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ABSTRACT OF THESIS

QUANTIFYING URBAN-INDUCED FLOW REGIME ALTERATION U3NG

MATHEMATICAL MODELS AND HYDROLOGIC METRICS

There is growing interest in identifying mechaigidinkages between watershed
urbanization and associated geomorphic and ec@bgansequences in urban streams.
Recognizing watershed hydrology as a key determimathe structuring of ecological
systems, an increasing number of researchers aeenming to characterize the
ecologically important aspects of long-term strébow patterns using statistically-based
hydrologic metrics. This study brings a hydrologmetric approach to the context of
stormwater controls at the scale of new urban dgwmeént (10 ha), integrating a model-
based scenario comparison approach, with a hydologetric approach aimed at
guantifying ecologically important aspects of flaegime. Hydrologic metrics from
previous studies were tailored to better suit thelkscale, urban context. In addition to
a modified version of Jsy, a set of event-based metrics, including three fi@shiness
metrics were proposed to quantify the magnitudequency, duration, and rates of
change of storm flows. Algorithms were then progreed in MATLAB®O to calculate
the select set of metrics from 48-year, 15-minuetiouous flow time series, generated
by EPA SWMM4.4h. Potential climatic influences moetric behavior were examined by

comparing metric behavior obtained by using ralrffaim Fort Collins, CO and Atlanta,



GA. The influence of temporal resolution of flow tdaon metric values and its
implications for the metric selection process wals® investigated by comparing metrics
computed at daily and 15-minute time-step resahstio The modified dsy, along with

the Q, Ry, Fv, D, t, and DQea Were found to be sensitive to differences between
development scenarios and are thought to have fmdteior improving design of
stormwater controls by providing a more completasoderation of flow regime than
traditional design criteria. The/D and QD metric were found to be relatively
insensitive to development alternatives and were racommended for use in future

studies.

John Lewis Edgerly

Department of Civil Engineering

Colorado State University
Spring 2006
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1.0 INTRODUCTION

The hydrologic consequences of urban developnmehide increased magnitude
and frequency of erosive peak flows, decreasedinag to peak, increased rise and fall
rates, as well as increased cumulative duratistam flows (Walsh et al. 2005). These
increases in the peak discharges and cumulativatidns of storm flows have logical
implications for the geomorphic stability and egptal integrity of receiving streams.
Further urban development is inevitable; the qoedihat needs to be answered is how to
design runoff controls for new developments to miae the detrimental effects on
stream ecosystems. Research regarding the effesttuctural stormwater controls on
peak flow frequency curves (Nehrke and Roesner R0fdw duration curves, and
sediment transport in urban streams (Rohrer 2084 )amswered part of this question by
demonstrating that stormwater controls can achipest-development peak flow
frequency and flow duration curves that are muaseal to the pre-development case
than those for development without stormwater adsir The next step is to find a way
of linking the hydrologic consequences of urbaneligwyment to ecological outcomes in
receiving streams. The overall objective of thissis is to explore the possibility of
establishing this link between runoff controls aecblogical outcomes in receiving
streams by use of hydrologic metrics.

Previous research efforts investigating the edoldgffects of urbanization have
been conducted at spatial scales that are too targeaw conclusions about individual

system components or to evaluate specific comlminatiof structural runoff controls
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(Roesner and Bledsoe 2003). Analyzing urban-indulegdrologic alteration at the
neighborhood scale is meaningful from an engingep@rspective, as this is the typical
design scale of new urban developments and thepective runoff controls.

Flow is a major driver behind many processes thahately determine the state
of stream ecosystems (Poff et al. 1997; Bunn arididgton 2002; Roesner and Bledsoe
2003); however, it can be very difficult to detenmiwhich mechanism is directly
responsible for observed impacts in a stream (Bamth Arthington 2002). The five
aspects of flow regime identified in the naturawfl paradigm as most important to the
geomorphology, physical habitat, and ultimatelgatn biota are: magnitude, frequency,
duration, timing, and rate of change (Poff et a@97). Hydrologic metrics that
demonstrate altered stream flow regimes can proaideéect mechanistic link between
aspects of urban development and degraded strezsystems (Booth et al. 2004).

A key disadvantage of empirical urban gradient paided watershed approaches
is the potential difficulty of differentiating beten hydrologic differences due to
watershed characteristics, other than degree @nizhtion, and those actually caused by
urbanization. Similarly, such an approach is ret&d in its ability to isolate and evaluate
the hydrologic effects of specific aspects of dagm design or various mitigation
strategies. These weaknesses are due in largeopatack of flow data in watersheds of
this scale, (Roesner and Bledsoe 2003), restrictimgirical approaches to the large
scale. Since flow regime analyses require longrterontinuous flow data (i.e. greater
than 10 to 20 years of record) (Konrad and Bootb22®Richter et al. 1997), which is not
readily available in small watersheds, it is hygsiked in this paper that continuous
simulation with mathematical models, in conjuncteith a hydrologic metric approach,

can provide an approximate quantification of th@nflregime alteration expected for
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various scenarios of development. In addition téandpea common design tool for
stormwater controls, mathematical models can isdlia¢ effects of specific aspects of
urban development by holding all other watershexpgrties constant. Runoff resulting
from multiple development scenarios for the sameghed can then be simulated and
used to evaluate the efficacy of mitigation stregegn terms of ecologically-relevant
hydrologic metrics. Such an approach has potefdaraimproving drainage design and

mitigation strategies.



2.0 LITERATURE REVIEW

Review of recent literature has revealed seveytdbie advancements in research
regarding the linkages between urbanization, hydl hydraulics, geomorphology,
physical habitat, and stream ecology. Some progpisiork has been done exploring
methods that move beyond using gross measures grimousness as predictors of
biologic integrity by establishing clearer relattimps between land cover and hydrologic
response, and identifying mechanisms through whltdred flow regimes affect stream
ecosystems. Studies that examine the factors iapotfior the success of specific
organisms, or groups of organisms, provide insrggairding vital physical habitat and
flow requirements necessary to support healthyc la@cosystems. Increasingly,
researchers are taking an ecosystem-based apprimacstudying the effects of
urbanization on streams that starts with an ecoddgindpoint and reasons backwards to
identify the causal chain of determining factonsdesired ecological outcomes. There is
much potential for integrating engineering and egmlal approaches to better understand
the mechanisms impacting urban streams and ultiynat@rove mitigation strategies.

In the past, studies have typically referred to itifuences of urbanization in
terms of percent impervious area or percent lanekrcavithout specifically addressing
land use types or stormwater management practiads & conveyance characteristics,
(e.g. pipes or swales), the use of detention, st benagement practices (BMPs). The
dominant trend in these studies was to use simpkaid regressions to link gross

percentage of impervious area in a watershed wilodical populations (Center for
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Watershed Protection 2002; Roesner and Bledsoe)20alsh (2004) recommends that
efforts to restore streams in urban catchmentsldistart with attention to the catchment

drainage system.
2.1 Hydrologic and geomorphic effects of stormwat controls

Consideration of drainage design is essential foadequate analysis of how to
mitigate the impacts of urban stormwater runoff siream ecosystems (Roesner and
Bledsoe 2003; Walsh 2004).  Models have provexfulisn scenario analyses of the
effects of alternative development scenarios ork ffleav frequency curves (Nehrke and
Roesner 2004) and flow duration and sediment t@mspotential in urban streams
(Rohrer 2004). Table 1, taken from Nehrke and Ree§&004), demonstrates the extent
to which urban development increases the numbaurafff events per year and the total
volume of runoff.

Table 1: Comparison of runoff events for undevelopg and developed scenarios in
Fort Collins, CO and Atlanta, GA

Mean
Storm

Annual

Location |Precipitation Runoff Events per Year| Annual Runoff (mm)

Depth*
mm/Year | mm |UndevelopedDevelopedUndevelopedDeveloped
Ft. Collins,
CO 335 11 27 47 12 124
Atlanta,
GA 1262 18 48 78 36 500

* Values obtained from Fig. 5.3 ASCE MOP (1998)
Source: Nehrke and Roesner (2004)

Nehrke and Roesner (2004) used the United StategoBmental Protection
Agency’'s Stormwater Management Model (SWMM) (OSW2P0to show that the
appropriate outlet configuration for detention patdrage was effective at producing a
post-development peak flow frequency curve thasellp resembles the undeveloped

peak flow frequency curve, as shown in Figure 1Rohrer (2004) used SWMM to
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analyze the effects of development and extendedntdenh controls on flow duration
curves and quantified the consequences of modifed duration curves for sediment
transport in urban stream channels. Rohrer (2684)d that the critical portion of the
post-development flow duration curve could be madcto the corresponding portion of
the pre-development flow duration curve to minimilae increase in erosion potential in

urban stream channels in response to urban develadpm

Exceedance Frequency for Detention Basins in Fort Collins, Colorado
10.000 F
1.000 | —
- ™
q el
mg’ /< /
4 \(/
3 0.100 |
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4 ' 4
©
e ,/’ 100&Rmstr BMP for
/—' Hist.1.4yr Controls
0.010 [
[ Undeveloped
¥~ 1.4-yr Frequency
0.001 ; ;
100.00 10.00 1.00 0.10 0.01
Exceedances per Year

Figure 1: Effects of extended detention basin desigd to historical levels in Fort

Collins, CO.
Source: Nehrke and Roesner (2004)

The increases in the peak discharges and cumulatwations of storm flows,
documented in these two studies, have logical rapbns for the geomorphic stability
and ecological integrity of receiving streams ameirtfindings point toward engineering
solutions to these problems. However, a more dimethod of relating hydrologic

changes associated with urban development to steealogy is needed.



2.2  Ecologically-relevant hydrologic metrics

Stream ecologists have long been studying the tsffet flow alteration on
aguatic ecosystems, primarily in the context ofwfloegulation following dam
construction (Bovee et al. 1998; Gore et al. 20lHarme 2003). Early efforts in this
regard were criticized for oversimplification ofetlsystem and lack of proven relevance
to biotic integrity (Jacobson et al. 2001). Anoth@ommon weakness of many
environmental flow methodologies was that they gmrlion meeting the needs of a few
target species and, in doing so, failed to meeht#ezls of many non-target species (Gore
et al. 2001). Recognition of these weaknessesodle development of a natural flow
paradigm, viewing entire stream ecosystems as esiegitities that are shaped and
maintained over time by unique flow regimes. Thpexts of flow regime thought to be
ecologically important are magnitude, durationgérency, timing, and rate of change of
flows (Poff and Ward 1989; Poff 1996; Richter et96; Poff et al.1997). The five
ecologically important flow components are showiT able 2 along with some examples
of how their alteration influences ecology.

The natural flow paradigm was operationalized bghiRdr et al. (1996) with the
Indicators of Hydrologic Alteration (IHA), which geed popularity because of its
associated software package that provided easengpwutation. The IHA is a set of 32
statistical flow metrics, computed from long-terime-series of daily mean flow, to
guantify the ecologically relevant aspects of flmgimes. A method for using the IHA
to set management targets, called the Range oMbty Approach (RVA), was later
developed by Richter et al. (1997). The RVA usearme of natural variability about a
measure of central tendency to determine acceptidgeces of flow regime alteration

resulting from human activity in a watershed. Thgproach recommends that non-
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parametric measures of central tendency and vamidie used because of the unequal

variances common in hydrologic data (Richter etl@P9; IHA Software User's Manual

2001).

Table 2: Ecologically important aspects of flow rgime.

Flow component Specific alteration

Ecological response

Reference(s)

Magnitude and Increased varlation

Accelerated flood recession

frequency
Flow stabilization

Timing Lass of seasonal flow peaks

Duration Prolonged low flows
Prolonged baseflow “splkes”
Altered inundation duration
Prolonged nundation

Rate of change Rapid changes in river stage

Wash-out and/or stranding
Loss of sensitive species

Increasad algal scour and wash-out of
organic matter

Life cycle disruption

Altered energy flow
Invasion or establishment of exotlc species,
leading to:
Local extinction
Threat to native commercial species
Altered communitles

Reduced water and nutrlents to floodplain
plant specles, causing:
Seedling deslocatlon
Ineffective seed dispersal
Loss of scoured habitat patches and second-
ary channels needed for plant establishment

Encroachment of vegetation into channels

Ihsrupt cues for fish:
Spawning

Egg hatching

Migration
Loss of fish access to wetlands ar backwaters
Modification of aquatic food web structure
Reductlon or elimination of riparlan plant
recruftment
Invasion of exotic riparian species
Reduced plant growth rates

Concentration of aquatic organisms
Reduction or elimination of plant cover
DMminished plant species diversity
Diesertification of riparlan specles
compasition

Fhysialogical stress leading to reduced plant
growth rate. morphologleal change,

or mortality

Diownstream loss of floating eggs
Altered plant cover types

Change In vegetation functional type
Tree mortality

Lass of riffle habitat for aquatic species

Wash-out and stranding of aquatic specles

Fallure of seedling establishment

Cushiman 1985, Petts 1984
Gehrke et al. 1995, Kingsolving
and Bain 1993, Travnichek et
al. 1995

Petts 1984

Schetdegger and Baln 1985

Valentin et al. 1995

Kupferberg 1996, Meffe 1984
Stanford et al. 1996

Busch and Smith 1995, Moyle
1986, Ward and Stanford 1979

Duncan 1993

Milsson 1982

Fenner et al. 1985, Road et al.
1995, Scott et al. 1947,
Shankman and Drrake 1990
Johnson 1984, Milsson 1982

Fausch and Bestgen 1997,
Montgomery et al. 19932, Mesler
et al 1988

Maesje et al. 1995

Willlams 1996

Junk et al. 1980, Sparks 1905
Power 1992, Wootton et al. 1996
Fermer et al. 1985

Horton 1977
Relly and Johnson 1982

Cushman 1985, Petts 1984

Taylor 1982

Taylor 1982

Busch and Smith 1995, Stromberg
et al 1906

Kondolf and Curry 1986, Perkins et
al. 1984, Relly and Johnson 1982,
Rood etal, 1995, Stromberg et al.
1992

Robertson 1997

Auble et al. 1984

Bren 1992, Connor et al. 1981
Harms et al. 1980

Bogan 1993

Cushman 1985, Petts 1984

Rood et al, 1995

Source: Poff et al. 1997

Regression of hydrologic metrics with biologicatal has become increasingly
common in recent years. The use of large numbémnairics, while providing a

computational burden, also poses the risk of nullirearity, leading to confounded
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results when used for regression with biologicaad®Ilden and Poff 2003). To address
this issue, several researchers have conductedestuting principal components
analysis (PCA) to identify groups of hydrologic met that provide similar information,
in order to minimize the number of metrics neces$ar ecological studies (Clausen and
Biggs 2000; Olden and Poff 2003). The most extenstudy of this kind was conducted
by Olden and Poff (2003), in which they computed ¥drologic metrics for 420
streams throughout the United States, which wesr tised in a PCA. They provided a
framework for identifying sets of hydrologic mesithat adequately characterize flow
regimes in a non-redundant manner. Its authorsweeend that this framework be used,
whenever possible, in conjunction with more intig@timetric selection criteria based on
the particular ecological question of interest. atidition to the nation-wide PCA, using
data from all streams, they performed multiple P€Ah metrics from groups of flow
data, which was separated into stream types acuptdi criteria from Poff (1996). A
notable finding in their analysis was that optinsats of metrics explaining dominant
patterns of variance in hydrologic data were fle@gime-type-specific, demonstrating
that hydroclimatic characteristics of a study regishould be considered when
determining appropriate hydrologic indices for atipalar study. The metrics with the
highest absolute loadings in the PCA are groupettoyam type’ in Table 3. They also
note that the question still remains as to whethgdrologic metrics can be

geographically transferred between regions of diftgclimatic and geomorphic settings.



Table 3: Stream-type-specific optimal sets of hyadogic metrics

HYDROLOGIC INDICES FOR CHARACTERIZING STREAMFLOW REGIMES

wormEy ardooupdy jo stomEarpu] jussaada saotpun piog suom puos smop sfeiace jo apnu e oy oy K@ ansadsa

sspuatodwos edround qunof pur pawg) puosss 1Sy uo sSUIPRO| AN[OsSqE 1SEI] S nqugxs [PV SV T VI S YA seotpan aiFo[eapay Sl swesns (7 [E 0o pastd Cadwexs aog

§YY 9%y
RO
L
TYLUERL YL
$17 ‘0770
91" "g1Ma
er'a or'q
PARTIR

AR AR AR |

€HL €V 1YL
R

‘918 g1ig
X

ARIRIR!

SYH RYH 6VH

91
11 6

A IO
1LTYL
ra ‘Tita

£17%q 9

STV
EYL1YL
o181 e 1fig

o1 <

LY evd
9V 6V
e
TLTLTYL
£2ha T1Ma
ST g1ha
1a e1'a
917 "817a

YA TYH PV
THL T L

Tha
B ot

T ga

SaA3 MOp Ul AFURgD Jo ey
sJU2A3 MOJ) Jo Sunuiy

SUOTIPUCD moff YaTE

SUCIIPUOD MOf) M0
SII2A2 MOY JO UoTEm]

| 018g
‘LR oty fghyg s LS e O s S ol | Shy gy [ RS B AL | SuOnIpuoy Mol Y2H
1
R T £Y T E T e R T e [IRY I I | [ I | SUONIPUOY MOY MO7]
sjuaaa mopy Jo Kouanbarg
FIUW 01 P U 01 LI CFTEI 6 .
ke BT R O B It SIUI LR oTHIN LTI OzHIN THIN PN ETHIN FININ ‘eThI SUDIIPUOd MOf YSTH
B TTTIN o1 o1 ST TT N 1"
B 4 Y TN LTI FIT BRIV FITW ST TTW ST ERY ._m;.HE ST ._mH.HE SUONIPUDD MOY M0
Y EYI 01.21 Y ) _mg.E,, Iy ) o1" N
TFYI SV TFYIW 9T YIN TEYI Y FFYICEYIN OFYIN 6T YIN BN LY TTYIN FeYIN SHONTPUoS. Moy um_u.ﬂ_...,d.
SU2A3 MOJ JO apnpuFe gy
I AP NOIE
Jpouns 0o H|qe1s ures pouns 1o Aysep JLENLRE
AUSEY [Rrunaiag o apqesiadng PUE MOUg JJAUMOUS R NI URIEH
REQEIER | UERITITR =T |
SUmAE yuauo dinoo
nm UOTE OSSR WRANG MOTq

aunSar moy A Jo swauodwos s A jo youa
ur adiy weans yoes aog swauodwos ediound jmagmEs pansies mog o) om) sy Jo yoea o Surpeo] anjosqe 15a8ie] s guia sastpur s SojospAy I 21GEL

Source: Olden and Poff (2003)

-10 -



The same rationale for setting target ranges obb#ity, recommended in the
RVA, was later employed by the authors of the Natlddydroecologic Assessment Tool
(NATHAT) at the United States Geological Survey (. The NATHAT software,
which is conceptually similar to the IHA softwars, capable of computing the 171
hydrologic metrics, examined in Olden and Poff @Q®@om a continuous time series of
mean daily flows. In the NATHAT approach, resutism the Olden and Poff (2003)
nation-wide PCA are provided as guidance for sglgaiptimal sets of metrics based on
stream type (Henriksen et al. 2006). The softisnly available in a Beta version, but
its first major application is underway in New Jrswhere the Olden and Poff (2003)
framework was used to identify optimal sets of mestfor New Jersey’s own refined list
of stream types. Characterizing unique naturadastr flow regimes with metrics is
gaining interest among environmental managers atstlte level throughout North

America (Jim Henriksen, personal communication 2005
2.3 Measuring ecological response to development

Hydrologic metrics that indicate altered streaow have the potential to provide
more direct mechanistic links between specific bialyic changes associated with urban
development and declines in stream biological dondi(Booth et al. 2004). A number
of researchers have used hydrologic metrics in rurpeadient studies to establish
statistical relationships between urbanization,rblayy, hydraulics, and biota (Scoggins

2000; Kirby 2003; Booth et al. 2004).

Scoggins (2000) analyzed six years of Rapid Besmsent (RBA) data from
urban streams in the city of Austin, TX in conjunatwith continuous daily mean flow
data from United States Geological Survey (USG$ggat the outlets of catchments,He

demonstrated that these procedures were usefullifi@rentiating between effects of
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varying levels of development, and the influencenafural geologic and hydrologic
conditions, on the structure and composition ofdgy present in streams. Parameters
such as rise rate, number of high pulses and nuofhegro flow days were found to be
much higher in the developed stream than in theeweldped stream. The results of his
regression analysis indicated significant relatops between the biological metrics and
the duration of high pulses, the date of the onerdaximum flow, percent of floods in a
60-day period and the annual coefficient of vaiati

Kirby (2003) found relationships between hydrolplgydraulics and stream biotic
condition, using the IHA method to characterizenfleegimes along an urban gradient in
the Potomac River Basin. Additionally, some in-atre hydraulic parameters were
estimated using HEC-RAS. In that analysis, siasibtrelationships were established
between specific hydrologic and hydraulic varialbdesl macroinvertebrate community
integrity. The results of a PCA and a non-parametorrelation analysis between
hydrologic metrics and macroinvertebrate indicesweed altered flow predictability and
flashiness (rise and fall rates) to be the mostitant hydrologic parameters related to
benthic macroinvertebrate community health in temfisthe normalized number of
significant relationships with macroinvertebratetmes.

Booth et al. (2004) used hydrologic metrics torahterize annual distribution of
storm flow relative to recessional and base flovtguas for a twelve-year period. The
fraction of the year that the daily mean dischaaje exceeds the annual mean discharge
rate, Tomean Was calculated as an indicator of flashinessyTdm®se the Jsy,metric, the
fraction of time in a multiple-year period that tflew rate exceeds the peak discharge
with a historical six-month return period, as a mea of flashiness as well as for its

plausible geomorphic and ecologic importance (Kdn2®00). Regression of these
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metrics with total impervious area and index ofldiical integrity are shown in Figures
2 and 3. For these metrics, lower values indieatiashier flow regime because high
flows tend to increase in frequency, but not ewkmation, as a result of urban
development. In other words, there are more higiv £vents following development

and this is the cause of increased cumulative davations (Booth et al. 2004).
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2.4  Synthesis of literature review

In summary, research efforts involving hydrologmetrics in an urban context
have predominantly been aimed at examining coroglstbetween hydrologic metrics,
calculated from daily mean flow gage data for nmlétiwatersheds along an urbanizing
gradient, where the degree of urbanization was aneddy various land-use metrics (i.e.
percent impervious area, road density, etc.) Tywrdlogic metrics were then used in
multiple regression analyses with biological datsu@lly benthic macroinvertebrates) to
establish relationships. The results of these stugrovide clues about types of metrics
likely to be meaningful in urban applications. Meeges of flow flashiness, variability,
and timing were determined to be useful predictrsmacroinvertebrate community
status in three urban gradient studies, in thr@matically different regions. Table 4
presents the hydrologic metrics found to be mosfullsn each study and Table 5 lists
the metric definitions. The fact that similar ohsions were made, regarding the types
of metrics important to biota, in areas with veiffedent rainfall patterns and stream
types, lends support to the idea that some gemesglhts may be transferable among
regions.

From a geomorphic perspective, it makes sensdl#sdtiness was found to be an
important variable for benthic macroinvertebratasreased flashiness is thought to be a
cause of bank instability via pre-wetting, desicmat and/or rapid drawdown (Bledsoe
2002). Bank failure could affect macroinvertebsdby filling the interstitial spaces with
sudden excesses of sediment (Waters 1995). Alsasumes of flashiness based on
fraction of the year that the flow exceeds a geqically significant flow (i.e. the half-
year storm) are likely related to the extent ofiseht transport and extent of bed

disturbance and in turn, persistence of ambienitdiafBooth et al. 2004).
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Table 4: Comparison of hydrologic metrics found tdbe most useful for predicting
biotic integrity in urbanizing streams.

Useful
Measure of Hydr_ologic Flow Regi_m(_e _
Stud L . Watershed | .~ Metric for | Characteristic Geomorphic
y ocation Biotic .
Areas Integrity P_rethtmg Repr_esented by Relevance
Biotic Metric
Integrity
% of floods
in a 60-day| Flood Predictability N/A
period
Mean Overall Flow
Annual CV Variability
Scoggins| Austin, i
(2000) e 31-57 knf | Invertebrate Sediment
High Pulse | Flow Variability and | Transport
Duration Flashiness and Bed
Disturbance
Date of the
One-08Y | Timing/Predictabilty|  N/A
aximum
Flow
Sediment
N Flow Variability and | Transport
Qmean Flashiness and Bed
Booth et| Puget Disturbance
al. Sound, | 5-69 knf | Invertebrates .
(2004) WA o Sediment
T Flow Variability and | Transport
0-5yr Flashiness and Bed
Disturbance
Rise/Fall
Rates of Flashiness . BaS_IT_
Hydrograph instability
Sediment
(I%gé) Virginia sp,:gi;ie d Invertebrates H'%r;sﬁtlse Flashiness -;rr?g?;;t
Disturbance
Date of the
One-day | ruino/Predictability N/A
Maximum
Flow

Stormwater controls for new developments are contnatesigned using
mathematical models, such as the US EPA’s Stornmidémagement Model (SWMM)
(OSU 2001), making mathematical models a converaatry point from an engineering

perspective. A model-based analysis, that corsidailtiple aspects of flow regime
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with ecological importance, could address somehef questions left unanswered by
empirical metric applications. Such an approachaismecessary first step towards
improved drainage design through the integratiomradlytical approaches from stream
ecology and engineering. If the output from moaeals be translated into a form that is
both relevant to design and meaningful to staafiffedbased studies of urban stream
ecology, a more complete assessment of tradeoffsbeaincorporated into the design
process. Hydrologic metrics could be used to datex the effects of stormwater
controls on ecologically-relevant aspects of floegime, providing an inferred link
between alternative drainage designs and plausiidogical consequences associated
with each alternative.

Table 5: Definitions of hydrologic metrics displayé in Table 2.

Study rﬂgrri(él()g'c Definition
% of floods in a | Common 60-day period for multi-year flow record ttlt@ntains the
60-day period largest percentage of floods (Poff and Ward 1989).
Mean Annual The average over all years of the mean flow dividgdhe standard
Scoggins CVv deviation times 100 (Poff and Ward 1989).
(2000) High Pulse Mean duration of high flood pulses, where high flopulses are
Duration defined as the 75percentile (Richter et al. 1996).
8ﬁ§_§;§he The mean Julian date of the 1-day annual maximww fhver all
. years (Richter et al. 1996).
Maximum Flow
The average annual fraction of a year that theydaikan flow
T exceeded the annual mean flow of the given yeaichvields lower
Booth et Qmean fractions for “flashy” streams and higher fractiofer gradually
al. (2004) varying flow regimes (Konrad 2000).
T The fraction of time that a stream channel is egdda® flows whose
0.5yr magnitude exceeds the half-year flood (Konrad 2000)
Hydrograph Means of all positive differences between consgeutaily values
Rise Rates (Richter et al. 1996).
Hydrograph Means of all negative differences between conseeudaily values
. Fall Rates (Richter et al. 1996).
Kirby High Pulse
(2003) C(?unt Number of high pulses within each year (Richteaile1996).
Date of the The mean Julian date of the 1-day annual maximww fhver all
One-day :
. years (Richter et al. 1996).
Maximum Flow
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3.0 STUDY APPROACH

The literature review reveals that linkages hagerbestablished between stream
ecologic condition and hydrologic metrics, and ttetse hydrologic metrics respond to
broad measures of urbanization (i.e. percent impesvarea). What has yet to be tested
is how hydrologic metrics respond to urban develepimthat includes structural
stormwater controls. The goal of this research twadetermine the potential for relating
stormwater controls to ecological integrity throulgjdrologic metrics. The approach
taken was to build on the work of Rohrer (2004)pwlonducted a model-based scenario
comparison of development alternatives using EPAMBW4.4h. The stormwater
controls modeled by Rohrer (2004) were detentiomcires sized to control peak flow
from storms of various return intervals to theie{olevelopment peak flow rates. Some
control scenarios included extended detentionifes!for removal of suspended solids
(WEF and ASCE 1998). Detention controls were cholsecause they are the most
common practice applied in stormwater managemeatghout the United States. It is
important to emphasize that this study consideresinall-scale (10 ha) development
draining to a headwater stream, which is the typobesign scale of many urban
developments, because all previous metric appdicatifound in the literature were
conducted at much larger watershed scales. Ts$teptase of this project was to select a
potentially meaningful set of hydrologic metricsdimaracterize hydrologic alteration in a
small-scale, urban context. This was done byistawith a list of metrics that were

successfully linked to biological data in previaigdies and reducing this list of metrics
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by eliminating metrics that are insensitive to urlzlevelopment or are subject to large
model uncertainties. The reduced list of metrics waen modified to better represent
hydrologic response at the small scale. In tloors@ phase, algorithms for computing
the select set of metrics from a continuous timesef flow at 15-minute intervals were

programmed in MATLABO©. The MATLAB® algorithms weresed to calculate these

metrics from 48-year records for the ten scenanosleled by Rohrer (2004). Potential
climatic influences on metric behavior were exardibg comparing results from Atlanta,

GA and Fort Collins, CO. Hydrologic metrics comgaifrom time series of daily mean

flows were compared to those computed from timeesaf 15-minute mean flow values

to investigate the influence of temporal resolutainflow data on metric values. The

metric behavior across scenarios was interpretetl resommendations were made
regarding the potential utility of the metrics fonproving the design of stormwater
controls.

3.1 Study watershed and development scenarios

The study watershed, shown in Figure 4, is a 1@drael of pastureland in Fort
Collins, CO. In terms of model parameters, the geeelopment pastureland was
modeled as five percent impervious area and albffuwas routed as overland flow
draining directly to the outlet (Channel 1301), e¥his assumed to be a first order stream
channel. The developed watershed was modeled asdium-density residential
neighborhood. The newly constructed residentiehavas delineated into six sub-areas,
shown in Figure 5, draining to a network of guttarsl swales and ultimately to the
receiving stream. The runoff processes in the geselopment scenarios are a

combination of overland flow, open-channel flowguatters and swales and, in the three
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scenarios with stormwater controls, routing throudgtention and orifice structures

(Rohrer 2004). The characteristics of the developatershed are shown in Table 6.
The watershed models and resultant flow time sesiged in this study were

created by Rohrer (2004) using the U.S. EnvironaldPtotection Agency’s Stormwater

Management Model (SWMM) Version 4.4h (OSU 2001).
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Figure 4: The study watershed: A 10ha parcel of pgureland in Fort Collins, CO.
Source: Rohrer (2004)

EPA SWMM is a mathematical model that simulates hiydrologic and hydraulic
processes likely to occur within a watershed ipoese to given rainfall events, based on
the hydrogeometric properties of the watershed ted drainage network. SWMM

RUNOFF uses a non-linear reservoir method to simuléhe rainfall-runoff
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transformation and the kinematic wave as the rgu#@guation. Discharge from the
detention basins was modeled by Rohrer (2004) usiage-volume-surface area-
discharge data sets, created from simulation egidherated by SWMM EXTRAN,

which solves the full Saint-Venant equation.

swpes Subbasin

l’ P'.'l'.-

1 31 136ﬂ 'J:"’;'::"_j
311

\ .
Sut@;(in.
13

[ Watershed Boundary
[ 1Planned Lot Boundanes

(Conveyat ce
Fav¥i Channel f";

0 20 40 Meters

Figure 5: The hypothetical medium density residen&l neighborhood designed for

the study watershed.
Source: Rohrer (2004)

-20 -



Table 6:Watershed Characteristics: Developed Condibns

Subbasin Width (m) Area (ha) Percent Slope
Impervious

1310 906 3.11 29.2 0.0141
1320 812 2.97 24.6 0.0130
1330 232 1.13 26.6 0.0202
1340 189 0.81 29.2 0.0222
1350 157 0.59 29.2 0.0077
1360 614 1.31 10.9 0.0136

Source: Rohrer (2004)

SWMM RUNOFF also requires input of watershed ctiarastics related to soil
infiltration, overland flow roughness, evaporatiand depression storage. The integrated
form of the Horton equation was used to calculafdtriation capacity as a function of
cumulative rainfall, avoiding an unjustifiable redion of infiltration capacityff) during
periods of light rainfall (Huber and Dickenson, 898For the continuous simulations,
infiltration capacity was regenerated during dryatier. Input parameters for infiltration
used in the Atlanta and Fort Collins simulationsevaken directly from the City of Fort
Collins Storm Drainage Design Criteria (1997) arelas follows:

* minimum or ultimate value df: 12.7 mm/hr,
* maximum or initial value of,: 13.0 mm/hr, and
« decay coefficient for reduction of infiltration cagity: 0.108 mift.
All simulations performed using SWMM RUNOFF had tb#owing input parameters:
* Snowmelt was not simulated,
* Evaporation from channels was not allowed,
» Default evaporation rate = 0.254 cm/day,
» Impervious area Manning's roughness = 0.016,
* Pervious area Manning's roughness = 0.250,

* Impervious area depression storage = 2.54 mm, and
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* Pervious area depression storage = 7.62 mm.

These parameters were also taken from the CitypdfCollins Storm Drainage Design
Criteria (1997), (Rohrer 2004).

An eventwas defined as any storm flow greater than zebicdeet per second
that follows a no flow period of at least six hautSthere are two or more storm flow
events separated by no flow periods of less thahairs, they were considered to be a
single event. Since the impervious area depressarage is 2.54 mm, a rainfall event
would have to have a depth of at least this mudrder to produce aevent

Rohrer (2004) compared peak flow frequency, shmw¥igures 6 and 7, and flow
duration curves for five different land use andafiircontrol scenarios, generated by
simulating runoff from a 50-year time series of Hpyrecipitation data for Fort Collins
and Atlanta. In the uncontrolled development sdenaunoff was routed through gutters
and swales directly to the receiving stream. hinlast three scenarios, runoff was routed
through stormwater controls before reaching theasir. The stormwater controls
considered in this study are essentially storagenbahat detain excess runoff volume
and release it at a controlled rate. The rateisdhéirge from the detention basins is
regulated by the size and configuration of theiagg at the outlet. Since the relationship
between basin geometry, stage (depth of waterhenbiasin and the rate of discharge
through the outlet is non-linear, it is common piccfor detention basins and their outlet
orifice configurations to be sized and tested thfotrial and error using models such as

SWMM.
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Figure 6: Peak flow exceedance frequency in Subard800: Atlanta.

Source: Rohrer (2004
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An explanation of the five watershed scenarios rfeatlim Rohrer (2004) is as follows:

U: Undeveloped watershed was simulated as a parcel of pasturelatindfive
percent impervious area, where runoff was constlnavel as overland flow to
the outlet.

D-NC: Developed No Controls medium-density residential development with an
average of thirty percent impervious area and d@esy<f gutters, pipes, and
swales directly connected to the outlet (1301 guFe 5).

D-OC: Over-control runoff from the same medium-density residential
development described above was routed throughraiendesigned to reduce
post-development 2-year and 100-year peak flowsratehe pre-development 2-
year flow rate. This practice is unique to Fortll@e and is intended to
compensate for high-impact development that hasadyr occurred by “over-
controlling” runoff from all new developments.

D-OC/BMP: Overcontrol + Best Management Practices (BMP) combines the
OC scenario controls with a water quality contrtMiB designed to capture 70-90
percent of all runoff-producing events and haveranvedown time of 24 hours.
These structures are designed to capture the ‘“fiosh” of runoff, which
typically has the highest concentrations of politsa The volume necessary to
capture the first flush is referred to as the watgality capture volume (WQCV).
The WQCYV is intended to allow time for pollutantsntained in the runoff to
settle out before the detained water is dischargdide stream.

D-PS/BMP: Peak Shaving + BMP controls were designed using the standard

practice of reducing the post-development 2-yedr HiD-year peak flow rates to
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pre-development 2-year and 100-year peak flow ratembined with a water

quality BMP.
It is important to note that all of the stormwatemtrol designs are based on design
storms derived from the respective rainfall recadd are therefore different for Atlanta
and Fort Collins in terms of size, but the desigrthods used for peak shaving and over-
control were the same for both locations. The WQiGNVAtlanta was calculated to be
0.046 ha-m, using the WEF and ASCE (1998) procexiumbile the WQCV for Fort
Collins was calculated to be 0.041 ha-m, usingUid#~CD (2001) procedure (Rohrer

2004).
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4.0 METRIC SELECTION

4.1 Spatial and temporal scale considerations

Without data from multiple streams, on which tefpen a principal components
analysis (PCA) as was done in Olden and Poff (2088] lacking site-specific biological
and geomorphic data for determining key aspectowaf (i.e. critical shear stress), it was
decided to base metric selection on sensitivitydman development, limitations of the
model, and demonstrated ecological relevance imique studies. Since urbanization
was not expected to alter the seasonal timingoo¥d] seasonal flow timing metrics were
excluded from consideration. Low flow metrics,haligh likely to be very important
ecologically, were not considered in this analykie to an inability of the SWMM model
to accurately simulate interactions between langeld@ment, infiltration, groundwater
recharge, and base flow. The remaining categafesmetrics quantify magnitude,
duration, frequency and rates of change of stoowd| all of which are known to be
sensitive to urban development (Roesner and Ble@608). Once theategoriesof
potential metrics were reduceadetricswhich have been successfully linked to biological
data in previous urban applications were selectenn fthe remaining categories:
magnitude, duration, frequency, and rates of chasfgetorm flows. The final set of
metrics was then modified or replaced by analogausstitutes to better suit a small-
scale, urban context.

The spatial scale of most new suburban develomnenigenerally less than

1 kn?. The first order study watershed considered ref®dha - a mere fraction of the
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watershed size in the urban gradient studies fonrte literature (greater than 5 Rm
The mismatch of spatial and temporal scales hadrakeonsequences for the metric
selection process. First, storm flow occurred kss 5 percent of the time, as can be
seen in Figure 8. As a result, the mean flowstfmse hydrographs, as well as the
metrics that use lower percentiles of flow occuceefi.e. 28, 50", and 75 percentiles),

are all essentially equal to base flow, which canbe accurately simulated using

SWMM.
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Figure 8: Flow duration curves for development saarios in Fort Collins
Source: Rohrer (2004)

Another issue related to scale that influencegsimehoice is that smaller spatial
scales translate into shorter times of concentraiod, therefore, smaller temporal scales
of hydrologic response. The mean durations ofmstbow events in the undeveloped

watershed scenarios for Atlanta and Fort Collinsenestimated to be seven hours and
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five hours respectively, supplying evidence thatetiseries of daily mean flows are
temporally too coarse for depicting watershed raspat this scale.

The fraction of the year that tlmily mean flow rateexceeds the annual mean
flow rate for that year (Jmeay is One of the metrics that successfully explaimadance
in biological data in Booth et al. (2004).

2(C=g

T =X

Q mean lyear
Where
t = time-step (i.e. 1 day, 15 min)
Q(t) = mean flow rate for time-step “t”

Qean = annual mean flow for that year

A comparison of gmeancomputed from a time series @b-minute mean flow
rates presented in Table 7, reveals that computingrtteic from a time series of daily
mean flow rates underestimates the degree of flashiat this watershed scale. This
underestimation is caused by storm flow events tmdy last for several hours being
averaged over an entire day, resulting in an otiematon of the duration that the annual
mean flow is exceeded. gheaniS known to be sensitive to basin size and is only
recommended for comparing basins of similar sizxsabse larger streams tend to have
more attenuated flow patterns and higher valueSgfanthan small streams (Konrad
2000). Lower values of this metric indicate flashilow regimes with higher peaks and
faster recession rates, resulting in less timettle@ainnual mean flow rate is exceeded per
year (Konrad and Booth 2002). Konrad (2000) ndtest Tomean might have limited

applicability in basins smaller than 20km
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Table 7: Tomean Values computed for five scenarios of developmeint Atlanta and
Fort Collins using 48 years of 15-minute and dailynean flow time series.

H T mean T mean H
Scenario (At:Ql Day) (At:?LSmin) % Difference
4 Undeveloped 0.104 0.041 -60.6
= Developed No Control 0.088 0.032 -63.3
O Overcontrol 0.114 0.093 -17.9
‘g Overcontrol+BMP 0.129 0.112 -12.5
L Peak Shaving+BMP 0.130 0.112 -13.9
Undeveloped 0.163 0.050 -69.4
8 Developed No Control 0.164 0.053 -67.7
& Overcontrol 0.187 0.137 -26.7
< Overcontrol+BMP 0.219 0.178 -18.8
Peak Shaving+BMP 0.219 0.178 -18.5

Comparing TBHmean Values for uncontrolled development with incregsin
percentages of impervious area confirmed thated, IS not sensitive to urban
development at this scale. Figure 9 shows thah evieen developed at 90 percent
impervious area, dmeaniS NOt significantly lower than the undevelopedrsario value for
Fort Collins, according to the median-interquartitange method for assessing
significance of median differences. This is beeatheundevelopedcenario in this 10
ha watershed has such flashy flow patterns to begim, that Tomeanis already at the
lower limit of its range of possible values and dmanges that occur due to urbanization
cannot be distinguished from interannual variapiliBased on the results of this
evaluation, along with the recognition that.dg is representative of base flow and is
therefore subject to high model uncertainty, it wasided that dmeaniS Not appropriate
for the analysis of small watershed response tanization using flow data from
SWMM.

Another measure of flashiness found useful by Battal. (2004) for explaining
variability in biological data was the cumulativardtion that the flow rate exceeds the

0.5-year peak flow rate (Ey). The 0.5-year peak flow rate is the peak flote naith an
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Figure 9: Comparison of Tomean fOr increasing percentages of impervious area in
Fort Collins.

exceedance frequency of six months. Peak flowedarece frequency was determined
according to the Cunnane (1978) procedure. Urlike€lomean the Tosyr is thought to be
insensitive to basin size in Puget lowland streasiris (Konrad 2000. Since this metric
was originally defined as the cumulative duratimercthe entire record that the flow rate
exceeds the 0.5-year peak flow rate, its resultse vpgesented as a single numerical
value, which is not conducive to graphical analysss;i\g medians and interquartile
ranges. For this reasong s[ was computed on an annual basis, (similardqe.d). The
sensitivity of sy to development in the study watershed was testecbbyputing this
metric for two scenarios of uncontrolled developimesith increasing percentages of

impervious area, the results of which are showrigure 10.
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Figure 10: Comparison of Tosyr for increasing percentages of impervious area in
Fort Collins.

Tosyr represents the distribution of flows above anadwed threshold, in this case
the 0.5-year storm. Based on the results in FidOrethe distribution of flow durations
relative to the 0.5-year peak flow rate is essépntianchanged by uncontrolled
development. This implies that the magnitude o€ tthreshold is increasing
proportionally to the cumulative duration that stexceeded. According to the results
shown in Figure 10, it appears that the spatialtlim the applicability of sy is
probably greater than 10 ha since it is insensitvencontrolled urban development in
this watershed.

What is not evident from looking ab 4y, in Figure 10 is that, while the ratio may
stay the same, the magnitude of the flow threstaid the flows exceeding it are
increased significantly following development (s&égure 1). In other words,

standardized flow durations may not change sigaifiky with uncontrolled development
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at this scale, but actual flow durations do inceeadative to pre-development. This can
be seen in the flow duration curves from Rohre©0@0shown in Figure 8. Furthermore,
a more important aspect of flow regime for the ptaisand biological integrity of a
receiving stream is the actual duration of flows\aba fixed pre-development threshold
rather than the distribution of flows above or bela moving flow threshold. It was
through this reasoning that raodified version of b5y, computed using a fixed pre-
development 0.5-year peak flow rate to standartle duration curves, was chosen to

replace theriginal To syin this analysis.
4.2 Refining the select set of metrics

In addition to amodified To sy, Which is standardized by the 0.5-year peak flow
rate of the undeveloped scenario, the remainingicsehat were previously computed in
terms of daily flow changes (Richter et al. 199@p&yins 2000; Kirby 2003) were
modified for computation on an event-basis fromglb@rm, continuous flow time series.
Event-based metrics avoid the effects of base flominance and allow for particular
types of events to be analyzed, a potentially ustdal for designing stormwater
controls. In this analysis an event was definedhgysame criteria as Rohrer (2004) as
any flow event having flow greater than 0.003 cubieters per second, with a minimum
inter-event time of six hours. The high pulse tiorg rise rate, and fall rate metrics from
Richter et al. (1996), previously found to be b@gtally meaningful in urban streams
(Scoggins 2000; Kirby 2003), were replaced by evasted substitutes. The event-
duration, D, and event-peak-durationyefl are event-based versions of high pulse
duration metrics. D is simply the total duratidnaa event, while Rakis defined as the
duration that the flow rate exceeds 75 percenhefggeak flow rate for that event. The

event-mean rise and fall rates, &d K, are analogous to average daily rise and fall rate
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metrics. The distribution of event-peak flows foetentire record, Q serves a similar
purpose as the coefficient of variation of the amiaximum flood (Konrad and Booth
2002), where flow variability is represented by theerquartile range of Q and the
magnitude of flows is shown by the median value @y The time-to-peak was
suggested as another measure of flashiness, albnghs ratio of time-to-peak to total
duration of storm flow events,/D, which shows the ratio of rising to falling liralof
event hydrographs for storms and how they are @&ffieloy controls. Finally, the ratio of
event-peak-duration to total event duratiopesldD, metric is proposed to represent the
distribution of storm peak durations relative toatosstorm duration, as an event-based
analogy to sy, used in Booth et al. (2004). The advantage ofvemtebased metric is
its ability to analyze specific event types thatynmee of interest. All metrics were
computed from long-term time series of flow ratasing algorithms programmed in

Matlab®©. The basic mathematical expressions foh @aetric are shown in Table 8.
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Table 8: Select set of hydrologic metrics to be oguted in the model-based
scenario analysis

Annual Metrics Description Units
! Q(t) o1 Fraction of a year that the 15-min
modifiec | 2 o mean flow rate exceeds a fixed pré=raction
0.5 )
= | development half-year peak flowof time
Qos yr lyear rate.
Event-based Metrice* Description Units
Qp = max Q(t) fromitto ¥ Event peak flow rate Cms
D=t-t+1 Event storm flow duration Hrs
t=t(Q) -t +1 Time-to-peak Hrs
b t(Qp) “hrd Ratio of time-to-peak to storm flow_ _..
- = —— : Ratio
D t-t+1 event duration
Q - Qb m
Ry = P2 Event-mean rise rate cms
tp - ti +1 hr
Q= Q m
Fy = | —= Event-mean fall rate cms
tf -t +1 hr
t ) Duration that the flow rate exceeds
D = Z f| ——— 75% of the peak flow rate in arHrs
peal 0.75xQ,
t=t, event.
Doeak Ratio of event-peak-duration to tOtall%atio
D event duration
where
t =time-step Q(t) = flow rate at time=t
t(Qp) = time-step of peak flow Qp = peak flow rate of the event
t; = start time-step of event Q= base flow rate
tr = end time-step of event Qo.syr = peak flow with 6-month return period

*An event is defined as having a flow rate gredban 0.003 cubic meters per second,
with a minimum interevent time of six hours.
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5.0 RESULTS AND DISCUSSION

Metric computation results were plotted for conigam in terms of their medians
and interquartile ranges (IR). The IR is the diéfece between the ¥5and 28
percentiles of a sample. Apart from the metried Hre ratios and fractions of time (i.e.
modified Tosy, DpeadD, t/D) that, by definition, are already standardized; other
metrics were standardized by dividing by the mediira common base scenario to
illustrate relative deviation from a common basenscio. In this study thendeveloped
scenariowas used as the base scenario for comparisoneimative runoff controls on
the developed area. In other words, the mediathefase scenarios in the following
plots are equal to one, except for metrics thatfeaetions of a year or fractions of a
storm such as thmodified T sy, Dpead D, @and §/D metrics, which range from zero to one.
The effects of uncontrolled development versus ldgveent with stormwater controls
were examined by comparing the medians and IRsmifi@ized and event-based metrics
for alternative development scenariosative to theundeveloped scenarimedian and
IR. Median differences are considered to be sicgmit if the alternative scenario median
falls outside of the IR for the base scenario, lsinto the method used by (Richter et al.

1997; Henriksen et al. 2006).
5.1 Patterns of annual metric behavior

The modified To syris shown in Figure 11 to increase in response twmuinolled
urban development for Atlanta and Fort Collins. &gected, the controls were most

effective at mitigating the effects of urban deygfent on thenodified Ty sy Since they

-35 -



were designed to prevent post-development flowsriiem exceeding target flow rates.
In both Atlanta and Fort Collins, thpeak shaving + BMRontrols also appeared to bring
this metric closer to pre-development levels tHam dther designs. This makes sense
because BMPs limit the range of possible flows bytiolling smaller storms, closer in
size to the half-year storm. Also, by reducing 108-year peak to the pre-development
2-year peak discharge, the over-control designeease the durations of intermediate
flows by releasing the excess volumes at lowersréde longer durations than the peak

shaving designs.
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Figure 11: Median and interquartile range values ofmodified Tosy, for multiple
scenarios of development in Fort Collins and Atlard.

The modified To s, is the most promising metric considered in thislysia with
respect to its potential utility as a design par@me As a measure of the cumulative

durations of flows above the pre-development 0.&-wtorm, it has plausible importance
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to the physical and ecological integrity of theeamn and effectively translates the
information contained in a flow duration curve irddorm that can be used in regression
analyses with biological data. For these reasah®)g with its sensitivity to the
hydrologic consequences of uncontrolled developnagat various stormwater control

scenarios, theglsyis an ideal candidate for use as a design metric.
5.2 Patterns of event-based metric behavior

Unlike the two versions of glsy, Which have fixed sample sizes of 48 (equal to
the number of years of flow data), the event-basettics have sample sizes equal to the
total number of events in the period of record la®sag in Figure 12. Since the sample
sizes were all greater than one thousand, the meaiad interquartile ranges were not
affected by variations in sample size. As expkthe total number of events increased
with uncontrolled development in Fort Collins antlafsta because the increased amount
of impervious area lowered the infiltration cappaif the watershed and small storm
events that did not generate runoff in the undeedowatershed were shown to produce
runoff in the developed watershed. The total nuntbevents was reduced to less than
pre-development numbers in all controlled scenarifisis reduction in number of events
by controls is the result of increased drawdowresifeading to the merger of what were
once separate events in the developed without @srgcenario, into single events with

longer durations.
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Number of Events in 48 Years of Record
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Figure 12: Total number of events occurring in tle 48 years of record for each
watershed scenario.

The event-based metrics computed for Atlanta aod Eollins showed very
similar behavior across scenarios. All of the famental changes in storm response
associated with urbanization were observed in lemtebased metric behavior, shown in
Figures 13 and 14. The numerical values for atinébased metrics are given in Tables
9 and 10. Increased peak flow rates, but not ederdtions of flow resulted from
uncontrolled development, while decreased peak flaes and rates of change resulted
from extended detention at the expense of increfweddurations.

The increased IR of Qshown in Figures 13a and 13b, represents increésed
variability and is corrected by the stormwater colstin Fort Collins and Atlanta. The
medians of the event-mean rise rateg, Bhown in Figures 13c and 13dere not
significantly altered relative to the pre-developmédR as a result of uncontrolled
development in either Fort Collins or Atlanta. Tinedian of the event-mean fall rates,

Fn, for the uncontrolled development scenario shoavenificant increase relative to
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Figure 13: Event-based metrics for Fort Collins andAtlanta. Plots are standardized
by the medians of the undeveloped scenarios to shoglative sensitivity.
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Figure 14: Event-based metrics for Fort Collins andAtlanta. Plots a) through d)
are standardized by the medians of the undevelopextenarios to show relative
sensitivity.
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Table 9: Event-based metrics Fort Collins

Bl

B

Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 0.003 0.004 0.003 0.003 0.003
Qp 50 0.004 0.007 0.004 0.004 0.004
(cms) 75 0.006 0.016 0.008 0.006 0.006
Metric Percentile ] D-NC D-OC D-OC/BMP D-PS/BMP
25 1.25 2.25 9.75 15 15.5
D 50 2.75 35 275 38 37.25
(hrs) 75 6.75 8 40.5 59 57.25
Metric Percentile ] D-NC D-OC D-OC/BMP D-PS/BMP
25 2.01E-04 4.06E-04 6.10E-05 2.70E-05 2.64E-0
Rn 50 7.18E-04 1.47E-03 2.03E-04 1.57E-04 1.57E-04
(cms/hr) 75 1.93E-03 3.77E-03 7.50E-04 4.31E-04 4.32E-04
Metric Percentile ] D-NC D-OC D-OC/BMP D-PS/BMP
25 1.65E-03 3.55E-03 1.74E-04 9.87E-05 1.01E-04
Fn 50 7.18E-04 1.27E-03 6.82E-05 5.12E-05 5.20E-0
(cms/hr) 75 3.40E-04 4.82E-04 3.45E-05 2.69E-05 2.76E-0
Metric Percentile ] D-NC D-OC D-OC/BMP D-PS/BMP
25 0.75 1 3.25 45 45
tp 50 1 1.25 45 6.5 6.5
(hrs) 75 2.75 3.75 8 10 9.75
Metric Percentile ] D-NC D-OC D-OC/BMP D-PS/BMP
25 0.429 0.4 0.136 0.115 0.114
tp/D 50 0.6 0.5 0.265 0.21 0.22
75 0.8 0.667 0.391 0.473 0.476
Metric Percentile ] D-NC D-OC D-OC/BMP D-PS/BMP
25 0.5 0.75 3 5.25 5.25
Dpeak 50 0.75 0.75 4 6.5 6.5
(hrs) 75 1 1 5 8 8
Metric Percentile ] D-NC D-OC D-OC/BMP D-PS/BMP
25 0.136 0.120 0.103 0.123 0.133
Dpeak/D 50 0.250 0.244 0.175 0.179 0.186
75 0.400 0.333 0.314 0.383 0.379

U: Undeveloped

D-NC: Developed No Control

[BMP: Overcontrol + BMP
D-PS/BMP: R&having + BMP

D-OC: Overcanitr
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Table 10: Event-based metrics Atlanta

Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 0.005 0.005 0.004 0.005 0.005
Qp 50 0.009 0.023 0.011 0.008 0.008
(cms) 75 0.015 0.054 0.027 0.013 0.012
Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 25 3 27 57.5 64.25
D 50 4.5 5.25 38.25 77 85.5
(hrs) 75 9.25 10.75 49.75 106.5 118.75
Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 6.25E-04 1.40E-03 3.21E-04 2.27E-04 2.02E-0¢
Rn 50 2.21E-03 4.97E-03 1.21E-03 6.06E-04 5.88E-0¢
(cms/hr) 75 6.54E-03 1.84E-02 3.82E-03 1.31E-03 1.29E-0
Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 3.66E-03 1.14E-02 5.81E-04 1.16E-04 1.11E-04
Fn 50 1.53E-03 4.06E-03 2.22E-04 6.64E-05 6.11E-0%
(cms/hr) 75 5.93E-04 1.06E-03 6.58E-05 4.08E-05 3.64E-0%
Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 1 1 2.25 3.5 3.75
tp 50 1.5 1.75 3.75 7 7.75
(hrs) 75 35 4.5 8.75 17.5 20.5
Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 0.308 0.308 0.075 0.053 0.052
tp/D 50 0.478 0.444 0.146 0.096 0.099
75 0.667 0.6 0.294 0.232 0.242
Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 0.5 0.5 2 4.00 4.25
Dpeak 50 0.75 0.75 2.75 6.25 6.5
(hrs) 75 1 1 3.75 9.75 10.5
Metric Percentile U D-NC D-OC D-OC/BMP D-PS/BMP
25 0.105 0.087 0.045 0.046 0.041
Dpeak/D 50 0.182 0.154 0.069 0.098 0.092
75 0.300 0.253 0.167 0.132 0.128

U: Undeveloped

D-NC: Developed No Control

[O:BMP: Overcontrol + BMP
D-PS/BMP: R&having + BMP

D-OC: Overcanitr
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undeveloped scenario in Atlanta, shown in Figuré I®e Fort Collins median \F
exhibited similar behavior in Figure 13e to whatswabserved for Atlanta, but the
difference between the median values for the urldped and uncontrolled development
scenarios was not significant. For all controltl/elopment scenarios in Fort Collins
and Atlanta, the median event-mean rise and eveanrfall rates were reduced to below
the pre-development IRs for these metrics.

As seen in Figure 13,0Ry, and kv are closely related to one another and exhibit
similar patterns of behavior across scenarios i €ollins and Atlanta. This is because
the magnitude of the peak above the base flowastimerator in the definitions of the
rates of change metricsyRand k. Only the Q and ky for Atlanta showed significant
median differences between the undeveloped andntnotled development scenarios,
but all three of these metrics showed some degresemsitivity to both uncontrolled
development and stormwater controls in Fort Collarsd Atlanta. One possible
explanation for the lack of significance in the séwity of these metrics is the fact that
the flow regime in the study watershed is naturidlghy, making it more difficult to see
significant increases in flashiness caused by udmrelopment relative to an already
flashy pre-development metric value. It is cleant Figure 13 that stormwater controls
result in smaller event-peaks and rates of chagffectively decreasing the flashiness of
the flow regime. In the case of thq,Shown in Figures 13e and 13f, the flashiness is
reduced to below pre-development values by storemwabntrols because of the
lengthened recessional flows caused by detentidhties. Whether or not this result is
desirable ecologically requires further study. €ivthe similar behavior of these metrics

across scenarios and the significant sensitivit@oénd k to uncontrolled development
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and stormwater controls in Atlanta, the event-pak and event-mean rates of change
have potential to be used as design metrics isnial-scale, urban context.

In terms of magnitude of metric sensitivity relatito the undeveloped scenario,
the event duration, D, was by far the most seresitivetric in this analysis. This
sensitivity, shown in Figures 14a and 14b occumed in response to uncontrolled
development, but in response to development wilnstater controls. This comes as
no surprise since the increased volume of runofised by urban development, when
detained and released at a restricted flow ratk,ingvitably have to be released for a
longer period of time. This metric may be usefulisituation where increased durations
are detrimental the stream ecosystem. In suchuatisin, this metric could be used to
demonstrate that perhaps infiltration or low-impdetvelopments are better mitigation
options.

The p, shown in Figures 14c and 14d, was not signifigatitered by
uncontrolled development, although controls incedasiedian values of this metric by
up to six times the undeveloped value in Fort @seland more than four times in Atlanta.
These increases were due to increased travel t@selting from routing the runoff
through an increased storage volume prior to regctiie outlet. When storage is added
to the system, the peak of the new hydrograph mikrsect the falling limb of the
original system hydrograph. Conventional hydratoifieory suggests that theshould
decrease in response to uncontrolled developmentala shorter time-of-concentration
in gutters and pipes than in the natural overlaloav fpaths, as well as less flow
resistance. However, thgwas not observed to decrease in response to uondedtr
development in either Fort Collins or Atlanta. Wi less obvious from Figure 14 is

that althoughtdoes not decrease with uncontrolled developmeatfact that it does not
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increase represents increased flashiness becaisswking the same amount of time to
reach a much higher peak than was reached in th@&gwelopment scenario. The

increases inptcaused by adding storage to the system representases in flashiness.

In addition to serving as a measure of a particalgrect of flashiness, this parameter
could be useful for design when an organism of eamgequires a certain amount of
“warning” time from the beginning of storm flow seek refuge during a flood event.

The ratio of time-to-peak to duration of flow evety/D, plotted in Figures 14e
and 14f, was shown to be relatively insensitiveutwontrolled development in Fort
Collins and Atlanta, but decreased significantlythe controlled development scenarios
for both locations to approximately one fourth bk tpre-development values. The
decreasedyD ratios represent increased positive skewnessefit hydrographs due to
extended detention with a controlled release obffudengthening the falling limbs of
event hydrographs. These results show that the-tspeak in this watershed was not
significantly decreased by uncontrolled developmeat were the event durations.
However, both the D ang increased with controls and thgt ratios show that these
increases were not proportional, but rather D ¢seased by a much greater margin than
t,in the scenarios with stormwater controls. Thidrinavas proposed in section 4.0 as
another measure of flashiness that would indicdteres in time the peak occurs with
respect to the total storm flow duration. This mee not appropriate as a design metric
because the response to stormwater controls iseirsdme direction as the response to
uncontrolled development, albeit for different @as (i.e. increased storm flow duration

versus decreased time-to-peak).
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Figures 15a and 15b show that the peak duratiDpss are unaffected by
uncontrolled development, but are increased coredtle by development with controls.
The largest increases inpd occur for scenarios that have BMPs. This makesese
because BMPs are designed to act on the most fiegt@ms and release them slowly
over a 40-hour draw-down period. This metric canused to evaluate the effect of
controls on the peak durations of intermediate simeEm flow events and determine
whether or not these effects pose a threat to ttearm ecosystem of interest in future

regression analyses with biological data.
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Figure 15: Peak durations and peak duration ratiosfor Fort Collins and Atlanta.

Plots a) and b) are standardized by the medians dhe undeveloped scenarios to
show relative sensitivity.
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The peak duration ratio, gD, shown in Figures 15c and 15d, does not show
significant sensitivity to uncontrolled development stormwater controls across
scenarios. These results indicate that, with koe@ion of theover-controlscenario for
Atlanta, the increase in peak duration was esdnpieoportional to the increase in total
event duration caused by controls. This metricn@d sensitive to the hydrologic
consequences of development and stormwater contnols is it easy to imagine a
plausible physical connection between thgelD and stream ecosystem health.
Therefore, the Ra(D is not useful for future studies to improve desiof runoff

controls.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

An integration of engineering and ecological apgtes is needed to facilitate a
more complete assessment of the consequences asdouwiith various alternatives
facing decision makers at the planning and dediggesof development. This study took
some exploratory first steps in this regard byotailg a generic hydrologic metric
approach to the scale and context of stormwatetralsnfor new urban developments.
Recognizing that site-specific considerations wérve as the ultimate guide in future
studies of this kind, the aim of this general iriigegion was to provide insights
regarding metric selection and metric utility foodel-based analyses at the design scale
of urban stormwater controls.

Metrics were initially chosen for their successestablishing linkages between
hydrology and biology in previous urban application The list of metrics was reduced
by eliminating metrics that lack meaning at thiglecor are subject to high model
uncertainties. As a result of the extremely srbalin size (10 ha), the flow regimes
examined in this study were extremely flashy ardrmittent with storm flow occurring
less than 5 percent of the time. Also, regardtédsasin size, the SWMM model is not
capable of accurately simulating the relationstipveen infiltration, subsurface flow,
and base flow. For these reasons, low flow meticd metrics based on percentiles of
flow (i.e. 25", 50", 75" percentiles of flow occurrence) were excluded frira final
metric analysis. Jdmean and original Tos, were determined to be insensitive to

urbanization at this scale and were omitted from fthal list of metrics. The fact that
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mean flows are closely tied to base and recessitovaé and are subject to large model

uncertainties was also a factor in the omissioif g@feanfrom the model-based scenario

analysis. Another issue related to conducting imainalyses at the design scale of new
developments is that time series of daily mean $loave temporally too coarse to

represent hydrologic response at this scale. Iisrreason, time series of 15-minute
mean flow rates were used in this analysis.

In addition to a set of event-based metrics, ay@ls to the reduced set of metrics
from the literature review, modifiedversion of T sy, that uses a fixed pre-development
0.5-year peak flow rate for standardization of fldwration curves was included in the
final set of metrics. Also, the,tty/D, and RealD were proposed in this study as new
flashiness metrics.  Algorithms for the final set metrics was programmed in
MATLAB®© and computed in a multiple scenario compan of development
alternatives using 48-year time series of 15-minotean flow rates generated by
SWMM.

While theoriginal To sy was found to be insensitive to urbanization in shedy
watershed, the scenario comparison analysis ireticdiat themodified Ty 5y, was found
to be sensitive to urbanization and the deviatiohshis metric from pre-development
values were mitigated by extended detention and B¥Rtrols in Fort Collins and
Atlanta. The results of the model-based scenaradyais also confirmed that the event-
based metrics were sensitive to differences betweenarios of urban development and
stormwater controls for a 10 ha parcel of land exkibited similar patterns of behavior
for Fort Collins and Atlanta rainfall regimes. Twbthe event-based metrics proposed in
this study, the ratio of time-to-peak to total stoflow duration and the peak duration

ratio, were deemed inappropriate for the study leé hydrologic and ecological
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consequences of urban development because of tveelasensitivity to differences
between scenarios. The event-based peak flow rastss of change, storm flow
durations, peak durations and time-to-peak metdesnonstrated the fundamental
changes in storm flow response that result fronanrtbevelopment and translated them
into a form that could be used in regression wittldgical data. These metrics along
with the modified To 5y have potential as design metrics in future studfescological
outcomes associated with various stormwater cantrol

Since stormwater controls are typically designgdgia limited number of design
storms, event-based flow metrics computed from inanus flow records are more
intuitive for engineers than metrics defined inmerof daily mean flows. Continuous
simulation can be used in conjunction with evergdabmetrics to observe the effects of
the design alternatives on non-target event typed, serve as a potential method of
testing and refining drainage designs.  The s is to test the recommended set of
metrics with biological data in an urban gradietudy at a small watershed scale. If
metrics can be identified that are sensitive torblggjic differences between stormwater
control alternatives and uncontrolled developmeéntaddition to being well correlated
with aquatic ecosystem health, the linkage can adenbetween stormwater controls and
inferred ecological outcomes in receiving streamsSuch linkages would help
municipalities and developers collaborate with oegi efforts to protect watersheds from
urbanization.

An underlying assumption of this analysis was tiattrolling hydrologic change
locally would contribute to overall watershed podten. Future research is needed
regarding how to translate small-scale flow regedteration at headwater portions of a

drainage network into larger-scale flow regime ralien downstream. This is
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particularly important given scale consideratioms stream ecology. For example,
organisms living in the harsh pre-development flenvironment studied in this analysis
would probably be very resilient and relatively usseptible to the hydrologic effects of
urbanization. In such a stream network, the “egiclaly critical stream segments,”
where flow-regime-biota relationships would be deped and used to set management
targets may be further downstream. In order toslede downstream flow regime targets
into design guidance for stormwater controls in Issubbasins upstream, it is necessary
to consider the influence of network topology ordiojogic response at various scales
within a drainage network and how this relationsisipaltered by urban development.
Research in this area has potential to give mestananswers to questions about
hydrologic metric applicability at various scaleghin a drainage network.

An alternate approach to investigating the scalgeddence of hydrologic metric
behavior that could potentially compliment a deterstic approach to explaining the
network topology, described above, is to consastream in terms of where its metric
value falls on a flashy-stable continuum. Emplricgationships could be developed
between basin area and metric behavior, dependinghere you are on the flashy-stable
continuum.

While this study does provide a more complete iclanation of flow regime in
the context of stormwater control design than ttalitional analyses related to peak
flows and water quality, it still neglects to casesi urbanization’s effects on low flows.
Whether low flows increase or decrease in respdoserban development is widely
variable and depends on a number of factors, batiural and anthropogenic (i.e.
subsurface flow and lawn watering), that cannoteately be accounted for in a SWMM

simulation.
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Lastly, additional research is needed to estintageetror associated with model-
based calculations of hydrologic metrics, relatisemetrics computed from measured
flow data. This would require a small watersheat thas long-term, concurrent rainfall
and stream flow data. Error estimates could bainbtl by computing the metrics from
gage data and comparing these values to thosenetitdfom continuous simulation.
Similarly, metrics computed from a calibrated moaeluld be compared to those

computed from an uncalibrated model.
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APPENDIX A: RAINFALL AND RUNOFF VOLUMES FOR
ATLANTA AND FORT COLLINS
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APPENDIX B: MATLAB M-FILES CODE FOR EACH
METRIC
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To.syr (@nnualized) algorithm - written in Matlab © for 15-minute time-
step resolution

function  [Tgh] = TQh(C,Qhalf,start,last,ph)
leap=0;

year=start;

column=1;

while year<last+1,

if year<last+1,

if ph==1,
for i=1:35040,

CC(i,column)=C(i+35040*3*leap+35136*leap ,1);
end

ph=ph+1;

column=column+1;

year=year+1;

end
end

if year<last+1,

if ph==2,
for i=1:35040,

CC(i,column)=C(i+35040*3*leap+35040*(ph- 1)+35136*leap,1);
end

ph=ph+1;

column=column+1;

year=year+1,;

end

end

if year<last+1,

if ph==3,
for i=1:35040,

CC(i,column)=C(i+35040*3*leap+35040*(ph- 1)+35136*leap,1);
end

ph=ph+1;

column=column+1;

year=year+1;

end

end

if year<last+1,
if ph==4,
for i=1:35136,
CC(i,column)=C(i+35040*3*leap+35040*(ph- 1)+35136*leap,1);
end
ph=1;
column=column+1;
year=year+1,;
end
end
leap=leap+1;
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end
year=start;
column=1;
while year<last+1,
if year<last+1,
for i=1:35136,

if CC(i,column)>=Qhalf,
D(i,column)=1;

else ,
D(i,column)=0;

end

end
column=column+1,;
year=year+1,;
end
Tgh_annual=(sum(D))*0.000028;
T=Tqgh_annual’;
Tqgh(:,1)=prctile(T(:,1), [25 50 75]);

end
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T omean @lgorithm - written in Matlab © for 15-minute time -step
resolution

function  [Tgm] = TQmean_15(C,start,last,ph)
leap=0;

year=start;

column=1;

while year<last+1,

if year<last+1,

if ph==1,
for i=1:35040,

CC(i,column)=C(i+35040*3*leap+35136*leap ,1);
end

ph=ph+1;

column=column+1;

year=year+1;

end
end

if year<last+1,

if ph==2,
for i=1:35040,

CC(i,column)=C(i+35040*3*leap+35040*(ph- 1)+35136*leap,1);
end

ph=ph+1;

column=column+1;

year=year+1,;

end

end

if year<last+1,

if ph==3,
for i=1:35040,

CC(i,column)=C(i+35040*3*leap+35040*(ph- 1)+35136*leap,1);
end

ph=ph+1;

column=column+1;

year=year+1;

end
end

if year<last+1,

if ph==4,
for i=1:35136,

CC(i,column)=C(i+35040*3*leap+35040*(ph- 1)+35136*leap,l1);
end

ph=1;

column=column+1;

year=year+1,;

end
end
leap=leap+1;
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end
year=start;
column=1;

while year<last+1,
if year<last+1,

M(1,column)=mean(CC(:,column));

end
column=column+1;
year=year+1;
end
year=start;
column=1;

while year<last+1,
if year<last+1,
for i=1:35136,

if CC(i,column)>=M(1,column),
D(i,column)=1;

else ,
D(i,column)=0;

end

end
column=column+1;
year=year+1,;
end

end

M;

Tgmean=(sum(D))*0.000028;
T=Tgmean’;
Tgm(;,1)=prctile(T(:,1), [25 50 75]);
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T omean (daily) algorithm - written in Matlab © for 1-day time-step
resolution

function  [tgmD] = TQmean_day(A,start,last,ph)
%A is a continuous 15min flow record
nd=floor(size(A,1)/96);
B=zeros(96,nd);
g=size(B);
for i=1:nd,
for j=1:96
B(j,i)=A(j+96*(i-1),1);
end
C(i,1)=mean(B(:,)));
end

leap=0;
year=start;
column=1;
while year<last+1,
if year<last+1,
if ph==1,
for i=1:365,
CC(i,column)=C(i+365*3*leap+366*leap,1);
end
ph=ph+1;
column=column+1;
year=year+1,;

end
end

if year<last+1,

if ph==2,
for i=1:365,

CC(i,column)=C(i+365*3*leap+365*(ph-1)+3 66*leap,1);
end

ph=ph+1;

column=column+1;

year=year+1;

end

end

if year<last+1,

if ph==3,
for =1:365,

CC(i,column)=C(i+365*3*leap+365*(ph-1)+3 66*leap,1);
end

ph=ph+1;

column=column+1;

year=year+1,;

end
end

if year<last+1,
if ph==4,
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for i=1:366,

CC(i,column)=C(i+365*3*leap+365*(ph-1)+3

end
ph=1;
column=column+1;
year=year+1;

end
end
leap=leap+1;

end
year=start;
column=1;

while year<last+1,
if year<last+1,

M(1,column)=mean(CC(:,column));

end
column=column+1;
year=year+1;
end
year=start;
column=1;

while year<last+1,
if year<last+1,
for i=1:366,

if CC(i,column)>=M(1,column),
D(i,column)=1;

else ,
D(i,column)=0;

end

end
column=column+1;
year=year+1,;
end

end

M;

Y=(sum(D))/365.5;

annual_tgmD=Y";
tgmD(;,1)=prctile(annual_tgmD(:,1), [25 50 75]);
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Event-based metric algorithm - written in Matlab © to compute set of
event-based metrics from a flow time series with &5-minute time-step

resolution

function [peak flow] = storm_peak3_dur(flow)
threshold=0.106;
flow=flow-threshold;
flow_size=size(flow);
for i=1:flow_size(1,1)
if flow(i,1)<0
flow(i,1)=0;
end
end
=1
for i=2:flow_size(1,1)
if (flow(i-1,1)==0 && flow(i,1)>0)
start(j,1)=i; %records the start of an event
=i+l
end
end
=1
for i=1:flow_size(1,1)-1
if (flow(i,1)>0 && flow(i+1,1)==0)
finish(j,1)=i;
=i+
end

r=0;,
for i=1:j-2

if ((start(i+1,1)-finish(i,1))>=24)
ti(k,1)=start(r+1,1);
tf(k,1)=finish(i,1);
k=k+1;
r=i;
end

end

peak_flow=zeros(k-1,11);

%start, end, t(Qp), duration, Qp, D, tp/td, Rn, Fn,
peak_flow(:,1)=ti(:,1);

peak_flow(:,2)=tf(:,1);
peak_flow(:,5)=((tf(:,1))-(ti(:,1))+1);

for i=1:k-1

peak_flow(i,4)=(max(flow(peak_flow(i,1):peak_flow(i
Qp

peak_flow(i,11)=(sum(flow(peak_flow(i,1):peak_flow(
%V
end
for i=1:k-1
for z=peak flow(i,1):peak_flow(i,2)
if flow(z,1)+threshold==peak_flow(i,4)
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Dpeak, Dpeak/D, V

,2),1))+threshold);

i,2),1)+threshold));

%



peak_flow(i,3)=z; %t(Qp)

end
end
end
t=0;
for i=1:k-1
for z=peak flow(i,1):peak_flow(i,2)
if (flow(z,1)>=(0.75*(peak_flow(i,4) )-threshold))
t=t+1;
end
peak_dur(i,1)=t;
end
t=0;
end
peak_flow(:,9)=peak_dur(:,1); %Dpeak
for I=1:k-1
peak_flow(l,6)=(peak_flow(l,3)-peak_flow(l,1) +1); %tp
peak_flow(l,7)=((peak_flow(l,4)-0.106)/(peak__ flow(l,3)-
peak_flow(l,1)+1)); %Rn
peak_flow(l,8)=((0.106-peak_flow(l,4))/(peak flow(l,2)-
peak_flow(l,3)+1)); %Fn
peak_flow(l,10)=(peak_flow(l,9)/peak_flow(l,5 )); %Dpeak/D
peak_flow(l,12)=(peak_flow(l,3)-
peak_flow(l,1)+1)/peak_flow(l,5); %tp/D
end
peak_flow;
events(:,1)=prctile(peak_flow(:,4),[25 50 75])*0.02 8317; %Qp cms
events(:,2)=prctile(peak_flow(:,5),[25 50 75])*0.25 ; %D hrs
events(:,3)=prctile(peak_flow(:,7),[25 50 75])*0.11 33; %Rn cms/hr
events(:,4)=-1*(prctile(peak_flow(:,8),[25 50 75])) *0.1133; %Fn cms/hr
events(:,5)=prctile(peak_flow(:,6),[25 50 75])*0.25 ; %tp hrs
events(:,6)=prctile(peak_flow(;,12),[25 50 75]); %tp/D
events(:,7)=prctile(peak_flow(;,11),[25 50 75])*0.2 569; %V mm
events(:,8)=prctile(peak_flow(:,9),[25 50 75])*0.25 ; %Dpeak hrs
events(:,9)=prctile(peak_flow(:,10),[25 50 75]); %Dpeak/D
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APPENDIX C: NUMERICAL VALUES OF ALL METRIC
MEDIANS AND INTERQUARTILE RANGES
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Table 11: Numerical values of metric medians and IR Tgmean and To sy

Percentile
25
50
75

Percentile
25
50
75

Percentile
25
50
75

Percentile
25
50
75

Percentile
25
50
75

Percentile
25
50
75

Fraction of

Atlanta Tgmean (from 15min time-step) time

D-

U D-NC D-OC OC/BMP  D-PS/BMP
0.047 0.049 0.129 0.166 0.166
0.050 0.053 0.137 0.178 0.178
0.054 0.056 0.146 0.186 0.186

Fraction of

Atlanta Tgmean (from daily time-step) time

D-

U D-NC D-OC OC/BMP  D-PS/BMP
0.150 0.150 0.176 0.205 0.205
0.163 0.164 0.187 0.219 0.219
0.168 0.174 0.205 0.227 0.228

Fraction of

Fort Collins Tgmean (from 15min time-step)  time

U D-NC D-OC OC/BMP  D-PS/BMP
0.033 0.027 0.083 0.101 0.099
0.041 0.032 0.093 0.112 0.112
0.069 0.038 0.104 0.128 0.129

Fraction of

Fort Collins Tgmean (from daily time-step) time

D-

U D-NC D-OC OC/BMP  D-PS/BMP
0.090 0.074 0.094 0.112 0.112
0.104 0.088 0.114 0.129 0.130
0.130 0.098 0.124 0.149 0.145

Fort Collins TO.5yr Fraction of time

U D-NC D-NC

5%imp 30%imp  90%imp
8.40E-05 8.40E-05 8.40E-05
1.82E-04 1.54E-04 1.68E-04
3.36E-04 3.22E-04 2.94E-04

Fort Collins Tgmean  Fraction of time

U D-NC D-NC

5%imp 30%imp  90%imp
3.28E-02 2.67E-02 2.76E-02
4.10E-02 3.21E-02 3.35E-02
6.92E-02 3.78E-02 3.86E-02
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