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ABSTRACT

FLOW DURATION CURVES AND SEDIMENT YIELD ESTIMATION FOR URBANIZING

WATERSHEDS

Land use change associated with urbanization can alter naturaktiowes, typically
resulting in larger peak flows for a given precipitation evkanh in a preurbanizedvatershed
condition The overall nfluenceof urbanization on how flows of different frequencies might
change over time, while important in hydrologic design, remains poorly underbtdbis
study,wefirst investigate the effects of urbanian on flow duration cung(FDCs) and flow
variability through a case stuay several watersheds in the Puget Sound Region of Washington

State.

A FDC is a graphical representation of the frequeacyraction of timethat a discharge
magnitude is equaled or exceededing different time windows of thibow record,we analyzed
stream discharge, precipitation, and watershed urbanization for a minimum of 25 years between
1960 and 2010 tquantify how keyFDC percentileghanged with time in response to
urbanization in small watershefless than 200 ki with land uses ranginigom highly urban to
primarily rural In the urban watershedse 95-99" percentile of the dailynean flow series
increasd by 0-94% with an average increase of 35Pte magnitude of small discharges ‘(10
percentile)in the urba watersheds alsacreasd by up to 34% with an average increase of
15% The rapidity and magnitude of changes i

wasalsoobserved to increase over the period analyzed for both urban and rural watersheds



Flashness increased by 46% on averagarban watersheds, a reslikely caused by increases
in population density and impervious surfad@sral watershedaere found to have lesser
increases in flashiness, 148 average, attributed baseflow reductions and increasing

precipitation intensity and variability.

As watersheds beconflashier, the decision to use either dadyeraged or suaily
streamflow records has the potential to impact the calculatisaddment transport metricko
investigatewe calculated theffective discharge, sediment yield, aralf-load dischargesing
sediment rating curves over long time periods with both gaigraged and stdiaily streamflow
records in the second part of this studyhe pool of gies in the analysis included 39 sites with
bedload measurements and 99 sites with suspended load measuremesgsdrahregions of
the United StateRResults of this analysis were compared tostecific metrics such as stream
flashiness and bed sedimt size A comparson ofsediment transport metrics calculated with
both dailyaverage and suthaily streamflow data at each sitthowedthat dailyaveraged flow
data wereunable to adequately represém magnitude of higbtreanflows atflashy sitesThis
caused an underestimation of sediment transport and sediment yield at flashy sites, the degree of
which was controlled by the magnitude of the H#sixponent of the sediment rating curve.
Regression equations are provided for estimating this biaduncion of stream flashiness and
sediment rating curve parameteda relationship between flow data resolution and effective
discharge was found@he results of this analysis help inform the use of FDCs and sediment yield
estimation in urbanizing watshedsThis analysis demonstrates the magnitude of change that
urbanization may cause in a FD&lditionally, this analysis illustrates the importance of using
sub-daily flow data in the calculation of sediment yieldunbanizing or otherwise flashy

watersheds
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1. CHAPTER1:INTRODUCTION

As human populations grow, watersheds around the worlespending to
urbanizationa diverse collection of influences tltauseundamental changes in watershed
hydrologc processedHallmarks of urbamreas include roads, sidewalksrking lots, and
buildings.These features, whidre impervious by nature, alteatershegrocessethrough a
number of mechanismbBnpervious surfaceand compacted soifghysically limit infiltration of
precipitation This reduces the quantity of water reaching the subsurface and increases surface
runoff volume (Booth, 1991Ftreets, rooftops, and modern stormwater conveyance systems that
collect and funnel stormwater cause runoff to reach streams in a much morasapd than
natural overland flow (Leopold, 1968; Putnam, 198@yd et al., 1998 this causes lag tim¢he
durationbetween the center of mass of rainfall excess and the peak floworbéereducedAs a

result of these changes, flow magnitude angueacyarealtered.

A flow duration curve (FDC) is a graphic representation of the frequency and magnitude
of all instantaneous, daily, weeklyr monthly flows for a given period of timEDCs have a
wide variety of applications including watase planmg, floodmitigation, and reservoir
sedimentatiorstudieVogel & Fennessey, 1994-DCs are also critical componertsthe
analysis of magnitude and frequency of sediment transport in.rileeseffective discharge, the
discharge that transports more sediment than any otleera period of yeafEmmett &
Wolman, 2001)is acommonly utilized channel design metric tigatypically calculated witla
FDC. In regions withcoarsebedded streasandsnowmelt hydrology, the effective discharge
can beviewed as a&easonable surrogate for the entire serietisshargs that form and maintain

river channeldimensions (Doyle et al., 2007).



The effects olirbanizatioron the full spectrum oflow frequenciesandthechannel
design metrics such as effective dischahge depend on those frequencegstill not fully
understoodit is well known thaturbanization causes increases in flood magni(tiddis,

1975) Heavily urbanized locationsftenexhibit flood magnification factors from-3, 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 péogel 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 ind@aicegs

2011; Simmons & Reynolds, 1983lthoughstudiedike these havéocused on quantifying the
effect of urbanization on high and low magnitude dischaitgesitfect on the full spectrum of

flows is less understood greater understanding of how urbanization impacts $Rauld be

helpful for a number of applications ioding the estimation of effective dischai@ed other

channel design metries urbanizing systems.

Urbanization has also been shown to cause rapid variations in streamflow over short
periods of time Graf, 1977; Walsh et al., 20DT his type of streantdw behavior is termed
fifl ashyo and i s Awglersebal, 2007nantarid Allam & Gastiko) 2007 (
catchmentsln these types of systems, little is known on how the resolution of streamflow data
(daily-averaged or subaily) affectsthe catulation of effective discharge and other seztiin
yield metrics A study ofsix watersheds in East Devon, England showed that sediment yield
calculations from daily flow records could vary up to 10% from those made with instantaneous
recordg(Walling, 1977). Additionally, in a study of the Yazoo River basin in Northwest
Mississippi,sediment yield create from dailyaveraged flow datavere 2100% less than

sediment yield created from 18ninute datgHendon, 1995)However, it is not clear how



flashinesswvas related to the error in sediment yield calculations for these waterisheds
urbanizing watersheds, it is critical that we understand how urbanization affects FDCs and
stream flashines®Vith an understanding of these interactions, we can better pheaic

urbanization will impact sediment yield metrics central to channel design.

In the second chapter of this paper, we aim to quathigyeffects of urbanizatioon
FDCsthrough acasestudy of streamspanning a gradient of urbanizationthe PugeSound
region of WashingtonUSA. Using different time windows of the flow recossle quantify how

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

In the third chapter of this paper, Weeusour efforts on quantifying the inagt of flow
data resolution on sediment yield metrics for streams of varying flashingkss analysis, we
calculated the effective discharge, sediment yield,tetiload dischargesing sediment rating
curves over long time periods with both daglyeraged and subaily streamflow record®
guantify the effects of flow data resolution on the calculation of sediment yield metrics for

streams of varying flashiness.
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2 CHAPTER2: THEEFFECTOFURBANIZATION ON FLOW DURATION CURVES:A
CASESTUDY FROMSELECTEDSTREAMSIN THE PUGETSOUNDBASIN,
WESTERNWASHINGTON

2.1 INTRODUCTION

World populationhas grown from 3.0 billion in the year 1®® 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, mamysegyie devoting ever
increasing land area to urban usdddan population centers are characterized by buildings,
roads, sidewalks, and parking lothese types of areas are traditionally imperviopsature

andthereforefundamentallyalter hydrologc processes.

Urbanization is known to redutlee duration between the center of mass of rainfall
excess and the peak flow rate, theg lag time of awatershedLeopold, 1968)Lag time is
reduced as water flows faster off of streets and roofs tharatigtvegetated areaddditionally,
the advent of storm sewers and artificial drainage networks has contributed to thiemeafuc
lag time in urban aregteopold, 1968)Impervious surfaces also reduce the amount of
precipitation infiltraed 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 duhiegonstruction 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 morpholgy (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



how river channels adjust their morphology to alterations in water and sediment suppty caus

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 25, where a flood magnification factor is defined as a factor by whiclsta pa
design floodquantile would have to be multiplied by to obtain the magnitude of the flood in the
current time periodThis work was done using annual maximum flood series, and therefore was
focused on discharges greater than tHe@centile This illustrateghat urbanizatiomenerally
results inlarge peak flows becamg more common. Urbanization has also been linked to the
decline of stream baseflow in certain instan@asce, 2011; Simmons & Reynolds, 198Phis
is generally thought to be thestdt of impervious surfaces limiting the infiltration of
precipitaton into the subsurface layers; howeveglahing baseflow can also be caused by

shallow groundwater extractions (Sophocleous, 2002).

To represent the full spectrum of flows in a hydrotogicord we often use a flow
duration curvgFDC). A FDCis 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 icg wateruse planning, flood
control, and river and reservoir sedimentation (Vogel & Fennessey). I9#4/are also critical
component®f analytical channel design procedures that involve sediment transpoestheh
analysis of effective discharg@&/plman & Miller, 196Q Andrews, 198Pand the optimization of
the sediment capacisupply ratio(Biedenharn et al., 2000; Soar & Thorne, 20@Ecause of
the wide range of useful applications FDCs have,vit& to understand how they respotad

urbanizationAlthough there have been a number of studies focused on quantifying the effects of



urbanization on highand lowmagnitude discharges, its effects on the full spectrum of flows

remains poorly understood.

In this paper, we present a case stodyhe effect of urbanization on FDCs for select
streams in the Puget Sound Region of Western Washingtog a50-year analysis period
starting in 1960 and ending in 20XMhjectives of tle study include: (i) @ tabulate urban growth
in the selected watsheds(ii) to evaluate precipitation trenddj) to quantify the effects of
urbanization on FDCs and stream flashinés}to relate hydrologic changes to potential

changes in channel morphology.

2.2 METHODS

2.2.1 STUDY AREA
The extent of this study is tliuget 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 theclmumty region of King, Kitsap,
Pierce and Sshomish Counties has grown from approximately 1.5 million in 1960 to 3.7 million
in 2010 (Washington State, 2012)n 2010, t he Puget Sound basin

population(Cuo et al., 2009)

The Puget Sound basin is bordered on the ea$ieb§ascade mountain range and on the
west by the Olympi®lountains To the north, the basin extends towards Canada, with a small
portion of the basin lying within British Columbi&o the south, the basin terminates in the
foothills near the City of Olymia. The area of the basin is approximately 31,000(Kiuo 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



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 generatigontinth
trending troughs (Collins et al., 2003he featuresvere formed by subglacial fluvial runoff
from repeat advances of the Cordilleran ice sheet (Booth, IP@®)d ay, sever al of t
large rivers pass through these wide, low gradient troughs (Collins et al., 2003). Most of the
sedimentdeposits exposkat ground surface in thai§et lowland are products of glacial
advance and retreat during the Vashon stade occurring 1Bg)000 years ago (Booth et al.,
2003).These sediments, known as Vashon Drift, include silt and clayseeftd 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 &maintain a similar climate
ard precipitation amongst watersheds, only watersheds with a mean elevation 183)than
metersabove sea level were included in this analysis. Lastly, selected watersheds were required
to have at | east 25 year s of nitédSthtesgGeaogiealdb di s c h
Survey (USGS) gaging station between 1960 and 2010. A year of flow record was considered
fadequateo if more than half of the daily dis
selected watersheds is showrFigurel. A table giving the drainage area, analysis period, and

gage station number of each watershed is providédlite 1.
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19701981, 19922007, 2.7
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Issaquah, WA 12121600 19642010 145
Leach Creek near Fircrest, WA 12091200  1960-1986, 19892010 12.2 48.9
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2.2.3 WATERSHED URBANIZATION ANALYSIS

Theproportionof 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 surfac@Baseket al.,1993; Smith etlg

2002)

While watershed imperviousness is useful in quantifying urbanizatnperviousness
datasets in the Puget Sound region are limited tempogatellitederived estimates of
impervious coveare available through the National Land Cover Datasginning in the year
2001(Homeret al.,2004) However, because this study examines urbanization from- 2060,
population density was chosen as phienary surrogate fourbanizationStrong relationships
between watershed imperviousness and populagmsity have been suggested in the literature

(Stankowski 1972; Sheng & Wilson, 2009).

We wsed historic United Stat€3ensus tract data quantify population and population
density inthewatersheds over tim&eographic maps of census tract boundannekassociated
population tables were obtained for censuses conducted in 1960, 1970, 1980, 1990, 2000, and
2010 (Mimesota Population Center, 201Census information is gathered in geographic units
of varying size including: states, coig¥, tracts, ash block levelsCensus blocks offer
population data at the finest spatial resolution but were not available for this region until the year
2000 (Minnesota Population Center, 2Q1e finestresolution population data available for
the Puget Sound regidrom 19662010 werefound to be census tract datéderefore, census

tract data wreused to develop population estimates.
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In order to examingéhe current relationship between impervious surfaces and papulati
densityin Washington gteand to provide suport for the use of population density as a
surrogate for impervious coyexe compared ppulation density in the year 20{[innesota
Population Center, 201&painst the average impervious percentage in the yearB0iier et
al., 2015)of each censusactin the state of Washingtoin total, the relationship between

populationdensityand imperviougoverwas analyzed fomore than 1@0 census tracts.

Watershed populations for each decade were estimated from census tratotetay
the method oBheng & Wilson(2009) Census tracts for each decade wemmapped 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 popalaitsplit
in proportion to the census tract area within the watershgullation density (people/Kinwvas
then calculated by dividing the estimated watershed population (# of people) by the watershed

area (km).

It should be noted that this method daoes provide exact watershed populations because
population densities in each census tract are not perfectly unitmwever, because urban
census tracts are relatively small in area (often less than JGueare confident that population
densities areniform enough to provide a reasonable estimate of watershed population on

decadal time intervals.

2.2.4 PRECIPITATION
Daily precipitation series for each watershed from 12600 were spatially interpolated
from nearby National Climatic Data Center daily praafongages Figurel). An inverse

distanceweighting (IDW) proceduréChen & 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 aoBsguati

1 and 2.

Y 0°Y 1)

Q @
B Q

In Equations 1 and &, is the unknown rainfall at the watershed of interest (mvns
the weighting of rainfalstationi; R is the rainfall at station d; is the distance from rainfall
stationi to the centroid of the watershed of interest (km); lastlis, the number of rainfall

stations, which was the 5 nearest for this analygipéndix A).

Daily rainfall sequences were used to calculate a numbertatmaimed at quantifying
different precipitation characteristicko quantify the total magnitude of precipitation, the
precipitation was summed on an annual bd®scapture the intensity of single and multiple day
precipitation events, we calculatdtetmaximum annual 1, 2, 3, andldy precipitation total
Lastly, to quantify variability in precipitation we calculated the coefficient of variation of each
year of daily precipitation recordShe 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 banges in streamflow wesxaminedhroughanalysis of thé-DC. In order to
tracktemporalchanges in theDC, a @ c wyneuwalratyiov ea p p t Thiamoeasthabas t a k e
FDCwas created for each year of the flow record using all years of recordTjariavoid any
bias that may be introduced to the analysis by starting the analysis on an abnormally wet or dry

year, the first cumulativEDC was created for the fifth year of record utilizing fhst five years
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of flow record For each year after year five, a new FDC was created using thedaxilijre
averaged flowecord to that given yearowever, 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 timeStreams and rivers that experience rapid variations in streamflow over
time are oftente me d foWhtershédyrbanization has been linked to flashy streamflow
behavior in previous studié&raf, 1977; Walsh et al., 20053 this study we used thHeichards

Baker Flashiness indéRB) (Bakeret al.,2004)to characterize this behavior

RBis 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 -ob-adky changes in
discharg€q). This path length is then divided by them ofmean dailyflows (Equation 3)

. B 91 N s
YO —g @ —

0 3

In Equation 3j denotes the day amds the number of days of flow record analyZ&de

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

2.2.6 BASEFLOWANALYSIS

Baseflow is a component of total streamflow that enters a stream from a persistent and
slowly varyingsource (Sophocleous, 2002). Whsleurce of baseflow can vary, hydrologists
agree that most baseflow originates from saturated flow from grotedstarage (Meyer,
2005) In order to examine trends lraseflow over the analysis period, the lgagn hydrograph

was separated into baseflow andoff componentsTo isolate the baseflow in the lotgrm
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hydrograph, the Webased Hydrograph Analysidl (WHAT) was utilized (Lim et al., 2005)
WHAT is not based on physical procesdmg rather a statistical algorithfRor this study, a
recursive digital filter method was used wiilker parameters representativefop er e nni al
streams with porouaquiferso When applied to hydrographs, this filsgparatshigh-frequency
signalsassociated with runoffom low-frequency signalassociated with baseflowlthough

the baseflow component of the hydrograph identified by this technique may not dieéetty
groundwater contributions to streamflotinis methodology removes the subjective aspects from
manualhydrographseparation and provides a fast and reproducible means to separating

hydrographs over long periods of timen{ et al., 2003.

Upon s@aration of the hydrograph into baseflow and direct runoff components, the
averagealaily baseflow and direct runoff were computed for each year of record during the
analysis periodAdditionally, the baseflow index was calculated for each year of thesamaly
The baseflow index, which is the lotgrm ratio of baseflow to total stream flgi#oomfield et

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

2.2.7 STATISTICAL TESTS FOR TRENDS

The nonparametric MantKendall test (Mann, 1945; Kendall975) wasused to identify
statisticallysignificant trends iFDC percentilesannual dailyaverageébaseflow,annual daily
averageunoff, and precipitation metrics. The MaHKendall test is designed to detect increasing
or decreasing trends in data. ket is particularly useful as missing values are allowed and the
data do not need to conform to any particular distrilbbuf@ilbert, 1987)In this studya p-value

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

Two methals were used to relate hydrologic changes to potential chemgasnnel
morphology First, to relate changes in the FDC to changé®dslope, Henderson
proportionalities were usgtienderson, 1966Hendersor{1966)combinedthe Einstein
sediment trasport function as revised Brown (1950) the Chezy flowesistance formula, and
the conservation of momentum and migssteady uniform flow into a single proportionality
wheregs is the unit sediment transport ratgs the unit water discharg8js the channel slope

andD is the grain siz€Equation 4)

.o NY
n e — 4)
o
Rearranging for channel slope yields
wo 9N 5)
n

The relationship in uation 5 can be utilized to estimaibe potentiachange in channel
slopethat would result frona givenchange in discharg&o do thisthe channel slopat one
point in time(S,) is estimated from the unit sediment transport rai¢ &pd unitdischarge rate
(gy) at that same point in time. This can be done again at a second point in time to estimate the

new channel slope {5

=17

(6)
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D
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Together $and $ can be used to estimétee changsin slopethat may result from
shifts in the FDC induced by land use chaager an analysis period as shown in Equation 6
For this study, unit sediment transport capacity was estimated at'tipe@®ntile discharge
using a corrected versiaf theMeyerPeterand Mullerbedloadransport equationong &
Parker, 2006 The bed material wasonsideredyravel Konrad et al., 2005 and held constant
through time Channel geometry as a function of depth was calculated using information from

field measurementollected and made available by the USGS.

Secondly, hydraulic geometry relationships were utilized to relate chantyes in
magnitudeo potentialchanges in channel widthn an analysis of streams in the Puget Sound
Lowland, many of which also appeartims stuly, Konrad et al.(2005)found that channel
width (w) could be related to the B@ercentile dischargso) reasonably well through a power

function

0 RO 8 @)
wherew is in metersandQqo is in nT/s. To estimatehe potentiathange in channel width
resulting from urbanizatiemduced changes in flow, tl@yowas identified on a yearly basis
from the cumulative flow recordquation 7 was then used to establiskestimate of channel

width on ayearly basis

2.3 RESULTS

2.3.1 URBANIZATION ANALYSIS
Results of our analysisdicate that there is currenthystrong relation between
population density and impervious surfaces in the State of Washifgtooensus tracts with

less than 50% impervious surface, as is the case with our eightstetshed§Tablel),
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population density was found to explain 74% of the variance in parspatviousnesgFigure
2). These results suggest that population density is a strong surrogate for impervious surfaces for

watersheds that are less than 50% impervious.

R’>=0.74

50.0
|

10.0
|

5.0

Percent imperviousness in year 2011
1.0

0.5
|

0.1

| I |
0.1 10.0 1000.0

Population density in year 2010 (people/kmz)

Figure 2: Relationship between impervious surfag@smputed from the 200 NLCD, Home 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 revealgde rang®f population
densty (Figure3). Huge Creek and Big Beef Creek, located west of Seattle in Kitsap County
were found to have the lowest population density over the analysis.péeiwdukum Crek and
Issaquah Creekere found to have slightly higher population densities, but both had slow

growth rates similar to those in Huge and Big Beef CreBks remaining watershedijanita
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Mercer, Swamp, and Leach Creeks, were found to have very langthgeies over the analysis

period Juanita Creek had the greatest populatiomtrogrowing from approximately54

people/kmi in 1960 to over 1900 people/kim 2010. Mercer, Swam@ndJuanitaCreeks all

had similar growth trends to a lesser extentywimg from less than 300 people/kin 1960 to

more than 1500 people/Krin 2010 Leach Creek was already highly urbanized in 1960 and

therefore saw lesser population growth over the analysis period
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ﬁ © Mercer Creek near Bellevue, WA
4 Swamp Creek at Kenmore WA [ |
+ Big Beef Creek near Seabeck, WA #_,_/"—E—_-
Huge Creek near Wauna, WA -
Newaukum Creek near Black Diamond, WA
Issaquah Creek near mouth near Issaquah, WA
& Leach Creek near Fircrest, WA
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Based on these results, the wateds were categorized into tyooups accordingp

population density in 201@Vatersheds with a population density greater than 1,000lg/&nf

in 2010 were da&gorized as urban watershe@snversely, \atersheds with a population density
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of less than D00 people/knf in 2010 were categorized as rural watersh&be results of this

categorization are shown irable2.

Tab2@ategorizati on

of study

water sheds

Average
Population Growth
Estimated 19602010
USGS Gage Population (people/ km? /
Station Name No. Densityin 2010 year) Class
Juanita Creek near Kirkland, WA 12120500 1908 351 Urban
Mercer Creek near Bellevue, WA 12120000 1526 24.9 Urban
Swamp Creek at Kenmore WA 12127100 1680 29.1 Urban
Leach Creek nediircrest, WA 12091200 1533 135 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, W; 12069550 79 1.6 Rural
Huge Creek near Wauna, WA 12073500 87 1.3 Rural

2.3.2 PRECIPITATION

Results of the precipitatiomalysis showed no statisticalbgnificant trends in annual
precipitation Table3). Two of the four urban watershefdercer Creek and Leach Creeld
two of the fourof the rural watershedsluge Creek and Big Beef Creek¥re found to have
statisticallysignificant inceasing trends in multlay precipitatiormaximums All of the other

watersheds showed slight but reignificant increases in multiay precipitation maximums.

based

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

increasng trends in precipitation variability.
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Tab3 e MKemdal |l tau val e¢s i f@srv adrueec iodi tlatiinan cr

i ncreasing trelndi nvhiidet eas va | pueer fodct

Mann-Kendall Tawalues
Annual Maximum Precipitation

Land Annual Coefficient of

Station Name Use Precipitation 1-Day 2-Day 3-Day 7-Day Variation
Juanita Creek near Kirklanc -0.16 -0.04 002  0.08 0.06 -0.09
WA Urban D D U U U D
Mercer Creek near Bellevue -0.05 0.09 0.22 0.20 0.16 0.00
WA Urban D U U U’ U’ -
Swamp Creek at Kenmore '015 004 '004 008 014 '013
WA Urban D U D U U D
Leach Creek near Fircrest, 0.03 0.33 0.32 0.32 0.26 0.21
WA Urban U U u” U U U
Black Diamond, WA Rural D U ] U U D
near Issaquah, WA Rural D U U U U U
Big Beef Creek near -0.02 0.24 0.21 0.25 0.21 0.18
Seabeck, WA Rural D U’ U U’ U U

0.01 0.31 0.33 0.38 0.35 0.27
Huge Creek near Wauna,
WA Rural U U U U U U

Notes: D= Downward Trend, U=Upward Trend

“Trend significant b = 0.05 level

2.3.3 FLOW ANALYSIS

Three of the four urban watershddsdstatisticallysignificant increasing trends over
time in both the lower and highportionsof the FDC Table4). For high magnitudalischarges
(Quo-Qq9), Leach Crele hadthe strongest increasing trefielgure4). Swamp Creek was the only
urban watershedotto have an increasing trend in the upper portion oFtb€; however it did
have increases the lower portion of the FDAombined, the urban watersheds experiemced
average 85%increasan the magnitude of the §8Qqs) and 99' (Qqe) percentile discharges
(Table5). The lower end of the FDC also increased in the urban watersheds bessera

degregTableb).
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Three of the four rural watersheds had decreasing trends in theNe@ukum Creek

and bsaquah Creek had statisticadignificant decreasing trends for all portions of theCFD

Huge Creek had statisticalgignificant decreasingends for nearly all parts of the FDC except

the 99" percentile discharg&g), which had an increasing trerkhe other rural watershed, Big

Beef Creek, saw no statisticajgnificant trend with the exception of the™ercentile

discharge @Qi0). The magnitude of the decreasing trends for these watersheds was greatest in the

lower part of the FDCThe 25" and 18" percentile flows decreased on average by 15% and 13%,

while the 98 and 99' percentile flows decreased by onk8% on averag€Tables).

Percent Change
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-100
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22

80

100

i n hdeDt@nraet yc e st iplee s oadv e



The urban watersheds were found to haweh greater increases in the magnitude of the
FDC than the rural watershed®ach Creek, an urban watershed, was found to have tremendous
increases in the magnitude of"999" percentile dischargd&igure5a). In comparison, rural
watersheds had slight decreasethe magnitude of the same discharges. Newaukum Creek, a

rural watershed, was found to have a decreasing trend in the magnitude@g™9fercentile

dischargegFigure5b).
Leach Creek Newaukum Creek
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Results of our analysis on watershed flashiness yielded similar results across all
watershed typed\ll watersheds withthe exception of Newaukum Creekperienced
statisticallysignificant increasing trends RichardsBaker FlashinesdB) overtime (Table4).

The strongest increasing trends were generally found in the urban wate@bmbned, the
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averagencrease in flashiness for urban watersheds 46%(Table5). The rural watersheds

saw flashiness increasa average by 9%

Tabd dankendalul val ues f or efrlcemmtddreasst i on ¢

Mann-Kendall Tau Values

Land
Station Name Use Q. Qs Qs Qi Qoo Qos  Qog Qoo RB
Juanita Creek near 0.85 0.82 030 -0.11 056 0.71 0.75 0.75 1.00
Kirkland, WA Urban U~ u” U D u” u” u” u” u”
Mercer Creek near 0.47 0.28 -0.07 -0.16 01 0.63 081 0.85 0.99
Bellevue, WA Urban U U D D U U U U ]
Swamp Creek at 0.87 0.79 056 0.09 -0.47 -0.48 -0.44 -0.35 0.97
Kenmore WA Urban U~ u” u” U D D D D’ u”
Leach Creek near 038 041 047 091 092 093 095 0.95 0.74
Fircrest, WA Urban U U U u u u” u” U u
Newaukum Creek near 071 -0.84 -0.85 -0.65 -0.47 -0.61 -055 -0.35 0.13
Black Diamond, WA Rural D~ D D D D D D D U
Issaquah Creek near -0.84 -091 -0.83 -085 -0.76 -0.77 -051 -0.32 0.84
mouth near Issaquah,
WA Rural D~ D" D D’ D’ D’ D’ D" u”
Big Beef Creek near 044 -016 -01 -0.1 -0.29 -0.25 -0.23 -0.28 0.45
Seabeck, WA Rural D’ D D D D D D D u”
-0.81 -0.66 -0.61 -0.47 -0.52 -0.26 0.22 0.34 0.67
Huge Creek near
Wauna, WA Rural D’ D D D D D U] U’ u”

Notes: D= Downward Trend, U=Upward Trend
" Trend significant g = 0.05 level

Tab3 e Aver agehamgrecamt fl ow met.ri

Ccs over al

Average Percent Change %

Land Use Qo Qs Qso Qrs Qoo Qos Qos Qoo 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 runafbmponents showed statisticaflignificant

decreases in baseflow index threeof thefour urban watershedduanita Creek, Mercer Creek,
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and Leach Creeklable6). A decrease in baseflow index can be caused by a decrease in
baseflow, an increase in total streamflow, or bbithhese three watersheds, the decrease in
baseflow index was accompanied baeincreae in runoff, and subsequently an increase in
total streamflowOnly one of these three watersheds, Mercer Citekyedboth an increase in
runoff and a decrease in basefl®&wamp Creekthe fourth urban watershexhw a decreasing
trend in baseflow index over the analy&istthe trend was notiging enough to be statistically
significant In total, the urban watersheds experienced a 43% increase in average daily runoff

over theanalysis periodTable7).

Two of the four rural watersheddewaukum Creek and Issaquah Creeére found to
have statisticalisignificantdownward trends in annual daiverage baskiw (Table6).
However, because of their decline in total streamflow, these watisrdigenot have a
statisticallysignificant decrease in baseflomdiex No significant trends in baseflow, runoff, or
baseflow index were found in the Huge Creek or Big Beef Cr@eérall, the rural watersheds
had an average reduction in daily runoff of 6.8% and an average reduction in baseflow of 11.8%

over theanalyss period(Table7).
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Tabé MMankendal |

t

au

valnuwdsy sfiosr hydrogr a

Annual DailyAverage

Station Name Land Use Baseflow Index Runoff Baseflow
Juanita Creek nedgirkland, WA 0.55 0.35 0.05
Urban D U D
Mercer Creek near Bellevue, WA _0'57 0'35 _0'39
Urban D U D
Swamp Creek at Kenmore, WA 0.23 0.00 019
Urban D - D
Leach Creek near Fircrest, WA _0'34 O'ﬂG 0'ﬁ3
Urban D U U
NewaukumCreek near Black Diamond, WA -0.10 0.03 _0'37
Rural D D D
Issaquah Creek near mouth near Issaquah, \ 0.07 0.13 _0'36
Rural D D D
Big Beef Creek near Seabeck, WA 0.13 -0.05 0.11
Rural U D D
Huge Creek near Wauna, WA 0.11 0.03 0.09
Rural D U D

Notes: D= Downward Trend, U=Upward Trend

" Trend significant g = 0.05 level

TabZARver age percent

Average % Chang:
Land Use Runoff Baseflow

Urban
Rural

43.4
-6.8

4.8
-11.8

2.3.5 CHANNEL MORPHOLOGY

alveamnggei muamhdalandaiblag ef

Using locallycalibrated bankfull geometry relationshi@gonrad et al., 2005nd

Henderson proportionalities (Henderson, 1966), we estthtla¢epotential change in channel

bankfull width and channel slope over the analysis peRotential for change in channel slope

and bankfull width were calculated independently of each toharovide end members of

channel responsin reality, morphabgic 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 streame $ignificantpotential for
channel degradatio®ver the analysis periogptentialresponse fochannel slope ranged from
an 8.2% decrease to a 0.6% increase for urban waterstogdstial bannel bankfull width

response ranged from a 2.2% reduction to a 20né¥easgTable8).

Tab8&Rotenti al change in chamdhedumsadlopet aemamwi
anal ysis period

Channel Slope Channel Width

Land Use  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
increasesn channel slopé0i 4.5%). However channel width was predicted to decreise
these watersheds (08%). These results suggesterall potential for channel aggradation.
Potential for change in channel morphology varies amongst arimhrural watersheds as
hydrologic response to changes in land use also afifgrences in geologic setting, stormwater

infrastructure, and stylef development all may contribute to this result.

2.4 DISCUSSION
2.4.1 IMPACT OF URBANIZATION ON THE FDC

Our resultandicate that urbanization has the potential to significantly increase the
magnitude of thentire FDC(Table5). This result corresponds to other work showing that
urbanization can cause significant increases in flood magnitigjazi & Markus, 2009;

Konrad, 2003 Increases in watershed impervioass are known to cause increased streamflow
rates and runoff volume8¢@yd et al.,1993; Smith et al., 2002a 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 stéPage, 2011; Simmons &
Reynolds, 1982Rose & Peters, 2001this study found that on average, the magla of low
discharges (16:25" percentile) increased in urban watershdthss somewhat unexpectedsult
is in partdue toflow augmentation in one of the four urban watersheds. Since 1993, Leach Creek
has had low flows augmented by a groundwater (i@thbrough et al., 2001). It is not known if
similar programs have been adopted at the other urban watersheds analyzed in tiiglstusly
have suggested that increases in baseflow in urban watersheds can also be the result of leakages
in storm sewer andater 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., Z70@5)
WHAT program uses a Al ocal minimum methodo th
hydrograph by comparing slop&his methodology may cause an overestimation of baseflow

(and therefore an underestimation of runoff) during prolonged pericdsmgfweather.

Results of the flow analysis for rural watersheds indicated that the magnitude of the
extremely high discharges (8®9" percentile) exhibited only a very slight decrease over.time
Converselythe magnitude of low discharges {125" percentilg decreased substantially
Depending onfhte watershed, these decredsamagnitude werbetween 1215% (Table5). Big
Beef Creek was the only rural watersimedto experience significant changes in flow
magnitude. This result was likely caused by flow regulation from an upstream reservoir named
Lake Symington (Kimbrough, 200)We suspect that these results are to soegees the result
of groundwater extractiolsroundwater is used in many of these watersheds for agricultural and

municipal purposePDemand on groundwater has reached such a high that in most watersheds,
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nearly all of the groundwater is already legallpeditedWashington 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 interconected in the Puget Sound basin (Morgan & Jones, 1988jefore, 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 thdikel
groundwater extractions are contributing to the decreases in the magnitude of small streamflow

discharges.

2.4.2 FLASHINESS

Flashiness was observedingrease greatly iour 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 developimsritas been observed in
previous studies across the coyr{(Gregory & Calhoun, 2007; Schnoover et al., 2006) and
within the Puget Sound Basin (Konrad & Booth, 20@&han growth and stream flashiness are
plottedtogether inFigure6 for Leach Creekin Figure6, we see stream flashiness increasing
rapidly with population density from 1961390 From 199-2010, population density begins to
level out During this same time, stream flashiness is also obsenaggptoach a constant

asymptotic value
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Figure 6: Temporal increases in stream flashiness and population density forCesath
In addition to changes in urbanization affecting flashingssnges in precipitation may
be impacting flashinesa two of the four urban watersheds (Leach Creek and Mercer Creek)
Leach Creek was found to have significant increases in the mdgmif.t to 7-day
precipitation events and precipitation variati@imilarly, Mercer Creek was found to have

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

In our rural watersheds, increases in stream flashiness are atttibuteal drainage
improvements, and the increasing intensity and variability of precipitation in certain watersheds
Both of the rual watersheds had statisticallignificant increases in the magnitude of annual 1
2-, 3 or 7-day maximum precipitatiorAdditionally, the variability of the precipitation was

observed to increase for both rural watershedstly, reductions in baseflow contributed to
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increases ilRBstream flashiness in these regions by reducing the sum of the daily mean flows
These redctions cause the denominator of RBflashiness metric to decrease, thereby causing

the RBflashiness metric to increase.

This study demonstrated that while stream flashiness increases greatly in response to
urbanization, flashiness may also increasegponse to changing precipitatidiis suggests
that even watersheds with stationary land use may be becoming moreladby increasing
flashinessdaily-averaged data may poorly capture brief, high magnitude, sediment transporting

discharges in fldsy watersheds, thus underestimating sediment trangge@atChapter 3)

2.4.3 CHANNEL MORPHOLOGY

Hydrologic changes caused by urbanization have the potential to impact channel
morphology (Hawley et al., 2012; Hammer, 19718%reases in discharge causedibyanization
can cause channel degradatiBrevious studies have linked urbanization to channel widening
and incision Booth, 1990 Galster et al., 2008Additionally, stream flashiness can cause bank
instability through rapid wetting and drawdown (Thert&990). 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 asgded with urbanization is dependgimtparton t he str eamds
geologicsetting. Streambankgith cohesive soils (Kang et al., 2006), dense riparian vegetation
(Millar, 2000), or geologic controls (Nelson et al., 2006), may be resistant to increasesneal cha
width. If the streambank exhibits greater resistance than the streamdistbn 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 wideningomayfirst response. This highlights that

the potential of morphologic change in response to urbanizatd@pendenon a number of

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

response observed in the channels.

In our analysis ofhe potential impact®f urbanizatioron channel morphology we
evaluated the potential of channel widening and incision separdtlever, it is often found
that these processes are interconne@bdnnel incision often creates bank instability which can
lead to mass wastingf channel bankéSimon and Rinaldi, 2000Furthermore, channel incision
can migrate up and down channel networks causing inatdbility and channel wideniragross
great aras (Schumm et al., 1984)ur analysis did not account fmteractions betwen
adjustments in channel widémd depthor impacts of stream flashiness on channel widening.
Additionally, because we did not account for the propagation of channel incidioin wi
drainage network, it is likely that this analysis may be underestimatinmptastialmorphologic

impacts of urbanization.

In an examination of Bear and Soos Creek drainages in the Puget Sound basin of
Washington, Booth (1990) found that a tyea discharge unit stream power of 80 watfs/m
could be used as a predictor of bank erosion and channel incision. Unit stream pasver,
calculatedas shown in Equation 8 wherds the fluid density (kg/f), g is gravity (m/8), Qs

streamdischarggm?®/s), Sis slope (m/m)andw is channel width (m).
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(8)

In our analysis, we have found that the unit stream power associated witiigae 2
discharge has increased over the analysis period in our urban watersheds and is nearing the 80
watts/nf threshold described by Boothigble9). This result further indicates that channel

incision may be a cause for concern in these watersheds.

Tab%lencrseasenit sotfr etpheea p2oadves chabge. wat er she

Analysis Unit Stream Power (W/rﬁ)
Station Name I_Uasn: Begin End Begin End
Juanita Creek near Kirkland, WA Urban 1969 1989 45 63
MercerCreek 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 increasge#kenagnitude of flood
events (Hejazi &Markus, 2009; Konrad, 2003), this study demonstrates that in certain regions,
urbanization may increase the magnisidflows spanninghe entire FDCIn these
circumstances, the magnitude of high, median, and low flows all increase in response to
urbanzation This result has important implications for sediment transport analyses such as the
calculation of sediment yield and effective dischafgpiditionally, increases in streamflow and
sediment transport capacity affect channel morphology, often gacisamnel degradation in the

form of channeividening or incision

Channel widening and incision can cause large increases in the suspended sediment
concentration of a riveHigh suspended sediment concentrations stress fish, impair spawning

grounds (Newombe & Macdonald, 1991), reduce light reaching photosynthetic organisms, and
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disrupt macroinvertebrate lifecycles (Berry et al., 20@8jannel widening and incision can also

damage vital infrastructure such as roads, culverts, and hritlgegeaffirmsthe critical

i mportance of wunderstandi n.oArobustcanprelersionob nds i m
ur bani zationbés i mpacts on the FDC will help u
instability.

2.5 CONCLUSIONS

In this study, our analysis of population trends shotlhatlall watersheds experienced
population growth over the analysis period of 12600 Watersheds with the highest
popul ation density and growth wer e shedswergor i ze
cat egor i z.Adalysasof precipitation tremds from 19@010 revealed that none of the
eight watersheds had significant increasing or decreasing trends in annual precipitation
precipitation analysis did reve&lowever, that halbf the watersheds were experiencing

increasing trends in the variability and intensity of precipitation.

Results of our case study on the effdatrdanization on flow duratioourvesfor the
Puget Sound region revealed that urbanization caused upwfsdrsthe magnitude of the
entire flow duration curve for nearly af theurban watershed3his upward shift was greatest
for the high magnitude flows (8699" percentile) and on average represented an increase of
about35% over the analysis periothe upward shift was lesser for the low magnitude flows
(10"-25" percentile) and on average represented an increa®ofl5% over the analysis
period Ruralwatersheds were found to have decreases in the magnitude of small discharges (10
25" percettile). This result was attributed to a reduction in baseflow caused by groundwater

extraction Streamflow in nearly all the watersheshibited asignificanttrend of increasing
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flashiness Urban watershedshowedanaverage increass 46%in RBover theanalysis period

while rural watershedshowedan averagecreaseof 9%.

Hydrologic trends for both urban and rorban watersheds were related to potential
changes in channel morphologyrban watersheds that saw upward shifts in the FDC were
found to have potential for channel degradation over the anpysad This degradatiomanged
from an 8.2% decrease to a 1.6% increase in channel kldgpen watersheds were also found to
have gpotential for change in bankfull width ranging from a 2.2% reduction to a 20.6% increase
Conversely, rural watershedghich sawa generatlownward shift in the FDGvere found to

have potential for channel aggradation.

This study illustrates the dynamitfluence of urbanization omydrologic processes
Increasing precipitation intensity and variabilié#g well asanthropogenic changes in watershed
land usewere found to impacttreamflow magnitudes and frequenaesr 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, \itork hat
provides locallycalibrated estimates of FDC change with land use would be ablalu
contribution to the field, and would advance hydrologic design procedggut an
understanding of how FDCs change in response to urbanization, analytical cresige!
procedures such as the analysis of effective discharge will incur a greater degree of uncertainty

and risk.

2.6 NOTATION

D &rain size (mm)

d=Di stance from rainfal/l station i to the ceni
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g= Gr av iatcacteil cm@lsi on

N Bumber of rainfall stations
Qx=xPercenti l(eh sl scharge

Q= Di schasr)ge (m

p= Probability of rejecting the nul/l hypot hesi
" Fluid dedsity (kg/m

q Wnit di gécshyar ge

g=Unit dioschaiygsp

g=Unit sedi mefAts)di scharge (m
R=Rainfalli(@am) stati on

R.=Unknown rainfall @mmwatershed of interest
RB= Ri chakars fl ashiness i ndex

S Ghannel bed sl ope (m/ m)

Wi=Weighting ofi rainfall station
w €hannel bamnrm)f ul I wi dth
1] = Unit stre?dam power (W m
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3 CHAPTERI3: THEEFFECTOFFLOW DATA RESOLUTIONON SEDIMENTYIELD
ESTIMATION AND CHANNEL DESIGN

3.1 INTRODUCTION

Reliable streamflow records at appropriate resolutions are vital for a variety of scientific
andengineering applicationgn the United States, the United Sta@=ological SurveyUSGS)
operates more thaf000 streamflow gagd®Ison & Norris, 2007)At these gages, river stage is
usually measured every 15 to 60 minutes and converted to a disolagge rating curve
(Olson & Norris, 2007)These data are then made freely available online in eitheraleahaged

or subdaily (usually 15min) time steps.

Streamflow records are used for a varietypafposesncluding flood frequency analysis
(Vogel et al.,2011) sediment yielatalculationdWheatcroft & Sommerfield, 2005and natural
channel desigSkidmoreet al, 200]). Daily-averaged discharges are often used in conjunction
with sediment rating curves to obtain an estimate of sediment tramafe and sediment yield
(Milliman & Meade, 1983; Simon, 1989; Syvitski & Morehead, 199d@)ich can be important
criteria fordominant discharge determination afdhinneldesign(Doyle et al., 200y Sediment
rating curves are an empirical bdstpower function relating streamflow and sediment discharge
(Walling, 1977) By using dailyaveraged discharge data in these types of calculations, one must
assume that this type of data does an adequate job of representing the flowHegmner,
studes have shown that sméfigrenet al.,2007) urban(Graf, 1977; Walsh et al., 20)%nd
arid watershed@Allan & Castillo, 2007)can exhibit rapid shoiterm variations in streamflow
during runoffeventsT hi s type of str eamshyo w b efhlaars by west €
high sediment transporting discharges may happen infrequently and for very brief periods of
time; in these situations, datgveraged flow data may not adequatspture the flows most
important for sediment transport.
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It wasrecognized long ago that using sediment rating curves with-aedsaged flow
data couldcauseerrors in the computation of sediment discharge if the -@aigrage discharge is
not representative of the flow rateoughout the dafColby, 1956. Becausesedimentischarge
isnortlinearly related to stream dischargeall errors in the magnitude of streamflow may
cause large errors in the estimation of sediment trangpettdy ofsix watersheds in East
Devon, England showed that sediment yield catmria from daily flow records could vary by
up to 10% from those made with instantaneous rec¢dv@dling, 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 medim-sizewatershedssmallerthan 620 krfi) of the Yazoo River
basin in Northwest Mississippevealed thasediment yield curncreated from daikaveraged
flow datacandeviate from 15minute sediment yield curgéy more than 100%Hendon, 1995)
Thiswas because the highest discharges, occurrisghas 3% of the time, were not
represented in the daigveraged datdMissing these discharges is problematic because high
discharge rates correspond to high sediment transportlratsother study frorthe same
basin, use of daihaverage flow data was found to under predict sand yield by 51% and total
suspended sediment yield by 592wbler, 1997) While these studigsrovide insightthey do

not explain how these results are related to stream flashine

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 sitéglditionally, while the aforementionestudies investigated
the effect of flow data resolution on sediment yield calculations, the relationship with flashiness
remainsunquantified We hypothesize tharroisin sediment transport and yield calculations

based on daibaverage flow data systefi@lly increase with stream flashiness.
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In this paperwe present our findings from a study of the effect of flow data resolution
on sediment transport metrics for both bedload and suspended load tréorgpeets across the
United StatesThe objectves of this paper are threefol@} to quantify the effect of flow data
resolution (dailyaveragedndsubdaily) on sediment yield calculatiomslight of stream
flashiness(ii) to identify the situations in which using datyeraged flow data for sediment
transport calculations is acceptable and whennbt; (iii) to investigate the potential impacts on
channel design parameters when dalgraged flows are used in situatiovizere sukdaily

flows are more appropriate.

3.2 METHODS

3.2.1 DATA SELECTION

This analysis drerom bedload and suspendkdsites that were assembled for
another studyocused on magnitudigequency analysis df.S. streans and rivergSholtes,
2015) Sites wee analyzed individually for continuity in flow records and effects of flow
regulation. In total39 sites with bedload measuremeait®l99 siteswith suspended load
measurementsere chosen to be included in thisalysis Figure7). All bedload and suspended
load measurements were taken frpuablished articles and government reports as the original
source of all sediment transport dehgltes 2015) In these articles and reports, bedload
transport was measured witleley-Smith samplersand suspended sediment was measured
usingstandard @GStechniquesThe sites cover a wide range of the conterminous United States
and represent drainage areas ragd@iom approximately @ to 2,500,000 kiAppendix B.
Basins were chosen such that a wide range of flow retyipgs would be analyzed including

flashy and notflashy systems.
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Daily flow data andub-daily flow data(after Oct. 1, 2007Avere downloaded from
USGS National Water Information System Web&N&VIS). Sub-daily flow data (prior to Oct. 1,
2007) wereobtained througlthe USGS Instantaneous Data Archiii2A). Therecord lengthof
flow data retrievedaried by site butanged from the first day in whichug-daily flow data vere
available through the water ye2013 if possible Some gges were discontinued prior to 2013; in
that case, dataereretrieved hrough the date in whiicthe gge 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 wéiteered prior to analysisAll blank
observati ons an dwerebemevedidditionalyndsie tmldpses in looth the daily
and sukdaily flow data, thélow data had to be filtered so that time series of both datase¢s

identical For example, if the month of September 1995 was missing from thaadylflow data
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the month of September 198&sremoved from the daihaveragedlatg and viceversa
Additionally, because sutlaily flow data prior to Oct. 1, 200ate stored by the USGS in the IDA,
while data after this date are accessible from the NWIS, thdaiybflow data had to be
combinedo create a seamless time series. For some sigesubdaily flow data verea mix of
15-min observations and observations on the hborensure consistent flow data resolution for
our analysis, all subdaily flow data vere sampled on the top of the hour to create a cangiset

of hourly observations.

3.2.3 FLASHINESS

Becauset was hypothesized that sulaily flow data would be most useful foafihy
systemdor whichdaily-averaged flow datdo notadequatelyepresent the flow regimstream
flashiness was calculated with dadyeraged flow data at each steveral methods have been
proposed for quantifying stream flashiness (Baker e2@04 Konrad & Booth, 200 here we
use the RichardBaker flashiess index (Baker et akp04).

The RichardsBaker fashinessndex(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 dap-day changes in dibarge This path length is then divided by them
of mean dailyflows. TheRBindex is high for flashy hydrographs and low when hydrographs
rise and fall graduallyTheRBindexis shown lelow in Equation Qvhereq is the dailyaveraged

dischargei is the day, anah is the total number of days in the flow record.

e Wer~ N9, D E\ g’l I’I s
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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 weeenployed Sediment rating curves often take tbenf of a simple
power functiond 0 , whered is the sediment discharge rabeis the water discharge
rate, anddandoare best fit regression paramet@ksselman, 2000)n this relationslp, it has
been suggested thidie exponenb is related to théransport capacity in excess of sediment
supply, while the coefficienta is related to absolute sediment supply (Barry et al., 2007).

The sediment rating curves usedhis study were obtaed from Sholte§2015) where
the source data and process of developing these curves are explained. iRatdtael sake of
brevity, the process is onlyibfly described in this papeEach sitancludedmore than 15
sediment discharge measuremeatsja sufficiently long flow recorgpanninghe 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 approxiomaitesntbed
material. Usinghesedata,rating curves were develop#tht relate measured sediment transport
to discharge using a ldmear or powetlaw relationship. A qualitycontrol procedure was used
to cull sites with poor rating curve fits (e.g2 ®0.50) orsparse dataherating curves are of

the form:0 @z 6 6 QD , whered is the sediment discharge rate (kgésls a best fit
coefficient,BCFis alogarithmic bias correction factay, is the water discharge— , andis

the best fit exponentWhencreatng a sediment rating curyie is often necessary to apply a
logarithmic bias correction factor (BCF) awoid systematic bias introduced by the logarithmic
transformatior{Ferguson, 1987 For more information on the regression procedures used to

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

In order to characterizéediment dischargat each sitehree sediment transport metrics
were calculatedsing both the daily averaged and the-dalty flow data The three sediment
transport metrics utilized in this study are the effective disch&gg, the discharge below
which 50% of the sediment is transport€ds(), and the sediment yiel&Y).

The term effective discharge refergheincrement of dislearge that transports the
largest fraction of the annual sediment load over a period of (#sadsews, 198D For some
streamsandriveys t he effective discharge is often con
di schargeodo and ne adischarggAgdrews, BOBOGT heteffettive discharge f u | |
is generally computed by first subdividing the range of streamfidssrveduring a period of
record into a number of classes or bins from which the total sediment quantity transported by
each class isatculated This is achieved by multiplying the frequency of flow occurrence in
each class by the median sediment load for that flow (Basdenharn et al., 2000)esulting in
a sediment yield. The sediment load for a flow was calculated using a sechtmenturve The
effective discharge(fe¢) is the median discharge of the flow class with the maxirsediment

yield. This concept islepictedn Figure8.
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Figure 8: Qualitative illustration of sediment transport metrics used in this study

To compute the effective discharge using actual flow records, the dischargeedata
typically discretized into a histogram. The bins of the histogram can be spaced either
arithmetically or logarithmically. For this study, effective discharge was caldulsiag an
arithmetic binning proceduré&ffective discharge has been calculated by others using both
arithmetic and logarithmic bins, however, the majority of analyses have chosen arithmetic bins
(Soar & Thorne, 2001)nitially 25 arithmeticbins were ued in the analysis based on the
literature(Biedenharn et al., 200Mowever if the effective discharge fell into the first bin, the
first bin was subdivided into three new bins and the analysis was repHatedas done to
prevent thainderestimationof effective discharge. If the effective discharge fell into the first
bin again, the original first bin was subdivided into 5 biifgs process was repeated until the
effective discharge no longeccurredn the first bin or until the original first bihas been
subdivided into 11 or more bins. Once the bin with the maximum sediment yield was identified,

the median flow in that bin wakeemedhe effective discharge
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Thesediment rating curve and streamflow frequency histogram were multiplied to create
a sediment yield curv8y performing a trapezoidal integration (trapz function, PRACMA
package, R CORE Team, 2014) procedure on the sedymedhturve (red linefigure8), the
total sediment yield for the mulfiearperiod of record was obtaineSediment yield is
graphically depicted as the area under the red lifégure8.

Lastly, to calculate the halbad dischargeQ@ssg, an ordered vector of sediment
discharges was created by sorting the water discharges and applying the sediment rating curve
The ordered sediment discharge vector waa ttumulatively summe®ssowas then
determined by locating the water discharge that corresponded tof3@&cumulative sediment
transport Qsso, Which can be greaténanor less tharQgx depending on the shape of the

sediment yield curvas graphicallydepicted inFigure8.

3.2.6 RESPONSE VARIABLES
In order to investigate the effect of flow data resolutiorQen SY, andQsso, We divided
the sediment transport metrics computed from davgraged flow data by those which were
computed with sulaily flow data. The resulting ratioS6aiy / SYsub Qett-paily / Qett-sun QssoDaily

/ Qssosup indicate the degree of dissimilarity in the results.

3.2.7 QUANTILE REGRESSION

Quantileregressior{Koenker & Bassett, 1978vas usedo analyze the relationships
between our response variabl&3aiy / SYsub Qett-paily / Qeft-sub Qssopaily / Qssosun and
flashinessWhile 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 variatjféade & Noon, 2003Quatrtile 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 distributio@éde & Noon 2003.

3.2.8 MULTIPLE LINEAR REGRESSION

Multi-variable linear regression was utilized to magdtionships betweeamsponse and
predictor variablesA database of site characteristics and flow metriasamalyzd to identify
the best subse{segsubsetfunction,LEAPS package, R CORE Team, 2014) of predictor
variables.The database giredictor variablsincluded bed sediment size data (Sholtes, 2015),
annual precipitation derived from 3@arnormals (PRISM Group, 2015jrainage areasnd
flow metrics derived from USGStreamflowrecords Predictor variables identified in each best
subset were checked for crassrehtion before being regressédmaximum R value of 0.20
was allowed amongst variables in a regression m8esk subsets of 4nd 2variables were
identified Use of an interaction variab{éhe product of two variables) was also exploved

regression model that utilizes an interaction variable talagy the generic form @quation 10

Y
Y

6 0w 0w 0 wd (10

In Equation10, X andY are variables used to predict the ratio of sediment yield computed
with daily-averaged flow dateS(fbaiy) to the sediment yield computed with sidnly flow data

(SYsup. In this equationCs, Cy,, Cs, andC, are constants arXlY is the interaction variable.

3.3 RESULTS

3.3.1 EFFECTIVE DISCHARGE
Flashinesslid not impact the ratio of effective discharge computed with gailgraged

flow data Qerpaily) to effective dischargeomputed with sulaily flow data Qessuy (Figure
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9). Of the bedload sites, approximately 60% h&@k@paiy / Qes-subratio thatwas larger than
one. Similarly,of the suspended load ste40% had &kspaiy / Qersubratio that was larger than
one It was observed that for flashRB> 0.3) bedload sites, the ratio @és.paily / Qes.subtended
to be greater than Elashiness also appeared to be related to er@giBaiy for suspended load
sites As RBflashiness increases, the departur®@fpaiy / Qessunfrom 1 was observed to

increase.
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3.3.2 QUANTILE REGRESSION
3.3.2.1 Sediment Yield
Sediment yield computed with daiweraged flow dateS(baiy) was found to generally
be less than sediment yield computed with-dalty flow (SYsuy (Figure10). The ratio ofSYoaiy
| SYsypwas found to decrease with flashiness in a westggoed fashion for both bedload and
suspended load sgeThat isfor nonflashy sitesRB  0.1), SYbaiy/ SYsupwas found to be
nearly equal to 1 while for flashy siteRE> 0.4),SYbaiy/ SYsupwas found to range from 1 to
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0.4. Quantile regression was used to highlight the heterogeneous resp&6g,dfS Ys pto

flashinessin Figurel10, the various fAquantiled | ines repre
variable distributionin this casewe used quantile regression to highlight Sitlg 25th, 50th,

75th, and®%th percentiles of th&Yoaiy / SYsupdistributionto flashinesgFigure10). It was also

observed that the denent rating curve parametercontributed to the degree of response of

SYoaily/ SYsunto flashinesstor sites with flashy flow characteristics, lagcreases, the ratio of

SYoaily/ SYsupdecreasefFigurel1l).
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3.3.2.2 Half iload discharge(sso)

The halfload discharge calculated with daily fl@@ta(Qssopaiy) Was found to generally
be less than when it was calculated with-dably flow data Qssosuy (Figure12). Much likethe
SYdata, theQsspdataformeda wedgeshaped pattern in whigdhe sediment rating curve
parameteb influenced the degree of respons&Xdopaily / Qssosun That is for non-flashy sites
(RB  0.1), Qssopaily / Qssosubwas foundo be nearly equal to, While for flashy sites (RB >
0.4), Qssopaily / Qssosupwas foundo range from 1 to 0.2The sediment rating curve parameier
alsocontributed to the degree of respons€gboaiy / Qssosunto flashiness. br sites with flashy
flow characteristics, as rating curve parambtercreasedthe ratio 0fQssepaily / Qssosub

decreasg
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3.3.3 MULTIPLE LINEAR REGRESSION ANALYSIS

The bespredictors othange iSYoaiy / SYsubanNdQssopaily / QssosunWereidentified
through multiple linear regressi@amalysis Table10). Variablesused in the analysis includRB,
average annual precipitatiofirainage area, medi@edsediment sizedo), 84"-percentilebed
sediment sizedg,), bestfit sediment rating cwe exponenthf), and besfit sediment rating
curve coefficientd). RBwas found to be the best single predictor of change in b&Noigy /
SYsubandQssopaily / Qssosubfor both bedload and suspended load sites as it explained more
variance tharmany other single variablé€., higher R value) The secondand thirdbest
indicators for all models welganddso. Explanatory poweincreasd from a tvariable model to
a 2variable modelThe best modebased on adjusted® Rvas found to be a-2ariable

interaction model that utilizeRBandb. All modelsin Table10are significant ap < 0.0001.
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Tabl@®inear reddbkgsitdre nbryeid | &MiQ@OsBai/oy 5 Or
suspended and bedload sites.
Number of
regression
Bedload / Suspended Dependent model
Load Variable parameters Best Regression Model Adj. R
Bedload S¥aiy/ SYis 1 1.0184-0.4472 RB 0.371
Bedload S¥aiy/ SYis 2 1.1123-0.5514 RB0.0293 b 0.507
Bedload S¥aiy/ SYis 2 + interaction 0.95 + 0.6297 RB + 0.03937M5715 RB*b 0.824
Bedload Qss00aiy! Qss015 1 1.0279-0.5511 RB 0.380
Bedload Qssopaily/ Qsso15 2 1.117-0.6518 RB0.02834 beta 0.459
Bedload Qss0paiy/ Qss015 2 + interaction 0.9393 + 0.6569 RB + 0.0478 befa633 RB*beta 0.718
Suspended Load S¥aiy/ SYis 1 1.053- 0.407 RB 0.330
Suspended Load S¥aiy/ SYis 2 1.1802- 0.4085 RB0.06994 b 0.374
Suspended Load S¥aiy/ SYis 2 + interaction 1.0126 + 0.3832 RB + 0.02115(04300 RB*b 0.456
Suspended Load Qssopaily/ Qsso1s 1 1.04-0.50 RB 0.476
Suspended Load Qssopaily/ Qsso1s 2 1.118¢ 0.50 RR; 0.04265 b 0.490
Suspended Load Qssopaily/ Qsso1s 2 + interaction 0.9917 + 0.09672 RB + 0.02573 beda3246 RB*beta 0.532

RB = RichareBaker Flashiness index computed with daverage flow data

b = Best fiexponent from sediment rating

curve

d50 =median grain size (mm)

3.4 DISCUSSION

3.4.1 EFFECTIVE DISCHARGE

The decision to use daigveraged or subaily streamflow data was not found to impact
the calculation of effective discharge in a consistent ayongst bedload and suspended load
sites, the ratio 0Qgstpaiy / Qes.subwas both less than 1 and greater than 1 in nearly equal
abundanceWe believe that these results are a byprodtitiie inherently variable procest

determiningQgs.

Upon furtrer inspection itvas found that for ratios @etpaily / Qesr-sunless than unity
differences in the size of the kifrange of discharge) the discretized flow duration curve
histogramwerethe primary cause for the differenceQgy;. We refer tathis as a Type A error.
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Type Aerrors wereause by thesub-daily flow record nearly always has a larger maximum
flow and smaller minimum flow than the daifweraged flow recotd his greater range between
the maximum and minimum flow forces the rangé@is in each bin to be greatler subdaily

flow datathan dailyaveraged datayhen a fixed number of arithmetically sized bins is used.

Becaus&g wascalculated as the median discharge of the bin that produces the maximum

sediment yieldQessuoWaslikely to begreaterthanQes.paily When the same bin was identified as

containingQes. This type of error is depicted Figure13.
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In the case 0Qes.oaily / Qersubvalues greater than unity, differences in flow frequency
were found to be the primary cau¥ée termed this a Type &ror. After being multiplied by the
sediment rating curve, differences in the frequency of high magnitude discharges between the
subdaily and dailyaveraged flow records often caus@gk to be located in different bins,
thereby causing larger departure€. At high discharges, these differences in flow frequency
could be very small and still cause large differencé&d:irwhen the ediment transport rate at
that discharge was particularly higfhis was a common result for flasHE> 0.3) bedload

sites.An example of this type of error is shownRigure14.
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