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ABSTRACT: Urbanization of awatershed degrades both the form and the function of the downstream
aquatic system, causing changes that can occur rapidly and are very difficult to avoid or correct. A
variety of physica datafrom lowland streamsin western Washington display the onset of readily
observable aguatic-systemn degradation at aremarkably consstent level of development, typically about
ten percent effective impervious areain awatershed. Even lower levels of urban development cause
sgnificant degradation in sengtive water bodies and a reduced, but lesswell quantified, level of function
throughout the system as awhole. Unfortunately, established methods of mitigating the downsiream
impacts of urban development may have only limited effectiveness. Using continuous hydrologic
modeling we have eva uated detention ponds designed by conventiona event methodologies, and our
findings demondtrate serious deficiencies in actua pond performance when compared to their design
gods. Even with best efforts a mitigation, the sheer magnitude of development activities falling below a
level of regulatory concern suggest that increased resource loss will invariably accompany development
of awatershed. Without a better understanding of the critical processes that lead to degradation, some
downstream aquati c-systemn damage is probably inevitable without limiting the extent of watershed
development itsdlf.
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INTRODUCTION

Urban development imposes avariety of watershed changes that profoundly affect runoff processes
and the downstream surface-water aquatic system. Attention is generdly given to channel changes: the
stream channedl itsdlf isthe object of interest and Ao, typicaly, the focus of any subsequent restoration



or rehabilitation efforts. Yet that stream channd, commonly draining up to many square kilometers, is
largely aproduct of its upland watershed. The net effect of upland changes, occurring across the land
surface of the contributing headwater catchments, is a least asimportant in determining overdl stream
function, degradation, and rehabilitation potentia (Nationa Research Council, 1992). To understand
the potentialy degrading effects of urban development and the potentid for mitigation, both areas—
upland and riparian—must be consdered in turn.

Our approach to this problem draws on both field data and hydrologic smulation results from a
variety of lowland watersheds in King County, Washington (Figure 1 and Table 1). We haverelied on
fied datato display overdl trendsin stream-channe changes; hydrologic smulations have been no less
invauable to improve our understanding of the likely physical processes that underlie those observed
changes. Although an andysis of urban-induced channe changes would be complete without any
discusson of mitigation, we have eected to include here an investigation into the most common of
mitigation efforts, sormwater detention. Stormwater detention is a particularly widespread application
that promises subgtantive improvements, but al-too-often it fails to achieve even the most limited of
objectives.
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Figurel. Map of watersheds used as sources of field dataand in analyses. Physical and simulation

characteristics are summarized in Table 1.

Physical Characteristics of Water sheds Used as Data Sources and in Analyses

Tablel

Watershed Name

Soos

Bear

Hylebos

East Lake
Sammamish

I ssaquah

Reference King County, King County, King County, 1990b King County, 1990c | King County,
1990a 1989 1991
Size 181 km? 132 km? 93 km? 38 km? 158 km?
Range of 305m—25m 185m—9m 158 m—O0m 168 m—10m 905 m—10m
watershed
elevations
Avg. annual 1190 mm 1100 mm 1040 mm 1220 mm 1450 mm
rainfall
Number of HSPF- [ 57 66 61 22 65
modeled
subcatchments
Subcatchment 3.18 km?(avg.) 2.00 km? (avg.) 1.52 km? (avg.) 1.73 kn? (avg.) 2.43 km? (avg.)
size—averageand [ 1.53—10.62km* | 0.56—8.65km? | 0.21—2.36 km?(range) | 0.33—4.86 km? 0.31—6.97 km?
range (range) (range) (range) (range)
Watershed 4.9% 3.0% 20.0 % (median of 8 5.0 % (median of 3 1.4 %
impervious area independent sub- independent sub-
(EIA) watersheds) watersheds)
Impervious areas 0.7—23.1% 0.0—12% 0.2—54 % 0.0—13.1% 0.0—18.3%
(ElA)—range by
subcatchments
Forest cover 69 % 76 % 27 % (median of 8 sub- | 60 % (median of 3 78 %
watersheds) sub-watersheds)
Forest cover— 35.3—88.8% 41—100 % 0.1—100 % 29.0—68.4 % 25.6—100 %
range by
subcatchments
Unit-area 0.13 m¥/km? (at 0.14 m®/km? (at 0.60 m*km?(median of | 0.19 m¥km?(median | 0.32 m%km? (at
discharges (2- outlet; =12.1 outlet; =12.4 8 independent sub- of 3independent outlet; =28.9
yr)— at watershed cfs/mi?) cfs/mi?) watersheds at sub-watersheds cfs/mi?)
outlet and range 0.08—0.41 0.09—0.42 outlets; =55.0 at outlets; =51.2 0.10—0.66
within m?/km? (range) me/km? (range) cfs/mi?) cfs/mi?) me/km? (range)
subcatchments 0.01—0.98 m*/km? 0.02—0.56 m*/km?
(range) (range)
Unit-area 0.28 m®/km? (at 0.31 m®/km? (at 1.20 m¥km? (median, at | 0.41 m¥km? 0.79 m¥/km? (at
discharge (100-yr) outlet; =25.9 outlet; =15.2 outlets; =110 cfs/mi?) (median, at outlet; =72.5
—outlet andrange | cfs/mi?) cfs/mi?) 0.03—1.94 m¥/km? outlets; =37.2 cfs/mi?)
0.13—0.97 0.17—0.80 (range) cfs/mi?) [range data not
m/km? (range) m/km? (range) 0.06—1.20 m¥/km? available]
(range)

Development-Induced Upland Changes—Runoff and Sediment Processes




Modifications of the land surface during urbanization produce changes in both the type and the
magnitude of runoff processes. These changes result from vegetation clearing, soil compaction, ditching
and draining, and findly covering the land surface with impervious roofs and roads. Theinfiltration
capacity of these covered areas is lowered to zero, and much of the remaining soil-covered areais
trampled to a near-impervious state. Compacted, stripped, or paved-over soil dso has lower storage
volumes, and so even if precipitation can infiltrate, the soil reaches surface saturation more rapidly and
more frequently. ThusHorton overland flow or saturation overland flow (Dunne and Leopold,
1978) isintroduced into areas that formerly may have generated runoff only by subsurface flow
processes, particularly in humid areas of generdly low-intensity rainfall such as the Pacific Northwest.

Besides changing the hydrologic flow regime, urbanization affects other eements of the drainage
system. Gutters, drains, and storm sewers are laid in the urbanized area to convey runoff rgpidly to
stream channdls. Natura channds are often straightened, deepened, or lined with concrete to make
them hydraulicdly smoother. Each of these changes increases the efficiency of the channd, tranamitting
the flood wave downstream faster and with less retardation by the channdl. In totdl, direct
measurements and hydrologic smulation models demondtrate severd related consequences: for any
given intendity and duration of rainfal the pesk dischargeis greater (by factors of 2 to 5; Hollis, 1975),
the duration of any given flow magnitudeislonger (by factors of 5 to 10; Barker and others, 1991), and
the frequency with which sediment-trangporting and habitat-disturbing flows move down the channd
network isincreased dramatically (by factors of 10 or more; Booth, 1991, Booth and Fuerstenberg,
1994) (Figure 2).
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Figure 2. One year of simulated streamflow from a 14.2-knt watershed (Soosette Creek), under identical
rainfall but differing land uses, using the continuous numerical model HSPF (USEPA, 1984).
Parameters characterize the present-day (1985) land cover (6 percent effective impervious area
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[EIA], the impervious surfaces with direct hydraulic connection to the stream system) and
projected future land cover (29 percent EIA).

Changesin upland runoff processes, particularly from a predominantly subsurface flow regimeto a
predominantly surface flow regime, dter not only the magnitude of discharges but dso the ddlivery of
sediment to the stream network. With overland flow fine sediment is moved into channels throughout
the year; when coupled with land-cover changes the sediment |oad can increase by many orders of
meagnitude (Wolman and Schick, 1967) and the predominant grain-size distribution can shift to much
finer fractions. Such increasesin the ddivery of fine sediments Sgnificantly aters the sediment size
digtribution of gravel bed streams (e.g., Carling, 1984; Jobson and Carey, 1989), with attendant
changesin stream ecology (recognized as early as Ellis, 1936; aso Hawkins and others, 1982; Culp
and others, 1986; Chapman, 1988; Naiman and others, 1992; Weaver and Garman, 1994).

Development-Induced Riparian Changes

Urban development not only increases rates of water and sediment ddlivery but also encroaches on
the riparian corridor. From clearing of streamside vegetation less wood enters the channel, depriving
the stream of stabilizing dementsthat help dissipate flow energy and usudly (athough not dways) help
protect the bed and banks from erosion (Booth and others, 1996). Deep-rooted bank vegetation is
replaced, if at al, by shallow-rooted grasses or ornamentd plants that provide little resistance to channel
widening (Booth and Jackson, 1994). Furthermore, the overhead canopy of a siream islost, eiminating
the shade that controls temperature and supplies leef litter that enters the aquatic food chain.

Channel Response to Development-Induced Water shed Changes

Asaresult of these factors, channd widths and depths increase throughout urban areas (Hammer,
1972; Leopold, 1973) and heterogeneous channel morphology becomes more smplified and uniform.
Most commonly, channels expand gradudly in response to progressive increases in the flow regime
(Figure 3). However, they can dso experience rapid and nearly uncontrolled incision of the stream bed,
usudly in response to an increase in the flow rate combined with specific combinations of gradient,
substrate, and reduced in-channel vegetation (Heede, 1985; Booth, 1990).
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Figure 3. Channel widths as afunction of contributing drainage area, measured by the senior author
using the methods for bankfull channel identificationin Williams (1978). Regression lines plotted
for each data set independently. “Urban” channels have at least 6 percent effective impervious
areain their contributing watershed.

At the end of this causal chain of upland, riparian, and channel changes lies the degradation of in-
stream biologicd function that so often motivates rehabilitation efforts (Karr, 1996). In the Pacific
Northwest, many of these efforts are focused on enhancing populations of anadromous samon in
lowland streams.  These fish depend on a particular combination of water and sediment fluxes to
maintain favorable channd conditions. Because land-use change in a watershed dters those fluxes, the
resulting flow regime and channd configuration no longer tend to favor sdmonids (Booth and
Fuerstenburg, 1994), and thus most rehabilitation efforts that address only the in-stream symptoms of
these watershed changes are unlikely to succeed (Roper and others, 1997). This study addresses only
the flow-related consequences of upland watershed changes, and so it does not offer a comprehensive
andyds of, or solution to, the loss of sdmonidsin urban streams of the Pacific Northwest. However,
the work has been mativated in large measure by these concerns, and it demonstrates the tremendous
ecologicd dgnificance of those upland changes occurring in the urban environment.

THE RELATIONSHIP BETWEEN URBANIZATION AND AQUATIC-SYSTEM
DEGRADATION

Study Approach

With this conceptua model of atered watershed processes as our context, we wish to better
characterize the magnitude of urban development and to identify any condstent trends or thresholds of
aqueatic-system degradation associated with that development. Our approach has been to collect data
rapidly from alarge number and wide variety of urbanizing watersheds, acknowledging the extreme
variability in our sample population but anticipating thet the overriding influence of urban development
will impose consstent trends in our measurements. Two types of data are required: those that
characterize the magnitude of urban development, and those that characterize the effects of urban
development.



Characterizing the Magnitude of Urban Development

Rationale. Thereisgreat gpped to identifying asingle “index” varidble that characterizesthe
magnitude of urban development in awatershed. Patterns can be readily displayed, correlations are
smplified, and communication between scientists and plannersis enhanced. Y et urban devel opment
comes in many styles, occurs on many different types of landscapes, and is accompanied by a variety of
mitigation measures designed to reduce its negative consegquences on downstream watercourses. So
any smple correlation between urbanization and aquatic-system condition gppears unlikely, and it is
with this expectation that many of the data reported below were first collected.

TIA and EIA. Past effortsto quantify the degree of urban development have not been consistent.
Recent and higtorical use of the most widely accepted parameter, percent impervious areain the
contributing watershed, has been carefully documented in arecent review article (Schueler, 1995) but
severd issues remain ambiguous. Mogt sgnificant of these isthe digtinction between total impervious
area (TIA) and effective impervious area (EIA). TIA isthe “intuitive’ definition of imperviousness
that fraction of the watershed covered by congtructed, non-infiltrating surfaces such as concrete,
agphdt, and buildings. Hydrologicdly this definition isincomplete for two reasons. Firg, it ignores
nominaly “pervious’ surfaces that are sufficiently compacted or otherwise so low in permeshility that
the rate of runoff from them are amilar or indistinguishable from pavement. For example, Wigmosta and
others (1994) found that the impervious unit-area runoff was only 20 percent greeter than that from
pervious areas, primarily thin sodded lawns over glacid till, in awestern Washington residentid
subdivison. Clearly, this hydrologic contribution cannot be ignored entirely.

The second limitation of TIA isthat it includes some paved surfaces that may contribute nothing to
the storm-runoff response of the downstream channel. A gazebo in the middle of parkland, for
example, probably will impose no hydrologic changes into the catchment except a very locdized
elevation of soil moisture at the edge of itsroof. Less obvious, but Hill rlevant, will be the different
downstream consequences of rooftops that drain dternatively into a piped ssorm-drain system with
direct discharge into anatura stream or onto splashblocks that disperse the runoff onto the garden or
lawn at each corner of the building.

Thefirg of these TIA limitations, the production of significant runoff from nomindly pervious
aurfaces, istypicaly ignored in the characterization of urban development. The reason for such an
goproach liesin the difficulty in identifying such areas and estimating their contribution, athough Site-
gpecific sudies demondrate that these tasks can be accomplished with smple field methods and the
resulting hydrologic ingghts are often valuable (Burges and others, 1989). Furthermore, the degree to
which pervious areas shed water as overland flow should be related, dbeit imperfectly, with the amount
of impervious area. where construction and development is more intense and covers progressvely
greater fractions of the watershed, the more likdly that the intervening green spaces have been stripped
and compacted during congtruction and only imperfectly rehabilitated for their hydrologic functions
during subsequent “landscaping.”

The second of these TIA limitations, inclusion of non- contributing impervious aress, is formaly
addressed through the concept of effective impervious areas, defined as the impervious surfaces with
direct hydraulic connection to the downstream drainage (or stream) system. Thus any part of the TIA
that drains onto pervious (i.e. “green”) ground is excluded from the measurement of EIA. This



parameter, at least conceptudly, captures the hydrologic significance of imperviousness. EIA isthe
parameter normally used to characterize urban development in hydrologic models.

Y et the direct measurement of EIA is complicated. Studies designed specifically to quantify this
parameter must make direct, independent measurements of both TIA and EIA (Alley and Veenhuis,
1983; Laenen, 1983; Prysch and Ebbert, 1986). The results can then be generdized either as either a
correlation between the two parameters or asa“typical” vaue for agiven land use. For example, Alley
and Veenhuis found that [EIA] = 0.15 [TIA]** in their highly urbanized watersheds in Denver,
Colorado (r* = 0.98). Using the aternative approach, Dinicola (1989) compiled the findings of these
earlier sudies to recommend a single set of impervious-area vaues based on five land-use categories
for use in sudies of western Washington watersheds (Table 2). These values are the basisfor the
impervious-area assgnments for our present study as well.

Table2
Presumed Relationship between Imperviousness and Land Use
(from Dinicola, 1989)

LAND USE TIA (%) EIA (%)
Low dengty resdentia (1 unit per 2-5 acres) 10 4
Medium densty residentid (1 unit per acre) 20 10
“Suburban” dendty (4 units per acre) 35 24
High dengity (multi-family or 8+ units per acre) 60 48
Commercid and indudtrid 90 86

Characterizing the Effects of Urban Development

Previous Studies. Correlations between development and aquatic-system conditions have been
investigated for nearly two decades with remarkably consstent results. Klein (1979) published the first
such study, where he reported arapid decline in biotic diversity where watershed imperviousness much
exceeded 10 percent. A variety of more recent studies, mainly unpublished but covering alarge number
of study methods and researchers, has been compiled by Schueler (1995). Two aspects of his
exhaudtive compendium, however, limit the ability to draw overly precise conclusons

1. The geographic scope of this body of work is largely redtricted to streams of the mid-Atlantic
seaboard and Pecific Northwest. A few reports from other humid regions are included, and
they do not suggest radicdl differences. However, arid and semi-arid regions are entirely
unrepresented by this set of studies.

2. Thedefinition and determination of “imperviousness,” by far the most common characterization
of urban development in use, is not well described in most of the studies (including the
preiminary report of this study—Booth and Jackson, 1994). Commonly, not even the use of
TIA or EIA is specified, nor is the measurement method used (e.g., direct measurement from
aerid photographs, interpretation of LANDSAT imagery, or characteristic values assigned to
different land uses). In thetypica range of imperviousness for which “degradation thresholds’




have been invedtigated, this uncertainty in the choice of imperviousness measure introduces a
potentia factor-of-two error (Table 2) in comparing the results of one study with another.

Flow Increases. Thedatasetsin our current investigation focus on measures of flow quantity, channel
Sze, and condition of theriparian corridor. They were collected during a series of watershed
assessments in the east-central Puget Lowland and are compiled in a series of associated planning
documents (see Table 1). The absence of chemical measurements reflects our judgment of the
voluminous, but inconclusive, body of water-quality datathat shows only poor correlation between
development intengty and water quaity across the range of (mainly suburban) land uses that we are
invedtigating (Horner and others, 1996). In contrast, the dramatic evidence of physica degradation that
is S0 readily seen in these watersheds (Booth, 1991) suggests the overriding significance of urban-
induced flow increases, characterized by both peak discharges and the aggregate duration of sediment-
trangporting events.

Toidentify rapidly the potentid effects of flow increasesin field observations, we discriminate
between stabl e channels, with little or no erosion of their bed and banks, and unstabl e channels, which
display long continuous reaches with bare and destabilized banks indicative of severe downcutting and
widening (Gdli, 1996). To quantify the increase in flows imposed by urbanization, we have used the
output of a continuous hydrologic modd (Hydrologic Smulation Program-FORTRAN [HSPH];
USEPA, 1984) to smulate dischargesin avariety of loca watersheds under identica rainfal regimes
but differing land uses. We have indexed the magnitude of modeled flow changesin terms of the
postdevelopment frequency of the discharge that had a predevelopment (i.e. forested) recurrence of 10
years (Quosor). Note, however, that other measures of hydrologic change would produce asimilar
result; there is nothing unique about this particular index discharge.

Modd smulations on the watersheds of Figure 1, matched with corresponding field observations,
are summarized by Figure 4. This plot discriminates the degree of observed channel stability a each
gation (indicated by the "X"s and "O"s of Figure 4), and it positions each observation with respect to
the contributing watershed' s EIA (horizontal axis) and the now-increased frequency of Qoo UNder
current urbanized conditions (verticd axis). The smulations assumed no ongte detention of stormwater
runoff under current conditions, because dmaost no development in this region had yet been constructed
with hydrologically sgnificant detention volumes when these observations were made (1988-1992) The
forested land-use smulations assumed aranfdl regime and channe network identical to the present,
focusing soldly on the land-use changes from pre- to post-development conditions.
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Figure 4. Observed stable ("O") and unstable ("X") channels, plotted by percent effective impervious
area (EIA) in the upstream watershed (horizontal scale) and ratio of modeled 10-year forested and
2-year current (i.e. urbanized) discharges (vertical scale). Apparent thresholds relating channel
stability with either 10-percent EIA or Q,.q.= Quo.for are consistently met except for the few
catchments containing large lakes.

A surprisngly good correlation emerges between observed channd stability and watershed
urbanization, be it characterized by percent effective impervious area or by the magnitude of smulated
flow increases. The observations here show that observed ingtability is dl-but ubiquitous where the
contributing effective impervious area percentage exceeds arather low level: avaue of about 10
percent (dashed verticd linein Figure 4) discriminates between observed stable and unstable reaches
amog perfectly. The magnitude of smulated hydrologic change aso discriminates between these
observations: in any basin where the discharge equal to Quo1or NOW has arecurrence of 2 years or less
(shown by the solid horizonta line in Figure 4), indability is assured. We see anomdoudy low flow
increases with increasing EIA only where large lakes (surface area equas or exceeds 10 percent of the
watershed area) are present upstream of the observation point. We emphasize that the good
relationship between “ingability” and “imperviousness’ is not asmple causd reationship, because we
recognize that EIA isbut an index of the variety of hydrologic changesimposed by urban development.

However, it is clearly arobust and easily estimated one.

| ntegrated Effects of Urban Development. Urbanization yields not only measurable changesin
specific dements of aguatic systems but also a decline in the overdl function of those systems. This fact
IS evident to any resdent of such awatershed; smilarly intuitive is the observation that degradation
increases as development progresses. To understand the range of such effects we have made more
complete surveys of the physical habitat dong 140 km of stream channd in two of the King County
watersheds (Figure 1), classifying each reach as excellent, fair, or poor, defined on the basis of not only
channel gtahility but aso pool:riffle ratio, channd roughness and diversity, and observed fish use. The
effective impervious-area percentage of the watershed above each channel reach was measured, with
EIA’sranging from 2 to 50 percent in watersheds ranging from 2 to 110 kn?. Aswith dl of our data,
ggnificant ongite detention is absent in these watersheds. The leve of degradation changes markedly at
about 8-10 percent EIA (Figure 5), excepting only afew steswith areas of significant upstream

10



impoundments. A smilar relations between habitat quaity and effective impervious area has dso been
seen in wetlands of this region (Booth and Reindlt, 1993).

TEMEEE BF EEATER
LR LLLEL
N

Figure 5. Observed fish-habitat quality as afunction of effective impervious areain the contributing
watershed, based on over 80 individually inventoried channel segmentsin south King County
(Figure 1). "EXCELLENT" reaches show little or no habitat degradation; "GOOD" reaches show
some damage to habitat but still maintain good biological function; and "DEGRADED" reaches
contain aquatic habitat that has been clearly and extensively damaged, typically from bank
erosion, channel incision, and sedimentation. Threeidentified reaches with large wetland-to-
watershed-area ratios disturb an otherwise consistent pattern of degradation across the gradient
of urban development.

At very low leveds of watershed urbanization, individua differences between watersheds produce
greater variability in relaive habitat quality. Peatterns become evident only through more detailed
evauations of dream reaches, using not only physica but also biologicd criteria, which have been
conducted through the watershed plans that now cover over 750 kn? in the lightly (but rapidly)
urbanizing aress of the region (Figure 1; e.g., King County, 1990a, 1992, 1993). Each such plan has
identified "Regiondly Significant Resource Arees' (RSRA's), where the agquatic system is observed to
function at avery high levd "by virtue of exceptiona species and habitat diversty and abundance, when
compared to aquatic and terrestria systems of Smilar Sze and structure esawhere in the region” (King
County, 1993). Across the region, 12 such RSRA stream reaches or subbasins have been identified out
of apotential population of several hundred. With one exception, located in auniquely infiltrative
subbasin with extremely permeable soils, none are found where the contributing EIA exceeds 3.6
percent. Indeed, the three RSRA’ swith the greatest contributing impervious area are in basins with
unusudly widespread and rapid infiltration. Every other RSRA has 3 percent or lessEIA inits
watershed.

Conclusons—Urbanization and Aquatic-System Degradation

These results show remarkably clear and consistent trends in aguatic-system degradation. In
western Washington, and likely in other humid regions as well, gpproximately 10 percent effective
impervious areaiin awatershed typicaly yields demongtrable, and probably irreversible, loss of aguatic-
system function. Even lower levels of urban development cause sgnificant degradation in sendtive water
bodies and a reduced, but less wdl quantified, degree of loss throughout the system asawhole. These
results do not indicate a “threshold” per se: degradation begins at very low levels of urban development
and continues well beyond the range of imperviousness emphasized in thisstudy. But we find a
noteworthy accumulation of physica and biological effects, particularly those that can be consstently
observed and measured by even rather crude (but also rapid and so inexpensive) methods, once EIA’s
reach about 10 percent. The changes imposed on the natural system are a continuum, and so defining a
grict “threshold” in this context would be naive; but our perception of and our tolerance for those
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changes appears to undergo afar more abrupt trangtion, one which suggests abasis for discrete levels
of both impact evauation and management response.

ONSITE DETENTION ASMITIGATION FOR URBAN DEVELOPMENT
Design Issues

The vaue of goring stormwater runoff in large water bodies has been recognized for decades
(Dunne and Leopold, 1978; Whipple, 1979) and isin widespread practice nationwide. In generd, all
such impoundments function smilarly: water is collected from developed areas and is released by
infiltration (retention facilities) or surface discharge (detention facilities) at adower rate than it enters; the
excess of inflow over outflow istemporarily stored in a pond or vault. In principle, adequate
performance of these “R/D ponds’ might change the level of or even iminate the impervious-area
thresholds that produce recogni zable aquati c-system degradation.

The actual performance of R/D ponds, however, depends on the answer to two questions. The first
isone of design policy: how completely do we want the facility to mimic predevel opment runoff
conditions? The second isone of design analysis how accurately does our hydrologic mode predict
true performance, S0 that the constructed facility actualy achieves the intended management policy?

Palicy: Design Performance. R/D ponds can achieve either of two levels of design performance,
depending on the desired ba ance between achieving downstream protection and the cost of that
protection. A peak standard, the classic (and least costly) god of R/D facilities, seeksto maintain
postdevel opment peak discharges a their predevelopment levels. Even if thisgod is achieved
successfully, however, the aggregate duration that such flows occupy the channd must increase because
the overal volume of runoff is gregter.

In contrast, aduration standard seeks to maintain the postdevel opment duration of al
sediment-trangporting discharges at predevel opment levels. Duration standards are motivated by a
desreto avoid potentia disruption to the conveying channd itsdlf by not dlowing increased sediment
transport. Without infiltration of runoff, however, the totd volume of runoff increasesin the
postdevel opment condition, and so durations cannot be matched for dl discharges—at some leve the
“excess’ water must berdleased. Thisis accomplished by determining a threshold discharge below
which sediment transport in the receiving channel does not occur.  This determination can be made by
ste-gpecific, but rather expengve, andysis based on stream hydraulics and sediment size (Buffington
and Montgomery, in press) or can be applied asa*“generic” standard based on predevel opment
discharges. Differences between stream channels ensure that no single threshold can possibly work
equdly wdl on dl channels, nevertheless, a single criterion has subgtantid advantagesin ease of analyss
and implementation. A presumed threshold discharge of about one-half of the 2-year flow (Que2/2), at
least for gravel-bed streams, gppears to have reasonable subgtantiation in the scientific literature (e.g.,
Pickup and Warner, 1976; Andrews, 1984; Carling, 1988; Sidle, 1988).

Faced with determining the threshold discharge for sediment transport by using either (1) aste-
specific method that will likely prove somewhat ambiguous and cumbersome to use, or (2) argpid,
universaly applicable method that dmost certainly generates incorrect results in a fraction of
circumstances, the choice of method may not appear obvious. However, public regulations are replete
with examples of uniform (and predictable) standards that may be inappropriate in aminority of cases,
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because the benefits of such a uniform gpproach are judged to outweigh the disadvantages. That
gpproach is recommended for thisissue aswell.

Analysis: Choice of Model. Having determined a design standard, a particular hydrologic model
must be used during the design andlysis. The choiceis critica, because model predictions of pre- and
post-development runoff determine the size and configuration of the detention facility. Use of a 24-hour
Soil Conservation Service (SCS) Curve-Number method, typically the Santa Barbara Urban
Hydrograph method, or SBUH, has been standard practice across much of the Pacific Northwest since
1990 despite its poor correlation between assigned and calibrated curve numbers (Hawkins, 1984) and
the inability of any event-based modd to predict accurately a continuous process such as runoff (Barker
and others, 1991). Alternatives to the SCS method have produced promising results, particularly the
King County Runoff Time Series program (KCRTS; King County, 1995). Itisardativey smple
hydrologic andysstool with nearly al of the accuracy and versdtility of the continuous rainfal/runoff
mode!, Hydrologic Simulation Program-FORTRAN (HSPF), on which it isbased. KCRTS provides
the user with a database (the runoff files) of unit-area runoff rates pre-smulated usng HSPF for arange
of land cover and soil conditions, and for different precipitation regions. Hydrograph andysis and design
of detention facilities is then accomplished by directly manipulating the runoff-file and land-cover data
with the supporting interface software.

Characterizing Pond Volumes. The volume of a detention pond isits Sngle most important design
characterigtic. From a hydrologic perspective, that volume determines the time-integrated difference
between inflow and outflow and so imposes an absolute limit on net hydrologic performance. Itisdso
the single most expengive dement of pond design and construction, because pond volume is directly
related to pond area and thus cost, incurred in both construction and lost developable land. Once a
development is complete, pond volumeis dso the mogt inflexible parameter. Orifices may be resized
with only trivid effort, but the total pond area or the maximum depth of live sorage generaly cannot be
changed without tremendous expense.

To facilitate comparisons, dl detention-pond designs here are expressed in terms of alive-storage
volume per unit area of developed land draining to the facility. This normaized measure of volumeis
thus, paradoxicdly, in units of depth and isequd to the volume of the pond as though it were evenly
spread out over the area of the development. Typicd unit-area volumes are expressed in cm-hectares
per hectare (metric) or inch-acres per acre (English), and so the smplified units are Smply “ centimeters’
or “inches’ of net pond volume.

Perfor mance of Ponds

Peak Standards. HSPF smulation of runoff originating from an SCS-designed detention pond was
andyzed by Barker and others (1991). Ponds wereinitidly desgned usng SBUH to match pre- and
post-development 2- and 10-year peak discharges (a"2-10 standard”). Where the smulated land-use
converson was from forest land cover to urban land use, performance within the design range (i.e. up to
the 10-year event) was near-perfect: in other words, pre- and post-devel opment peak discharges for
any given recurrence within this frequency range were equivalent. The volume of these ponds, arough
aurrogate for facility cost, can be as much as 4 cm (i.e. 4 cm-hectares of volume per hectare of
developed land). Where the land-use conversion was from grassland to urban uses, however, even 10-
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year flows discharged from the SCS ponds increased up to 3-fold. Beyond the design range of
discharges both land-cover conversions result in more extreme postdevel opment flooding; in particular,
the predevel opment Q.00 discharge for a grass-to-urban conversion recurs about 10 times as often.
Even thisreatively poor performance is an historic improvement; ponds constructed prior to 1990 using
adesign based on the rationd method (Y'rjanainen and Warren, 1973) typically provided one-quarter
or less of thisvolume.

Usng KCRTSfor pond design, performance is uniform and successful across dl types of land
conversion following development. Indeed, because of a 20-percent safety factor added to the volume
of al pond designs by this program, KCRTS ponds designed under the “2-10 standard” actually match
postdevel opment and predevel opment peak discharges up to the 100-year events. To achieve this
performance, however, requires pond volumes as much as 50 percent greater than under the SCS
desgn.

Duration Standards. Matching pre- and post-development flow durationsis afar more challenging
task than smply matching flow peeks, because the tota volume of runoff arisng from agiven sormis
greater and so must be released or disposed of in some fashion. We have considered two modeling
approaches for attaining this enhanced performance in the abosence of infiltration: using an apparent
"over-performance” of the SCS 24-hour method (Table 3), or usng KCRTS with this performance as
an explicit god. In ether case, any R/D design that meets a flow-duration standard will easily meet a
peak standard as well.

Table3

Design Standard for Usewith SCS Curve-Number Method
to Control Postdevelopment Runoff Durations
(“ Overperformance’)

Postdevelopment Recurrence Target Postdevelopment
Discharge
2yr 0.5 X Qpredevelopment 2-yr
10yr Qpredevelopment 2-yeer
100 yr Qpredevelopment 10-year

A detailed comparison of duration-control ponds designed with these two modelsis ingructive,
using the 14.2-kn¥ Soosette Creek watershed (Figure 1). The watershed' s land use, currently 25
percent suburban, 25 percent grasdand, and 50 percent forest, istypical of conditions across the
region,. About 6 percent of the basin is covered by effective impervious area. HSPF smulations,
which provide the “truest” picture of detention-pond performance, were generated by a model
cdibrated to this basin usng 2 years of gauged rainfal-runoff data (King County, 1990a; see Figure 2
for sample smulation outputs from this watershed).

Pond performance depends strongly on the predevel opment vegetation cover. Converson of the
50-percent forested land in the watershed results in little dependence on modeling method; ponds

14



associated with such development meet their stated god's (i.e. matching of flow durations) regardless of
which modd is used for design. Pond volumes may be as much as 14 cm, depending on the details of
the local soil and topography. Conversion of the 25-percent grassed areas, however, resultsin
substantia differences between design methods. The “overperformance” SCS ponds result in extended
postdevel opment flow durations, with discharges greater than Qe occurring 15 to 40 percent more
often than they did prior to this (limited) development. In contrast, the KCRTS ponds achieve durations
that are less than or equd to the predevelopment durations for al discharges above one-hdf of the 2-
year flow (Qpre2/2).

Describing the physical consequences of flow-duration changesis a vexing, but criticd, task.
Management decisons involving high-cost facilities will not be made on the basis of fractiond flow-
duration increases but on anticipated, tangible changes in downstream channdls. We have estimated
these consequences by comparison to other actua basins in the region where stream-channd conditions
can be readily observed. The magnitude of flow-duration increase seen in the SCS-pond grassand
smulation, 25 percent of the watershed area converted with aresultant 15-40 percent increasein flow
durations, is of a magnitude seen once development achieves 1.7 to 4.6 percent effective impervious
areain awatershed, based on cdibrated HSPF smulation of such land-use conversions region-wide.
Thus for awatershed that began as haf forested and haf grasdand, for example, total urban
development under an SCS-based "duration-control” standard would in fact alow duration increases
about double to those seen in the Soosette example, and so Similar to those aready experienced by a
watershed that now has approximately three to nine percent undetained EIA. Referring to our previous
discusson, thisleve of equivaent watershed imperviousness is associated, a minimum, with loss of the
highest degree of resource value and aguatic-system function in virtualy any catchment in which it is
goplied. If yet more than 50 percent of the watershed isin grass cover prior to development the
equivaent impervious-areaincrease will likely exceed 10 percent, ensuring subgtantial channd ingtability
and the near-complete loss of significant aguatic resources despite a highly redtrictive detention design.

Concluson—Mitigation Using On-Site Detention

These results demondtrate fundamenta elements of urban runoff mitigation. From the standpoint of
peak discharge, even relatively modest detention volumes can achieve notable (though commonly
imperfect) flow reductions, reducing the consequences of a given impervious-area increase on flow
maxima by two-thirds or more. Reducing flow durations, in contrast, not only reduces or entirely
solves downstream conveyance problems but also helps control development-induced channel erosion
(Figure 6). Thisimproved performance, however, comes with a cost, because the necessary detention
volumes are dramaticdly larger. It dso requires the use of an adequate hydrologic modd, or the
anticipated performance may never be achieved.
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COMPARATIVE POND PERFORMANCE AND VOLUMES

>g t M Meal'
] Ez
§ BT || 85112
= | .
7t I =
E | @ﬁ—wE
El_PG- ! ai e
Est |381s B
S, l{uE] =
§f ¥ |98 2
3t | gg_
g ! * -4 2
12
1t |
2 L =mEm R
SCS KCRTS SCS KCRTS
21D 2-10 100=10,10=2 Durations
DESIGN METHCDOLOGY

Figure 6. Comparative pond performance using different design methodologies—SCS and KCRTS
hydrologic models, each under peak (labeled “2-10") and duration (labeled “100-10,10-2" or
“Durations”) standards. Evaluations are based on HSPF simulations of different developments
within the fully built-out Soosette Creek watershed (29 % impervious; see Figure 1). Overall
performance (crosses) is represented by the equivalent flow increases allowed by awatershed
having the indicated impervious-area percentage (as EIA) without detention; only KCRTSwith a
duration standard achieves “full” mitigation. The range of pond sizes (boxes) is expressed in cm-
ha of volume per developed ha, with the range imposed by variability of soilsand pre-
development vegetation and the median value for all simulations shown by the dotted line.

THE LIMITSOF MITIGATION

Despite the promise of successfully mitigating the effects of urban development through detention
ponds, hydrologic modeling and empirical data suggest the dusivity of thisgoa. Along with the use of
imperfect hydrologic models, severa additiond factors, both socia and physicd, are respongble for this
shortcoming.

Regulatory Thresholds. There are practicd limits to goplying drainage regulaionsto individud small-
scde land developments. Jurisdictions typicaly set aminimum "threshold of concern” to nearly dl
development activities: above this threshold the drainage regulations apply, but below this leve
regulations are minimd or absent (e.g., locd King County regulations stipulate a minimum 0.50-cfs
[0.014-n7/sec] increase in runoff, equivalent to about 0.5 acre [0.2 ha] impervious surface, before
mitigation is required). Based on Sx years of King County permit activity (1987-1992), about one
quarter of the impervious area added to the loca watersheds there fell below this threshold and so are
constructed without any detention facilities at dl. Thus at full build-out (25-50 percent EIA, depending
on zoning), awatershed will contain Sx to more than ten percent EIA that lacks any drainage control
whatever. So under current regulatory thresholds, debates over the rdative merits of dternative R/D
design standards are largely moot—even the most redtrictive design standard is unlikely to maintain
future aguatic-systemn function at any but a recognizably degraded leve.
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Cost of Mitigation. Effective runoff mitigation in the Pacific Northwest gppears to require pond
volumes from 3 to as much as 14 centimeters (Figure 6). With associated berms, control structures,
and maintenance access roads such a facility may occupy over ten percent of the gross area of a
development (Figure 7). These are“lakes,” not ssormwater ponds, and athough fully judtifiable from a
hydrologic standpoint they are unlikely to be built except in the most unusua of economic and socid
climates
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Figure7. Relative gross arearequired for detention ponds, depending on the development area and

the desired volume of stored runoff (expressed as cm-ha per ha of developed land). Pond layout

and design isin accord with local regulations and assumes a 1.3-m (4-ft) maximum water depth and

3:1sideslopes on al confining berms. Range of pond volumes correspond to the likely values

determined with a“KCRTS duration” standard (Figure 6).
Thresholds of Sediment Movement. The concept of a*“duration sandard” implies the existence of a
discharge below which no sediment transport occurs, allowing non-erosive release of urban-increased
runoff volumes. For gravel-bed stream channels this threshold discharge is real and can be determined
on a Ste-specific or generic basis. 1n sand-bedded channels, however, the threshold of sediment
motion occurs at impracticaly low discharges, and so increasesin the net trangport of bed materid is
virtualy unavoidable is such systems. We have not investigated the consegquences of such aconditionin
small sand-bedded urban streams but speculate that they may be locally severe.

Point Discharges. Hydrologic models make the near-universal presumption that surface water exits a
watershed at a point discharge. In the postdevelopment case thisisinvariably true: a constructed
channd or a culvert outfal is generdly quite identifigble. In the predeveloped case, however,
watersheds up to severd tens of hectaresin Sze may have no discrete surface-water discharge point at
dl. Evenif flow durations are matched precisely in pre- and post-devel oped cases, the change from a
subsurface to a surface flow regime renders the entire design andysis irrdlevant and can lead to severe,
but entirely unanticipated, channd incison (Booth, 1990).

CONCLUSIONS—URBANIZATION, DEGRADATION, AND THE LIMITSOF
MITIGATION

In western Washington, and likely in other humid regions as well, gpproximately 10 percent effective
impervious areaiin awatershed typicaly yields demongtrable, and probably irreversible, loss of aguatic-
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system function. The data do not require a discrete “threshold” of effects, but they do display a
noteworthy accumulation of physical and biologica effects once this fraction of awatershed is covered
by EIA. Ongte detention is an gppeding and widespread Strategy for mitigating these effects, but very
restrictive and so costly standards may need to be met to protect aquatic systems in urbanizing aress.
Even though this study has congdered only this one mitigation strategy, substantid difficulties are
reveded. The common hydrologic methods used to Size detention facilities give afase sense of
accomplishment, and regulatory thresholds designed to avoid economic hardship for smal projects may
nevertheless alow subgtantial cumulative impactsto accrue. Many of the changes to the landscape
impaosed by urbanization are probably beyond our best efforts to fully correct them, and so some
downstream loss of aguetic-system function is probably inevitable at our present level of understanding.
Unless we can develop a more precise, process-based understanding of how atered landscapes
produced degraded stream channels we probably will not achieve genuine protection without limiting the
extent of development itsdlf, a srategy that is being used with increasing frequency in thisregion's
remaining resource-rich watersheds.
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