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ABSTRACT 

 

 

FLOW DURATION CURVES AND SEDIMENT YIELD ESTIMATION FOR URBANIZING 

WATERSHEDS 

 

Land use change associated with urbanization can alter natural flow regimes, typically 

resulting in larger peak flows for a given precipitation event than in a pre-urbanized watershed 

condition. The overall influence of urbanization on how flows of different frequencies might 

change over time, while important in hydrologic design, remains poorly understood. In this 

study, we first investigate the effects of urbanization on flow duration curves (FDCs) and flow 

variability through a case study of several watersheds in the Puget Sound Region of Washington 

State.  

A FDC is a graphical representation of the frequency, or fraction of time, that a discharge 

magnitude is equaled or exceeded. Using different time windows of the flow record, we analyzed 

stream discharge, precipitation, and watershed urbanization for a minimum of 25 years between 

1960 and 2010 to quantify how key FDC percentiles changed with time in response to 

urbanization in small watersheds (less than 200 km
2
) with land uses ranging from highly urban to 

primarily rural. In the urban watersheds, the 95
th
-99

th
 percentile of the daily-mean flow series 

increased by 0-94% with an average increase of 35%. The magnitude of small discharges (10
th
 

percentile) in the urban watersheds also increased by up to 34% with an average increase of 

15%. The rapidity and magnitude of changes in streamflow, commonly known as ñflashiness,ò 

was also observed to increase over the period analyzed for both urban and rural watersheds. 
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Flashiness increased by 46% on average in urban watersheds, a result likely caused by increases 

in population density and impervious surfaces. Rural watersheds were found to have lesser 

increases in flashiness, 14% on average, attributed to baseflow reductions and increasing 

precipitation intensity and variability.  

As watersheds become flashier, the decision to use either daily-averaged or sub-daily 

streamflow records has the potential to impact the calculation of sediment transport metrics. To 

investigate, we calculated the effective discharge, sediment yield, and half-load discharge using 

sediment rating curves over long time periods with both daily-averaged and sub-daily streamflow 

records, in the second part of this study. The pool of sites in the analysis included 39 sites with 

bedload measurements and 99 sites with suspended load measurements from several regions of 

the United States. Results of this analysis were compared to site-specific metrics such as stream 

flashiness and bed sediment size. A comparison of sediment transport metrics calculated with 

both daily-average and sub-daily stream flow data at each site showed that daily-averaged flow 

data were unable to adequately represent the magnitude of high streamflows at flashy sites. This 

caused an underestimation of sediment transport and sediment yield at flashy sites, the degree of 

which was controlled by the magnitude of the best-fit exponent of the sediment rating curve. 

Regression equations are provided for estimating this bias as a function of stream flashiness and 

sediment rating curve parameters. No relationship between flow data resolution and effective 

discharge was found. The results of this analysis help inform the use of FDCs and sediment yield 

estimation in urbanizing watersheds. This analysis demonstrates the magnitude of change that 

urbanization may cause in a FDC. Additionally, this analysis illustrates the importance of using 

sub-daily flow data in the calculation of sediment yield in urbanizing or otherwise flashy 

watersheds.  
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1. CHAPTER 1: INTRODUCTION 

As human populations grow, watersheds around the world are responding to 

urbanization, a diverse collection of influences that cause fundamental changes in watershed 

hydrologic processes. Hallmarks of urban areas include roads, sidewalks, parking lots, and 

buildings. These features, which are impervious by nature, alter watershed processes through a 

number of mechanisms. Impervious surfaces and compacted soils physically limit infiltration of 

precipitation. This reduces the quantity of water reaching the subsurface and increases surface 

runoff volume (Booth, 1991). Streets, rooftops, and modern stormwater conveyance systems that 

collect and funnel stormwater cause runoff to reach streams in a much more rapid fashion than 

natural overland flow (Leopold, 1968; Putnam, 1972, Boyd et al., 1993); this causes lag time, the 

duration between the center of mass of rainfall excess and the peak flow rate, to be reduced. As a 

result of these changes, flow magnitude and frequency are altered. 

A flow duration curve (FDC) is a graphic representation of the frequency and magnitude 

of all instantaneous, daily, weekly, or monthly flows for a given period of time. FDCs have a 

wide variety of applications including water-use planning, flood mitigation, and reservoir 

sedimentation studies (Vogel & Fennessey, 1994). FDCs are also critical components of the 

analysis of magnitude and frequency of sediment transport in rivers. The effective discharge, the 

discharge that transports more sediment than any other over a period of years (Emmett & 

Wolman, 2001), is a commonly utilized channel design metric that is typically calculated with a 

FDC. In regions with coarse-bedded streams and snowmelt hydrology, the effective discharge 

can be viewed as a reasonable surrogate for the entire series of discharges that form and maintain 

river channel dimensions (Doyle et al., 2007). 
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The effects of urbanization on the full spectrum of flow frequencies, and the channel 

design metrics such as effective discharge that depend on those frequencies, are still not fully 

understood. It is well known that urbanization causes increases in flood magnitude (Hollis, 

1975). Heavily urbanized locations often exhibit flood magnification factors from 2-5, where a 

flood magnification factor is defined as a factor by which a past design flood quantile would 

have to be multiplied by to obtain the magnitude of the flood in the current time period (Vogel et 

al., 2011). This illustrates that urbanization is causing large peak flows to become more common. 

Urbanization has also been linked to the decline of stream baseflow in certain instances (Price, 

2011; Simmons & Reynolds, 1982). Although studies like these have focused on quantifying the 

effect of urbanization on high and low magnitude discharges, its effect on the full spectrum of 

flows is less understood. A greater understanding of how urbanization impacts FDCs would be 

helpful for a number of applications including the estimation of effective discharge and other 

channel design metrics in urbanizing systems. 

 Urbanization has also been shown to cause rapid variations in streamflow over short 

periods of time (Graf, 1977; Walsh et al., 2005). This type of streamflow behavior is termed 

ñflashyò and is also common in small (Ågren et al., 2007) and arid (Allan & Castillo, 2007) 

catchments. In these types of systems, little is known on how the resolution of streamflow data 

(daily-averaged or sub-daily) affects the calculation of effective discharge and other sediment 

yield metrics. A study of six watersheds in East Devon, England showed that sediment yield 

calculations from daily flow records could vary up to 10% from those made with instantaneous 

records (Walling, 1977). Additionally, in a study of the Yazoo River basin in Northwest 

Mississippi, sediment yields created from daily-averaged flow data were 1-100% less than 

sediment yields created from 15-minute data (Hendon, 1995). However, it is not clear how 
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flashiness was related to the error in sediment yield calculations for these watersheds. In 

urbanizing watersheds, it is critical that we understand how urbanization affects FDCs and 

stream flashiness. With an understanding of these interactions, we can better predict how 

urbanization will impact sediment yield metrics central to channel design. 

In the second chapter of this paper, we aim to quantify the effects of urbanization on 

FDCs through a case study of streams spanning a gradient of urbanization in the Puget Sound 

region of Washington, USA. Using different time windows of the flow record, we quantify how 

key flow percentiles of the FDC changed with time in response to urbanization. 

In the third chapter of this paper, we focus our efforts on quantifying the impact of flow 

data resolution on sediment yield metrics for streams of varying flashiness. In this analysis, we 

calculated the effective discharge, sediment yield, and half-load discharge using sediment rating 

curves over long time periods with both daily-averaged and sub-daily streamflow records to 

quantify the effects of flow data resolution on the calculation of sediment yield metrics for 

streams of varying flashiness. 
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2 CHAPTER 2: THE EFFECT OF URBANIZATION  ON FLOW DURATION CURVES: A 

CASE STUDY FROM SELECTED STREAMS IN THE PUGET SOUND BASIN, 

WESTERN WASHINGTON 

2.1 INTRODUCTION 

World population has grown from 3.0 billion in the year 1960 to 6.1 billion in the year 

2000, and is further expected to grow to 8.9 billion in the year 2050 (United Nations, 2004). 

With these tremendous increases in human population, many regions are devoting ever 

increasing land area to urban usage. Urban population centers are characterized by buildings, 

roads, sidewalks, and parking lots. These types of areas are traditionally impervious by nature, 

and therefore fundamentally alter hydrologic processes.  

Urbanization is known to reduce the duration between the center of mass of rainfall 

excess and the peak flow rate, i.e, the lag time, of a watershed (Leopold, 1968). Lag time is 

reduced as water flows faster off of streets and roofs than naturally vegetated areas. Additionally, 

the advent of storm sewers and artificial drainage networks has contributed to the reduction of 

lag time in urban areas (Leopold, 1968). Impervious surfaces also reduce the amount of 

precipitation infiltrated; this combined with a shorter lag time often increases the peak magnitude 

of streamflow for a given precipitation event (Hollis, 1975).  

Urbanization also causes fundamental changes in the sediment supply of rivers and 

streams. It has been suggested that during the construction phase of urbanization, sediment 

supply to the river increases, then as construction concludes; sediment supply to rivers may fall 

to very low levels (Wolman, 1967). In response to changes in water and sediment, rivers adjust 

their morphology (Schumm et al., 1984; Booth, 1990). Common forms of adjustment include 

changes in channel width, depth, and slope (Bledsoe and Watson, 2001). An understanding of 
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how river channels adjust their morphology to alterations in water and sediment supply caused 

by urbanization is critical to urban watershed planning and management.  

Vogel et al. (2011) found that heavily urbanized locations had flood magnification factors 

ranging from 2-5, where a flood magnification factor is defined as a factor by which a past 

design flood quantile would have to be multiplied by to obtain the magnitude of the flood in the 

current time period. This work was done using annual maximum flood series, and therefore was 

focused on discharges greater than the 99
th
 percentile. This illustrates that urbanization generally 

results in large peak flows becoming more common. Urbanization has also been linked to the 

decline of stream baseflow in certain instances (Price, 2011; Simmons & Reynolds, 1982). This 

is generally thought to be the result of impervious surfaces limiting the infiltration of 

precipitation into the subsurface layers; however, declining baseflow can also be caused by 

shallow groundwater extractions (Sophocleous, 2002). 

To represent the full spectrum of flows in a hydrologic record we often use a flow 

duration curve (FDC). A FDC is a graphic representation of the frequency and magnitude of all 

instantaneous, daily, weekly or monthly flows for a given period of time.  

FDCs have a wide variety of applications in practice including water-use planning, flood 

control, and river and reservoir sedimentation (Vogel & Fennessey, 1994). They are also critical 

components of analytical channel design procedures that involve sediment transport such as the 

analysis of effective discharge (Wolman & Miller, 1960; Andrews, 1980) and the optimization of 

the sediment capacity-supply ratio (Biedenharn et al., 2000; Soar & Thorne, 2001). Because of 

the wide range of useful applications FDCs have, it is vital to understand how they respond to 

urbanization. Although there have been a number of studies focused on quantifying the effects of 
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urbanization on high- and low-magnitude discharges, its effects on the full spectrum of flows 

remains poorly understood. 

In this paper, we present a case study on the effect of urbanization on FDCs for select 

streams in the Puget Sound Region of Western Washington using a 50-year analysis period 

starting in 1960 and ending in 2010. Objectives of the study include: (i) to tabulate urban growth 

in the selected watersheds; (ii) to evaluate precipitation trends; (iii) t o quantify the effects of 

urbanization on FDCs and stream flashiness; (iv) to relate hydrologic changes to potential 

changes in channel morphology.  

2.2 METHODS 

2.2.1 STUDY AREA 

The extent of this study is the Puget Sound basin of Western Washington, United States. 

This location was selected for this study because the Puget Sound basin has seen tremendous 

population growth in recent decades. The population of the four-county region of King, Kitsap, 

Pierce and Snohomish Counties has grown from approximately 1.5 million in 1960 to 3.7 million 

in 2010 (Washington State, 2012). In 2010, the Puget Sound basin comprised 70% of the stateôs 

population (Cuo et al., 2009).  

 The Puget Sound basin is bordered on the east by the Cascade mountain range and on the 

west by the Olympic Mountains. To the north, the basin extends towards Canada, with a small 

portion of the basin lying within British Columbia. To the south, the basin terminates in the 

foothills near the City of Olympia. The area of the basin is approximately 31,000 km
2
 (Cuo et al., 

2011). The region receives approximately 1000 mm of precipitation annually, with higher 

elevations receiving greater amounts. The majority of precipitation occurs as rain in the fall and 
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winter months, with over 75% of precipitation occurring between October and the end of March 

(Kruckeberg, 1991). 

 In the Puget lowlands, the dominant topographic features are deep generally north-south 

trending troughs (Collins et al., 2003). The features were formed by subglacial fluvial runoff 

from repeat advances of the Cordilleran ice sheet (Booth, 1994). Today, several of the regionôs 

large rivers pass through these wide, low gradient troughs (Collins et al., 2003). Most of the 

sediment deposits exposed at ground surface in the Puget lowland are products of glacial 

advance and retreat during the Vashon stade occurring 13,000-16,000 years ago (Booth et al., 

2003). These sediments, known as Vashon Drift, include silt and clay, well-sorted sand and 

gravel, and unsorted sand and gravel (Booth et al., 2003). 

2.2.2 SITE SELECTION 

Because the effects of urbanization are most detectable in small watersheds, this analysis 

was limited to watersheds with a drainage area less than 200 km
2
. To maintain a similar climate 

and precipitation amongst watersheds, only watersheds with a mean elevation less than 300 

meters above sea level were included in this analysis. Lastly, selected watersheds were required 

to have at least 25 years of ñadequateò discharge data collected at a United States Geological 

Survey (USGS) gaging station between 1960 and 2010. A year of flow record was considered 

ñadequateò if more than half of the daily discharge observations were present. A map of the 

selected watersheds is shown in Figure 1. A table giving the drainage area, analysis period, and 

gage station number of each watershed is provided in Table 1. 
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Figure 1: Map of watersheds and precipitation gages used in the analysis. 

 

Table 1: Watersheds included in case study with associated analysis period, drainage area, and 

percent impervious cover.  

Station Name 
USGS Gage 

No. Analysis Period 

Drainage 
Area 
(km2) 

2011 Percent 
Impervious 

Surfaces 

Juanita Creek near Kirkland, WA 12120500 1964-1989 17 40.9 

Mercer Creek near Bellevue, WA 12120000 1960-2010 31 39.4 

Swamp Creek at Kenmore WA 12127100 1964-1989 25 38.6 

Big Beef Creek near Seabeck, WA 12069550 
1970-1981, 1992-2007, 

2009-2010 35 
2.7 

Huge Creek near Wauna, WA 12073500 1960-1969, 1978-2010 17 3.4 

Newaukum Creek near Black 
Diamond, WA 12108500 1960-2010 70 

7.0 

Issaquah Creek near mouth near 
Issaquah, WA 12121600 1964-2010 145 

6.4 

Leach Creek near Fircrest, WA 12091200 1960-1986, 1989-2010 12.2 48.9 
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2.2.3 WATERSHED URBANIZATION ANALYSIS 

The proportion of impervious surfaces in a watershed is an important indicator of 

urbanization. Increased streamflow rates and runoff volumes following urbanization are widely 

recognized to be caused by increases in impervious surface area (Boyd et al., 1993; Smith et al., 

2002). 

While watershed imperviousness is useful in quantifying urbanization, imperviousness 

datasets in the Puget Sound region are limited temporally. Satellite-derived estimates of 

impervious cover are available through the National Land Cover Dataset beginning in the year 

2001 (Homer et al., 2004). However, because this study examines urbanization from 1960-2010, 

population density was chosen as the primary surrogate for urbanization. Strong relationships 

between watershed imperviousness and population density have been suggested in the literature 

(Stankowski 1972; Sheng & Wilson, 2009).  

We used historic United States Census tract data to quantify population and population 

density in the watersheds over time. Geographic maps of census tract boundaries and associated 

population tables were obtained for censuses conducted in 1960, 1970, 1980, 1990, 2000, and 

2010 (Minnesota Population Center, 2011). Census information is gathered in geographic units 

of varying size including: states, counties, tracts, and block levels. Census blocks offer 

population data at the finest spatial resolution but were not available for this region until the year 

2000 (Minnesota Population Center, 2011). The finest-resolution population data available for 

the Puget Sound region from 1960-2010 were found to be census tract data. Therefore, census 

tract data were used to develop population estimates. 
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In order to examine the current relationship between impervious surfaces and population 

density in Washington State and to provide support for the use of population density as a 

surrogate for impervious cover, we compared population density in the year 2010 (Minnesota 

Population Center, 2011) against the average impervious percentage in the year 2011 (Homer et 

al., 2015) of each census tract in the state of Washington. In total, the relationship between 

population density and impervious cover was analyzed for more than 1200 census tracts. 

Watershed populations for each decade were estimated from census tract data following 

the method of Sheng & Wilson (2009). Census tracts for each decade were re-mapped to the 

watershed boundaries in ArcGIS. For census tracts located only partially within the watershed, it 

was assumed that the census tract population density was uniform, and the population was split 

in proportion to the census tract area within the watershed. Population density (people/km
2
) was 

then calculated by dividing the estimated watershed population (# of people) by the watershed 

area (km
2
). 

It should be noted that this method does not provide exact watershed populations because 

population densities in each census tract are not perfectly uniform. However, because urban 

census tracts are relatively small in area (often less than 10 km
2
) we are confident that population 

densities are uniform enough to provide a reasonable estimate of watershed population on 

decadal time intervals. 

2.2.4 PRECIPITATION 

Daily precipitation series for each watershed from 1960-2010 were spatially interpolated 

from nearby National Climatic Data Center daily precipitation gages (Figure 1). An inverse 

distance weighting (IDW) procedure (Chen & Liu, 2012; Li & Heap, 2011; Lu & Wong, 2008) 
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was utilized. The equations used to perform the IDW procedure are provided below as Equations 

1 and 2. 

 

Ὑ  ύὙ (1) 

 
ύ  
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(2) 

In Equations 1 and 2, Rp is the unknown rainfall at the watershed of interest (mm); wi is 

the weighting of rainfall station i; Ri is the rainfall at station i; di is the distance from rainfall 

station i to the centroid of the watershed of interest (km); lastly, N is the number of rainfall 

stations, which was the 5 nearest for this analysis (Appendix A). 

Daily rainfall sequences were used to calculate a number of metrics aimed at quantifying 

different precipitation characteristics. To quantify the total magnitude of precipitation, the 

precipitation was summed on an annual basis. To capture the intensity of single and multiple day 

precipitation events, we calculated the maximum annual 1, 2, 3, and 7-day precipitation totals. 

Lastly, to quantify variability in precipitation we calculated the coefficient of variation of each 

year of daily precipitation records. The coefficient of variation is calculated by dividing the 

standard deviation of the distribution by the mean of the distribution. 

2.2.5 FLOW METRICS 

Temporal changes in streamflow were examined through analysis of the FDC. In order to 

track temporal changes in the FDC, a ñcumulative-yearlyò approach was taken. This means that a 

FDC was created for each year of the flow record using all years of record prior. To avoid any 

bias that may be introduced to the analysis by starting the analysis on an abnormally wet or dry 

year, the first cumulative FDC was created for the fifth year of record utilizing the first five years 
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of flow record. For each year after year five, a new FDC was created using the entire daily-

averaged flow record to that given year. However, if a year had less than 50% of daily flow 

observations, it was excluded from the FDC analysis. 

Another flow characteristic of interest to us in this analysis was the rate at which stream 

flow varies over time. Streams and rivers that experience rapid variations in streamflow over 

time are often termed ñflashy.ò Watershed urbanization has been linked to flashy streamflow 

behavior in previous studies (Graf, 1977; Walsh et al., 2005). In this study we used the Richards-

Baker Flashiness index (RB) (Baker et al., 2004) to characterize this behavior. 

RB is calculated by first calculating the path length of flow changes over a given period 

of time. The path length is equal to the sum of the absolute values of day-to-day changes in 

discharge (q). This path length is then divided by the sum of mean daily flows (Equation 3).  
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      (3) 

In Equation 3, i denotes the day and n is the number of days of flow record analyzed. The 

RB index is high for flashy hydrographs and low when hydrographs rise and fall gradually. 

2.2.6 BASEFLOW ANALYSIS 

Baseflow is a component of total streamflow that enters a stream from a persistent and 

slowly varying source (Sophocleous, 2002). While source of baseflow can vary, hydrologists 

agree that most baseflow originates from saturated flow from groundwater storage (Meyer, 

2005). In order to examine trends in baseflow over the analysis period, the long-term hydrograph 

was separated into baseflow and runoff components. To isolate the baseflow in the long-term 
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hydrograph, the Web-based Hydrograph Analysis Tool (WHAT) was utilized (Lim et al., 2005). 

WHAT is not based on physical processes, but rather a statistical algorithm. For this study, a 

recursive digital filter method was used with filter parameters representative of ñperennial 

streams with porous aquifers.ò When applied to hydrographs, this filter separates high-frequency 

signals associated with runoff from low-frequency signals associated with baseflow. Although 

the baseflow component of the hydrograph identified by this technique may not directly reflect 

groundwater contributions to streamflow, this methodology removes the subjective aspects from 

manual hydrograph separation and provides a fast and reproducible means to separating 

hydrographs over long periods of time (Lim et al., 2005).  

 Upon separation of the hydrograph into baseflow and direct runoff components, the 

average daily baseflow and direct runoff were computed for each year of record during the 

analysis period. Additionally, the baseflow index was calculated for each year of the analysis. 

The baseflow index, which is the long-term ratio of baseflow to total stream flow (Bloomfield et 

al., 2009), is useful for parametrizing streamflow by its origin. 

2.2.7 STATISTICAL TESTS FOR TRENDS 

The non-parametric Mann-Kendall test (Mann, 1945; Kendall, 1975) was used to identify 

statistically-significant trends in FDC percentiles, annual daily-average baseflow, annual daily-

average runoff, and precipitation metrics. The Mann-Kendall test is designed to detect increasing 

or decreasing trends in data. The test is particularly useful as missing values are allowed and the 

data do not need to conform to any particular distribution (Gilbert, 1987). In this study, a p-value 

of 0.05 was used to identify significant trends. 
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2.2.8 ANALYSIS OF CHANNEL MORPHOLOGY 

Two methods were used to relate hydrologic changes to potential changes in channel 

morphology. First, to relate changes in the FDC to changes in bed slope, Henderson 

proportionalities were used (Henderson, 1966). Henderson (1966) combined the Einstein 

sediment transport function as revised by Brown (1950), the Chezy flow resistance formula, and 

the conservation of momentum and mass for steady uniform flow into a single proportionality 

where qs is the unit sediment transport rate, q is the unit water discharge, S is the channel slope, 

and D is the grain size (Equation 4).  
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ήὛ

Ὀ
 (4) 

Rearranging for channel slope yields:  
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The relationship in Equation 5 can be utilized to estimate the potential change in channel 

slope that would result from a given change in discharge. To do this, the channel slope at one 

point in time (S1) is estimated from the unit sediment transport rate (qs1) and unit discharge rate 

(q1) at that same point in time. This can be done again at a second point in time to estimate the 

new channel slope (S2).  
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Together S1 and S2 can be used to estimate the changes in slope that may result from 

shifts in the FDC induced by land use change over an analysis period as shown in Equation 6. 

For this study, unit sediment transport capacity was estimated at the 98
th
 percentile discharge 

using a corrected version of the Meyer-Peter and Müller bedload transport equation (Wong & 

Parker, 2006). The bed material was considered gravel (Konrad et al., 2005), and held constant 

through time. Channel geometry as a function of depth was calculated using information from 

field measurements collected and made available by the USGS. 

Secondly, hydraulic geometry relationships were utilized to relate changes in flow 

magnitude to potential changes in channel width. In an analysis of streams in the Puget Sound 

Lowland, many of which also appear in this study, Konrad et al., (2005) found that channel 

width (w) could be related to the 90
th
 percentile discharge (Q90) reasonably well through a power 

function:  

 ύ ωȢςὗȢ  (7) 

where w is in meters and Q90 is in m
3
/s. To estimate the potential change in channel width 

resulting from urbanization-induced changes in flow, the Q90 was identified on a yearly basis 

from the cumulative flow record. Equation 7 was then used to establish an estimate of channel 

width on a yearly basis. 

2.3 RESULTS 

2.3.1 URBANIZATION ANALYSIS 

Results of our analysis indicate that there is currently a strong relation between 

population density and impervious surfaces in the State of Washington. For census tracts with 

less than 50% impervious surface, as is the case with our eight study watersheds (Table 1), 
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population density was found to explain 74% of the variance in percent imperviousness (Figure 

2). These results suggest that population density is a strong surrogate for impervious surfaces for 

watersheds that are less than 50% impervious. 

 

Figure 2: Relationship between impervious surfaces (computed from the 2011 NLCD, Homer et 

al., 2015) and population density for census tracts in the State of Washington that are less than 

50% impervious. 

 

Analysis of decadal populations in the watersheds revealed a wide range of population 

density (Figure 3). Huge Creek and Big Beef Creek, located west of Seattle in Kitsap County, 

were found to have the lowest population density over the analysis period. Newaukum Creek and 

Issaquah Creek were found to have slightly higher population densities, but both had slow 

growth rates similar to those in Huge and Big Beef Creeks. The remaining watersheds, Juanita, 
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Mercer, Swamp, and Leach Creeks, were found to have very large growth rates over the analysis 

period. Juanita Creek had the greatest population growth, growing from approximately 154 

people/km
2
 in 1960 to over 1900 people/km

2
 in 2010. Mercer, Swamp, and Juanita Creeks all 

had similar growth trends to a lesser extent, growing from less than 300 people/km
2
 in 1960 to 

more than 1500 people/km
2
 in 2010. Leach Creek was already highly urbanized in 1960 and 

therefore saw lesser population growth over the analysis period. 

 

Figure 3: Estimation of watershed population density from 1960-2010 in the study watersheds. 

 

Based on these results, the watersheds were categorized into two groups according to 

population density in 2010. Watersheds with a population density greater than 1,000 people/km
2
 

in 2010 were categorized as urban watersheds. Conversely, watersheds with a population density 
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of less than 1,000 people/km
2
 in 2010 were categorized as rural watersheds. The results of this 

categorization are shown in Table 2. 

Table 2: Categorization of study watersheds based on population density in the year 2010. 

Station Name 
USGS Gage 

No. 

Estimated 
Population 

Density in 2010 

Average 
Population Growth 

1960-2010 
(people/ km2 / 

year) Class 

Juanita Creek near Kirkland, WA 12120500 1908 35.1 Urban 

Mercer Creek near Bellevue, WA 12120000 1526 24.9 Urban 

Swamp Creek at Kenmore WA 12127100 1680 29.1 Urban 

Leach Creek near Fircrest, WA 12091200 1533 13.5 Urban 
Newaukum Creek near Black 

Diamond, WA 12108500 120 1.3 Rural 
Issaquah Creek near mouth near 

Issaquah, WA 12121600 174 2.9 Rural 

Big Beef Creek near Seabeck, WA 12069550 79 1.6 Rural 

Huge Creek near Wauna, WA 12073500 87 1.3 Rural 

 

 

2.3.2 PRECIPITATION 

Results of the precipitation analysis showed no statistically-significant trends in annual 

precipitation (Table 3). Two of the four urban watersheds (Mercer Creek and Leach Creek) and 

two of the four of the rural watersheds (Huge Creek and Big Beef Creek) were found to have 

statistically-significant increasing trends in multi-day precipitation maximums. All of the other 

watersheds showed slight but non-significant increases in multi-day precipitation maximums. 

Two of the eight watersheds (Leach Creek and Huge Creek) were found to have significant 

increasing trends in precipitation variability.  
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Table 3: Mann-Kendall tau values for precipitation metrics, a value of 1 indicates a perfect 

increasing trend while a value of -1 indicates a perfect decreasing trend. 

  
Mann-Kendall Tau Values 

  
Annual Maximum Precipitation 

Station Name 
Land 
Use 

Annual 
Precipitation 1-Day  2-Day  3-Day  7-Day  

Coefficient of 
Variation 

Juanita Creek near Kirkland, 
WA Urban 

-0.16 -0.04 0.02 0.08 0.06 -0.09 

D D U U U D 

Mercer Creek near Bellevue, 
WA Urban 

-0.05 0.09 0.22 0.20 0.16 0.00 

D U U**  U**  U**  - 

Swamp Creek at Kenmore 
WA Urban 

-0.15 0.04 -0.04 0.08 0.14 -0.13 

D U D U U D 

Leach Creek near Fircrest, 
WA Urban 

0.03 0.33 0.32 0.32 0.26 0.21 

U U**  U**  U**  U**  U**  

Newaukum Creek near 
Black Diamond, WA Rural 

-0.11 0.05 0.11 0.02 0.03 -0.07 

D U U U U D 

Issaquah Creek near mouth 
near Issaquah, WA Rural 

-0.07 0.15 0.08 0.06 0.02 0.11 

D U U U U U 

Big Beef Creek near 
Seabeck, WA Rural 

-0.02 0.24 0.21 0.25 0.21 0.18 

D U**  U U**  U U 

Huge Creek near Wauna, 
WA Rural 

0.01 0.31 0.33 0.38 0.35 0.27 

U U**  U**  U**  U**  U**  

Notes: D= Downward Trend, U=Upward Trend 
** Trend significant at p = 0.05 level 

 

2.3.3 FLOW ANALYSIS 

Three of the four urban watersheds had statistically-significant increasing trends over 

time in both the lower and higher portions of the FDC (Table 4). For high magnitude discharges 

(Q90-Q99), Leach Creek had the strongest increasing trend (Figure 4). Swamp Creek was the only 

urban watershed not to have an increasing trend in the upper portion of the FDC; however, it did 

have increases in the lower portion of the FDC. Combined, the urban watersheds experienced on 

average a 35% increase in the magnitude of the 98
th 

(Q98) and 99
th
 (Q99) percentile discharges 

(Table 5). The lower end of the FDC also increased in the urban watersheds but to a lesser 

degree (Table 5). 
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Three of the four rural watersheds had decreasing trends in the FDC. Newaukum Creek 

and Issaquah Creek had statistically-significant decreasing trends for all portions of the FDC. 

Huge Creek had statistically-significant decreasing trends for nearly all parts of the FDC except 

the 99
th
 percentile discharge (Q99), which had an increasing trend. The other rural watershed, Big 

Beef Creek, saw no statistically-significant trend with the exception of the 10
th
 percentile 

discharge (Q10). The magnitude of the decreasing trends for these watersheds was greatest in the 

lower part of the FDC. The 25
th
 and 10

th
 percentile flows decreased on average by 15% and 13%, 

while the 98
th
 and 99

th
 percentile flows decreased by only 2-3% on average (Table 5). 

 

Figure 4: Percent change in FDC percentiles over the entire analysis period. 
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 The urban watersheds were found to have much greater increases in the magnitude of the 

FDC than the rural watersheds. Leach Creek, an urban watershed, was found to have tremendous 

increases in the magnitude of 90
th
-99

th
 percentile discharges (Figure 5a). In comparison, rural 

watersheds had slight decreases in the magnitude of the same discharges. Newaukum Creek, a 

rural watershed, was found to have a decreasing trend in the magnitude of 90
th
-99

th
 percentile 

discharges (Figure 5b).  

 

Figure 5: Temporal changes in the FDC of (a) Leach Creek (urban watershed) and (b) 

Newaukum Creek (rural watershed). 

 

Results of our analysis on watershed flashiness yielded similar results across all 

watershed types. All watersheds with the exception of Newaukum Creek experienced 

statistically-significant increasing trends in Richards-Baker Flashiness (RB) over time (Table 4). 

The strongest increasing trends were generally found in the urban watersheds. Combined, the 
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average increase in flashiness for urban watersheds was 46% (Table 5). The rural watersheds 

saw flashiness increase on average by 9%.  

Table 4: Mann-Kendall tau values for flow duration curve percentiles. 

  
Mann-Kendall Tau Values 

Station Name 
Land 
Use Q10 Q25 Q50 Q75 Q90 Q95 Q98 Q99 RB 

Juanita Creek near 
Kirkland, WA Urban 

0.85 0.82 0.30 -0.11 0.56 0.71 0.75 0.75 1.00 

U**  U**  U D U**  U**  U**  U**  U**  

Mercer Creek near 
Bellevue, WA Urban 

0.47 0.28 -0.07 -0.16 0.1 0.63 0.81 0.85 0.99 

U**  U**  D D U U**  U**  U**  U**  

Swamp Creek at 
Kenmore WA Urban 

0.87 0.79 0.56 0.09 -0.47 -0.48 -0.44 -0.35 0.97 

U**  U**  U**  U D**  D**  D**  D**  U**  

Leach Creek near 
Fircrest, WA Urban 

0.38 0.41 0.47 0.91 0.92 0.93 0.95 0.95 0.74 

U**  U**  U**  U**  U**  U**  U**  U**  U**  

Newaukum Creek near 
Black Diamond, WA Rural 

-0.71 -0.84 -0.85 -0.65 -0.47 -0.61 -0.55 -0.35 0.13 

D**  D**  D**  D**  D**  D**  D**  D**  U 
Issaquah Creek near 

mouth near Issaquah, 
WA Rural 

-0.84 -0.91 -0.83 -0.85 -0.76 -0.77 -0.51 -0.32 0.84 

D**  D**  D D**  D**  D**  D**  D**  U**  

Big Beef Creek near 
Seabeck, WA Rural 

-0.44 -0.16 -0.1 -0.1 -0.29 -0.25 -0.23 -0.28 0.45 

D**  D D D D D D D U**  

Huge Creek near 
Wauna, WA Rural 

-0.81 -0.66 -0.61 -0.47 -0.52 -0.26 0.22 0.34 0.67 

D**  D**  D**  D**  D**  D**  U U**  U**  

Notes: D= Downward Trend, U=Upward Trend 
** Trend significant at p = 0.05 level 

 

Table 5: Average percent change in flow metrics over analysis period. 

 
Average Percent Change % 

Land Use Q10 Q25 Q50 Q75 Q90 Q95 Q98 Q99 RB 

Urban 15.9 13.5 6.5 7.0 20.6 30.5 35.0 36.1 46.6 

Rural -13.1 -15.0 -14.4 -15.3 -11.1 -10.4 -3.5 -2.1 9.2 

 

 

2.3.4 HYDROGRAPH ANALYSIS 

Analysis of the baseflow and runoff components showed statistically-significant 

decreases in baseflow index for three of the four urban watersheds, Juanita Creek, Mercer Creek, 
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and Leach Creek (Table 6). A decrease in baseflow index can be caused by a decrease in 

baseflow, an increase in total streamflow, or both. In these three watersheds, the decrease in 

baseflow index was accompanied by a large increase in runoff, and subsequently an increase in 

total streamflow. Only one of these three watersheds, Mercer Creek, showed both an increase in 

runoff and a decrease in baseflow. Swamp Creek, the fourth urban watershed, saw a decreasing 

trend in baseflow index over the analysis, but the trend was not strong enough to be statistically 

significant. In total, the urban watersheds experienced a 43% increase in average daily runoff 

over the analysis period (Table 7). 

Two of the four rural watersheds, Newaukum Creek and Issaquah Creek, were found to 

have statistically-significant downward trends in annual daily-average baseflow (Table 6). 

However, because of their decline in total streamflow, these watersheds did not have a 

statistically-significant decrease in baseflow index. No significant trends in baseflow, runoff, or 

baseflow index were found in the Huge Creek or Big Beef Creek. Overall, the rural watersheds 

had an average reduction in daily runoff of 6.8% and an average reduction in baseflow of 11.8% 

over the analysis period (Table 7). 
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Table 6: Mann-Kendall tau values for hydrograph analysis. 

   
Annual Daily-Average  

Station Name Land Use Baseflow Index Runoff Baseflow 

Juanita Creek near Kirkland, WA 
Urban 

-0.55 0.35 -0.05 

D**  U**  D 

Mercer Creek near Bellevue, WA 
Urban 

-0.57 0.25 -0.19 

D**  U**  D**  

Swamp Creek at Kenmore, WA 
Urban 

-0.23 0.00 -0.19 

D - D 

Leach Creek near Fircrest, WA 
Urban 

-0.24 0.46 0.43 

D**  U**  U**  

Newaukum Creek near Black Diamond, WA 
Rural 

-0.10 -0.03 -0.17 

D D D**  

Issaquah Creek near mouth near Issaquah, WA 
Rural 

-0.07 -0.13 -0.26 

D D D**  

Big Beef Creek near Seabeck, WA 
Rural 

0.13 -0.05 -0.11 

U D D 

Huge Creek near Wauna, WA 
Rural 

-0.11 0.03 -0.09 

D U D 

Notes: D= Downward Trend, U=Upward Trend 
** Trend significant at p = 0.05 level 

 

Table 7: Average percent change in annual daily-average runoff and baseflow magnitude. 

 
Average % Change 

Land Use Runoff Baseflow 

Urban 43.4 4.8 

Rural -6.8 -11.8 

 

2.3.5 CHANNEL MORPHOLOGY 

Using locally-calibrated bankfull geometry relationships (Konrad et al., 2005) and 

Henderson proportionalities (Henderson, 1966), we estimated the potential change in channel 

bankfull width and channel slope over the analysis period. Potential for change in channel slope 

and bankfull width were calculated independently of each other to provide end members of 

channel response. In reality, morphologic change in response to urbanization would likely 

include changes in both channel width and slope. 
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 Findings from this analysis indicate the urban streams have significant potential for 

channel degradation. Over the analysis period, potential response of channel slope ranged from 

an 8.2% decrease to a 0.6% increase for urban watersheds. Potential channel bankfull width 

response ranged from a 2.2% reduction to a 20.6% increase (Table 8).  

Table 8: Potential change in channel slope and width for urban and rural streams over the 

analysis period. 

Land Use 

Channel Slope Channel Width 

Min. Max. Min. Max. 

Urban -8.2 0.6 -2.2 20.6 

Rural -0.3 4.5 -8.4 -0.7 
  

Analysis of the rural streams indicates that the rural watersheds have potential for 

increases in channel slope (0 ï 4.5%). However, channel width was predicted to decrease in 

these watersheds (0 ï 8%). These results suggest overall potential for channel aggradation. 

Potential for change in channel morphology varies amongst urban and rural watersheds as 

hydrologic response to changes in land use also vary. Differences in geologic setting, stormwater 

infrastructure, and style of development all may contribute to this result. 

2.4 DISCUSSION 

2.4.1 IMPACT OF URBANIZATION ON THE FDC 

Our results indicate that urbanization has the potential to significantly increase the 

magnitude of the entire FDC (Table 5). This result corresponds to other work showing that 

urbanization can cause significant increases in flood magnitude (Hejazi & Markus, 2009; 

Konrad, 2003). Increases in watershed imperviousness are known to cause increased streamflow 

rates and runoff volumes (Boyd et al., 1993; Smith et al., 2002); a result that is mirrored in this 

analysis.  
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While many studies have found that urbanization generally decreases the magnitude of 

low flows due to decreased contributions from groundwater storage (Price, 2011; Simmons & 

Reynolds, 1982; Rose & Peters, 2001), this study found that on average, the magnitude of low 

discharges (10
th
-25

th
 percentile) increased in urban watersheds. This somewhat unexpected result 

is in part due to flow augmentation in one of the four urban watersheds. Since 1993, Leach Creek 

has had low flows augmented by a groundwater well (Kimbrough et al., 2001). It is not known if 

similar programs have been adopted at the other urban watersheds analyzed in this study. Others 

have suggested that increases in baseflow in urban watersheds can also be the result of leakages 

in storm sewer and water distribution systems, or lawn watering in certain regions (Meyer, 2002; 

Lerner, 2002). It is also possible that these results are influenced by an overestimation of 

baseflow resulting from using the WHAT baseflow separation method (Lim et al., 2005). The 

WHAT program uses a ñlocal minimum methodò that connects the local minimum points of the 

hydrograph by comparing slopes. This methodology may cause an overestimation of baseflow 

(and therefore an underestimation of runoff) during prolonged periods of rainy weather.  

Results of the flow analysis for rural watersheds indicated that the magnitude of the 

extremely high discharges (98
th
-99

th
 percentile) exhibited only a very slight decrease over time. 

Conversely, the magnitude of low discharges (10
th
-25

th
 percentile) decreased substantially. 

Depending on the watershed, these decreases in magnitude were between 12-15% (Table 5). Big 

Beef Creek was the only rural watershed not to experience significant changes in flow 

magnitude. This result was likely caused by flow regulation from an upstream reservoir named 

Lake Symington (Kimbrough, 2001). We suspect that these results are to some degree the result 

of groundwater extraction. Groundwater is used in many of these watersheds for agricultural and 

municipal purposes. Demand on groundwater has reached such a high that in most watersheds, 
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nearly all of the groundwater is already legally allocated (Washington State Department of 

Ecology, 2012).  

Groundwater extractions have been directly linked to reductions in streamflow in many 

locations (Winter, 1998). Additionally, strong evidence shows that groundwater and streamflow 

are highly interconnected in the Puget Sound basin (Morgan & Jones, 1999). Therefore, because 

of the high groundwater demand and usage in these watersheds, and the fact that groundwater 

extractions have been shown to reduce streamflow in this area, we believe that it is likely that 

groundwater extractions are contributing to the decreases in the magnitude of small streamflow 

discharges.  

2.4.2 FLASHINESS 

Flashiness was observed to increase greatly in our urban watersheds over the analysis 

period. This is likely largely due to the increase in impervious surfaces, and the advent of 

stormwater conveyance systems associated with urban development. This has been observed in 

previous studies across the country (Gregory & Calhoun, 2007; Schnoover et al., 2006) and 

within the Puget Sound Basin (Konrad & Booth, 2002). Urban growth and stream flashiness are 

plotted together in Figure 6 for Leach Creek. In Figure 6, we see stream flashiness increasing 

rapidly with population density from 1960-1990. From 1990-2010, population density begins to 

level out. During this same time, stream flashiness is also observed to approach a constant 

asymptotic value. 
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Figure 6: Temporal increases in stream flashiness and population density for Leach Creek. 

In addition to changes in urbanization affecting flashiness, changes in precipitation may 

be impacting flashiness in two of the four urban watersheds (Leach Creek and Mercer Creek). 

Leach Creek was found to have significant increases in the magnitude of 1- to 7-day 

precipitation events and precipitation variation. Similarly, Mercer Creek was found to have 

significant increases in the magnitude of 2- to 7-day precipitation events. 

In our rural watersheds, increases in stream flashiness are attributed to rural drainage 

improvements, and the increasing intensity and variability of precipitation in certain watersheds. 

Both of the rural watersheds had statistically-significant increases in the magnitude of annual 1-, 

2-, 3- or 7-day maximum precipitation. Additionally, the variability of the precipitation was 

observed to increase for both rural watersheds. Lastly, reductions in baseflow contributed to 
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increases in RB stream flashiness in these regions by reducing the sum of the daily mean flows. 

These reductions cause the denominator of the RB flashiness metric to decrease, thereby causing 

the RB flashiness metric to increase. 

This study demonstrated that while stream flashiness increases greatly in response to 

urbanization, flashiness may also increase in response to changing precipitation. This suggests 

that even watersheds with stationary land use may be becoming more flashy. Under increasing 

flashiness, daily-averaged data may poorly capture brief, high magnitude, sediment transporting 

discharges in flashy watersheds, thus underestimating sediment transport (see Chapter 3). 

2.4.3 CHANNEL MORPHOLOGY 

Hydrologic changes caused by urbanization have the potential to impact channel 

morphology (Hawley et al., 2012; Hammer, 1972). Increases in discharge caused by urbanization 

can cause channel degradation. Previous studies have linked urbanization to channel widening 

and incision (Booth, 1990; Galster et al., 2008). Additionally, stream flashiness can cause bank 

instability through rapid wetting and drawdown (Thorne, 1990). Through our study, we found 

that urban watersheds had the potential for channel degradation as a result of increasing flow 

magnitudes. 

The method and magnitude by which a stream channel adjusts to increases in erosive 

force and stream power associated with urbanization is dependent, in part, on the streamôs 

geologic setting. Streambanks with cohesive soils (Kang et al., 2006), dense riparian vegetation 

(Millar, 2000), or geologic controls (Nelson et al., 2006), may be resistant to increases in channel 

width. If the streambank exhibits greater resistance than the streambed, incision is a likely first 

response to increases in stream power associated with urbanization. Conversely, if the streambed 
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provides the greatest resistance, channel widening may be a first response. This highlights that 

the potential of morphologic change in response to urbanization is dependent on a number of 

factors including, geologic setting, vegetation, mode of sediment transport, and style and 

intensity of urbanization. In an analysis of two urbanizing streams in Washington State, Bledsoe 

& Watson (2001) found differences in the resistance of bed material, riparian vegetation, and the 

amount of time since development occurred, to be primary factors in the level of morphologic 

response observed in the channels. 

In our analysis of the potential impacts of urbanization on channel morphology we 

evaluated the potential of channel widening and incision separately. However, it is often found 

that these processes are interconnected. Channel incision often creates bank instability which can 

lead to mass wasting of channel banks (Simon and Rinaldi, 2000). Furthermore, channel incision 

can migrate up and down channel networks causing bank instability and channel widening across 

great areas (Schumm et al., 1984). Our analysis did not account for interactions between 

adjustments in channel width and depth, or impacts of stream flashiness on channel widening. 

Additionally, because we did not account for the propagation of channel incision within a 

drainage network, it is likely that this analysis may be underestimating the potential morphologic 

impacts of urbanization.  

In an examination of Bear and Soos Creek drainages in the Puget Sound basin of 

Washington, Booth (1990) found that a two-year discharge unit stream power of 80 watts/m
2
, 

could be used as a predictor of bank erosion and channel incision. Unit stream power, is ,‫ 

calculated as shown in Equation 8 where ” is the fluid density (kg/m
3
), g is gravity (m/s

2
), Q is 

stream discharge (m
3
/s), S is slope (m/m), and w is channel width (m). 
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In our analysis, we have found that the unit stream power associated with the 2-year 

discharge has increased over the analysis period in our urban watersheds and is nearing the 80 

watts/m
2
 threshold described by Booth (Table 9). This result further indicates that channel 

incision may be a cause for concern in these watersheds. 

Table 9: Increases in unit stream power of the 2-year discharge at urban watersheds. 

  

Analysis  Unit Stream Power (W/m2) 

Station Name 
Land 
Use 

Begin End Begin End 

Juanita Creek near Kirkland, WA Urban 1969 1989 45 63 

Mercer Creek near Bellevue, WA Urban 1965 2010 39 61 

Swamp Creek at Kenmore, WA Urban 1969 1990 62 72 

Leach Creek near Fircrest, WA Urban 1965 2010 26 35 

 

While many studies have shown that urbanization increases the peak magnitude of flood 

events (Hejazi & Markus, 2009; Konrad, 2003), this study demonstrates that in certain regions, 

urbanization may increase the magnitudes of flows spanning the entire FDC. In these 

circumstances, the magnitude of high, median, and low flows all increase in response to 

urbanization. This result has important implications for sediment transport analyses such as the 

calculation of sediment yield and effective discharge. Additionally, increases in streamflow and 

sediment transport capacity affect channel morphology, often causing channel degradation in the 

form of channel widening or incision. 

Channel widening and incision can cause large increases in the suspended sediment 

concentration of a river. High suspended sediment concentrations stress fish, impair spawning 

grounds (Newcombe & Macdonald, 1991), reduce light reaching photosynthetic organisms, and 
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disrupt macroinvertebrate lifecycles (Berry et al., 2003). Channel widening and incision can also 

damage vital infrastructure such as roads, culverts, and bridges. This reaffirms the critical 

importance of understanding urbanizationôs impacts on the FDC. A robust comprehension of 

urbanizationôs impacts on the FDC will help us avoid the detrimental consequences of channel 

instability. 

2.5 CONCLUSIONS 

In this study, our analysis of population trends showed that all watersheds experienced 

population growth over the analysis period of 1960-2010. Watersheds with the highest 

population density and growth were categorized as ñurbanò while the remaining watersheds were 

categorized as ñruralò. Analysis of precipitation trends from 1960-2010 revealed that none of the 

eight watersheds had significant increasing or decreasing trends in annual precipitation. The 

precipitation analysis did reveal, however, that half of the watersheds were experiencing 

increasing trends in the variability and intensity of precipitation. 

Results of our case study on the effect of urbanization on flow duration curves for the 

Puget Sound region revealed that urbanization caused upward shifts in the magnitude of the 

entire flow duration curve for nearly all of the urban watersheds. This upward shift was greatest 

for the high magnitude flows (90
th
-99

th 
percentile) and on average represented an increase of 

about 35% over the analysis period. The upward shift was lesser for the low magnitude flows 

(10
th
-25

th 
percentile) and on average represented an increase of about 15% over the analysis 

period. Rural watersheds were found to have decreases in the magnitude of small discharges (10-

25
th
 percentile). This result was attributed to a reduction in baseflow caused by groundwater 

extraction. Streamflow in nearly all the watersheds exhibited a significant trend of increasing 
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flashiness. Urban watersheds showed an average increase of 46% in RB over the analysis period 

while rural watersheds showed an average increase of 9%. 

Hydrologic trends for both urban and non-urban watersheds were related to potential 

changes in channel morphology. Urban watersheds that saw upward shifts in the FDC were 

found to have potential for channel degradation over the analysis period. This degradation ranged 

from an 8.2% decrease to a 1.6% increase in channel slope. Urban watersheds were also found to 

have a potential for change in bankfull width ranging from a 2.2% reduction to a 20.6% increase. 

Conversely, rural watersheds, which saw a general downward shift in the FDC, were found to 

have potential for channel aggradation. 

This study illustrates the dynamic influence of urbanization on hydrologic processes. 

Increasing precipitation intensity and variability, as well as anthropogenic changes in watershed 

land use, were found to impact streamflow magnitudes and frequencies over the analysis period. 

This illustrates the need for robust strategies for forecasting temporal shifts in the hydrologic 

record. Because FDCs are widely used by scientists and engineers for a wide range of 

applications including channel design and magnitude frequency analysis, future work that 

provides locally-calibrated estimates of FDC change with land use would be a valuable 

contribution to the field, and would advance hydrologic design procedures. Without an 

understanding of how FDCs change in response to urbanization, analytical channel design 

procedures such as the analysis of effective discharge will incur a greater degree of uncertainty 

and risk. 

2.6 NOTATION 

D = Grain size (mm) 

di = Distance from rainfall station i to the centroid of the watershed of interest 
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g = Gravitational acceleration (m/s
2
) 

N = Number of rainfall stations 

Qx = x Percentile discharge (m
3
/s) 

Q = Discharge (m
3
/s) 

p = Probability of rejecting the null hypothesis when that hypothesis is true 

” Fluid density (kg/m
3
) 

q = Unit discharge (m
2
/s) 

qi = Unit discharge on day i (m
2
/s) 

qs = Unit sediment discharge (m
2
/s) 

Ri = Rainfall at station i (mm) 

Rp = Unknown rainfall at watershed of interest (mm) 

RB = Richards-Baker flashiness index 

S = Channel bed slope (m/m) 

Wi = Weighting of rainfall station i 

w = Channel bankfull width (m) 

Unit stream power (W/m2 = ‫
) 
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3 CHAPTER 3: THE EFFECT OF FLOW DATA  RESOLUTION ON SEDIMENT YIELD  

ESTIMATION AND CHANNEL DESIGN 

3.1 INTRODUCTION 

Reliable streamflow records at appropriate resolutions are vital for a variety of scientific 

and engineering applications. In the United States, the United States Geological Survey (USGS) 

operates more than 7,000 streamflow gages (Olson & Norris, 2007). At these gages, river stage is 

usually measured every 15 to 60 minutes and converted to a discharge using a rating curve 

(Olson & Norris, 2007). These data are then made freely available online in either daily-averaged 

or sub-daily (usually 15-min) time steps. 

 Streamflow records are used for a variety of purposes including flood frequency analysis 

(Vogel et al., 2011), sediment yield calculations (Wheatcroft & Sommerfield, 2005), and natural 

channel design (Skidmore et al., 2001). Daily-averaged discharges are often used in conjunction 

with sediment rating curves to obtain an estimate of sediment transport rate and sediment yield 

(Milliman & Meade, 1983; Simon, 1989; Syvitski & Morehead, 1999), which can be important 

criteria for dominant discharge determination and channel design (Doyle et al., 2007). Sediment 

rating curves are an empirical best-fit power function relating streamflow and sediment discharge 

(Walling, 1977). By using daily-averaged discharge data in these types of calculations, one must 

assume that this type of data does an adequate job of representing the flow regime. However, 

studies have shown that small (Ågren et al., 2007), urban (Graf, 1977; Walsh et al., 2005), and 

arid watersheds (Allan & Castillo, 2007) can exhibit rapid short-term variations in streamflow 

during runoff events. This type of streamflow behavior is termed ñflashy.ò In flashy watersheds, 

high sediment transporting discharges may happen infrequently and for very brief periods of 

time; in these situations, daily-averaged flow data may not adequately capture the flows most 

important for sediment transport.  
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 It was recognized long ago that using sediment rating curves with daily-averaged flow 

data could cause errors in the computation of sediment discharge if the daily-average discharge is 

not representative of the flow rate throughout the day (Colby, 1956). Because sediment discharge 

is non-linearly related to stream discharge, small errors in the magnitude of streamflow may 

cause large errors in the estimation of sediment transport. A study of six watersheds in East 

Devon, England showed that sediment yield calculations from daily flow records could vary by 

up to 10% from those made with instantaneous records (Walling, 1977). However, it is not clear 

how flashiness was related to the error in sediment yield calculations for these watersheds. 

A study of small to medium-size watersheds (smaller than 620 km
2
 ) of the Yazoo River 

basin in Northwest Mississippi revealed that sediment yield curves created from daily-averaged 

flow data can deviate from 15-minute sediment yield curves by more than 100% (Hendon, 1995). 

This was because the highest discharges, occurring less than 3% of the time, were not 

represented in the daily-averaged data. Missing these discharges is problematic because high 

discharge rates correspond to high sediment transport rates. In another study from the same 

basin, use of daily-average flow data was found to under predict sand yield by 51% and total 

suspended sediment yield by 59% (Dubler, 1997). While these studies provide insight, they do 

not explain how these results are related to stream flashiness. 

 To the best of our knowledge, the effect of flow data resolution on sediment transport 

calculations has not been investigated outside of the Yazoo River Basin and East Devon, 

England or with a large set of sites. Additionally, while the aforementioned studies investigated 

the effect of flow data resolution on sediment yield calculations, the relationship with flashiness 

remains unquantified. We hypothesize that errors in sediment transport and yield calculations 

based on daily-average flow data systematically increase with stream flashiness. 
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 In this paper, we present our findings from a study of the effect of flow data resolution 

on sediment transport metrics for both bedload and suspended load transport for rivers across the 

United States. The objectives of this paper are threefold: (i) to quantify the effect of flow data 

resolution (daily-averaged and sub-daily) on sediment yield calculations in light of stream 

flashiness; (ii) to identify the situations in which using daily-averaged flow data for sediment 

transport calculations is acceptable and when it is not; (iii) to investigate the potential impacts on 

channel design parameters when daily-averaged flows are used in situations where sub-daily 

flows are more appropriate. 

3.2 METHODS 

3.2.1 DATA SELECTION 

This analysis drew from bedload and suspended load sites that were assembled for 

another study focused on magnitude-frequency analysis of U.S. streams and rivers (Sholtes, 

2015). Sites were analyzed individually for continuity in flow records and effects of flow 

regulation. In total, 39 sites with bedload measurements and 99 sites with suspended load 

measurements were chosen to be included in this analysis (Figure 7). All bedload and suspended 

load measurements were taken from published articles and government reports as the original 

source of all sediment transport data (Sholtes, 2015). In these articles and reports, bedload 

transport was measured with Helley-Smith samplers, and suspended sediment was measured 

using standard USGS techniques. The sites cover a wide range of the conterminous United States 

and represent drainage areas ranging from approximately 10 to 2,500,000 km
2
 (Appendix B). 

Basins were chosen such that a wide range of flow regime types would be analyzed including 

flashy and non-flashy systems. 
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Figure 7: Map of sites used in this study. 

 

Daily flow data and sub-daily flow data (after Oct. 1, 2007) were downloaded from 

USGS National Water Information System Website (NWIS). Sub-daily flow data (prior to Oct. 1, 

2007) were obtained through the USGS Instantaneous Data Archive (IDA). The record length of 

flow data retrieved varied by site but ranged from the first day in which sub-daily flow data were 

available through the water year 2013, if possible. Some gages were discontinued prior to 2013; in 

that case, data were retrieved through the date in which the gage ceased operations. In total, 80 

percent of sites used in this analysis contained more than 10 years of flow data. 

3.2.2 DATA FILTERING 

Flow data downloaded from the USGS were filtered prior to analysis. All blank 

observations and observations of ñiceò were removed. Additionally, due to lapses in both the daily 

and sub-daily flow data, the flow data had to be filtered so that time series of both datasets were 

identical. For example, if the month of September 1995 was missing from the sub-daily flow data, 
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the month of September 1995 was removed from the daily-averaged data, and vice-versa. 

Additionally, because sub-daily flow data prior to Oct. 1, 2007 are stored by the USGS in the IDA, 

while data after this date are accessible from the NWIS, the sub-daily flow data had to be 

combined to create a seamless time series. For some sites, the sub-daily flow data were a mix of 

15-min observations and observations on the hour. To ensure consistent flow data resolution for 

our analysis, all sub-daily flow data were sampled on the top of the hour to create a consistent set 

of hourly observations. 

3.2.3 FLASHINESS 

Because it was hypothesized that sub-daily flow data would be most useful for flashy 

systems for which daily-averaged flow data do not adequately represent the flow regime, stream 

flashiness was calculated with daily-averaged flow data at each site. Several methods have been 

proposed for quantifying stream flashiness (Baker et al., 2004; Konrad & Booth, 2002); here we 

use the Richards-Baker flashiness index (Baker et al., 2004). 

The Richards-Baker flashiness index (RB) is calculated by first calculating the path 

length of flow changes over a given period of time. The path length is equal to the sum of the 

absolute values of day-to-day changes in discharge. This path length is then divided by the sum 

of mean daily flows. The RB index is high for flashy hydrographs and low when hydrographs 

rise and fall gradually. The RB index is shown below in Equation 9 where q is the daily-averaged 

discharge, i is the day, and n is the total number of days in the flow record. 

 Ὑὄ ὍὲὨὩὼ 
В ȿή ή ȿ

В ή
 (9) 
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3.2.4 SEDIMENT RATING CURVES 

In order to characterize the rate at which sediment is transported as a function of flow, 

sediment rating curves were employed. Sediment rating curves often take the form of a simple 

power function: ὗ  ὥὗ  , where ὗ is the sediment discharge rate, ὗ is the water discharge 

rate, and ὥ and ὦ are best fit regression parameters (Asselman, 2000). In this relationship, it has 

been suggested that the exponent b is related to the transport capacity in excess of sediment 

supply, while the coefficient a is related to absolute sediment supply (Barry et al., 2007). 

  The sediment rating curves used in this study were obtained from Sholtes (2015) where 

the source data and process of developing these curves are explained in detail. For the sake of 

brevity, the process is only briefly described in this paper. Each site included more than 15 

sediment discharge measurements, and a sufficiently long flow record spanning the time in 

which the sediment data were collected. For suspended load sites, the fraction of sediment  

0.0625 mm in diameter (sand) was isolated and used as it best approximates dominant bed 

material. Using these data, rating curves were developed that relate measured sediment transport 

to discharge using a log-linear or power-law relationship. A quality-control procedure was used 

to cull sites with poor rating curve fits (e.g., R
2
 < 0.50) or sparse data. The rating curves are of 

the form: ὗ  ὥz ὄὅὊzὗ  , where ὗ is the sediment discharge rate (kg/s), ὥ is a best fit 

coefficient, BCF is a logarithmic bias correction factor, ὗ is the water discharge , and ὦ is 

the best fit exponent. When creating a sediment rating curve, it is often necessary to apply a 

logarithmic bias correction factor (BCF) to avoid systematic bias introduced by the logarithmic 

transformation (Ferguson, 1987). For more information on the regression procedures used to 

create the sediment rating curves see Sholtes (2015). 
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3.2.5 SEDIMENT TRANSPORT METRICS 

In order to characterize sediment discharge at each site, three sediment transport metrics 

were calculated using both the daily averaged and the sub-daily flow data. The three sediment 

transport metrics utilized in this study are the effective discharge (QEff), the discharge below 

which 50% of the sediment is transported (Qs50), and the sediment yield (SY).  

The term effective discharge refers to the increment of discharge that transports the 

largest fraction of the annual sediment load over a period of years (Andrews, 1980). For some 

streams and rivers, the effective discharge is often considered to be the ñchannel forming 

dischargeò and nearly equivalent to bankfull discharge (Andrews, 1980). The effective discharge 

is generally computed by first subdividing the range of streamflows observed during a period of 

record into a number of classes or bins from which the total sediment quantity transported by 

each class is calculated. This is achieved by multiplying the frequency of flow occurrence in 

each class by the median sediment load for that flow class (Biedenharn et al., 2000), resulting in 

a sediment yield. The sediment load for a flow was calculated using a sediment rating curve. The 

effective discharge (QEff) is the median discharge of the flow class with the maximum sediment 

yield. This concept is depicted in Figure 8. 



53 
 

  

Figure 8: Qualitative illustration of sediment transport metrics used in this study. 

To compute the effective discharge using actual flow records, the discharge data are 

typically discretized into a histogram. The bins of the histogram can be spaced either 

arithmetically or logarithmically. For this study, effective discharge was calculated using an 

arithmetic binning procedure. Effective discharge has been calculated by others using both 

arithmetic and logarithmic bins, however, the majority of analyses have chosen arithmetic bins 

(Soar & Thorne, 2001). Initially 25 arithmetic bins were used in the analysis based on the 

literature (Biedenharn et al., 2000); however, if the effective discharge fell into the first bin, the 

first bin was subdivided into three new bins and the analysis was repeated. This was done to 

prevent the under-estimation of effective discharge. If the effective discharge fell into the first 

bin again, the original first bin was subdivided into 5 bins. This process was repeated until the 

effective discharge no longer occurred in the first bin or until the original first bin has been 

subdivided into 11 or more bins. Once the bin with the maximum sediment yield was identified, 

the median flow in that bin was deemed the effective discharge.  
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The sediment rating curve and streamflow frequency histogram were multiplied to create 

a sediment yield curve. By performing a trapezoidal integration (trapz function, PRACMA 

package, R CORE Team, 2014) procedure on the sediment yield curve (red line, Figure 8), the 

total sediment yield for the multi-year period of record was obtained. Sediment yield is 

graphically depicted as the area under the red line in Figure 8. 

Lastly, to calculate the half-load discharge (Qs50), an ordered vector of sediment 

discharges was created by sorting the water discharges and applying the sediment rating curve. 

The ordered sediment discharge vector was then cumulatively summed. Qs50 was then 

determined by locating the water discharge that corresponded to 50% of the cumulative sediment 

transport, Qs50, which can be greater than or less than QEff depending on the shape of the 

sediment yield curve, is graphically depicted in Figure 8. 

3.2.6 RESPONSE VARIABLES 

  In order to investigate the effect of flow data resolution on QEff, SY, and Qs50, we divided 

the sediment transport metrics computed from daily-averaged flow data by those which were 

computed with sub-daily flow data. The resulting ratios (SYDaily / SYSub, QEff-Daily / QEff-Sub, Qs50-Daily 

/ Qs50-Sub) indicate the degree of dissimilarity in the results.  

3.2.7 QUANTILE REGRESSION 

 Quantile regression (Koenker & Bassett, 1978) was used to analyze the relationships 

between our response variables (SYDaily / SYSub, QEff-Daily / QEff-Sub, Qs50-Daily / Qs50-Sub) and 

flashiness. While most regression applications estimate rates of change in the mean of the 

response variable, quantile regression estimates rates of change for all portions of a probability 

distribution of the response variable (Cade & Noon, 2003). Quantile regression is especially 

useful for regression models with heterogeneous variances. In these circumstances, ordinary 
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regression techniques may underestimate, overestimate, or fail to identify real changes in the 

heterogeneous distribution (Cade & Noon, 2003). 

3.2.8 MULTIPLE LINEAR REGRESSION 

Multi -variable linear regression was utilized to model relationships between response and 

predictor variables. A database of site characteristics and flow metrics was analyzed to identify 

the best subsets (regsubsets function, LEAPS package, R CORE Team, 2014) of predictor 

variables. The database of predictor variables included bed sediment size data (Sholtes, 2015), 

annual precipitation derived from 30-year normals (PRISM Group, 2015), drainage areas, and 

flow metrics derived from USGS streamflow records. Predictor variables identified in each best 

subset were checked for cross-correlation before being regressed. A maximum R
2
 value of 0.20 

was allowed amongst variables in a regression model. Best subsets of 1 and 2 variables were 

identified. Use of an interaction variable (the product of two variables) was also explored. A 

regression model that utilizes an interaction variable may take the generic form of Equation 10.  

 Ὓὣ

Ὓὣ
 ὅ  ὅὢ  ὅὣ  ὅὢὣ (10) 

In Equation 10, X and Y are variables used to predict the ratio of sediment yield computed 

with daily-averaged flow data (SYDaily) to the sediment yield computed with sub-daily flow data 

(SYSub). In this equation, C1, C2, C3, and C4 are constants and XY is the interaction variable. 

3.3 RESULTS 

3.3.1 EFFECTIVE DISCHARGE 

Flashiness did not impact the ratio of effective discharge computed with daily-averaged 

flow data (QEff-Daily) to effective discharge computed with sub-daily flow data (QEff-Sub) (Figure 
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9). Of the bedload sites, approximately 60% had a QEff-Daily / QEff-Sub ratio that was larger than 

one. Similarly, of the suspended load sites, 40% had a QEff-Daily / QEff-Sub ratio that was larger than 

one. It was observed that for flashy (RB > 0.3) bedload sites, the ratio of QEff-Daily / QEff-Sub tended 

to be greater than 1. Flashiness also appeared to be related to error in QEff-Daily for suspended load 

sites. As RB flashiness increases, the departure of QEff-Daily / QEff-Sub from 1 was observed to 

increase. 

 

Figure 9: Ratio of effective discharge computed with daily-averaged flow to sub-daily flow vs. 

the Richards-Baker flashiness index: a) bedload sites b) suspended load sites. 

 

3.3.2 QUANTILE REGRESSION 

3.3.2.1 Sediment Yield 

Sediment yield computed with daily-averaged flow data (SYDaily) was found to generally 

be less than sediment yield computed with sub-daily flow (SYSub) (Figure 10). The ratio of SYDaily 

/ SYSub was found to decrease with flashiness in a wedge-shaped fashion for both bedload and 

suspended load sites. That is, for non-flashy sites (RB  0.1), SYDaily / SYSub was found to be 

nearly equal to 1 while for flashy sites (RB > 0.4), SYDaily / SYSub was found to range from 1 to 



57 
 

0.4. Quantile regression was used to highlight the heterogeneous response of SYDaily / SYSub to 

flashiness. In Figure 10, the various ñquantileò lines represent different parts of the response 

variable distribution. In this case, we used quantile regression to highlight the 5th, 25th, 50th, 

75th, and 99th percentiles of the SYDaily / SYSub distribution to flashiness (Figure 10). It was also 

observed that the sediment rating curve parameter b contributed to the degree of response of 

SYDaily / SYSub to flashiness: for sites with flashy flow characteristics, as b increases, the ratio of 

SYDaily / SYSub decreases (Figure 11).  

 

 

Figure 10: Ratio of sediment yield computed with daily-averaged flow to sub-daily flow vs. the 

Richards-Baker flashiness index: a) bedload sites b) suspended load sites. 
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Figure 11: Relationship between the underestimation of sediment yield and the sediment rating 

curve best fit exponent, b, for suspended load sites with a RB flashiness greater than 0.6. 

 

3.3.2.2 Half ïload discharge (Qs50) 

The half-load discharge calculated with daily flow data (Qs50-Daily) was found to generally 

be less than when it was calculated with sub-daily flow data (Qs50-Sub) (Figure 12). Much like the 

SY data, the Qs50 data formed a wedge-shaped pattern in which the sediment rating curve 

parameter b influenced the degree of response of Qs50-Daily / Qs50-Sub. That is, for non-flashy sites 

(RB  0.1), Qs50-Daily / Qs50-Sub was found to be nearly equal to 1, while for flashy sites (RB > 

0.4), Qs50-Daily / Qs50-Sub was found to range from 1 to 0.2. The sediment rating curve parameter b 

also contributed to the degree of response of Qs50-Daily / Qs50-Sub to flashiness. For sites with flashy 

flow characteristics, as rating curve parameter b increased, the ratio of Qs50-Daily / Qs50-Sub 

decreased. 
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Figure 12: Ratio of discharge below which 50% of sediment is transported computed with daily-

averaged flow to sub-daily flow vs. the Richards-Baker flashiness index: a) bedload sites b) 

suspended load sites 

 

3.3.3 MULTIPLE LINEAR REGRESSION ANALYSIS 

The best predictors of change in SYDaily / SYSub and Qs50-Daily / Qs50-Sub were identified 

through multiple linear regression analysis (Table 10). Variables used in the analysis include RB, 

average annual precipitation, drainage area, median bed sediment size (d50), 84
th
-percentile bed 

sediment size (d84), best-fit sediment rating curve exponent (b), and best-fit sediment rating 

curve coefficient (a). RB was found to be the best single predictor of change in both in SYDaily / 

SYSub and Qs50-Daily / Qs50-Sub for both bedload and suspended load sites as it explained more 

variance than any other single variable (i.e., higher R
2
 value). The second- and third-best 

indicators for all models were b and d50. Explanatory power increased from a 1-variable model to 

a 2-variable model. The best model, based on adjusted R
2
, was found to be a 2-variable 

interaction model that utilized RB and b. All models in Table 10 are significant at p < 0.0001. 
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Table 10: Linear regression models for the prediction of SYDaily / SY15 and Qs50-Daily / Qs50-15 for 

suspended and bedload sites. 

Bedload / Suspended 
Load 

Dependent 
Variable 

Number of 
regression 

model 
parameters Best Regression Model Adj. R

2
 

Bedload SYDaily / SY15 1 1.0184 - 0.4472 RB 0.371 

Bedload SYDaily / SY15 2 1.1123 - 0.5514 RB - 0.0293 b 0.507 

Bedload SYDaily / SY15 2 + interaction 0.95 + 0.6297 RB + 0.03937 b - 0.5715 RB*b 0.824 

Bedload Qs50-Daily / Qs50-15 1 1.0279 - 0.5511 RB 0.380 

Bedload Qs50-Daily / Qs50-15 2 1.117 - 0.6518 RB - 0.02834 beta 0.459 

Bedload Qs50-Daily / Qs50-15 2 + interaction 0.9393 + 0.6569 RB + 0.0478 beta - 0.633 RB*beta 0.718 

Suspended Load SYDaily / SY15 1 1.053 - 0.407 RB 0.330 

Suspended Load SYDaily / SY15 2 1.1802 - 0.4085 RB - 0.06994 b 0.374 

Suspended Load SYDaily / SY15 2 + interaction 1.0126 + 0.3832 RB + 0.02115 b - 0.4300 RB*b 0.456 

Suspended Load Qs50-Daily / Qs50-15 1 1.04 - 0.50 RB  0.476 

Suspended Load Qs50-Daily / Qs50-15 2 1.118 ς 0.50 RB ς 0.04265 b 0.490 

Suspended Load Qs50-Daily / Qs50-15 2 + interaction 0.9917 + 0.09672 RB + 0.02573 beta - 0.3246 RB*beta 0.532 

RB = Richards-Baker Flashiness index computed with daily-average flow data 
 b = Best fit exponent from sediment rating 

curve 
   

d50 = median grain size (mm) 
   

 

3.4 DISCUSSION 

3.4.1 EFFECTIVE DISCHARGE 

The decision to use daily-averaged or sub-daily streamflow data was not found to impact 

the calculation of effective discharge in a consistent way. Amongst bedload and suspended load 

sites, the ratio of QEff-Daily / QEff-Sub was both less than 1 and greater than 1 in nearly equal 

abundance. We believe that these results are a byproduct of the inherently variable process of 

determining QEff. 

Upon further inspection it was found that for ratios of QEff-Daily / QEff-Sub less than unity, 

differences in the size of the bins (range of discharges) in the discretized flow duration curve 

histogram were the primary cause for the differences in QEff. We refer to this as a Type A error. 
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Type A errors were caused by the sub-daily flow record nearly always has a larger maximum 

flow and smaller minimum flow than the daily-averaged flow record. This greater range between 

the maximum and minimum flow forces the range of flows in each bin to be greater for sub-daily 

flow data than daily-averaged data, when a fixed number of arithmetically sized bins is used. 

Because QEff was calculated as the median discharge of the bin that produces the maximum 

sediment yield, QEff-Sub was likely to be greater than QEff-Daily when the same bin was identified as 

containing QEff. This type of error is depicted in Figure 13. 

 

Figure 13: Type A error for the Trinity River near Hoopa, CA. Differences in bin sizes cause 

disparity in QEff, even when the same bin is identified as most effective. 

 



62 
 

In the case of QEff-Daily / QEff-Sub values greater than unity, differences in flow frequency 

were found to be the primary cause. We termed this a Type B error. After being multiplied by the 

sediment rating curve, differences in the frequency of high magnitude discharges between the 

sub-daily and daily-averaged flow records often caused QEff to be located in different bins, 

thereby causing larger departures in QEff. At high discharges, these differences in flow frequency 

could be very small and still cause large differences in QEff when the sediment transport rate at 

that discharge was particularly high. This was a common result for flashy (RB > 0.3) bedload 

sites. An example of this type of error is shown in Figure 14. 

 

Figure 14: Type B error for the Mad River near Arcata, CA. Differences in discharge density 

(indicated by dashed arrows) caused the effective discharge to be located in different bins. 

 












































