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Proiect Obiectives

The project sought to identify, for three watersheds in nortirern New Castle

County, the magnitude and hydrologic consequences of alterations in surface

runoff and sEreamflow characteristics broughi about by urbanization. Infer-

rably, the impervious and less pervious lancl surface created by urban de-

velopment increases the overland or surface runoff to sl-reams and rivers.

The increase in surfaee runoff is necessarily accompanied by a decrease in

the amount of r^rater that enters tlre soi1. This decrease in inf iltration

means that less water is available for the sum of evaporation and percola-

tion to the grouncl roater tablc. Depcnding on the seasonal occurrernce of

precipitation, either or both of ground \,Jater flors and evaporation may be

decreased, though of course a good deal of the runof f f rorn i,mperrrious sur-

faces may run onto larv-ns aild gardens so tirat some of it does in fact in-

filtrate. The objective of the project was to model the effects of urbani-

zation on the components of the hydrolog:'-c cycle mentioned.

Specific objectives were to:

1) Determinerfor three watersheds, land surface disLribution among a)

impervious sur:face, b) surface s:'.gni f icantly altcrcd dr.rr:ing rrrban

construction, c) agricultural land, ancl d) land in r,roods or forest;

for 1954, L962-, aud L96B, froni aerial photographs avai1able fo::

those dates.

2) )Ieasure the precil:itation ar-rd runoff frorn selcctcd srirall urban

watershecls, and f ron less disturbed watelstreds, by use of we j-rs

constructed dornrnstream f roni tlte waiersiteds.

3) lIodel the amount of runoff as a function of the relative amounts of

a) Iand surface as clcLermj-r:ed in 1), and b) thc accompallying sur-

face infiltration and soil moisttrre storage capaciti-es-

Determj.ne l>y usc of r,;ater irrrdiictj.rr5g Lccliitiqucs iuicl 1.ong terir Lcn*

peraturc ancj precipitat.iotr records fclr lapd usc as in 1954 (assum-

ing no further urbarrizatiorr) thc long tct:nl partit ioni.ng among

a) surface ruloff; b) interceptiolr, soil stolage, and subsequent

evaporation; arrd c) percolation to thc ground \^7ater tabie

4)



(r., ltimatelY t-o basr: flow)

5) Deterrnine : bY usc of

urbani zed rvaterslred s

pre c ip itat ion among

f or 4) .

water buclgeting Lechniqttes for increasingly

, Lhe long terrn changes lrl'paltitioning of

thc colrrponents of the hydrologi-c cycle as

O) DeLermine, b)'cotl'pa::ing the results of 4) anc 5) for tir::ee \'7ater-

sheds, the incremental cffects of incremcntal increascs in urban-

izedsurfacesontirepartitioningofprecipitationanrongtlre
compoirents of tltc hycl rololiic cycle as for 4) and 5) '

Extent of Achievement ql Pro ect 0b cctives and Strnrmar of- itesearch Pro-

cedure s Used

Project objectives ruere achievcd as follorvs:

r)
ShellpoL. Cirristina, I''lhite Cl a-\' Crgel( b

gaeingstations)for195lr.1962.and196B.Larrc]surfaceanalysis
was entirely compi-eted for all tirree years for Shellpot Creelt

watershed (north of Vlilmington), the smallest (7'46 sq' mi')'

most urbanized of thc thrce r,ratersireds. Large scale (1 in' =

400 f t. ) aerial plrotog::apirs, artcl f ielc] cireclts, werc r.rsed. Inages

of buildings, roads ancl parlcirrg 1o1-s were indjvidually scaled,

while areas of given soil types (transferred from the Soil Survey

of New Castl.e County) , f orest, and f ie1cl r^rer:e delermined by use

ofadotgridoverlyirrgthephotographs.Separatedeter-minations
of a nuilrber of the areas by a stuclent raorker and the principal in-

vestigator va::i,ccl by no more t-.han three pel:cc.l'tt f or auy area'

Lancl surlacc anal;'sis was rrcar:ly coniplcLcrl lor a1l' three years

for the cl-rr j-stirra Iiivcr watcrslrecl (20" 5 sq. nri . ) ' ''lllrc l'and sr'rrface

distributir:n arid soil ti,pcs wcre deierrninecl r1r'ianl-itatively frorn

sma11 scalc (l in. = 20,000 ft') aerial irlrotos by scaling road

length and detcrmining other land arcas by usc of a <iot grid over-

lying the photos. Hor:scs and othcr btrildings r'rer:e indirridually

counted a'rrd tlrc ir ind ivi<]ua1 or average s izc-s <]eLerrrtj.r:cd by f ield



2)

meaStllerlrent. It roas intended to determine surface distribution

in developed areas from large scale photos as vlas done for. Shel 1-

pot creelc vratershed, but this uras never accomplished. Areas de-

veloped in 1968 but not developed in L962 or 1954 were recorded

on separate transparent overlays, but thj.s informatiotl has nof

been reduced to nurnerical. forin bccause of insuf f icieirt funds aud

time.
LancJ surface ar-ralysis was cornpleted f.or L954 for the waLer-

shecl of llhite Clay Creek (21.I sq. mi. , nolth of NerEark) between

the creekrs tr,ro gaging stations, as for the Christina watershed,

but cr-rtting of buclgr:i- l:c(lLlt'.SLs in tlrt: pro-l r'lcL tr; fj(lcrtttcl ytlar rc-

quirecl abandonmcrlt of Ehat analysis f or 1962 arrd L954 '

A lar:d srrrface analysis .l ike that for She1. lpot using large

scale (1 iil . = 200 f r. ) aerial photos \.,7as donc f or Lhe urbanized

r,iatershed (Fairfield Crcst in north Ner,rar|.., 55 acres) for which

surface runof f \{as measured r,ri.th a weir. Additionally, f ield

determination of the impervious surface whith fed runoff direefly

into gutters ancl storTn se\,Jers, as oPposed to that which fed rurr-

of f intr:l laruns or gardens, hTas car:r ied out f or tl-iis r'.ratershed '

waterShecJs. Thj.s 1,/as accomplistred f or Lr,ro I,,IaterSheds, one ur-

banized ancl one f oresLecl . ltre irs (asphalL coated plyvrood, with

trapezoiclal., sharp cresterl openings placed across exisLing run-

off channels ancl rrith float gages in stilling r.relis to measure

runoff heacl) \^Iere coi1structe{ on channcls for eac[ of five sma]-]"

watershcds. Tr,ro of these r,TeiIs rvere shortly destroyed by van-

dalism. A tirird, placed dolrnstrearn f roril a construction site,

was but:iec1 j,n scriitnent af ter trtTo rain stornls ' Onc, placed in a

stream cJraililg an urbanizecl watershcd (l;airl j-cld Crest, Neyarlc)

of 55 acres: r.{.1s enclosed r'rith chainlinlc fencc af ter several

iustarrccs of vanclaf i sil , ;rncl providecl rcl:ial-rl-c deLa ' Tlrr: f if th 
'

draining a forested area of L2 acres' l;as strfficielrtly hiddcn

to escape varrclal isn. It also prorri-c1cd good clata. The tr.'o usable

\^/eirs were calibrateC at loh, and mediurn flo\"7s by use of a box

and stoprvatch. Volume pcr cubic seconcl at a nrrnrbcr of f loat

Ilea suremenL recini-tati.on end of runof.f for selccted snlal-1
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gage heights was detcrmj-rrr:ci. These rneasur:cd values were then

statisticall-y fitted to val.ues obtained for rectangular and fri-

angular weir openings talcen separately, flom formulas in King

ancl Wisler (L922), with constants as determined by King and

HerEzler (Reilhart a1d Pierce, L964). The correl.ation coeffi-

cient between tire predicted and measured values was thcn .999

r.riEh negligible standard error. For high flows from the urban-

ized watershecl (up to 1 .0 cu m/sec) th::ee atternl>ts were rnade to

measure flow in a.traPezoida1 flume collstructcd donnstream from

the r,leirrs sti 11-ing we1.J , by rrse of a pygrity cur:rent rncter.

Each of lhc threc times, lhe f lume I.Ias washcd otrL ancl f loated

during heavy runoff so tLrat measurcilents coul.d not bc obtained'

As a consequence, it prol,ed necessary to use tire curve fitted

to the lorv and medium flotr measurenents for estimating large

f lor,is as we11.

During 47 stonn peri.ocls (an<l a numbc:: bf high precipitation

probability periods in rririch no rain fe11),' lasting for from

several hours up to six consecutive days, mallual ol;servations of

weir heacl vrere taken and rccorcjeci at intervals varying from two

to thirty minuLes, ciepencli-ng on thc rapi-dity of cltange in head.

During some stonns c1<.rgging of the srilii.ng rvc1l r,rirh sediment,

and oir threc occasions sticking of the float. gagc because of snow

and ice, prevelltecl reliable heacl rcaclings, so that ciata from only

33,storns provecl r.rsable. Data \,ierc punched on cards and a program

was written for calculating total streanrflow during and inunedi-

ately after tlte storm period--rrntil thc sLream ltad r-ettirned to

pre-storn basc flor,r or unLil. storm sellels fecding j-nto the stleam

vTer:e no longer carryi.ng \nater.

Five prccipitati-on gaging sitcs \nrclc crstai:l j slrcd arouird thc

urbanized \.Jatel:shed, and one neal: the woodcd r'ratersl-red ' It proved

imposs:'-b1.e to pl-everrt tllcft e>icerpt at twr: s;j-tcs ncar tirc r'reirs

(seven of the ten ga[]es \.,iere Lrl t j.rnaIc1y sLo] t'tt) so Cirat prcci.pi-

tation readings vrer-e obiai.ned at only tircsc) l-\,nO sites. Readings

f or the Lruo ncver var Lcd for i,rhol c storlll periocis tty u:ore than

.02 inches,

_qwg_!f_gn- oL- tho. r"c-l::Li.veIloclelling thc arllcirrlI of rt]ngtLj?q-tt



amounts of 1an.cl srrrface 't^' j.t-ir €Iqc if ied hydrolog

A model of surface runoff as a function of the fractions of

land possessing varying infiltration ciraracterj-stics was suc-

cessfully developed. The correlation coef f icient bel-ween tire

runoff precjicLed by the model ancl measurecl rrrnoff from the 55

acre watershecl used to dcvelop and test the moclel was .996,

indicating that the model accoun.tecl f or 99 irercent of the vari-

ation in rtlnof f ' as compared to 93 percent f or precipii:ation

alone. The standard error was .06 j.n. Ever-r omifting the f ive

stormsr for rvhich runoff was a half incir or nore and which,

since their relativc i,reigltting would be so greaL as compared to

all other observations (mosL ruuoff values 1e.ss than .20 in),

would have cl isproportionate r'ri:ight in Lhe ::egression, r and s

were .98 and .06 respectivel-y for thc modcl cslimate, .96 and .02

for precipitation alone"

corresponding values for the forested watcrshed were not de-

termined because runoff greater than .01 inch occurred during

only three of the 33 stor,ns. During one of the three (i{urricane

Agnes , in Junc 1972) the nei:: r,::as lealcing (niodelled runof f was

7.25 of the 6.2/r inches of precipi.tation). iior the other two

storms, runof f oc.ctrl:r:ecl br:cause of trfie coilstrlrcLiop of a parking

lot at the top of the wate::shed (the r,rodel predi-cted no runof f ) .

The lrodel of runoff from irnpervious surface r+as developed

from obscrvations madc cluring thc course of the projecl. It was

noted during several of th.e storm observation peri'ods thaE water

began to f lovr in guttcrs ancl stclrm scl'rcrs af ter precipitation

had accumul-ated to .03 inches during vrintc:: (0 ct . - Ilarch) and

in sunrner ch:ri.n.g cloudy r,reather. I{unof f began af ter .08 inches

of precipitation <lrrring sllnlly sumrnel r,reatiler. Thcse rtcre talcen

as the amolrnts of prccipitatioli ttsc:d in j-ni'fj'al r'lcLtiug of j-rn-

pcrvious surfaces. Precipitation in excess of L:hese valueS r'ras

moclelled as rtrutri'ng of f f rorn that IorLi olr of itttlrcrvi.ous sr'lrf ace

wirichdrained dircctiy into gutters and stort]] sc\'rers' For im-

pervious sr.rrf aces rvhicir d::a j.trccl onto 1ar,;ns anci gardc:ns , prec ip i-

tationinexcessofinitialrvettingrequi::cnentswasrnodelled



as increasirrg the el-fectirzc precipiiation ori thc lar,rn and gar-

den areas.

For f-ire larvn ancj gar<len areas, as vrel1 as f or f ields and

woods in Lire other watersheds studied, surface runoff was esti-

mated b), using the Soj.1 conservation service (scs) mcttrod for

esLimating storrn runoff for flood conLrol and evaluation pur-

poses (Soit Conservation Service, 1964). The SCS method esti-

maLes runoff by

,) Q -.---.?7r/-r\ P + .Bz

r,rhere R is st.tt:face runoff and P

f ined by

(r

j.s claily precipitation. Z is de-

10 0 lOc (2oL

where C expresses the corot,ined effects on infiltration of tem-

perature, soil moisture conteni, soil pernreability, and soil in-

f iltration capacity as af fectecl by 1.and use ol: cover. c may

vary from 0 to 100 as tl're surface of interesL varies from per-

fectly perwious to pcrfectlf i"tt.)utvious' As C increascs' there-

fore, Z ciecreases, ancl R increases. After a period of dry

weather it talies 1.I0 j.nches of rain in a <iay bef ore any sur-

face rrrnof f occurs, evctl f rslii tlrc [cavy soils typical of urban

areas.
For tlie Fairf ielcl crest vratershed, a value of c correspond-

ing to the SCS.,ralue for mcador,i in good condiLion, i,lith heavy

soils, was chosen. This value \{as selected becarrse of the high

quality of laivns in tLc clevcl opnrcnt , and tltc cortrnon ol)serva-

tion l-hat soil profiles ancl stl:ucture are scverely ctisrupted

during consLruction.

Tire r:unof f f rom inpervious surf aces t.ririch dra j-ried onto

larms and gar-clcns rather tharr <ii::ect 1y to gut.l-e rs auC stonn

Se\.JerS \r'{tS sSSUrrccl Lo bc SprC:::c1 r:vcll .l.y orrc'r t llc lavnr arrci garden

area and this amount was added to the measr-r::ed prc'.rcipitat ion

valuc in detcr^niining surf acc r:lrnof f by equat ion ( I ' Tire esti-

matecl voh,urc of runoff from the ttro types of sttrface, inrpcrvious
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and pervious, 1735 cliviclc<l by tire warershed area in ol:der to

obtain an average estimaLed runoff f igure. simj. lari,y, the

measured runoff volume was divided by watershed area to ob-

tain an averagc measured runoff f igr.rre. Tl-re precipitaLion,

and estirnated ancl measured runoff, are tabulated in Table 1

f or the urbanized watersired, Fai-rf ield Crest '

Determin.ation by use of viater: budtleti".lng techniclues and long

terrntgmpcraLureallq-pl1lccjl)j.taLi'otlIccor(ls,LlrclorrAtcrmpar:.
titioning of prcci.pitation anrorrg. tlle conrporrt:nts of Lhcr hvdro-

logic cvc1e. assuil'l 11.' 11o adclitional Lr rbanization af ter 1954 .

The effects of urbanizatiorr on the partitioning of precipita-

tion among the components of the hy<lro1ogi-c cyc1e - surface

runoff, evapotranstriral-ion, and percolatiou Lo ground water

and base f 1ow - \{as €xairrined by use of a water budget incorpo-

rating the model of surface ruiroff developed as discusscd in

3) . In fonn, the buclgct used is likc tirat of Thorntlrrn'aite and

I{ather (r955). It inco::por:ates an estimate of moistr:::e demand,

or potcntial for evapotranspi.ration (defincd by the energy

availabl.e) as thc ripper limit on evaPotrausPira|ion for a given

period.PrccipitaEioninexcessoftileperioddemarrdisenter-
ed into a soil moistr.rre stcr::age account, oi, if thaL account is

f u11 (tl-re soil is at f ielcl capacity) , into a surplus account,

which is percolate to giound rvater and base flow' If period

precipitation is less than polential evapotranspiration' mois-

tr:re i.s r,rithdrarrrr from the soil moi.sture storaSe account to the

limits of thaL accour-it.

For l-his study, a cttmulaLive daily budget was run for

1950 thror.rgh 1968. I-lst irnate<i surf acc rtrtrof f was sttbtracIcd

frorn preci.pitation beft-,rc al. location to cvapoLral'ispiration anC

soil" moi.sturc siorage. Potential crnpotratrspiration (PE) was

esLi.nrated by Tlto::rii-,1fiuaite's (i 94S) tnctirod f t-oirt tnot-tt'h1y terttpera-

ture clata. An arrnual cufie of estinratc<i <1aily PII tn'as de::ived

from the nrid-month daily virlues (tire avcrage daily value for

each month) an<i tlic daily PE valucs used for field and forest

areas was taken f roin tliat cLlIve. Soi1. iryclr:o1'ogic type (based



Tab le 1 Precipj-tat ion ancJ cst jrnatcd Ittr.J nlcasurecl
urbanizecl waLershed of irair)-icld Crest

ruj'lr:ff frrim tltc: 55-2 acrc
, for 33 s t clr:m peri ods

S tart in Inches

Year Month DaY T ime Yc ar }{onth Day T i.mr,: Prec i p Estinratcd Measured
runoff runoff

7L
7L
7L
7L
7T
72
72
72
72
72
72
72
72
72

72
72
72
72

72
72
72
72
72
72
72
72
72
72
72
72
72
72
72

10
10
11
11
T2

1

1

3

5

5

5

5

6

6

6

6

6

7

7

7

7

B

9

9

9
o

9

9

10
10
10
l1
11

9 2100
23 231 2
19 164 s
29 0805
6 L325
4 0B5s
4 2035

22 0300
2 1.6 10
B 2C20

3 0 2t+0A

31 0030
13 0730
16 154 0

17 2014
2L 010 0
29 0630
5 0300
B 1500

13 0100
16 09 00
27 2120
9 B4e

12 1103
13 0930
L4 1600
18 1B5B
25 1630
5 135s
6 1505

28 71.0

B 307
L4 100

71

7L
7I
71

7L
-7'
l/-

72
72
72
72
72

7?.

72
7it
72
72
72
72
72
72
72
72
72
72
72
72
1/)lt-

72
72
72
72

72

72

10
10
1:l

L'2

L2
I
l
rl
.J

5
r
.-)

5
(-,

6

6

6,

6

7

7

7

7

7

B
r)
J

9

9

9

9

9

10
1tl
l0
il_
t1

1200
2LrAA

1835
24 00
l2 00
190C
0805
1800
TtiOA
2400
I /i00
1040
I730
2AL4
19 57

24 00
24 00
12 00
1.854
irli C C)

21r00
I000
1A47
Il,,2A
l3t)0
240A
2031
2L45
? JT5
1700

t',4 7

L7 45
1910

3.75
L.73

.04
1.30

,94
1')

o J.l-

t\r
. it)
.(r3
,66

L .22
.31
.40
.72
.L2
./+5

6 ,24
O-;

.O/r

.36

.06
l.l3

. 1..9

.69

" 0/t
. rJ6

.03
Q')

a-/r

.03

.18

.35
I .4I
1 .09
2.65
2 .87

1 .53
.36
.00
.48
.Ilr
.02
.05
.09
.10

1O
. J-J

.04

.06

.11_

,0l
.07

3.09
.13
.05
.00

1a).I()
.02
.10
.00
.00
.00

1Lt
a.Lf

.00

.0?_

.05
11

. l-/-

.L7

" 81

.90

T.82
a?

. JJ

.00

.44

.15

.02

.05

.a7

.09

.1,7

.04

.05

.47
n1

. \-/ a-

.05
3.10

.11

.06

.00

.L7

.02

.05

.00

.0c

.00

.15

.00

.01

.03

.24
,16
,74

I .07

'13

26
19

1

9

4

22

5

l.i
3l
i) l_

7/+

L7

20
'27

t.

t,
o
O

16
L7

2B
9

L2
'l ').IJ

i5
1 C.)LU

25
5

9
?1
-) J.

13
i6



on permcabil ity) for f j c; 1d and f orcst arcras inras taken f::om the

National lingineering liandboolc 1.i-sti.ng (Soi1 Conser-vation Scr-

vice, 1964). !'or urban Iots, the least permeable cl-assifica-

tion was assutned. soil moisture storage capacity values were

taken fron the Soil Survey of New Castle County, Delaware

(Matthews and Lavoie, I1TO) for fielcl and forest areas. A

rralue of tl,lo inches was useci for urban Lot s on rlie basis of the

average va1ue (1.93 in.) for Len 20 inch soj. 1 cores taken in

tire Fai::field Crest i,ratershed arca.

Sclil inoistrrre sLoragc \,ras diviciecl into fotrr accounts cor-

::esponding to tlrc rvetting fronts oI f hc' fc.rrrr: ntosL rcccnr r-ains.

PE not satisfied fronr Llre surface accoullt \,Ias assumed to with-

draw nro j-sture fronr Lhe secc,nd accounl,, that sti1l nol satis-

fied to withdrar+ from the third accounL, attcl sirni larly for the

f our-th account. For cach account, soi1. mcristure extraction

(actual c:vapotranspirat i on, or /r.E) as a f raction of PE (demand)

was assumecl to clecline in proportion to'the soil rnoisture avail-

ab1e, so that if soil lroisture storage \,Iere onc- fourth the naxi-

mum val ue , f or exanlp Ie , AE r.'oir ld bc one- f ou::ih the PE .

The burlgeL vas appliecl to Shellpot Creel< I'Iaterslied using

tlie prcc ipitation i'cccrcls f rom iJorter Rcsr:rvoir, which lies on

the sotrth\,rest ecige of the u'atershed. Areas iu the various land

surface classifications in 1954 r^rere irscd to evaluate long term

partitioning as j-f acclitionai ul:banizatior"r had not occurred

after :Lg54, Budgets r,Jct:e riin separatcly for the ten different

cornbinations of l-ancl sur.f ace typc, lio il l-ryd::ologic typc, and

soil rnoistLrre stol:age capacity. An average value weighted by

the f ract.ion of area in cacl-t c:ombi.nation \,Ias then determined '

5) j)eter:mi.nat j on,_ irv rrsr:: of vrat:er lltrr'ltlcL j-rrL-1-cchni-clues. the iong

terr.l-cltanges in part j-ticn jug of pr:'"'cj11i !3[:ilrr amol'rg Lhe corn-

l)otlellt s of t irc lrvclr-cl o,li c c','c le ' llllrtr r'rat t'r llr'rcl 5;ct- of 1+) was

applie<1 to Shei.J.pot creek watersired in !-:he sanre way as for

4) exccpt that areas in tlie various land sr-rrface classifica-

t.ions in 1954 , 1962, and 1968 r+cre assumed to change
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continuously in t-.ire intervening years. I'he ar:eas in i-mpcrvious

surface and urbair lots thus increased continuously during this
time, while area in agricultural fields decrcased continuously.
Forest area increased in some parts of the watershed and decreas-

ed r,riiere rrrlianization occurred. The areas of Lhc watershcd in
eaclr land surfacc type ir-r the tirree years a::e gi,ven in TabLe 2.

irrom 1954 to 1968 impervious surfacc almost clorrbled, srrrfaces

disturbed during constructjon more than doubl.ed--though fieJd
and forest still cornprisccl 59 percent of the total area in 1968.

Tab Ic 2 Lartrl ilrc: it j ir vaI-i-or;s lryrlro log j c srlr[ll'c t ypcl.; irr
Slrellpot Cr:eck \^latc:il1rccl for L954, 1962, 1968

Year /'yT Q 2 gI-.!,'qr.! l, orl j.g Suf f aceTJp!-._*AiIS-g
llr:ilCirur l,ots

L9 54

L962

r96B

Percent
C ha nge
L9 s4 -1.968 4-1 ?"5 -24 *JO

In Tab1.e 3 are ind j"cated the ef f e c ts crf thc cliar-,gcs in sur-
face area shcr^rn irr Table 2, ar; deterinined ity appl ication of the

model of surf ace runof f to Shellrrot l^iatcrshed. l'lodel. leci surface
rut'roff, assumjng corltiuricirrsl;,, clianginl; l;r.rr.[ar:e 1rycl::ol.ogi.c charlrc-
terist ics , i s ccrni:ared rvith r';roclc l led sr-rrf acc rtrnof f assunii-ng

1954 surf;rce hydrologic cha::acteristics. Tirc approxi.mate ciorrb-

ling of urr.rar.rizccl stirf.ice area has, cxpr: cLably. l',i)rc Lhan cjoubled

the srrrface runof f in 1968 as con.Parcd to I954 I anil lsirrf ace

characteristics.t; Tl'rc cf f cct cn per^colaLc to f.iroillid r,iaLcr r,ras

:tfp1- l!111 lancl srrrfacc clter-act.r:r j. l;t ic:;, rilo(lcl. lcci a,,rcll[],cr srrr-
face runoff , pcrcol.aie tn grorrnd watcr, and actual evapotranspir-
ation were si;<, tilej.ve, artcl trvent';: jrrchcs, l:cspcctivclr'. Ove:: im-
pervious srrrfaces, av(ira!;c actual erraporaL j.on ruas limitccl Lo three
inclrcs so tlrat :;rirfaccr rrrrroff woulrl iucr.c;rs;c'lry a Iaclor <.',f fj_ve -
Lrvclve inches of percolatr,: a;.rcl $cvcnLc:cu i.nchcs ol aci_tra1

bpsr? sls
498

824

983

380

7Ll

t57

Llel-dri
2 iL6

LB64

?

L6C)4

li r-: r_c s [,

14 B5

1020

945

4-g 7



Tab le 3 Urbani zaticln i nrltrccrd

ated lry a dai.1Y \'/atcr
ShellPot Cr:eci<

1t

clrairgcs irt {:ont,,qnetr[-s; 9f tlre lrydroi.ogic clrqle, as evalu-
llucigct incorIi,i-at-i-ng an estinratc of srrrface rurroff, for
iniatershed , North ltri lming,l-on, De lavrare , Ig54-t9Og+

Ye ar

L9 s4
1955
19 s6

L9 57
r9sB
1959

1960
L9 6L
L9 62

1963
L9 64
L965

L966
L9 67
1968

Surface Runoff Percolate to Ground
W;l t. er

1954 Lt",J Ct,""gr-ttg

----!-sr-- Lsrd-Itg

Total Runoff

L9 54 Land C han g illg
J,ne, . __ i,ancl --usg

Actual Evapotrans-

--- -gl{3titlt' .

L954 Land Changing
ll se ]-,and Use

L954 Land
Use

4 .63
7 .7 9
6 .06

5 .26
8.42
6 .4A

8.60
5 .82
4 .85

4 ,35
5 .45
4 ,90

4,gB
10.95

5 .02

Ciranging
I,qr$ U s_e

4 .63
B .07
6.77

6 .03
10.41
B.l_l

Ll .25
8,59
7 ,53

7 .09
B .46
8.25

8.25
L6 .57

B.6B

9.11
B,lt
9.74

l-3.3/+
2L . /+7

l. I . 06

L5.25
I 5 . B(i

l3 .88

8.55
15.15

9 .58

9 . 50
20 .64
14 .59

L95.90

9.1. I
B .'i.'2
9.55

12 .98
?.0 ,6{'t

J.0.59

L4 .39
i4 . B0
14 1'LL. I L

q ')')
\) o t-/-

l3 . B0
O r'l Cl
J t\)J

B. 3(,

17 .98
7?-.6|

Iii3 .48

-12.42

L3 .7 3
l5 .98
l5 . B0

18.60
28.89
'L7 .lr6

23 . Btv

?.L .68
lE.73

12.9t)
?_a.6l
LLr.47

L4 .48
3i .59
19 .61

2il9 . 37

1"3 .7 3
I6"l9
16 . 3l

I 9 .00
3I . 0[J

l.[i.70

25 .64
,)'t. ? ()
LJ o .J J

2A .25

15"31
22 .26
'.17 .33

17.11.
31+ .55
21 .30

312. l 5

.+-22 .7 8';'

20. B6

23.09
22 .80

1B .24
22 .87
24 .32.

23 .82
2/+ .20
2L.75

2'L .53
]8.28
22.26

18.07
22.L5
20. i_1

324. 3 5

20. B6

22.83
22 .34

L7 .57
2L .90
22 .87

22 .25
22 .37
L9.69

L9 .42
16 .04
19. B3

15 .66
19. 50
L7 .7.2

Totals 93.48

Cumu 1a t- ive
Difference

LzB .69

+35 .2L

300.25

-24. 1O 
t't

- +v"getated surf aces rnTcre a ssumed to have the hydrol.ogic sttrf accs of nrcadovr in poor

conditio; (for fielcls ald building l.ots) an.i woocls in fair condjLiotr, givlng a value of
20 and 28 f.ox C in equation 2, p. 6, as coinpa-i:ecl to a valuc ot 2L f or btiil-ding lots in
the Fairf ield Crest , Ner,rark wate::shed , ruhich irad bctter rnai nta j.ned Iarvns .

.L : .' L:

'*Differurrces in numerical. valr.res of total runoff and actr.ra1. evapotranspiration
occur because of dif ferences in soi l. m'ui.sLr.;::c' storagc on beginrring and endiug dates.



L2

less nrarl<ed. of thc 35 incir i.otal increase in avcr-age \'iatershed

surface runoff for the 15 year periocl, onl1'12- inches came from

percolate. This means that less than one inch per year was divert-

ed frorn grorjncl water recharge, wl"rile two inches per year vlere di-

verted from actual evapotranspiration'

In cleriv ing Tab1e 3 it rsas assrtmr:d that tlltr enerSy divcrted

from use in actuat evapotrarrspiraLiolr (A-E) ovcr i-nirervious suT-

faces was not usccl for AX over vegetated surfaces. I'his assump-

tion is unrealistic--j.t can be assunred that vegetated surfaces in

urbanized areas are subjcct to thr: I'oasi.s" effcct -just as oases

in the deser:t are. Iinergy for adde.cl AIi is trarrsf erred by air move-

ment into thc oasis so Llra.L evapotranspiration there exceedS that

whj.ch worilcl occur if the rahr,ie surrouncling area werc \n7et ' In ur-

banized areas, the urban heat island is at least irr part a result

of tire cliversion of cnel:gy -from An Lo heating lhc ground and air'

There is, holrcver, liltle i.f any basis f or assuttting any given par-

titioning among the alternative energy sinks*-incre-ased evaPolrans-

piration from vegetatecl areas, and heating of the grourid and air'

Inferrably (but. not certairrly, bccause j.ncreascd convection would

masic the amounts of ener:gy usecl in hclaling the air as indicated by

i.ncreased air temlterature) tire amount clive::tcd to ilea! ing lhe air

is snia11, since o\reT veget-atccl , "rnret" surf aces I enelgy uSed in

heating the air is only 15-25 percent: of that trsed in evapotrans-

piration. The limil-ing assumption is that esse1ltia11y all thc

energy is ulti-mately dirrerted to increaseci potenlcial for evapo-'

transpiration over vegetaIed surfa.ccs. Thj-s assrrntptioir is mosE

acceptable in suburbarr arcas such as the r.ratershed of shellpot

creek, where housing clevcl opiircnts aI'e interspcrsed ari.lolrS; f ields and

wooded areas.

eVapo trall Si) i i. lt t- i OiL ovg r 1.'cllC t.it Lcr cj

si-x i.ncirc.s Of f;tt]:-[acc, rtilloIf rvitcn
riLlrf-ecc,s \'/olllLl l;r-' ;rciij ed to the
irrrp('l:\/'ioir:; Iiill Iltc:c \{I}.s crt]att'd
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Tabl.e lr rvas preparcd uriucr the assrrmption that energy divcrt-

ed from use for evapotranspiration over impervious surface, be-

cause of lack of avaj.lable storage capacity, is entirely avail-

abl-e as added potential eval-'oLranspirati,on distributed uni-formly

over, vegetated srrrf aces . Otherwisc Tabl-e 4 is l ike l'ab1c 3.

The reductiorr in percolate to ground wal-er .is greater, iE as com-

pared tc> 12 j,nches f or the othcr limitipg assunrpt ion (gg increase

in PE over vcgetated surfaces), as in Table 3, for thc fifteen

year period. Correspondingly, the reduction j.ir actual evapo-

transpiration is less, bcclr.rsc of the assumed iucrease in poten-

tial evapotranspiration
Under either of Lhc: etbove assumptions as to Lhe disposition

of the energy t-hat cannot bi: rrsed for cvafrotranspiration over im-

pervious surfaccs, the decreasc in lrercolate to ground water is

modest during the 15 ycar pcriod. Even in 1968, the final year,

af ter irnpervious surf acc haci cioublecl , percolate hacl decreased by

on1.y two inchcs, or L4 percent.

To evaluate the ultirnaLe effects of essenEially residential

cJevelopment, it may bc a:; surlcd tiiat dcvcl.opmcnt is carried to its

limit, so that ultirnately no f ielcj or f orest alea rvil1 be lef t in

the r+atershed. Undcr ttris assumption, 54 perccnt of tlie land area

rvi11 be cotzered r+ith impcrvious surface and the cther 46 percent

will be in building 1ot arca, .l vcgeLaLcd surfrcc r.'ith l.ow |nfi1*

tration and sto::age capacif ics. Given such a vratcrrshed surface)

dif f erer-rces in srrrf ace rtrnof .f , pclcolate to grr:und water, and

actual evapotranspiration fo:: thc 1954 su):facc and the conpletely

deve lopecJ surf ace are sltor^rn in Table 5 f or 1.954 , 7962 , and 1968,

the yeals for rn'hich ac.rial photos pcrmitted actuai determination

of surfacc covcr.
Frorn TaLrlc. 5 it c.rn bc secn that conrplctc lcsidcrrrtia.l devei,op-

ment of Slici. lpot C::ec1< I{rtcrsircd r,,,or-rid rcsulL itr a rcdr-rction of

about 6,5 i.nchcs in pcrcolatc to gror.nrcl rval-cr, ot: hal.f of tlraI

rvhic.h woulcl occur wi [h tire 1954 watershed surface . trrlcre the

gror.rnd \.nater ta.pped fcrr r,r;rtcr supir1r' lhi s woul d nlea'n a loss of

175,000 gallons per acre per: ycar, o]: enotIl;ir to tneeL rcsidential



Tab le 4 Urbani zation i.ndrrccrJ clian[.i€rr] in coml)orients

ated by a clai-ly rvater birclilct .i ncoririrj"at-irrg
allocating the l']E not trsed over i.ilpel:vj-ous

f.ac€s, f or sheltpot creel< trlatershcci, North

L4

of tile lryclrologic clzsft as e\ia1r-r-

an cstinralc rsf Silt. lace rurlof f and '

sr-lrfaces to uSe over veget-ated Sur-
I{i lr,rj-niiL on, IJe 1 ar,raro, 1g SU- f 96 B+

Year Surface Runoff Pct-co.l aLc t-o Croutlcj
Water

1.9 54 l ,and C han g j.n 
i,l

Llsc I,j, ricl 
_ 
llae-

B.t+1.

7 .'L2
, ,7 f:3

1l-.1+5

tii. J l.

9.31

l_1. B5
'l ") ('i,!-r
-L a-. -/ t

10.65

J .2L
L2.L6

8 ,2L

6 . g3

7.4. .4 9
11...1 b

L7 5 " 60 r57 .65

-L7 . I5

'ilota.l. Ilun of f- Actual [vaPr-rtrans-

-- ..---P i r?!:L og- .-. --
L9 5/+ J,and C ha ng ing

L9 s4
195s
1955

L9 s7
19 sB
L9 59

1960
T96L
L962

1963
L9 64
1965

L966
t967
1968

Totals 93.48

Cumulat ive
Difference

LzB .69

+3 5 .2L

286. 3 3

j-r7 .27 r'

22 ,00
24.36
24 .52

19 .04
25.11
2 5 . B5

25 .59
25 .9c)

22 .69

22 .60
1Q O/,
.L\) o J"1'

23.65

1.9.01
2/+ . L3

2L .32

3/r4. B0 326 .60

-18.20

1954 Land
Use

4 .63
7 .79
6 .06

5 .26
8.42
6 .40

8.60
5 .82
4.85

4 .35
5.li5
4.90

4 .98
10.95

5 .02

C hangi ng
Larrd U s e

4 ,63
B .07
6.77

6 .03
10.41

B. 11

LT .25
8.59
7 .53

7 .09
B.t+6
B .25

8,25
16 .57
B.68

L9 54 Land
tlsc

13 . 03
14.98
14.08

L7 .zfl
27 .59
L6.62

21 .69
20 . /+2

!7 "09

t2 .7 lt
'LC) .39
13.8J

!2 .97
29 .37
7.8 . (tZ

269. 06

Chang ing
l:e'd--Use

1.3.03
I 5. l8
14 .54

17 . /+7

28 .53
).i .h2

'23. I0
21 .53
18.18

L4 .30
20 .62
L6.46

15.07
3 i. . 06
19.8/r

Use J,altd U s e

B./+l
7 .L9
8.01

12 .02
1.9 .7 7
LO .21

13 . 09
:l 4 .60
L2 .25

7 . B0

13.93
8.91.

7 .99
7.8./+2
13 .60

22 .40
24 .L5
24 .25

LB .49
2/+ .67
24.67

24.55
24 "7 5

20 .86

20 .92
L6 .94
2! .65

7.7 .07
22 .64
18.99

\egetated surf aces wel:c assr.tmcd to lrar,'c thc hltclrologi-c-' strrf accs of meador'r i n poor

condition (for fields and buil<1 ing lots) aircl vroocls irr fair conclition, giving a value of

20 and 28 f or c in equation 2, P. 6, as ccrrrpar:cd to a vaitre of' 2T f or building lots in

the Fairf ield CresE, Nervark watersired, r,ihich hacl better maintained lawrs '

o'Differences

occur becau se of
in numerical valires clf i otal rtrnoIf ancl acttlal. cvairotranspi::ation

differences ir-r soil nroisture sl-ora.gc on beginni.ng and ending dates
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<iemand f rtr 290 clays, assumi'-rig threc res j-dences pcl: acre (as in

196S) and residentiai. rlemanrl of. 2a0 gallons per day. The lowest

amounl- of anriual percolate in the 15 year period is less markedly

af f ectecl--with complete r.rrbanization it would be 4.9 inches in

1956 as compared t.o 7.2- inclics with the l-954 land suI:facc.

other coniponents of the hydrologic cyc1.e are more markedly

af fectect by urbanization than is percolate to grottnd l"7ater. As

demonstrated i.n table 5, arrd illustratecl. j-n Irigure I f or 1968,

surface runoff j.s more than triplcd and actual. evapotranspiration

is reduced to lcss than half. Correspondingly, instances of

flash floocling in 1or,r lying areas become more frequellt and

troubl.esome, r,rhile the urtran heat i sla;rcl becomes more pronounced '

The irrf ercnces to be clrar"n'r f or thc center ci Ly, t+lticl'r is es-

sentially all impervioi:s surface can be mentiorred. Iror the L954-

1968 period actual evapotranspiration on irnpervious surfaces

averaged 2,5 inches, even assgming a r'ietting extractioir f rom sur-

face runoff of onl-v .03 inches, as was cione liere. Il"rc remaining

38.3 inches of precipitation all lvoulcl becotne stirface runof f , with

no percoJ.aL ion Lo gri>uirtl wilLcr'

The model of surfacc rtrnofi as dcveloPeci frour [hc mcasurcd prccipita-

tion, runoff , and lancl surface cher::ictcristics for tire 55 acre Fairfield

Crest Watershed and used in evaluating the effects of r'rrbarlization of Shell-

pot C::eek Inlatershed on the componeuts of Lhe hudro iogic cyc lc ' \v-ils tested

against the measurecl runof f data f or tllc \^Tatershed, as collected by the Geo-

logical Survey (USGS) . Correspondence beLrreen mr:dcllcd anci measured runof f '
whether that f rom the srrrf ace alone or inclrrdirrg pe::c<l Iat"c to ground water

as 
. 
base Stream f 1orv, r,ras of coLtrsc l.css than perf ect ' Thc::c are , hovJever 

'

some encouraging assul:ances of tlte valiciiiy of the nlociel' as a Icsult of t-hc

comparison wjth tISCS ciat-a.

As the f irst tcst. of [.hc nroclcl, r:sti.urat-ccl rr.nroi.f 1dil.e coll)l)arcci wilh

measured runoff for h7 single day storms--lZ in 1954, 15 in L962, and 20 in

l96Bt. These yeat:s \,Jcre chosen bec'ause the,v rvcrc t.lie years for ru'hich acrial

Evaluarion of rhc nro<le l a11ai.4-st-_mc'aqll'|:l'.1 J.I-LroLI-_!LqI-Sl'roi l poL l^Ia!qi:g-184

t\-Novenrber and Decenrber of the preceding year, ancl Jantrary and Iebruary



17

he

t_

Inc

2.5

€
0)
.l.J
cd

U
a;

.O
d
H
LJ
E
o
c
o
o.
€.
lr

o
(J
q{
o

r'{
CU

+J
O
H
c0
\o
Or
r{

\.._
\,,"

(l'-

ft!I..cr

0 .20
f_

./rO .6 [) .[]0 i.(10

i:'raction c.':f Ur"llatt i:+trLi oir

Ii fJ_ec t o J- frac t i-on o f rc i:t i cl'''r' i' i n I r,ri:ltaiti zttiion oll

Sjgl. f aCC 1.ttnclf f , i)C: f Crl .1 al i' t rr , J' "'i,(i '','Iatet:) [Ot-a1

runof f .} ettc.l ai:Lua.!- eVa.ilclt.rat)spiIi'l Lion f or I96B

(.
xv

^+c/tlj

I)

-'{.'t.c. 
z=---.*'',?{t,

1+.

Figurc l-.



l8

photos were avaj-i.ab1c anci for r,ritj.ch vr;ter:slttrcl surface tyPes could therefore

be measurecl wittr acjequatc accuracy. Separat j-on of surface runof f from basc

flow in the stream florv record was done by assuming tilat u'hen average daily

streamfl-ow increased the increase was initially caused by surface runoff,

and thaf flow before the increase 1'7as base flor^r" It- rvas aiso assumed that

all f loiv greaLer: than the j n j-tia1 base f 1ow \das surf ace r:unof f unCil f low

declinecl to 1.5 times thc initial f 1or'r--for single day storms this alr'rays

occurred by the enci of thc third <lay. Thc nrc Ehoci rlay ovr:restirnate surf ace

runoff since even with a slope of .00005 water will flow over a concrel-e

surface at the rate of 1.5 milcs per day arrd tl"re watcrshed is on1"y 4 ' 5

miles in length.
The correlation coefficienl r) between nodel-estirnatcd sul:face runoff

and measured surface runoff for single ciay storrns-was .82 as compared to

.52 betwecn precipitation apd measrrrcd surfacc ruuoff' Thc rcgrcssion co-

efficients \{ere .04 for the y-interccpt and i-36 f.ot the siope of the re-

gression line (- .22 and .57 resircctivel.Y, f or precipitation as l-tre estimat-

or of surface runoff ). For indirrj"Cual years ald betr^reen model-estimated

and measured surface runoff r was .35 for 1954, .98 for 1962, and '81 for

1968. I^lhi1e y-intcl:cepts \.ret:e sat j sf ac.torily near thc origin j-r' al1 years--

within .2 inci"res- -thc slope of ::c1"',rc'ssion alr'r;tys collsiderably excceded flre

clesired value of unity. lly this tcst 1-l:c n,ocicl signific'anl-ly ttnCcrcstintates

surface runoff
The tesl- is not conciusive as t-o the model's validity" As i'zas mention-

ed earlier, precipitatj-on recor:ds used we::e those frorn thc Porter I{eservoir

gage, which lies on the southwcst eclge of the watersirccl . A single gage is

of course not representative of a 7,46 sq. mi' ltatelshed-- j'n faet, on two

occasions neasured runoff cxceecled prccipitation and on se-rera1 others it

nearly equalled prec ip itat ion . use of <iata f ronr the I'{arcrrs l{'ook gage , solne

tirree t imes as f at: f r:orn tire centcr c.f the \,/atcrshcd as tlie !clrter I{eservoir

gage, gave a higlicr r beLrvccir nodel l cd alrcl rncasu::cd runof f thar:r the use of

the porter Re scrvo j.L: clrrta- "U+ at; cornpa::ccl t.o . B2--and irltc o f tirt: average of

tirc tr,,ro cst jnraLcs gavc an r of ' ft7 ' J'n brlth cascs ' lLorucv<:r ' t:ltc sloirc r:f

of the sucrJeecl ing )zcal:
sents a 16 nlontil 1)eriocJ

\,Jere incluclccl j.n eacir casc so tJrat each ),car repre-
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the regression l-ine was rrearly ttrrec a$ coinparcrJ to thc dcsircd value of

unity.
Other possible reasons for the modelts apparent underestimate of sur-

face runoff inc|:de the possibility of inaccurate gaging of streamflow, and

watershed characteristics tirat result in rapid delivery to streamflow of a

part of the percolate to grounci water- Neither of these possiblities could

be evaluatedluithin Lhe scope of ti-re project. on-site obsen'ation of the

stream gaging site in July, 1973 revcal-ed a channel wirich could circurmrent

the gaging site ciuring high flows, but this would undergage runoff, rather

than overgage it, so it vrould not explain the discrei:ancy' Throughout the

watersh ed, on the othcr hand, unscalcd cirainage pipc is rrscd to calr-y ruil-

off under vegetaLed areas so that considerable amounl-s of the r'rater entered

in the watel budget as surplus i,Tould fincl more rapid than normal entry in-

to streamflorv. Tiris may serve to cxpiain tire gleater apparent r:unoff dur-

ing and inmediately after storins than the moclei estimates. Some ccnfirma-

tion of this possibility exists iir lhe fact that runoff significantly in

excess of rnodel estimates was lacking r'rhen no percolate'to grouncl I'/aler ap-

peared in the \fater brrdget estimates of apporlionrneni of precipitation'

A second test of the noclel's validi.ty as an estimator of surface rlln-

off involved the cornparison of annuul anrounts of c)stinraLt'cl attd tttcas;ui:cd stlr-

face and total runoff. By this test the model's vali.dity is better esLab-

lished than by comparing daily runof f values. i,trhile r betlreen model-estimat-

ed and measured annual surface runoff is only .74, r betrveen the two for

total anlual runoff is .g5. Thj-s inrlicates that 91 perccnt of the variation

in total annual runoff is accouuteci for by the mode1. By contrasL, vari-

ability in precii:itation accounls for only 67 irercent of lhe vai-jation in

annual runof f . Given the single prec.ipi-tation gage r'litl'r wliicir runof f was

estimatecl , this result of thc moclel's applicali-on is ver,v cncouraging.

Tire model ove::cstirnates total:it'irtrtal rrrlroff by about Ihrcc inc]ies--the

regression coef f i.cients arc : a = -2,77 antl ir =' .9A - J'ltis cctrrl d iro llccatise

the estj-mate of pn is too 1,ow, a cornrron criticj.snt of thc Jlh<l::nLirr':aite esti-

mate (McGuinness arrci ijorclne , 1972) . Gaglng inrtccrr1.acics cr;u lil al so contrib':

ute. The data f rom both l^lilmington, to thc soutl.r, ancl l'larcus l'Jool< to the

northeast, show lower 1t::eci.pitaLion rralucs f or Lire peri-ocl . Appl.ication of

the model to l,larcus llool< clata [:i.",es ,: = .94, a = -l .47E4, l, = .98. Arr aver-

age of the Ilarcus I{ooli ancl Portet Rese;:voi r: pr:ccip j-tati ori data cstimates
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gives r = .96, a = -2.60, b = .g(). Ancit-hcr Possiblc solrrcc of error is

the difference in watershecl area between fhe USGS value tlsed in determining

runof f in incl'res for their recol(ls ' and the values obtained irr botir this

study and by the New castle County Planning Department. The values from

both the laLl-er sources a::e five Percent lower than the 7 '46 sq' mi' used by

the usGS. Use of thc smaller figure would reduce the ciifference betrveen

estimated and measure<i toLal rrrno!f to 2.0 and .7 inches f or the PorEer

Reservoir and }larcus ]Iook precipitatiorr data, rcspectivcly.

Within the limits of the data avail.able tirc moclcl is reasonably well

validated. Appl.ication tlo nlorc r,rate::sltccls j.s clesirabl.c 'in order to adequate-

1y verify or moclify it as necessary. i[is, howcver, prtryc'cl impossible,

though originally contcinplatecl for tr,io aclclitional r'satersheds, because of

lack of funds.

Listine of Sienificaut Rcsrrlts

1) Development of a highly reliabie rloclel of surfpce and total runoff

in an urbanized aTea. The model estimates Surface nrnoff as a func-

tion of the relative fractions of surface area possessing various

combinations of l'rydrologic ciraractcr j-sLics - 'iilrc lryclrologi-c charac-

teristics of interest inclu<te soil perneability, surface treatrnent,

and storage caPacitY.

2) Application of the model to shellpot creek 1^Iatersirccl in North wil-

mington, Delaware under sevcral conditions of neasured and assumed

combinations of surface hydrologi-c charactelistcs. The application

revealed a tripling of surfacc runoff, a one-iralf irrcrease in total

runoff, ancl a halving of botir percoi-ate to ground r'rater and actual

evapotranspiration, as ur-banizcrd Surface (resiclcntial use, 51+ per-

cent iffrper-vious slrrfacc) iricrcasecl f rorn 20 to ]00 pc::cent of the

watershcd arca.
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