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Project Objectives

The project sought to identify, for three watersheds in northern New Castle
County, the magnitude and hydrologic consequences of alterations in surface
runoff and streamflow characteristics brought about by urbanization. Infer-
rably, the impervious and less pervious land surface created by urban de-
velopment increases the overland or surface runoff to streams and rivers.
The increase in surface runoff is necessarily accompanied by a decrease in
the amount of water that enters the soil. This decrease in infiltration
means that less water is available for the sum of evaporation and percola-
tion to the ground water table. Depending on the seasonal occurrence of
precipitation, either or both of ground water flow and evaporation may be
decreased, though of course a good deal of the runoff from impervious sur-
faces may run onto lawns and gardens so that 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 hydrologic cycle mentioned.

Specific objectives were to:

1) Determine, for three watersheds, land surface distribution among a)
impervious surface, b) surface significantly altered during urban
construction, c) agriculturél land, and d) land in woods or forest;
for 1954, 1962, and 1968, from aerial photographs available for

those dates.

2) Measure the precipitation and runoff from selected small urban
watersheds, and from less disturbed watersheds, by use of weirs

constructed downstream f{rom the watersheds.

3) Model the amount of runoff as a function of the relative amounts of
a) land surface as determined in 1), and b) the accompanying sur-

face infiltration and soil moisture storage capacities.

4) Determine by usc of water budgeting techniques and long term tem-
peraturc and precipitation records for land usc as in 1954 (assum-
ing no further urbanization) the long term partitioning among
a) surface runoff; b) interception, soil storage, and subsequent

evaporation; and c) percolation to the ground water table



(ultimately to base flow).

5) Determine, by use of water budgeting techniques for increasingly
urbanized watersheds, the long term changes by partitioning of
precipitation among the components of the hydrologic cycle as

for 4).

6) Determine, by comparing the results of 4) and 5) for three water-
sheds, the incremental effects of incremental increases in urban-
ized surfaces on the partitioning of precipitation among the

components of the hydrologic cycle as for 4) and 5).

Extent of Achievement of Project Objectives and Summary of Research Pro-

cedures Used

Project objectives were achieved as follows:

1) Determination of land surface distribution on three watersheds

(Shellpot, Christina, White Clav Creek between the Creek's two

caging stations)for 1954, 1962, and 1968. Land surface analysis

was entirely completed for all three years for Shellpot Creek
watershed (north of Wilmington), the smallest (7.46 sq. mi.),
most urbanized of the three watersheds. Large scale (1 in. =

400 ft.) acrial photographs, and {field checks, were used. Images
of buildings, roads and parking lots were individually scaled,
while arcas of given soil types (transferred from the Soil Survey
of New Castle County), forest, and field were determined by use

of a dot grid overlying the photographs. Separate determinations
of a number of the arcas by a student worker and the principal in-
vestigator varied by no more than three percent for any area.

Land surface analysis was necarly completcd for all three years
for the Christina River watcrshed (20,55q.un.). The land surface
distribution and soil types were determined gquantitatively from
small scale (1 in. = 20,000 ft.) aerial photos by scaling road
length and determining other land arecas by usc of a dot grid over-
lying the photos. Housecs and other buildings were individually

counted and their individual or average sizes determined by field
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measurement . It was intended to determine surface distribution
in developed areas from large scale photos as was done for Shell-
pot Creelk watershed, but this was never accomplished. Areas de-
veloped in 1968 but not developed in 1962 or 1954 were recorded
on separate transparent overlays, but this information has not
been reduced to numerical form because of insufficient funds and
time.

Land surface analysis was completed for 1954 for the water-
shed of White Clay Creek (21.1 sq. mi., north of Newark) between
the creek's two gdging stations, as for the Christina watershed,
but cutting of budget requests in the project's sccond year re-
quired abandonment of that analysis for 1962 and 1954.

A land surface analysis like that for Shellpot using large
scale (1 in. = 200 ft.) aerial photos was donc for the urbanized
watershed (Fairfield Crest in north Newark, 55 acres) for which
surface runoff was measured with a weif. Additionally, field
determination of the impervious surface which fed runoff directly
into gutters and storm sewers, as opposed to that which fed run-

off into lawns or gardens, was carried out for this watershed.

Measurement of precipitation and of runoff for selected small

watersheds. This was accomplished for two watersheds, one ur-
banized and one forcsted. Weirs (asphalt coated plywood, with
trapezoidal, sharp crested openings placed across existing run-
off channels and with float gages in stilling wells to measure
runoff head) were constructed on channels for cach of five small
watersheds. Two of these weirs were shortly destroyed by van-
dalism. A third, placed downstream from a construction site,
was buried in sediment after two rain storms. One, placed in a
stream draining an urbanized watershed (Fairficld Crest, Newark)
of 55 acres, was enclosed with chainlink fence after several
instances of vandalism, and provided reliable data. The fifth,

draining a forested arca of 12 acres, was sufficiently hidden

. to escape vandalism. It also provided good data. The two usable

weirs were calibrated at low and medium flows by use of a box

and stopwatch. Volume per cubic sccond at a number of float
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gage heights was determined. These measured values were then
statistically fitted to values obtained for rectangular and tri-
angular weir openings taken separately, from formulas in King
and Wisler (1922), with constants as determined by King and
Hertzler (Reinhart and Pierce, 1964). The correlation coeffi-
cient between the predicted and measured values was then .999
with negligible standard error. TFor high flows from the urban-
ized watershed (up to 1.0 cu m/sec) threce attempts were made to
measure flow in a trapezoidal flume constructed downstream from
the weir's stilling well, by usc of a pygmy current meter.

Each of the three times, the flume was washed out and floated
during heavy runoff so that measurcments could not be obtained.
As a consequence, it proved necessary to use the curve fitted
to the low and medium flow measurements for estimating large
flows as well.

During 47 storm periods (and a number of high precipitation
probability periods in which no rain fell); lasting for from
several hours up to six consecutive days, manual observations of
weir head were taken and recorded at intervals varying from two
to thirty minutes, depending on the rapidity of change in head.
During some storms clogging of the stilling well with sediment,
and on three occasions sticking of the float gage because of snow
and ice, prevented reliable head recadings, so that data from only
33 storms proved usable. Data werc punched on cards and a program
was written for calculating total streamflow during and immedi-
ately after the storm period--until the stream had returned to
pre-storm base flow or until storm sewcrs feeding into the stream
were no longer carrying water.

Five precipitalion gaging sites were established around the
urbanized watershed, and one near the wooded watershed. It proved
impossible to prevent theft except at two sites ncar the weirs
(seven of the ten gages were ultimately stolen) so that precipi-
tation readings were obtained at only these two sites. Readings
for the two never varied for whole storm periods by more than
.02 inches.

Modelling the amount of runoff as a function of the relative




amounts of land surface with specified hydrologic characteristics.

A model of surface runoff as a function of the fractions of
land possessing varying infiltration characteristics was suc-
cessfully developed. The correlation coefficient between the
runoff predicted by the model and measured runoff from the 55
acre watershed used to develop and test the model was .996,
indicating that the model accounted for 99 percent of the vari-
ation in runoff, as compared to 93 percent for precipiiation
alone. The standard error was .06 in. Even omitting the five
storms! for which runoff was a half inch or more and which,
since their relative weighting would be so grecat as compared to
all other observations (most runoff values less than .20 in),
would have disproportionate weight in the regression, ¥ and s
were .98 and .06 respectively for the model cstimate, .96 and .02
for precipitation alone.

Corresponding values for the forested watcrshed were not de-
termined because runoff grecater than .0l inch occurred during
only three of the 33 storms. During one of the three (Hurricane
Agnes,in June 1972) the weir was leaking (modelled runoff was
1.25 of the 6.24 inches of precipitation). For the other two
storms, runoff occurred because of the construction of a parking
lot at the top of the watershed (the model predicted no runoff).

The model of runoff from impervious surface was developed
from observations made during the course of the project. It was
noted during several of the storm observation periods that water
began to flow in gutters and storm sSCwcrs after precipitation
had accumulated to .03 inches during winter (Oct. - March) and
in summer during cloudy weather. Runoff began after .08 inches
of precipitation during sunny summex weather. These were taken
as the amounts of preccipitation uscd in initial wetting of im-
pervious surfaces. DPrecipitation in excess of these values was
modelled as running off from that portion of impervious surface
which drained dircectly into gutters and storm SCWers. For im-
pervious surfaces which dvained onto lawns and gardens, precipi-

tation in excess of initial wetting requircments was modelled



as increasing the effective precipitation on the lawn and gar-
den areas.

For the lawn and garden areas, as well as for fields and
woods in the other watersheds studied, surface runoff was esti-
mated by using the Soil Conservation Service ($CS) method for
estimating storm runoff for flood control and evaluation pur-
poses (Soil Conservation Service, 1964). The SCS method esti-
mates runoff by

R o (B - .22)? a

P+ .82
where R is surface runoff and P is daily precipitation. Zis de-
fined by
100 - 10C 2
C

where C expresses the combined effects on infiltration of tem-
perature, soil moisture content, soil permeability, and soil in-
filtration capacity as affected by land usg or cover. C may
vary from O to 100 as the surface of interest varies from per-
fectly pervious to perfectly impervious. As C increases, there-
fore, Z decreases, and R increases. After a period of dry
weather it takes 1.10 inches of rain in a day before any sur-
face runoff occurs, even from the heavy soils typical of urban
areas.

For the Fairfield Crest watershed, a value of C correspond-
ing to the SCS wvalue for meadow in good condition, with heavy
soils, was chosen. This value was selected because of the high
quality of lawns in the development, and the common observa-
tion that soil profiles and structure are severely disrupted
during construction.

The runoff from impervious surfaces which drained onto
lawms and gardens rather than directly to gutters and storm
sewers was assumed Lo be sprcad cvenly over the lawm aad garden
area and this amount wes added to the measured precipitation
value in determining surfeacc runoff by equation (1. The esti-

mated volume of runoff from the two types of surface, impervious
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and pervious, was divided by the watershed area in order to
obtain an average estimated runoff figure. Similarly, the
measured runoff volume was divided by watershed area to ob-
tain an average measured runoff figure. The precipitation,
and estimated and measured runoff, are tabulated in Table 1

for the urbanized watershed, Fairfield Crest.

Determination by use of water budgeting techniques and long

term temperaturce and precipitation records, the long term par-

titionine of precipitation among the components of the hydro-

logic cycle, assuming no additional urbanization after 1954.

L

The effects of urbanization on the partitioning of precipita-
tion among the components of the hydrologic cycle - surface
runoff, evapotranspiration, and percolation to ground water
and base flow - was examincd by use of a water budget incorpo-
rating the model of surface runoff developed as discussed in
3). In form, the budget used is like that of Thornthwaite and
Mather (1955). It incerporates an estimate of moisture demard,
or potential for evapotranspiration (defincd by the energy
available) as the upper limit on evapotranspiration for a given
period. Precipitation in cxcess of the period demand is enter-
ed into a soil moisture storage account, or, if that account is
full (the soil is at field capacity), into a surplus account,
which is percolate to ground water and basc flow. If period
precipitation is less than potential evapotranspiration, mois-
ture is withdrawn from the soil moisture storage account to the
limits of that account.

For this study, a cumulative daily budget was run for
1950 through 1968. lstimated surface runoff was subtracted
from precipitation beforc allocation to evapotranspiration and
soil moisture storage. Potential ¢va potranspiration (PLE) was
estimated by Thornthwaite's (1948) method from monthly tempera-
ture data. An annual curve of estimated daily PE was derived
from the mid-month daily valuecs (the average daily value for
cach month) and thie daily PE values used for field and forest

areas was taken from that curve. Soil hydrologic type (based



Table 1. Precipitation and cstimated end mcasured runoff from the 55.2 acre
urbanized watershed of Fairiield Crest, for 33 storm periods

Starting Time Ending Time - Inches
Year Month Day Time - Year Month Day Time Precip. IEstimated Measured
' runoff runoff
71 10 9 2100 71 10 13 1200 3.75 1.53 1.82
71 10 23 2312 71 10 26 2400 1.73 .36 .33
71 11 19 1645 71 11 19 1835 .04 .00 .00
71 11 29 0805 71 12 1 2400 1.30 48 b
71 12 6 1325 71 12 9 1200 .94 14 .15
72 1 4L 0855 721 4 1900 L12 .02 .02
72 1 4 2035 72 1 5 0805 .36 .05 .05
72 3 22 0300 72 3 22 1800 .63 .09 .07
72 5 2 1610 72 5 5 2400 .06 .10 .09
72 5 8§ 2020 72 5 11 2400 1.22 .19 .17
72 5 30 2400 72 5 31 1400 .31 .04 .04
72 5 3] 0030 72 06 01 1040 40 .06 .05
72 6 13 0730 72 6 14 1730 .72 11 .07
72 6 16 1540 72 6 17 2014 .12 .01 .02
72 6 17 2014 72 G 20 1957 45 .07 .05
72 6 21 0100 72 6 27 2400 6.24 3.09 3.10
72 6 29 0630 72 7 1 2400 87 .13 .11
72 7 5 0300 72 7 & 1200 .36 .05 .06
72 7 8 1500 72 7 8 1854 .06 .00 .00
72 7 13 0100 72 7 16 U400 1.13 .18 .17
72 7 16 0900 72 7 17 2400 .18 .02 .02
72 8 27 2120 72 8 28 1000 .69 .10 .05
72 9 9 849 72 ° 9 1047 .04 .00 .00
72 9 12 1103 72 9 12 1420 .06 .00 .00
72 9 13 0930 72 9 13 1300 .03 .00 .00
72 -9 14 1600 72 9 15 2400 .92 14 .15
72 9 18 1858 72 9 18 2031 .03 .00 .00
72 9 25 1630 72 9 25 2145 .18 .02 .01
72 10 5 1355 72 10 5 2315 .35 .05 .03
72 10 6 1505 72 10 9 1700 1.48 .22 .20
72 10 28 710 72 10 31 847 1.09 .17 .16
72 11 8 307 72 11 13 1745 2.05 .81 .74
72 11 14 100 72 11 16 . 1910 2.82 .90 1.07
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on permcability) for ficld and forest arcas was taken from the
National Engineering liandbook listing (Soil Conservation Scr-
vice, 1964). For urban lots, the least permcable classifica-
tion was assumed. Soil moisture storage capacity values were

taken from the Soil Survey of New Castle County, Delaware

- (Matthews and Lavoie, 1970) for field and forest arcas. A

value of two inches was used for urban lots on the basis of the

average value (1.93 in.) for ten 20 inch soil cores taken in

<
=

M
-+

the Fairfield Crest watershed arca.

Soil moisture storage was divided into four accounts cor-
responding to the wetting fronts of the four most recent rains.
PE not satisfied from the surface account was assumed to with-
draw moisturc from the second account, that still not satis-
fied to withdraw from the third account, and similarly for the
fourth account. Tor caech account, soil moisturc extraction
(actual evapotranspiration, or AE) as a fraction of PE (demand)
was assumed to decline in proportion to ‘the soil moisture avail-
able, so that if soil moisture storage were onc-fourth the maxi-
mum value, for example, AL would be one-fourth the PE.

The budget was applied to Shellpot Creck Vatershed using
the precipitation rccords from Porter Reservoir, which lies on
the southwest edge of the watershed. Arcas in the various land
surface classifications in 1954 were uscd to evaluate long term
partitioning as if additional urbanization had not occurred
after 1954. Budgets were run scparately for the ten different
combinations of land surface type, soil hydrologic type, and
soil moisture storage capacity. An average value weighted by

the fraction of arca in cach combination was then determined.

Determination. bv use of water budgeting techniques, the long

term changes in partiticninz of precipitation among Lhe com-

ponents of the hydreologic cycle. The water budget of 4) was

applied to Shellpot Creek watershed in the same wey as for
4) except that areas in the various land surface classifica-

tions in 1954, 1962, and 1968 were assumed to change
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continuously in the interveniug years. The areas in impervious
surface and urban Jots thus increased continuously during this
time, while area in agricultural fields decrcased continuously.
Forest arca increased in some parts of the watershed and decreas-
ed where urbanization occurred. The areas of the watershed in
each land surface type in the three years are given in Table 2.
From 1954 to 1968 impervious surface almost doubled, surfaces
disturbed during construction more than doubled--though field

and forest still comprised 59 percent of the total areca in 1968.

Table 2. Land arca in various hydrologic surface types in
Shellpot Creck Waterched for 1954, 1962, 1968

Year frea of llvdrologic Surface Type, Acres
Impervious Building Lots Fields Forcest

1954 498 380 2116 1485

1962 824 711 1864 1020

1968 983 857 1694 945

Percent

Change

1954-1968 +97 4125 =20 -36

In Table 3 are indicated the effects c¢f the changes in sur-
face area shown in Table 2, as determined by application of the
model of surface runoff to Shellnct Watershed. Modelled surface
runofl, assuming continuously changing surface hydrologic charac-
teristics, is compared with modelled surface runoff assuming
1954 surface hydrologic characteristics. The approximate doub-
ling of urbanized surface avea has,cxpectably, wore than doubled
the surface runoff in 1968 as comparcd to 1954 land surface

characteristics.” The effect on percolate to ground water was

*For 1954 land surface characteristics, modelled averape sur-
face runoff, percolate to ground water, and actual evapotranspir-
ation were six, twelve, and twenty inches, respectively. Over im-
pervious surfaces, average actual evaporation was limited to three
inches so that surface runoff would increasc by a [actor of five -
twelve inches of percolate znd scventcen inches of actual
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Table 3. Urbanization induced changes in components of the hydrologic cycle, as evalu-
ated by a daily water budget incorpurating an cstimate of surface runoff, for
Shellpot Creck Watershed, North Wilmington, Delaware, 1954-19687

Year Surface Runoff Percolate to Ground Total Runoff Actual LEvapotrans-
) Water piration
1954 Land Changing 1954 Land Changing 1954 Land Changing 1954 Land Changing
Use Land Use Use Land Usec Use Land Usc Use Land Use

1954 4.63 4.63 9.11 9.11 13.73 13.73 20.86 20.86
1955 7.79 8.07 8.18 8.12 15.98 16.19 23.09 22.83
1956 6.06 6.77 9.74 9.55 15.80 16.31 22.80 22.34
1957 5.26 6.03 13.34 12.98 18.60 19.00 18.24 17.57
1958 8.42 10.41 21.47 20,606 28.89 31.08 22.87 21.90
1959 6.40 8.11 11.00 10.59 17.46 18.70 24.32 22.87
1960 8.60 11.25 15.25 14.39 23.84 25.64 23.82 22.25
1961 5.82 8.59 15.86 14.80 21.68 22.39 24.20 22.37
1962 4.85 7.53 13.88 12.72 16.73 20.25 21.75 19.69
1963 4.35 7.09 8.55 §.22 12.90 15.31 21.53 19.42
1964 5.45 8.46 15.15. 13.80 20.61 22.26 18.28 16.04
1965 4.90 8.25 9.58 2.09 14.47 17.33 22.26 19.83
1966 4,98 8.25 9.50 8.386 14.48 17.11 18.07 15.66
1967 10.95 16.57 20.64 17.98 31.59 . 34.55 22.15 19.50
1968 5.02 8.68 14.59 12.61 19.61 21.30 20.11 17.12
Totals 93.48 128.69 195.90 183.48 289.37 312.15 324.35 300.25
Cumulative ) }
Difference  +35.21 -12.42 +22.78" -24.10%

+Vegetated surfaces were assumed to have the hydrologic surfaces of mcadow in poor
condition (for fields and building lots) and woods in fair condition, giving a value of
20 and 28 for C in equation 2, p. 6, as compared to a value of 21 for building lots in
the Fairfield Crest, Newark watershed, which had better maintained lawns.

S, . . . .
Differences in numerical values of total runoff and actual evapotranspiration
occur because of differences in soil moisturc storage on beginning and ending dates.
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less marked. Of the 35 inch total increase in average watershed
surface runoff for the 15 year period, only 12 inches came from
percolate. This means that less than one inch per year was divert-
ed from ground water recharge, while two inches per year were di-
verted from actual evapotranspiration.

In deriving Table 3 it was assumcd that the energy diverted
from use in actual evapotranspiration (AE) over impervious sur-
faces was not used for AE over vegetated surfaces. This assump-
tion is unrealistic--it can be assumed that vegetated surfaces in
urbanized areas are subject to the 'oasis' effect just as oases
in the desert are. ILnergy for added AL is transicrred by air move-
ment into the oasis so that evapotranspiration there exceeds that
which would cccur if the whole surrounding area werce wet. In ur-
banized arcas, the urban heat island is at least in part a result
of the diversion of crergy from AE to heating the ground and air.
There is, however, little if{ any basis for assuming any given par-
titioning among the alternative energy sinks=-increased evapotrans-
piration from vegetated areas, and heating of the ground and air.
Inferrably (but not certainly, because increascd convection would
mask the amounts of energy used in heating the air as indicated by
increased air temperaturc) the amount diverted to heating the air
is small, since over vegetated, 'wet'' surfaces, cnergy used in
heating the air is only 15-25 percent of that used in evapotrans-
piration. The limiting assumption is that essentially all the
energy is ultimately divertced to increased potential for evapo=’
transpiration over vegetated surfaces. This assumption is most
acceptable in suburban arcas such as the watershed of Shellpot
Creek, where housing developments arve interspersed among fields and

wooded arcas.

evapotranspirvation over vegetated surfaccs would be added to the
six inches of surface runolf when impervious surface was created.



13

Table 4 was preparcd uiucer the assumption that enerygy divert-
ed from use for evapotranspiration over impervious surface, be-
cause of lack of available storage capacity, is entirely avail-
able as added potential evapotranspiration distributed uniformly
over vegetated surfaces. Otherwise Table 4 is like Table 3.

The reduction in percolate to ground water is greater, 18 as com-
pared to 12 inches for the other limiting assumption (no increase
in PE over vecgetated surfaces), as in Table 3, for the fifteen
year period. Correspondingly, the reduction in actual evapo-
transpiration is less, becausc of the assumed increase in poten-
tial evapotranspiration.

Under either of the above assumptions as to the disposition
of the energy that cannot b¢ used for evapotranspiration over im-
pervious surfaccs, the decreasc in percolate to ground water is
modest during the 15 year period. Even in 1968, the final year,
after impervious surface had doubled, percolate had decreased by
only two inches, or 14 percent. )

To evaluate the ultimate effects of essentially residential
development, it may be assumed that development is carried to its
limit, so that ultimately no field or forest area will be left in
the watershed. Under this assumption, 54 percent of the land area
will be covered with impervious surface and the other 46 percent
will be in building lot arca, a vegetated surface with low infil-
tration and storage capacities. Given such a watershed surface,
differences in surface runoff, percolate to ground water, and
actual evapotranspiration for the 1954 surface and the completely
developed surface are shown in Table 5 for 1954, 1962, and 1968,
the years for which acrial photos permitted actual determination
of surfacc cover.

From Table 5 it can be seen that complete residential develop-
ment of Shellpot Creek Watershed would result in a reduction of
about 6.5 inches in percolate to ground water, or half of that
which would occur with the 1954 watershed surface. Were the
ground water tzpped for water supply this would mean a loss of

175,000 gallons per acre per ycar, or enough to mecet rcsidential
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Table 4. Urbanization induced changes in components of the hydrologic cycle as evalu-
ated by a daily water budget incorpsrating an estimate of surface runoff and:
allocating the PE not used over impervious surfaces tc use over vegetated sur-
faces, for Shellpot Creck Watershed, North Wilmington, Delaware, 1954-19687

Year Surface Runoff Percolate to Cround Total Runoff Actual Evapotrans-

Water

piration

1954 Land Changing 1954 lL.and Changing 19

54 Land Changing 1954 Land Changing

tyegetated surfaces were assumed to have the
condition (for fields and building lo

20 and 28 for C in equation 2, p. 6, as cemparcd to

te) and woods in fair condition,

Use Land Use Usc Land Use Use Land Use Use Il.and Use

1954 4.63 4.63 8.41 8.41 13.03 13.03 22.00 22.00
1955 7.79 8.07 7.19 7.12 14.98 15.18 24,36 24.15
1956 6.06 6.77 8.01 7.78 14.08 14.54 24.52 24..25
1957 5.26 6.03 12.02 11.45 17.28 17.47 19.04 18.49
1958 8.42 10.41 19.17 16011 27.59 28.53 25.11 24.67
1959 6.40 8.11 10.21 9.31 16.62 17.42 25.85 24.67
1960 8.60 11.25 13.09 11.85 21.69 '23.10. 25.59 24.55
1961 5.82 8.59 14.60 12.94 20.42 1.53 25.99 24.75
1962 4.85 7.53 12.25 10.65 17.09 18.18 22.69 20.86
1963 4.35 7.09 7.80 7.21 12.14 14.30 22.60 20.92
1964 5.45 8.46 13.93 12.16 19.39 20.62 18.94 16.94
1965 4.90 8.25 8.91 8.21 13.81 16.46 23.65 21.65
1966 4.98 8.25 7.99 6.83 12.97 15.07 19.01 17.07
1967 10.95 16.57 18.42 14.49 29.37 31.06 24.13 22.64
1968 5.02 8.68 13.60 11.16 18.62 19.84 21.32 18.99
Totals 93.48 128.69 175.60 157.65 269.006 286.33 344,80 326.60
Cumulative ' .

Difference +35.21 -17.95 +17.27% -18.20°

hydrologic surfaces of meadow in poor

giving a value of
a vaiue of 21 for building lots in

the Fairfield Crest, Newark watershed, which had better maintained lawns.

. . .
Differences in numerical values of total runof
¢ on beginning and ending dates.

Lty

1T O

occur because of differences in soll moisture sto

{ and actual cvapotranspiration



15

-JTpP JO 2Sneoaq INDD0 UOTIBIT

Yotus ‘poaysIojzem NIAemoN
¢z uvotrjenbs utr n 103 gz pue
103J) u0I3Tpuoo 1ocd UT £OP

-IadWT J2A0 pgsn jou uoT

*sojep Buipue pue Jutuur8aq uo 98eI03S SANISTOW TTOS UT SIDUBIIF
dsueaijodeas Ten3oe pue JJounl [e303 JO San[BA TBOTISWNU UT SOOURXBIIT(

<

.mﬁamawopmmucam,umuuwpvms
3s91) pPIOTIIITE 241 Ul s3ol SuIpling I10J Tz JO enjea e 03 pareduod se ‘g -d
0Z Jo sniea @ SUTATIS ‘UOT3TPUOD ITBJ UT SPOOM puB (S30T SUIPTING puUB SPISIJ
B2l 10 S80BIaNs OT8070IpAY 9y: °ABRY O3 DPOWNSSE 2124 S2TRIIANS POIVISTOA+

‘ealB SOBIINS pPo3TI9S82a 03 PRIBDCTIR SBM 580811
umwﬂawzmuuoaw>@ﬂmﬂuzouom.dmapmwcﬂOLquuaﬁmumnﬁouoummmwwwﬂm:

Z1°01 09°9- 14791 2oua12171Q

938r10AY

L8 TCT- L0887 TS+ 16°36- CLOSTH 32u812131Q

. SAT u..m,T.,,._._.SO

AR ¢91e 1%°6¢ 6761 L7°9 90" €1 %6 7C - €779 eSeasay

aeeX G

87 TL1 cervee LT LY L€ 68¢ 66796 06°G6T 81" ¥iE g%t ¢6  sieacs

ey G

1976 e 1¢ 0z 6¢ 297 8T 68°G 09°¢€T T 61 KNS 8961

7,701 69°¢ 60° LT 60" L1 9% 9 T ARA £€9°0¢ cgry 2961

60" 11 00°2 %7 9C €0 €T s 17°8 16781 €97 7S61
uo13eZTUEBgI)) S0BJING UOIJBZTURQGI) 90BIIANG uorileziueqan 20BJaINg uoileziueqiq ovrang
9391dwop PUET %G6T 93e7dwo) pueT %561 @397dwoy pueT 7G6T 9391dwo) puzT ST

uotjeatd FERER
-sueajodeay TENIOY Jjouny Te30] punois 23102133 Jjjouny =20BIING IB9}

‘paysasiepM eea) jodll=ysg io3]
Aq poazenyens se ‘sToK0 o130

4 896T-%S6T ‘oaenelaQ ‘uo3lZuTWTM Y3IION
ah Jjouni @22BJaNns JO ¥3BWI3IS3 ue Jurjexodiodut 3198png 1o3em ATIEp ®©
10ap4Ay @2ya Jo sausuodwod Ul S93UBYD pLONPUT UOTIIBZTUBQIAN TJBIJUSIO04 °G °O[qBlL



16

demand for 290 days, assuming three residences per acre (as in
1968) and residential demand of 200 gallons per day. The lowest
amount of annual percolate in the 15 year period is less markedly
affected--with complete urbanization it would be 4.9 inches in
1956 as compared to 7.2 inches with the 1954 land surfacc.

Other components of the hydrologic cycle are more markedly
affected by urbanization than is percolate to sround water. As
demonstrated in table 5, and illustrated in Figure 1 for 1968,
surface runoff is more than tripled and actual evapotranspiration
is reduced to lcss than half. Correspondingly, instances of
flash flooding in low lying areas become more frequent and
troublesome, while the urban heat island becomes more pronounced.

The inferences to be drawn for the center city, which is es-
sentially all impervious surface can be mentioned. For the 1954-
1968 period actual evapotranspiration on impervious surfaces
averaged 2.5 inches, cven assuming a wetting extraction from sur-
face runoff of only .03 inches, as was done here. The remaining
38.3 inches of precipitation z1l would become surface runoff, with

no percolation to ground water

Fvaluation of the model against measurcd rvnoff from Shellpot Watcrshed

The model of surface runof{ as developed from the measured precipita-
tion, runoff, and land surface chevacteristics for the 55 acre Fairfield
Crest Watershed and Qsed in evaluating the effects of urbanization of Shell-
pot Creek Watershed on the components of the hudrologic cycle, was tested
against the measured runoff data for the watershed, as collected by the Geo-
logical Survey (USGS). Correspondence between modelled and measured runoff,
whether that from the surface alone or including percolate to ground water
as base stream flow, was of coursec less than perfect. There are, however,
some encouraging assurances of the validity of the model as a result of the
comparison with USGS data.

As the first test of the model, cstimated runolf was compared with

measured runoff for 47 single day storms--12 in 1954, 15 in 1962, and 20 in

1968%, These years werc chosen because they were the years for which aecrial

*November and December of the preceding year, and January and Tebruary



1968 Total of Component Indicated

17

Inches

25 -

15—

10 |-

0 ! ! i 1
0 .20 40 .00 .80 1.00

Fraction of Urbanization

Figure 1. Effect of fraction of residertial urbanization on
sur face runoff, percolate to |y water, total
runoff, and aclual evapotranspiralion for 1968
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photos were available and for which walershed surface types could therefore
be measured with adequate accuracy. Separation of surface runoff Irom basc
flow in the stream flow rccord was done by assuming that when average daily
streamflow increased the increase was initially caused by surface runoff,
and that flow before the increase was base flow. It was also assumed that
all flow greater than the initial base flow was surface runoff until flow
declined to 1.5 times the initial flow--for single day storms this always
occurred by the end of the third day. The method may overestimate surface
runoff since even with a slope of .00005 water will flow over a concrete
surface at the rate of 1.5 miles per day and the watershed is only 4.5
miles in length.

The correlation cocfficient r, between model-estimated surface runoff
and measured surface runoff for single day storms was .32 as compared to
.52 between precipitation and measuved surface runoff. The regrecssion co-
efficients were .04 for the y-intercept and 1.36 for the slope of the re-
gression line (-.22 and .57 respectively, for precipitation as the estimat-
or of surface runoff). For individual years and between model-estimated
and measured surface runoff r was .35 for 1954, .98 for 1962, and .81 for
1968. While y-intercepts were satisfactorily near the origin irn all years--
within .2 inches--the slope of regrcssion always considerably exceeded the
desired value of unity. By this test the model significantly underestimates
surface runoff.

The test is not conclusive as to the model'é validity. As was mention-
ed earlier, precipitation records used wevre those from the Porter Reservoir
gage, which lies on the southwest edge of the watershed. A single gage is
of course not representative of a 7.46 sq. mi. wvatershed--in fact, on two
occasions measured runoff cxceeded precipitation and on several others it
nearly equalled precipitation. Use of data from the Marcus Hook gage, some
three times as far from the center of the watcrshed as the Porter Reservoir
gége, gave a higher r between modelled and measured runoff than the use of
the Porter Reservoir data-.8% as compared to .82--and use of the average of

the two estimates gave an r of .37. In both cascs, however, the slope of

of the succeeding yecar were included in each case so that each ycar repre-
sents a 16 month period.
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the regression line was necarly threc as compared to the desired value of
unity.

Other possible reasons for the model's apparent underestimate of sur-
face runoff include the possibility of inaccurate gaging of streamflow, and
watershed characteristics that result in rapid delivery to streamflow of a
part of the percolate to ground water. Neither of these possiblities could
be evaluated within the scope of the project. On-site observation of the
stream gaging site in July, 1973 revecaled a channel which could circumvent
the gaging site during high flows, but this would undergage runoff, rather
than overgage it, so it wbuld ﬁot explain the discrepancy. Throughout the
watershed, on the other hand, unscaled drainage pipe is used to carry run-
of f under vegetated areas so that considerable amounts of the water entered
in the water budget as surplus would find more rapid than normal entry in-
to streamflow. This may serve to explain the greater apparent runoff dur-
ing and immediately after storms than the model estimates. Some confirma-
tion of this possibility exists in the fact that runoff significantly in
excess of model estimates was lacking when no percolate’ to ground water ap-
peared in the water budget estimates of apportionment of precipitation.

A second test of the model's validity as an estimator of surface run-
off involved the comparison of annual amounts of cstimated and mcasurced sur-
face and total runoff. By this test the model's validity is better estab-
lished than by comparing daily runoff values. While r betwcen model-estimat-
ed and measured annual surface runoff is only .74, r between the two for
total annual runoff is .95. This indicates that 91 percent of the variation
in total annual runoff is accounted for by the model. Dy contrast, vari-
ability in precipitation accounts for only 67 percent of the variation in
annual runoff. Given the single precipitation gage with which runoff was
estimated, this result of the model's application is very ecncouraging.

The model overestimates total amnual runoff by about threc inches--the
rcgression coefficients are:a= -2.77 and b = .94. This could be because
the estimate of PE is too low, a common criticism of the Thornthwaite esti-
mate (McGuinness and Bordne, 1972). Gaging inaccuracics could also contrib::
ute. The data from both Wilmington, to the south, and Marcus Hook to the
northeast, show lower precipitation values for the period. Application of
the model to Marcus Hook data gives r = .94, a = -1.4784, b = .98. An aver-

age of the Marcus Hook and Porter Reservoir precipitation data cstimates
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gives r = .96, a = -2.60, b = .99. Ancther possible source of ervor is

the difference in watershed area between the USGS value used in determining
runoff in inches for their records, and the values obtained in both this
study and by the New Castle County Planning Department. The values from
both the latter sourccs are five percent lower than the 7.46 sq. mi. used by
the USGS. Use of the smaller figure would reduce the difference between
estimated and measured total runoff to 2.0 and .7 inches for the Porter
Reservoir and Marcus llook precipitation data, respectively.

Within the limits of the data available the model is reasonably well
validated. Application to more watcrsheds is desirable in order to adequate-
ly verify or modify it as necessary. This, however, proved impossible,
though originally contemplated for two additional watersheds, because of

lack of funds.

Listing of Significant Results

1) Development of a highly reliable model of surface and total runoff
in an urbanized arca. The model estimates surface runoff as a func-
tion of the relative fractions of surface area possessing various
combinations of hydrologic characteristics. The hydrologic charac-
teristics of interest include soil permeability, surface treatment,

and storage capacity.

2) Application of the model to Shellpot Creek Watershed in North Wil-
mington, Delaware under scveral conditions of mcasured and assumed
combinations of surface hydrologic characteristcs. The application
revealed a tripling of surfacc runoff, a one-half increasc in total
runoff, and a halving of both percolate to ground water and actual
evapotranspiration, as urbanizcd gurlace (residential use, 54 per-
cent impervious surfacc) increased from 20 to 100 percent of the

watershed arca.
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