compared to the estimated 

relationship during the 1973 to 2012 water years to determine whether the estimated suspended 

loads for Schoharie Creek were reasonable compared to suspended loads measured downstream.  

 Estimated suspended sediment loads for Schoharie Creek were aggregated by water year 

and plotted to evaluate the inter-annual variability in suspended sediment transfer during the 

1973 to 2012 water years. Total annual discharge was also plotted. Estimated daily suspended 

sediment loads were ranked according to decreasing mean daily discharge and the percentage 

contribution of each day towards the estimated total annual suspended sediment load was 

calculated. The results were aggregated by water year and plotted so as to evaluate the annual 

contribution by the top days in each water year, ranked according to mean daily discharge. The 

0.5-year recurrence interval mean daily discharge was calculated using mean daily discharge 

records for the entire observational record (1940 to 2015 water years). Suspended sediment load 

transported by mean daily discharges greater than the 0.5-year recurrence interval (385 m3 s-1) 

were plotted over time.  

3.5 Research Methods Summary 

 The research methods outlined by this thesis comprised five steps (Figure 3.2). 15-minute 

data were used to evaluate discharge and suspended sediment variability in runoff events during 

the 2013 to 2015 water years. In doing so, hysteresis effects were characterized. Daily data were 

used to evaluate whether the inter-annual relationship for river discharge and suspended 

sediment transfer was changing during the 2013 to 2015 water years. In doing so, the lasting 

impacts associated with Hurricane Irene and Tropical Storm Lee were evaluated. The 
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performance for equations used to estimate the suspended sediment flux during the 2013 to 2015 

water years were compared. The equation with the best performance measures was selected to 

estimate the multi-decadal suspended loads for Schoharie watershed based on mean daily 

discharge measurements for the 1973 to 2012 water years. The estimated multi-decadal 

suspended loads for Schoharie watershed were indirectly corroborated by comparing the daily 

suspended loads for Schoharie Creek at Burtonsville (USGS 01351500) and Mohawk River at 

Cohoes (USGS 01357500) during the entire 1973 to 2015 period. 

 
Figure 3.2. A summary of research methods presented in this thesis.   
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Chapter 4: Results 

4.1 Discharge and Suspended Sediment Variability in Runoff Events (2013 to 2015 Water 

Years) 

 15-minute data were used to evaluate discharge and suspended sediment variability in 

runoff events during the 2013 to 2015 water years (Figure 3.2). No hysteresis effects were found 

for Schoharie watershed. Hysteresis loop analysis found that overall there were nearly equal 

frequencies for clockwise (n = 17), counter-clockwise (n = 15), and linear (n = 20) patterns 

(Table 4.1). Aggregated seasonally, clockwise and counter-clockwise patterns were also 

observed with nearly equal frequencies (Table 4.1). Linear patterns occurred as frequently as 

clockwise and counter-clockwise patterns in the winter and spring, and more frequently in the 

summer. Figure-eight and complex patterns occurred more frequently in the summer than during 

other seasons. Pearson’s correlation was strongest for discharge and suspended load with no lag 

between the time series (Figure 4.1a). With no lag the average Pearson’s r for all events (n = 69) 

was 0.69 (p < 0.001). The correlation strength for discharge and suspended load decreased as lag 

was introduced. This trend was also observed when events were aggregated seasonally (Figure 

4.1b). Mean fall r (n = 17) was 0.66 (p < 0.001), mean winter r (n = 6) was 0.71 (p < 0.001), 

mean spring r (n = 17) was 0.51 (p < 0.001), and mean summer r (n = 29) was 0.67 (p < 0.001). 

Table 4.1. Hysteresis loop classification (Asselman, 1999; Hudson, 2003; López-Tarazón et al., 
2009; Smith & Dragovich, 2009; Oeurng et al., 2010) overall and within seasons.  

 Clockwise Counter-
Clockwise 

Linear Figure-
eight 

Complex Total 

Fall 7 6 2 0 2 17 
Winter 1 2 2 0 1 6 
Spring 5 5 6 1 0 17 
Summer 4 2 10 6 7 29 
Total 17 15 20 7 10 69 
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Figure 4.1. Pearson’s r results during the 2013 to 2015 water years. A value of 1 reflects total 
positive correlation, a value of 0 reflects no correlation, and a value of -1 reflects total negative 
correlation. Overall results are shown in (a) while seasonally aggregated results are shown in (b). 

  

4.2 Inter-Annual Discharge – Suspended Load Variability (2013 to 2015 Water Years) 

 Daily data were used to evaluate whether the inter-annual relationship for river discharge 

and suspended sediment transfer was changing during the 2013 to 2015 water years (Figure 3.2). 

Total annual discharge and suspended loads varied through the 2013 to 2015 water years (Table 

4.2). The long-term average annual discharge for the 1940 to 2015 observational record was 1.0 
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km3. Discharge in 2013 was greater than the long-term average, discharge in 2014 was equal to 

the long-term average, and discharge in 2015 was less than the long-term average (Table 4.2). 

The average annual discharge for the 1973 to 2015 water years was 1.2 km3. Inter-annual 

differences for suspended load were greater than inter-annual differences for discharge. Between 

2013 and 2014, a ~17% decrease in discharge was accompanied by a ~50% decrease in 

suspended load. Between 2014 and 2015, a ~55% decrease in discharge was accompanied by a 

~75% decrease in suspended load. Thus, the inter-annual relationship for discharge volume and 

sediment load was not proportional. Furthermore, the relationship between the variables was not 

clear using annual data; there is complexity in the relationship that is not evident at the annual 

temporal scale.  

Table 4.2. Total annual discharge and suspended load measurements for Schoharie watershed at 
Burtonsville (USGS 01351500), New York.  

Water Year Total Annual Discharge (km3) Total Annual Suspended Load (Mg) 

2013 1.21 223,213 

2014 1.00 112,067 

2015 0.45 27,162 

 

 Total daily suspended loads were plotted as a function of mean daily discharge for each 

water year (Figure 4.2). Plotted in log-log space, the discharge – suspended load data followed a 

general linear pattern, which reflects the power-law relationship between the variables. The data 

had upwards concavity defined by an inflection point at approximately 28.9 m3 s-1, equal to the 

average mean daily discharge rate. The suspended load transported by any given discharge 

magnitude was generally variable by less than one order of magnitude.  
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Figure 4.2. Total daily suspended loads plotted versus mean daily discharge for the 2013 to 2015 
water years, measured at Burtonsville (USGS 01351500), New York. The average mean daily 
discharge (28.9 m3 s-1) was used as a threshold to divide the data into two subsets. For each 
subset, the power-law function and associated p-values are indicated. 

 

4.3 Comparison of Equations used to Estimate Suspended Sediment Flux (2013 to 2015 

Water Years) 

 Four equations were used to estimate the suspended load flux during the 2013 to 2015 

water years. Results were compared to the observed suspended load data for the 2013 to 2015 

water years (Figure 3.2; Table 4.3). The estimated results fit the observed suspended loads better 

when the data were divided at the 28.9 m3 s-1 mean daily discharge threshold and equations were 

fit to each subset. Without using the threshold the standard rating curve and mixed-effects 
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equations explained 55% and 53% of the observed suspended load variability, respectively. With 

the threshold, the standard rating curve and mixed-effects equation explained 74% and 70% of 

the observed suspended load variability, respectively. The two equations fit to all data were 

similar and the two equations fit with a discharge threshold were similar, evidenced by similar 

coefficients (Table 4.4). All approaches underestimated the total observed suspended load. 

Underestimated were greater at high suspended load values. The relationship between estimated 

and observed suspended loads was characterized using linear regression (Figure 4.3). The results 

between approaches were similar and close to the ideal 1:1 fit (slope = 1, y-intercept = 0).  

Table 4.3. Total estimated suspended loads for approaches used in the analysis. Approaches that 
include a threshold discharge rate (indicated by the subscript THR) account for a greater 
percentage of the observed suspended load. 

Approach Estimated Suspended Load (Mg) Percentage of Measured Suspended Load  
SRC 197,902 55 
LME 193,118 53 
SRCTHR 268,189 74 
LMETHR 252,188 70 

 

Table 4.4. Table of coefficients and associated p-values for each of the standard rating curve 
(SRC) and linear mixed-effects (LME) equations.  

 Coefficient Value p-value 
SRC a 0.35 <0.001 

b 1.66 <0.001 
LME a 0.36 <0.001 

b 1.65 <0.001 
SRCTHR < 28.93 a 0.40 <0.001 

b 1.57 <0.001 
LMETHR < 28.93 a 0.39 <0.001 

b 1.56 <0.001 
SRCTHR > 28.93 a 0.09 <0.001 

b 2.01 <0.001 
LMETHR > 28.93 a 0.09 <0.001 

b 1.99 <0.001 
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Figure 4.3. Estimated versus observed suspended loads during the 2013 to 2015 water years for 
(a) the standard rating curve and (b) the standard rating curve that used a discharge threshold. 
The solid line is the estimated relationship using linear regression.  

 

 For all equations, the standardized residuals concentrated around zero (Figure 4.4). For 

these plots, linear aggregation patterns were visible at low daily suspended loads. Further, 

standardized residuals at higher total daily suspended loads were generally positive. The standard 

rating curve and mixed-effects equation had higher scores for NSE and R2, and lower scores for 
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RMSE when they included an inflection point (Table 4.4). SRCTHR was selected for subsequent 

analysis because it performed at least as well as LMETHR and it was simpler. The time-series 

generated by subtracting the observed suspended load values by the estimated suspended load 

values during the 2013 to 2015 water years was examined to further assess the predicted ability 

for the standard rating curve (Figure 4.5). Results provided additional evidence that the approach 

underestimated the observed suspended load values.  

 

Figure 4.4. Standardized residuals versus total daily suspended load for the standard rating curve 
that incorporates an inflection point at QMEAN.  

Table 4.5. Comparisons of Nash-Sutcliffe Efficiency (NSE), coefficient of determination (R2), and 
root-mean-square error (RMSE) results for all equations fit during the 2013 to 2015 water years 
(n = 1063 and p < 0.001 for all instances). 

Approach NSE R2 RMSE (Mg) 
SRC 0.368 0.80 1,993.9 
LME 0.356 0.80 2,013.5 
SRCTHR 0.669 0.92 1,442.4 
LMETHR 0.633 0.91 1,519.5 
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Figure 4.5. Difference between estimated suspended loads using SRCTHR and observed 
suspended loads during the 2013 to 2015 water years. Negative values are underestimates in 
estimated suspended loads. 

 

 The estimated multi-decadal suspended loads for Schoharie watershed were indirectly 

corroborated using suspended load observations for the Mohawk River at Cohoes (USGS 

0137500), New York State (Figure 3.2). Observed daily suspended loads for Schoharie Creek 

were plotted versus observed daily suspended loads for Mohawk River for the 2013 to 2015 

water years, normalized by watershed area (Figure 4.6). At higher suspended load values, the 

data were uniformly distributed around the 1:1 line. An inflection point at lower suspended load 

values was observed where decreases in suspended load for Schoharie Creek did not match 

decreases in suspended load for Mohawk River. Estimated daily suspended loads for Schoharie 

Creek were plotted versus observed daily suspended loads for Mohawk River (1973 to 2012 

water years) on days that observations were available for Mohawk River (Figure 4.7). The 

observed relationship for the 2013 to 2015 water years was similar to the estimated relationship 

for the 1973 to 2012 water years (Figure 4.8).  
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Figure 4.6. Daily suspended load measurements for Schoharie Creek are plotted versus daily 
suspended loads observed for Mohawk River, 2013 to 2015 water years. Data are normalized by 
catchment area. The solid line is the estimated relationship using nonlinear least squares 
regression. 

 

Figure 4.7. Estimated daily suspended loads for Schoharie Creek are plotted versus observed 
daily suspended loads for Mohawk River (1973 to 2012 water years). Data are normalized by 
catchment area. The solid line is the estimated relationship using nonlinear least squares 
regression. 
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Figure 4.8. Comparison between (1) the estimated suspended load relationship for Schoharie 
watershed versus Mohawk watershed during the 1973 to 2012 water years, and (2) the observed 
suspended load relationship for Schoharie watershed versus Mohawk watershed during the 2013 
to 2015 water years.  

 

4.4 Estimated Multi-Decadal Suspended Load (1973 to 2012 Water Years) 

 The estimated annual suspended loads had high inter-annual variability (Figure 4.9).  

Inter-annual suspended load variability was not adequately explained by inter-annual discharge 

volumes, despite discharge being the only predictor variable used in SRCTHR. Total suspended 

loads transported during the 1973 to 2012 water years was equal to 8,444,185 Mg. Ranked 

according to mean daily discharge, most of the suspended load was transported on relatively few 

days with the highest discharge (Figure 4.10).  
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Figure 4.9. Total estimated suspended loads using SRCTHR during the 1973 to 2012 water years 
are plotted in solid grey bars. Total observed suspended loads during the 2013 to 2015 water 
years are plotted in solid black bars. Total observed discharges during the 1973 to 2015 water 
years are plotted as a line.  

 

Figure 4.10. Percentage daily contribution (ranked according to mean daily discharge) to the 
total estimated suspended load (1973 to 2012 water years) in semi-log scale.  
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 The average discharge for the top 10 days in each water year, ranked according to mean 

daily discharge, show close agreement to total annual suspended loads (Figure 4.11). The top 10 

days in each water year transport a suspended sediment load equal to 5,644,289 Mg, 67% of the 

total suspended load for the 1973 to 2012 water years, in 2.7% of the time. The suspended load 

contribution on days that exceed the 0.5-year discharge recurrence interval (recurrence interval is 

based on the entire 1940-2015 observational record) illustrates that more sediment is transferred 

in the latter half of the 1973-2015 study period. 68 of 117 days that exceeded the long-term 0.5-

year recurrence interval have occurred since 1996. These 68 days transferred more than 50% of 

the total suspended load during the 1996 to 2015 water years in less than 1% of the time.  

 

Figure 4.11. Total estimated suspended load for the 1973 to 2012 water years and observed 
suspended load for the 2013 to 2015 water years. The grey bars reflect total contribution from 
the top 10 days in each water year, ranked according to mean daily discharge. The average mean 
daily discharge for the top 10 days is plotted as a line.  
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Figure 4.12. Total suspended load for days that exceed 385 m3 s-1, the 0.5-year recurrence 
interval for the entire 1940-2015 observational record.  
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Chapter 5: Discussion 

5.1 Discharge and Suspended Load Variability (2013 to 2015 Water Years) 

 Research in New York State (Gao & Josefson, 2012b; Gao & Puckett, 2013; Mukundan 

et al., 2013) has illustrated that sediment supply availability is a key control for suspended 

sediment transfer. In addition to sediment supply availability, suspended sediment transfer varies 

with such factors as antecedent conditions and spatial variability in runoff. Sediment hysteresis 

effects (temporal variability in factors such as sediment supply availability, antecedent 

conditions, and spatial variability in runoff) generate variability in the relationship between river 

discharge and suspended sediment transfer. Characterizing hysteresis effects for Schoharie 

watershed was an important first step for this thesis (Figure 3.2). The relationship for river 

discharge and suspended sediment transfer was evaluated within runoff events to characterize 

hysteresis effects, and in doing so (1) determine sediment supply availability characteristics in 

Schoharie watershed and (2) determine whether the SRC approach was suitable for estimating 

suspended sediment transfer in Schoharie watershed.  

 Hysteresis loop analysis demonstrated that there were equal frequencies for hysteresis 

patterns; clockwise, counter-clockwise, and linear hysteresis patterns occurred with nearly equal 

frequency overall and within seasons (Table 4.1). Research conducted by Gao and Josefson 

(2012a) in Oneida Creek, central New York State (station number 10; Figure 2.4; Table 2.4) 

found that (1) various hysteresis patterns occurred through their study period and that (2) no 

hysteresis patterns significantly outnumbered the others overall and within seasons.  The Oneida 

Creek results (Gao and Josefson, 2012a) and Schoharie Creek results (this study) differ from the 

findings presented by Mukundan et al. (2013) for Esopus Creek at the Ashokan Reservoir, 

approximately 20 km south from Schoharie Creek headwaters (station number 5-9; Figure 2.4; 
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Table 2.4). Storm event turbidity for Esopus Creek was dominated by clockwise hysteresis 

patterns and explained by sediment supply depletion during runoff events. Previous research 

(Hudson, 2003; López-Tarazón et al., 2009; Oeurng et al., 2010) has demonstrated that different 

hysteresis patterns were generated by different sediment sources that primarily supplied sediment 

during runoff events. The Schoharie Creek results (this study) therefore illustrate that (1) the 

relationship for river discharge and suspended sediment transfer during runoff events was 

variable overall and within seasons, (2) there was no evidence for dominant sediment supply 

characteristics, and (3) sediment sources were distributed throughout the watershed. 

 Pearson’s correlation was strongest for discharge and suspended load with no lag 

between the time series (Figure 4.1a). Mather and Johnson (2014) evaluated 1,559 events from 

20 stream gauges in the mid-Atlantic United States region. They reported that counter-clockwise 

patterns were the most common for rivers in the region and that event turbidity generally lagged 

event discharge with increasing watershed size. For a river similar in size to Schoharie Creek 

(Pamunkey River, Virginia, 2799 km2), Mather and Johnson (2014) reported that event turbidity 

lagged discharge by 8 hours. Pearson’s r results suggest high sediment connectivity between 

sediment supplies and the Schoharie Creek. Regardless of spatial and temporal variability in 

runoff, there is generally no lag between event discharge and event suspended sediment transfer. 

Overall, these results illustrate that the relationship for river discharge and suspended sediment 

transfer in Schoharie Creek was controlled primarily by discharge because sediment sources 

were distributed throughout the watershed and highly connected to Schoharie Creek. 

Furthermore, hysteresis loop analysis results and Pearson’s r coefficient results illustrated that 

there were no considerable hysteresis effects for Schoharie watershed, thus they did not have to 

be considered during subsequent analyses.  
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 Mean daily discharge observations were used to characterize the inter-annual relationship 

for river discharge and suspended sediment transfer during the 2013 to 2015 water years (Figure 

3.2) because suspended sediment transfer was controlled primarily by discharge and there was no 

lag between event discharge and suspended sediment concentration. The inter-annual runoff 

differences between the three water years with suspended load measurements provide a unique 

opportunity to evaluate the relationship for river discharge and suspended sediment transfer for 

average, below average, and above average conditions. Discharge in 2013 was greater than the 

long-term average, discharge in 2014 was equal to the long-term average, and discharge in 2015 

was less than the long-term average (Table 4.2). Inter-annual discharge decreases were 

accompanied by larger suspended load decreases, illustrating that the relationship for river 

discharge volume and suspended sediment load was not proportional. The annual Schoharie 

Creek results demonstrated that there was complexity in the relationship for river discharge and 

suspended load that was not clear while evaluating total annual discharge volume and suspended 

loads, thus the daily data were used to characterize the relationship between the variables.  

 The daily Schoharie Creek results have three implications. Firstly, there was no evidence 

for temporal change in the relationship between river discharge and suspended sediment load 

between the three water years analyzed (Figure 4.2). Inter-annual variability for suspended 

sediment load was attributable to the magnitude and distribution of high mean daily discharges 

over the three water years analyzed. Relatively few days, characterized by the largest mean daily 

discharges, contributed the greatest proportion to the total suspended sediment load observed 

during the 2013 to 2015 water years. This is similar to results presented by Mukundan et al. 

(2013) for Esopus Creek, New York State. They estimated that over 8 years, 80% of the total 

suspended sediment transfer occurred on days when mean daily discharge was greater than 100 
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m3 s-1 (equal to 4% of the total time). Secondly, the Schoharie watershed did not show evidence 

for available sediment supply depletion in the years following Hurricane Irene and Tropical 

Storm Lee. It is likely that Hurricane Irene and Tropical Storm Lee provided relatively long-term 

supplies of transferable sediment that did not show evidence for depletion up to the end of the 

2015 water year. In Schoharie watershed, Cockburn et al. (2016) investigated a rotational slide at 

Burtonsville, New York and reported reduced slope stability following Hurricane Irene and 

Tropical Storm Lee that likely persisted until the study was conducted in 2013 (Figure 3.1). 

Other research by Dethier et al. (2016) investigated the persistence of increased suspended load 

in the years following Hurricane Irene in New England. Dethier et al. (2016) reported that 

suspended load showed no evidence for sediment supply depletion in the four years following 

Irene, attributable to (1) the sheer volume of sediment input to rivers directly related to Irene and 

(2) the persisting suspended load contributions made by hillslope scars that provided relatively 

long-term sediment supplies after Irene, similar to the rotational slide at Burtonsville investigated 

by Cockburn et al. (2016). Given that (1) there were no trends for hysteresis in Schoharie 

watershed, (3) there was no evidence for sediment supply depletion in the years following 

Hurricane Irene and Tropical Storm Lee in Schoharie watershed, and (3) landscape features such 

as landslides are known to provide relatively long-term supplies of transferable sediment 

(Dethier et al., 2016; Nelson & Dubé, 2016), then it is likely that Hurricane Irene and Tropical 

Storm Lee provided relatively long-term supplies of transferable sediment that persisted until at 

least the end of the 2015 water year when this research concluded. Suspended load 

measurements prior to Irene and Lee are unavailable and further research is necessary to quantify 

the temporal scale of persisting elevated suspended loads. Thirdly, given that (1) the Schoharie 

Creek results showed no evidence for change in the relationship between river discharge and 
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suspended sediment transfer during the 2013 to 2015 water years, and (2) daily discharge records 

since 1973 were obtainable from the USGS gauging station at Burtonsville (USGS 01351500), 

New York, then the daily relationship for river discharge and suspended sediment load that was 

characterized during the 2013 to 2015 water years can serve as a tool to estimate multi-decadal 

suspended sediment loads during the 1973 to 2012 water years when suspended load 

measurements are unavailable. 

5.2 Estimated Multi-decadal Suspended Load (1973 to 2012 Water Years) 

 The estimated multi-decadal suspended sediment flux in Schoharie watershed during the 

1973 to 2012 water years was not directly validated because suspended load data was 

unavailable for Schoharie watershed prior to the 2013 water year. Instead, suspended load 

measurements taken during the 1973 to 2012 water years downstream from Schoharie watershed 

in the Mohawk River at Cohoes (USGS 01357500; Figure 3.1) were used to indirectly verify that 

the Schoharie estimates were valid (Figure 3.2). Results indicated that the estimated multi-

decadal suspended sediment flux in Schoharie watershed during the 1973 to 2012 water years 

was a reasonable estimate. This was evidenced by similar relations (slope and y-intercept) 

between the normalized suspended sediment load for Schoharie Creek versus the normalized 

suspended sediment load for Mohawk River during the comparison periods (Figure 4.6; 4.7; 4.8).  

 Total annual discharge did not adequately explain the estimated annual suspended load 

time series (Figure 4.9). This was evidenced by water years with similar total discharge volumes 

but different total suspended sediment loads. For example, 2003 and 2010 had discharges equal 

to 1.43 km3 and 1.40 km3 while transferring suspended loads equal to 192,176 Mg and 388,105 

Mg, respectively. As previously noted, the inter-annual suspended sediment flux in Schoharie 

watershed was primarily controlled by the frequency and magnitude of large mean daily 
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discharges over time. Relatively few days contributed the greatest proportion to the multi-

decadal suspended sediment flux (Figure 4.10). Total annual discharge does not reflect the 

frequency and magnitude for large mean daily discharges through time. Total estimated 

suspended sediment load trends were similar to trends for average discharge for the top 10 days 

in each water year (Figure 4.11). The top 10 days in each water year, ranked according to 

decreasing mean daily discharge, account for 64% of the total suspended sediment load during 

the 1973 to 2012 water years in 2.7% of the time. These results illustrate that the multi-decadal 

(1973 to 2012 water years) suspended sediment flux was primarily transported during high 

discharge periods in each water year. In the Northeastern United States, streamflow patterns 

exhibit a seasonal cycle (e.g., Smith et al., 2010; Matonse & Frei, 2013; Collins et al., 2014), and 

thus most suspended sediment transfer occurred when runoff peaks during the spring, as well as 

during the late-summer and fall when there are frequent large-volume runoff events. 

 Estimated suspended sediment loads were greater during the 1996 to 2012 water years 

than during the 1973 to 1995 water years. Total estimated suspended sediment load during the 

1996 to 2012 water years (46% of the time) was equal to 4,918,329 Mg (56% of the total). This 

trend was attributable to more frequent and intense discharges during the most recent two 

decades, as evidenced by more days that exceeded the 0.5-year discharge recurrence interval in 

this period (Figure 4.12). Since 1996, 68 days have exceeded the 0.5-year discharge recurrence 

interval, transferring an estimated suspended load equal to 2,419,961 Mg (49% of the total 

during the 1996 to 2012 water years in less than 1% of the time). The streamflow trends 

observed in this research were also reported by Cockburn & Garver (2015), who found that 

annual runoff was higher than the long-term average for most of the last two decades, and runoff 

during typically high flow periods was greater than average. These trends were attributed to 
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increasing rainfall trends observed in the Catskill Mountains region (Burns et al., 2007; Seager et 

al., 2012). Furthermore, Cockburn & Garver (2015) reported a trend towards earlier 

winter/spring center of volume dates. This trend could result in more intense discharge related to 

spring snowmelt, and thus elevated suspended load transfer. The Schoharie watershed results 

highlight that (1) the long-term suspended load flux will increase with more frequent large-

volume runoff events, and that (2) the increasing suspended load flux will occur primarily during 

the spring resulting from melting snowpack and the summer and fall resulting from severe 

storms.  

5.3 Empirical Approach Performance Evaluation 

 The performance for standard rating curves versus linear mixed-effects equations were 

tested by comparing the suspended sediment load estimations to observations during the 2013 to 

2015 water years (Figure 3.2). The approaches underestimated suspended sediment load (Table 

4.3), particularly at high discharges (Figure 4.3; Figure 4.4). The SRCTHR-estimated suspended 

sediment load, which was the best performing equation, still underestimated the suspended 

sediment load by 26%. Estimated underestimates are not uncommon. Underestimates are 

attributable to bias that occurs when suspended sediment loads estimated in log-space are 

transformed to arithmetic space. Asselman (2000) reported that (1) rating curves obtained 

through log-transformed data may underestimate suspended sediment loads by 10-50% and that 

(2) particularly large underestimates occur at high discharge. Horowitz et al. (2001) reported that 

rating curves obtained through log-transformed data generally overestimate suspended sediment 

loads at low discharges while also underestimating suspended sediment loads at high discharges. 

Underestimates in the literature range from <10% to 50% (Asselman, 2000; Gao & Pasternack, 

2007; Gao & Josefson, 2012b; Mukundan et al., 2013) and generally increase with discharge. 
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Oneida Creek results (Gao & Josefson, 2012b) did not show significant underestimation because 

discharge did not exceed 100 m3 s-1. Extremely large discharges produce underestimates for 

other reasons, such as the inability of the equation to reflect physical processes. For example, 

Yellen et al. (2014) highlighted that historical rating curves developed for the Connecticut River 

grossly underestimated the suspended sediment load that Hurricane Irene transported in 2011. 

Yellen et al. (2014) concluded that during extreme precipitation events like Irene, most sediment 

is entrained in lower-order streams in high relief watersheds. As such, the Connecticut River’s 

rating curve, for which measurements are made near the head of tides (far downstream from 

lower-order streams in high relief watersheds), greatly underestimated the sediment loads 

transported from lower-order streams. The Schoharie Creek results provide further support that 

suspended load underestimation at extremely high discharges is problem that necessitates further 

work, particularly in the Northeastern United States where research indicates increasing annual 

runoff and more frequent large-volume runoff events (Collins, 2009; Villarini & Smith, 2010; 

Matonse & Frei, 2013; Armstrong et al., 2014; Cockburn & Garver, 2015; Frei et al., 2015; 

Berton et al., 2016).  

 The performance for standard rating curves versus linear mixed-effects equations were 

also tested by comparing the goodness of fit measures for each approach. Results illustrated that 

the standard rating curve and the linear mixed-effects equations that did not use a discharge 

threshold had similar performances and those that did use a discharge threshold had similar 

performances (Table 4.4; 4.5). The Schoharie Creek results differ from those presented by 

Araujo et al. (2012) who reported that for Chilliwack River, British Columbia, Canada the linear 

mixed-effects approach reflected more accurate interpolated suspended sediment load patterns 

using discharge as the predictor variable. Araujo et al. (2012) used one mixed-effects equation 
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for each month because clear seasonal patterns were observed for discharge and suspended 

sediment load. Further, inter-annual variability in the relationship for river discharge and 

suspended sediment load were observed for Chilliwack River, attributed to hysteresis patterns, 

changes in sediment sources, and climatic factors (Araujo et al., 2012). Araujo et al. (2012) 

reported that the linear mixed-effects equations accounted for almost twice as much suspended 

sediment load variance compared to the standard rating curve (52% versus 27%) because the 

linear mixed-effects equations could account for inter-seasonal and inter-annual differences in 

the relationship for river discharge and suspended sediment load while the standard rating curve 

could not. The Schoharie watershed results did not show evidence for inter-seasonal or inter-

annual changes in the relationship for river discharge and suspended sediment load, and therefore 

the standard rating curve was sufficient. 

 The upwards concavity in the relationship for river discharge and suspended sediment 

load illustrated that at higher discharges, disproportionately more suspended sediment transfer 

occurred in Schoharie Creek (Figure 4.2). Equations fit to the entire dataset were biased towards 

smaller and more frequent discharges that did not transport large suspended sediment loads, 

while also underestimating suspended sediment loads transported by larger but infrequent 

discharges. The equations fit to data greater than and less than the discharge threshold had better 

performances when estimating suspended sediment loads based on discharge, particularly at 

higher discharges (Table 4.3; Figure 4.3). Only one discharge threshold was used because there 

were no other clear inflection points. There is evidence for an inflection point at higher 

discharges (>200 m3 s-1), as evidenced by underestimation at higher discharges. However, there 

was insufficient data at high discharges to incorporate another inflection point. Wolfs and 

Willems (2014) highlight the lack of physical meaning in standard rating curves makes the 
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method sensitive to overfitting, particularly when relatively few data points are available. Further 

research is necessary to evaluate the discharge – suspended load relationship at high discharges 

when such data becomes available.   
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Chapter 6: Conclusion 

 Research in the Northeastern United States points to increasing annual runoff and more 

frequent large-volume runoff events (Burns et al., 2007; Collins, 2009; Hodgkins & Dudley, 

2011; Matonse & Frei, 2013; Frei et al., 2015; Berton et al., 2016). Suspended sediment transfer 

generally increases as a power-law function with river discharge (Nash, 1994), thus rivers 

transfer disproportionately more suspended sediment during high-streamflow periods relative to 

lower-streamflow periods (Mukundan et al., 2013; Ralston et al., 2013; Yellen et al., 2013). 

Suspended sediment transfer varies based on sediment supply availability. Large-volume runoff 

events can have lasting impacts on watershed suspended sediment flux because they provide 

relatively long-term supplies of transferable sediment (Dethier et al., 2016; Nelson & Dubé, 

2016). Hurricane Irene and Tropical Storm Lee generated extreme (>500-year recurrence 

interval) flooding in Schoharie watershed, New York State.  

 This thesis evaluated runoff and suspended sediment fluxes in Schoharie watershed, New 

York State, USA. The relationship for river discharge and suspended sediment transfer was 

characterized following Hurricane Irene and Tropical Storm Lee during the 2013 to 2015 water 

years to investigate the lasting impacts of large-volume runoff events. The multi-decadal (1973 

to 2012 water years) suspended load flux was estimated and used to gain insight on the long-term 

sediment transport processes in Schoharie watershed. In doing so, the performances for standard 

rating curves versus linear mixed-effects equations were compared. The major findings are 

summarized below:  

 The relationship for river discharge and suspended sediment transfer was evaluated 

during 69 individual runoff events during the 2013 to 2015 water years to determine 

whether hysteresis effects were observable in Schoharie watershed. There were equal 
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frequencies for hysteresis patterns. Furthermore, there was no lag between event 

discharge and event suspended load. These results illustrate that the relationship for river 

discharge and suspended sediment transfer was controlled primarily by discharge because 

available sediment supplies were abundant and highly connected to Schoharie Creek. 

Furthermore, there were no considerable hysteresis effects for Schoharie watershed, thus 

they did not have to be considered during subsequent analyses.  

 The relationship for river discharge and suspended sediment transfer during the 2013 to 

2015 water years did not change over seasonal and annual time scales. There was 

therefore no evidence for sediment supply depletion during this period. Given that 

available sediment supplies were abundant and highly connected to Schoharie Creek, it is 

likely that Hurricane Irene and Tropical Storm Lee had lasting impacts in Schoharie 

watershed by providing relatively long-term supplies of transferable sediment.  

 The estimated multi-decadal (1973 to 2012 water years) suspended load flux for 

Schoharie watershed illustrated that the multi-decadal suspended load flux was 

hydrologically dependent and primarily transferred during high discharge periods in each 

water year. Consequently, most suspended load transfer occurred during the spring when 

annual streamflow peaks, as well as during large-volume runoff events in the summer and 

fall. These results illustrate that the frequency and magnitude of large-volume runoff 

events are a better predictor for suspended sediment flux than discharge volume.  

 The performance for standard rating curves versus linear mixed-effects equations were 

tested by comparing (1) the suspended load estimations to observations during the 2013 

to 2015 water years and (2) the goodness of fit measured for each equation. The 

equations underestimated suspended load, particularly at high discharges. The standard 
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rating curve and linear mixed-effects equations had similar performances. The standard 

rating curve was sufficient for estimating the multi-decadal suspended load flux in 

Schoharie watershed during the 1973 to 2012 water years because there were no 

considerable hysteresis effects for Schoharie watershed. 

 The upwards concavity in the relationship for river discharge and suspended load transfer 

illustrated that at higher discharges, disproportionately more suspended load was 

transported in Schoharie watershed. Equations fit to the discharge – suspended load 

trends greater than and less than the mean daily discharge threshold (28.9 m3 s-1) 

accounted for upwards concavity; these equations had better performances, particularly at 

high discharges.  

 Extreme runoff events and opportunities to research their impacts on watersheds are rare. 

The knowledge gained from this thesis has several implications. The relationship for river 

discharge and suspended sediment transfer illustrates that sediment supply depletion was not 

observed up to five years after Hurricane Irene and Tropical Storm Lee, which is consistent with 

similar studies regarding the lasting impacts of extreme runoff events (Dethier et al., 2016; 

Nelson & Dubé, 2016). This thesis provides further evidence that large-volume runoff events are 

not only important for multi-year suspended sediment fluxes in temperate watersheds because 

they directly transport large suspended sediment quantities, but also because they provide 

relatively long-term supplies of transferable sediment. Problems related to increased suspended 

sediment transfer are therefore intensified for several years following large-volume runoff 

events.  

 Research in the Northeastern United States points to increasing annual runoff and more 

frequent large-volume runoff events (Burns et al., 2007; Collins, 2009; Hodgkins & Dudley, 
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2011; Matonse & Frei, 2013; Cockburn & Garver, 2015; Frei et al., 2015; Berton et al., 2016). 

Furthermore, research (Matonse & Frei, 2013; Cockburn & Garver, 2015) suggests that these 

trends have intensified during the most recent two decades. The estimated multi-decadal 

suspended load flux supports this intensification; the suspended load transferred by large-volume 

runoff events was greater during the 1996 to 2012 water years than during the 1973 to 1995 

water years. The problems related to increased suspended load have likely worsened in the 

Northeastern United States. Furthermore, streamflow in the Northeastern United States is 

dominated by spring snowmelt runoff, but tropical cyclones are also consequential. The 

problems related to increased suspended load may worsen during these periods in each year.  

 The standard rating curve and linear mixed-effects equations had similar performances. 

The linear mixed-effects equation has performed well in other research (Araujo et al., 2012) 

because it accounts for inter-seasonal and inter-annual variability in the relationship for river 

discharge and suspended sediment transfer. However, such variability was not observed in the 

Schoharie watershed, thus the linear mixed-effects equation benefits were lost. The standard 

rating curve is suitable when hysteresis effects do not result in considerable variability in the 

relationship for river discharge and suspended sediment transfer.  

 Continued monitoring and research is necessary in Schoharie watershed. The time period 

over which sediment supply depletion will occur is unknown. Sediment supply depletion could 

take several years or longer in Schoharie watershed. If new sediment introductions continue to 

provide abundant sediment supplies to Schoharie Creek then suspended load is transported at or 

near capacity until changes occur in the hydrological regime and sediment introductions become 

less frequent. Continued monitoring could also improve on the characterized relationship for 

river discharge and suspended sediment transfer. Relatively few discharge – suspended load 
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observations were available at high discharges (>200 m3 s-1) during the 2013 to 2015 water 

years. Continued observations could indicate whether a second discharge threshold exists at high 

discharge values (>200 m3 s-1). This thesis also highlighted that suspended load underestimation 

remains problematic. Accounting for upwards concavity in the discharge – suspended load data 

improved suspended load estimated considerably, but did not solve the problem.  
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