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WATER RESOURCES OF THE DELAWARE RIVER BASIN

By GaraLp G. ParkEr, A. G. Hevy, W. B. Keiguron, F. H. OuMsTED, and OTHERS

ABSTRACT

The Delaware River basin, including areas tributary to Dela-
ware Bay, contains 12,765 square miles. This area occupies
major parts of Delaware, New Jersey, Pennsylvania, and New
York, plus an 8-square mile area in Maryland. In 1950 about
6 million people lived within the basin and about 14 million
lived in the New York metropolitan area, which now obtains
part of its water supply from the Delaware River basin. The
population of these areas doubled between 1900 and 1950 and is
still increasing rapidly (1958).

Requirements for water are increasing even more rapidly than
the population, chiefly because of the rapid expansion of industry
and irrigation. Many serious local water problems which had
developed by 1955 may be expected to increase, because the
estimated water requirements in 1975 are approximately double
those of 1955.

The basin and adjoining areas occupy parts of two major
physiographic divisions separated by the Fall Line, which extends
northeastward across the region through Wilmington, Del., and
New York, N.Y.

The Coastal Plain lies southeast of the Fall Line and is under-
lain by a seaward-thickening wedge of deposits that attains a
thickness of more than 6,000 feet beneath the mouth of Delaware
Bay. These deposits consist of a sequence of alternating sandy
or gravelly aquifers and clayey or silty aquicludes and contain
enormous quantities of water. Most of the aquifers yield
moderate to large amounts of water to wells and help to maintain
streamflow at relatively high levels during fair-weather periods.
The aquicludes are of value chiefly—and importantly—in help-
ing to prevent salt-water encroachment from upper contaminated
zones to underlying fresh-water aquifers.

Northwest of the Fall Line is the Appalachian Highlands
division. This division occupies the upper three-fourths of the
basin and is characterized by rolling uplands, ridges, valleys, and
plateaus; it is underlain predominantly by consolidated rocks of
complex composition and structure. The consolidated-rock
aquifers include three major types: (1) crystalline rocks, such
as granite, gneiss, and basalt; (2) carbonate rocks, such as lime-
stone and dolomite; and (3) clastic rocks, such as shale, sand-
stone, and conglomerate.

Consolidated-rock aquifers ordinarily store and transmit much
less water than the unconsolidated granular aquifers of the
Coastal Plain, and in most places only small or moderate indi-
vidual ground-water supplies can be developed from consolidated
rocks.

Aquifers of large yield occur, however, in the glacial outwash
which underlies many. valleys throughout both the northern
glaciated part of the region and the southern part, beyond the
limits of the continental ice sheets of the Pleistocene epoch.
Because of the smaller natural storage capacity of rocks in the
Appalachian Highlands, the streams generally have higher flood-
fIi’ows and lower fair-weather flows than those of the Coastal

lain.

The average annual water budget of the basin, based on the
standard period 1921-50, is:

Precipitation (P)=44 inches (30 million acre-ft, or 9.8
trillion gal).

Water loss (L) =23 inches (16 million acre-ft, or 5.1 trillion
gal).

Runoff (R)=21 inches (14 million acre-ft, or 4.7 trillion gal).

The runoff of 4.7 tgy (trillion gallons per year) represents
approximately the ultimate, though practically unattainable,
«water crop”; it is the only part of the hydrologic cycle that is
manageable, to any considerable extent, for human needs. This
figure of 4.7 tgy represents much more than the quantity that is
harvestable, however, because part of R is flood runoff that can-
not be economically stored. Also, part of R must be reserved
for the dilution of wastes, to flush salt water frcm the estuary,
and for other nonwithdrawal purposes.

Increased use of the natural storage capacity of aquifers and
of surface storage reservoirs will capture a much larger part of
the potential supply and make it available for use. For instance,
if storage capacity equivalent to 50 million gallons per square
mile of drainage area were made available above each of the four
following locations, the approximate increase in allowable draft
rate would be:

Station Myd
East Branch Delaware River at Fishs Eddy, N.Y___ 350
West Branch Delaware River at Hale Eddy, N.Y__. 250
Neversink River at Oakland Valley, N.Y__________ 100
Lehigh River at Bethlehem, Pa___________________ 560
Total . e 1, 260

Thus, even moderate development of surface storage in strategic
locations would augment low flows and provide abundant water
to meet much larger demands than those predicted for 1975,
at which time the maximum consumptive use may reach about
610 mgd (million gallons per day).

Large expansions of ground-water developments can be made
both in the Appalachian Highlands and in the Coastal Plain.
It should be understood however, that if any such developments
are made they will be done chiefly, although not entirely, at the
expense of streamflow. .

In the Appalachian Highlands part of the basin, an area of
about 9,700 square miles, the estimated annual ground-water
recharge (potential ground-water crop) is about 0.75 mgd per
sq mi. This is about 7.3 bgd (billion gallons per day), or 2.65
tgy. Current pumpage is only about 130 mgd, or about 2
percent of the annual ground-water recharge. Greatly increased
pumpage could be obtained, especially from the glacial outwash
deposits where wells yielding as much as 1,000 gpm (gallons per
minute) have been constructed.

In the Coastal Plain, ground-water sources are annually
recharged by about 1.1 mgd per sq mi. At this rate the 2,750

1
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square miles within the Delaware River basin receive an annual
recharge of about 3.0 bgd or 1.1 tgy. By comparison, this
is equivalent to about 40 percent of the average flow of the
Delaware River at Trenton, N.J., which is 7.6 bgd. Water
pumped from the Coastal Plain aquifers within the basin is
estimated to be about 210 mgd; thus, only about 7 percent of the
annual ground-water recharge in the Coastal Plain is being
pumped. The principal controls governing additional develop-
ment are a variety of hydrologic, economic, engineering, legal,
and political factors.

An adequate water supply must be satisfactory in quality
as well as in quantity. The quality determines the usefulness
of a water supply and, because of pollution loads, may also
determine the minimum flow that can be tolerated in principal
streams. The chemical quality is closely related to such
factors as magnitude of streamflow, geology of the drainage area,
salt-water encroachment, and disposal of municipal and in-
dustrial wastes.

Information on the quality of ground water in the Delaware
River basin is scarce. From the data available we conclude that, in
general, the ground-water supplies of the basin are satisfactory
for most uses and that they will remain so provided that the
aquifers do not become contaminated with saline water or with
wastes.

Most of the surface water in the basin is of good quality, but
serious local problems have developed, particularly in the
Schuylkill River basin and along the Delaware estuary. A large
part of the water withdrawn for use in the Delaware River basin
is obtained from the Delaware estuary. The quality of the water
at Trenton, N.J. (the upper limit of tidewater) is good. How-
ever, large quantities of wastes are discharged to the estuary at,
and especially below, Trenton; also, the fresh river water mixes
with sea water, principally below Chester, Pa., and at times
significant salinity extends upstream as far as Philadelphia.

Salt-water encroachment and pollution, or contamination, by
industrial and municipal wastes are the two principal causes of
deterioration of water quality. Salt-water encroachment results
chiefly from a slowly rising sea level that causes saline water
(defined herein as water in which the concentration of dissolved
solids is greater than 1,000 parts per million) to move upstream,
or inland, beyond normal limits. Pollution increases with
growth of population and expansion of industry. Augmentation
of low flows increases the dilution of wastes and helps to prevent
the upstream movement of saline water.

Drainage from mines in the area above Reading, Pa., on the
Schuylkill River, is acid and has an unusually high concentration
of dissolved solids. The mine drainage makes the Schuylkill
River acid to a point near Reading, Pa., where alkaline water
enters the river and neutralizes the acid. Organic matter in
acid water tends to remain unchanged for long periods. Con-
sequently, if a reservoir were built where the stream is acid,
sewage wastes might accumulate and create serious health
hazards and esthetic nusiances.

Sediment in streams of the Delaware River basin creates
difficult problems even though sediment concentrations are
commonly lower than in streams of the arid or semiarid western
United States. These problems are concerned with water
treatment, maintenance of harbors and shipping channels,
sedimentation of reservoirs, recreation, fish and wildlife, and
other aspects of water-resources development.

The available sediment data are not sufficient to provide a
suitable basis for estimating the useful life of reservoirs. How-
ever, many small reservoirs built 50 or more years ago have been
completely filled with sediment.

The most serious sediment problem in the basin was created
by uncontrolled dumping of mine waste which contaminated
the Schuylkill River throughout its length and the Delaware
River near its confluence with the Schuylkill. An extensive
restoration project and State control of such waste disposal have
virtually corrected this situation. Land-conservation measures
practices in the Brandywine Creek valley appear to have reduced
significantly the amount of sediment carried by the stream.

Demands for water are increasing rapidly, both within the
basin and in the metropolitan areas of New York City and north-
eastern New Jersey; further, these demands are expected to
continue to increase. The use of water tends to increase more
rapidly than the population, largely because of the rapid growth
of industry in which uses are much greater than the combined
uses of water for domestic, commercial, and public purposes.
In 1955, total per capita use of water in the Delaware River basin
was between 1,000 and 1,100 gpd (gallons per day), based on
an average withdrawal of 6.1 bgd and an estimated population
of between 5.7 and 6 million. Per capita use of municipal
supplies was between 60 and 220 gpd.

The greater part of the per capita use of more than 1,000 gpd
in the Delaware River basin was by large water-using industries,
such as steel, petroleum, and chemicals. About 87 percent of
the water used in the basin was self-supplied by industry. Of
this industrial withdrawal, which amounted in 1955 to about
5,280 mgd, about 5,100 mgd was from streams and 180 mgd
was from wells.

Irrigation of farm crops by the sprinkler system is used widely
in this region. As about 90 to 95 percent of the water so applied
is used consumptively, it is a particularly important use.
Furthermore, acreage under irrigation is increasing rapidly,
especially in the Coastal Plain. The U.S. Census Bureau re-
ported 32,500 acres in 5§ New Jersey counties and 4,300 acres
in 2 Delaware counties under irrigation in 1954. These had
increased, respectively, 110 percent and 1,000 percent since
1949.

Water withdrawals (use) in 1955 in the Delaware River basin
was about 6.1 bgd or 2.23 tgy. About 95 percent of this comes
from surface water and the remainder from ground water, and
about 98 percent of it is used for municipal and industrial pur-
poses. Additionally, about 1.6 bgd, totaling about 0.6 tgy, is
used for generation of hydroelectric power.

Almost all water withdrawn for use within the basin is returned
to the streams after use; therefore, the withdrawal use figures
include a substantial amount of reuse. About 70 percent of all
water use in the basin occurs in the 11 counties bordering the
Delaware estuary between Trenton, N.J., and Wilmington
Del.

Because water may be used over again and again, a com-
parison of withdrawal use and total potential supply (R) would
be meaningless or highly misleading. On the other hand, com-
parison with consumptive use of water may be of value. In
1955, consumptive use of Delaware River basin water, including
38 mgd to New Jersey (through the Delaware and Raritan Canal)
and 350 mgd to New York City (equivalent to consumptive
use in the Delaware basin as it is no longer available for reuse
there) amounted to 600 mgd. This use is about 2.19 bgy (billion
gallons per year), or a little less than 5 percent of B (4.7 tgy).
These consumptive-use figures refer to annual averages. Con-
siderably larger water uses, however, are made during dry seasons
or droughts. For example, maximum water use per day by
munjcipalities may be three times greater than the average daily use.
Maximum use per day for the Delaware River basin in 1955 is
estimated to be about 670 mgd, which is only about 11.6 percent
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larger than the average use per day. It might seem, therefore,
that water use could be greatly expanded without increased
storage.

Another, and better, means of comparison exists. This is a
comparison of the maximum daily rate of consumptive use to
low flows of the Delaware River. In making such a comparison,
diversions to other basins are included in the consumptive use
if they deplete low flows (as the New Jersey diversion via Dela-
ware and Raritan Canal) but are excluded if they do not deplete
low flows (as the New York City diversions). New York City’s
water management operations related to diversions actually
increase the usable supply in the basin during times of low flow.
This is accomplished by releasing water stored during times of
high flow——water that would otherwise have wasted to the sea.

In 1955 the maximum daily rate of consumptive use within the
basin was about 280 mgd and diversions to New Jersey were
38 mgd, for a total of about 320 mgd. The minimum 7-day
flow that can be expected once in 20 years from the entire Dela-
ware River basin drainage is about 1,700 mgd. This is more
than five times the maximum rate of consumptive use in 1955.
Thus, we conclude that there is ample water to meet current
rates of consumptive use and to allow for some expansion.
We still do not know, however, how much water will be required
for waste dilution, navigation, and similar needs and for flushing
salt water from the estuary. The existence of serious local
problems now indicates that future increases in water demand
must be met by increasing available supplies.

Tre amount of water available for use can be increased
principally by utilization of storage, both of surface and ground-
water sources. Because of the great geologic and topographic
differences of the two major divisions of the tasin, development
of water supplies will be accomplished in the Coastal Plain
largely by utilization of aquifers and in the Appalachian High-
lands largely by utilization of surface reservoirs. However,
aquifers in the Appalachian Highlands and surface reservoirs in
the Coastal Plain may provide many small supplies that con-
tribute significantly to the total.

The quantity of water obtainable from aquifers hydraulically
connected with streams and lakes may be augmented by induced
recharge from those bodies. For example, by pumping from
wells adjacent to the estuary below Trenton, N.J., where the
river water is fresh, induced recharge of about 100 mgd may be
obtained by well-planned development. Artificial recharge with
excess streamflow may be used both to prevent contamination
and to augment ground-water supplies. Augmenting ground-
water supplies with surface water does not increase the total
supply, but it does increase its availability; the water stored
would otherwise have wasted to the sea.

Water supplies of the Coastal Plain are, in general, more than
adequate to meet the foreseeable future needs for irrigation.
Additionally, parts of the area east of the basin are a potential
source for diversion of water to the Camden, N.J., area and to
-coastal resorts, such as Atlantic City, N.J. It may be practical
to obtain 500 mgd or more chiefly from aquifers of the Pine
Barrens, an area of about 2,000 square miles in south-central
New Jersey.

Conversion of brackish water from the Delaware and Hudson
estuaries may eventually become locally competitive with
fresh-water supplies, thus helping to relieve the struggle for
additional water. There seems to be scant hope of increasing
the Delaware Basin supply by weather-modification practices.

Conservation measures, such as more and better treatment of
wastes, reuse of water that is now discharged to the ocean or
other unusable water body, and recycling of water in industrial

plants, could become highly important in meeting the water
requirements for the future.

Development of the water resources of the basin is limited
more by economic and human factors, such as costs and water
rights, than by the magnitude of the potential supply of water
of good quality.

INTRODUCTION

Unusually large and increasing demands are made of
the water resources of the Delaware River basin because
of its proximity to great urban and industrial centers.
The basin covers major parts of four States; conse-
quently, large-scale development of water resources
in any one State may seriously affect the rights of the
others. Such development has begun and additional
development probably will be required in the next few
years to provide enough water to meet the increasing
demands.

Development of water supplies to meet the needs
of all parts of the basin, and other areas that are partly
dependent on it, requires an appraisal of the water
resources of the entire basin. Present and future
demands also must be considered. Although many
reports have been written on various phases of the
water resources of parts of the basin, no previous
attempts have been made to describe the water resources
of the basin as an entity and to show the effects of the
patural environment and of man’s activities on the
available water supply. This report is primarily a
summary and analysis of hyrologic data and water-
use data for the basin, but it includes some discussions
on part or all of eastern New Jersey. Additionally,
the report discusses the gross supply and water avail-
able for use by man, the variations in both quantity
and quality of the supply and the factors affecting
these variations, and the interrelations between the
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THE DELAWARE RIVER REGION
PROBLEMS

AND ITS WATER

THE ROLE OF WATER RESOURCES IN THE MODERN
COMMUNITY

The available water supply has long been recognized
as a principal limiting factor in the development of the
drylands (arid and semiarid regions) of the western
United States. The humid eastern States, by con-
trast, have been almost free of this limitation; but even
so, the relative abundance of water in some areas and
scarcity in others is important in establishing the pat-
tern of regional development. Today, many densely
populated areas are faced with serious water problems,
and some eastern cities import water from distant
sources to augment local supplies.

The very life of & community depends on the avail-
ability of adequate supplies of water suitable for the
many domestic, commercial, public, and industrial
uses. Many industries require vast quantities of water.
In the Philadelphia metropolitan area, for example, the
use of water by industry is many times.greater than the
total domestic, commercial, and public use. Future
growth of population and industry depends on the
availability of additional supplies or better utilization
of existing supplies.

Recreational areas with streams and lakes suitable
for fish and wildlife, swimming, boating, camping, and
other outdoor activities become more important as the
population increases, but usually are more difficult to

maintain because of pollution of streams and decreases
in low flows.

The supply of water available without extensive
development differs from place to place. The demand
for water also varies greatly, and maximum demand
generally occurs at times of minimum streamflow and
low ground-water levels. Consequently, as population
increases and industrial growth proceeds, serious water
problems arise unless planning and development of the
water supply keep pace with, or ahead of, the ever-
increasing demand.

Low-lying lands along many large rivers and in
mountain valleys make attractive sites for urban, in-
dustrial, and agricultural development for many reasons,
including readily available water supply, water or rail
transportation, relatively flat terrain, and superior soils;
however, such advantages generally are accompanied by
flood hazards, and flood protection must be provided if
serious damage and loss of life are to be avoided or
minimized.

THE DELAWARE RIVER BASIN AND ITS
ENVIRONMENT

Large-scale diversion of water from the Delaware
River basin has already begun, and by 1951 some water
was already being imported into the Delaware basin
from the Susquehanna. Consequently, the problems of
the basin cannot be completely separated from those of
the adjacent regions. A discussion of some of the perti-
nent features of the basin and the region of which it is a
part will help to clarify some of the specific water prob-
lems of the ares.

GENERAL DESCRIPTION

The Delaware River and its tributaries are of unusual
importance not because of the volume of flow or the
size of the drainage areas, but because they serve the
Nation’s most densely populated and intensively
industrialized area, which includes the New York City
and Philadelphia metropolitan areas and several smaller
ones (pl. 1). The river and the streams tributary to
Delaware Bay drain an area of 12,765 square miles.
This area is divided among five States as follows:

Area

State (sq mi)
New York._ .. 2, 362
Pennsylvania_________________________ .. 6, 422
New Jersey - - - oo oo 2, 969
Delaware . . _ e 1, 004
Maryland_____ . 8

The Delaware River basin is bounded on the north
and west by the drainage basin of the Susquehanna
River in New York, Pennsylvania, and Maryland; on
the east by the lower part of the Hudson River basin in
New York and New Jersey and by the Passaic and
Raritan River basins and many smaller basins in New
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FIGURE 1.—Physiographic block diagram of the region.

Jersey; and on the south by small basins in Delaware
and Maryland.

The Fall Line, which passes through Baltimore, Md.,
Wilmington, Del., Trenton, N.J., and New York, N.Y.
(fig. 1), divides this region into two parts with markedly
different topographic, geologic, and hydrologic charac-
teristics. The Appalachian Highlands lie northwest
of the Fall Line. Much of this region is forested and
is characterized by ridges and valleys, plateaus and
mountains. Bedrock in most places is hard and dense
and is relatively close to the surface. In general, the
rock formations are geologically old and, having under-
gone a long and involved history, are structurally
complex. Some of the rocks contain numerous cracks
and solution channels caused by earth movements
and weathering; other rocks are almost impervious to
water.

During the Pleistocene epoch, or Great Ice Age,
continental glaciers occupied the northern part of the

region several times (pl. 7). The most important
effects of the ice sheets were the scouring of soil from
the upland and the deposition of glacial debris in many
areas. Most of these deposits are more permeable
than the underlying materials and are of considerable
importance in the development of local water supplies
that may, in favorable places, be of considerable
magnitude.

The Coastal Plain, an area of low relief lying south-
east of the Fall Line, consists of deposits of unconsoli-
dated clay, silt, sand, and gravel overlying the bedrock.
The bedrock surface dips southeast at a rate of about
76 feet per mile, and ranges from a few feet below the
land surface near the Fall Line to more then 6,000 feet
below the mouth of Delaware Bay. Huge quantities
of water are stored in the unconsolidated sediments of
the Coastal Plain, and they assume great importance
in the general circulation and future use of water in
the area.
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In the Appalachian Highlands most streams have
moderate to steep slopes. In the Coastal Plain, stream
slopes are very flat, and at many places tidewater
extends inland for long distances. The Delaware
River crosses the Fall Line at Trenton, N.J., and flows
along it from there to Wilmington, Del. The river is
tidal below Trenton. Fresh water of the river mixes
with saline water in the lower reaches, the upper limit
of saline water generally being near Marcus Hook, Pa.,
at the Pennsylvania-Delaware State line. Water is
usually considered saline (salty) when the dissolved-
solids content (salts) is 1,000 ppm (parts per million)
or more. The salt content increases gradually between
Marcus Hook and the head of Delaware Bay.

The great concentrations of population and industry
are along the Fall Line and in the lower parts of the
Lehigh and Schuylkill River valleys. The total popu-
lation of the Delaware River service area (fig. 5) in
1955 was more than 21 million. More than 4 million
of these people were in the Philadelphia metropolitan
area and more than 14 million were in the New York
metropolitan area east of the basin. Both these areas
contain major seaports and industrial, financial, and
commercial centers. Ocean-going vessels navigate the
Delaware River up to Trenton, N.J.

North and west of the major urban areas, the basin
is occupied by a rural population with many small
towns and cities. The northern part of the area,
including the Catskill and Pocono Mountains, is famous
as a resort area conveniently located to serve the huge
population in the urban centers. The west-central
part (headwater areas of Lehigh and Schuylkill Rivers)
is also mountainous but is noted chiefly as a coal-
mining region which includes some of the largest
anthracite deposits in the nation. Agriculture and
dairying predominate in the lower parts of the Appa-
lachian Highlands and in some of the mountain valleys.

In the Coastal Plain, southeast of the urban centers,
agricultural and dairying industries are concentrated
in the Delaware River basin and east of it. However,
a large area in this region, the Pine Barrens, is covered
by a forest of scrub trees having little economic value.
Much of the Atlantic coast in New Jersey is a thickly
populated resort area. .

The New York metropolitan area now depends o
the Delaware River basin for a large part of its water
supply. Other areas in New Jersey and Delaware,
east and south of the basin, obtain some water from
the basin and are expected to obtain more in the future.
Th eregion east of the Delaware River basin, including
the New York metropolitan area and parts of Delaware
(totaling about 17,000 square miles), is included in the
Delaware River service area, but not all this service
area, is dependent on the Delaware River basin for

supplemental supplies. For example, the Pine Barrens
is a possible source of water for diversion both to the
Camden-Gloucester, N.J., area and to nearby seashore
communities.

Another major source for possible future diversion
to parts of the Delaware River service area is the
Susquehanna River basin. Although this basin con-
tains many cities and towns, the concentrations of
population and industry do not approach those in the
Delaware River service area. Water is already being
diverted from the Susquehanna River basin to supply
the city of Chester, Pa.

THE CLIMATE

Most of the region has a continental climate, because
the prevailing direction of air movement is from west
to east at this latitude. Consequently, winters are
rather cold and summers generally are warm or hot;
however, a strip along the coast and around Delaware
Bay is influenced considerably by the moderating
effect of the sea and therefore might be said to have
a modified continental climate.

The effects of elevation, combined with those of
latitude, make the central and northern parts of the
Delaware River basin considerably colder than the
southern part and the Coastal Plain.

Temperature characteristics of the region are sum-
marized in plate 2—a map showing areal variations
in the average annual air temperature—and in figure
2—a graph showing average monthly temperatures
for three typical weather stations. The map shows
a range in average annual temperature from 44° F in
the mountains of the northern part to 56° F in the
southern lowlands. The pattern of equal temperature
lines is controlled largely by ground elevation and
latitude. The graph of monthly temperatures indicates
that the pattern of seasonal variation is remarkably
similar throughout the area.

The precipitation is generally abundant and rather
evenly distributed throughout the year, but marked
variations do occur; these are discussed in a later section.
Though the region has no distinct wet or dry season,
there is a pronounced difference in the winter and
summer precipitation. Winter is characterized by
more cloudy and rainy days than summer, which is
characterized by thundershowers that often are sharply
localized ; thus, the winter precipitation is usually more
widespread and less intense than the summer precipi-
tation.

Floods may occur at any season; some of the most
damaging have been associated with hurricanes, which
have been relatively rare in this region. Droughts
also may otcur at any season, including winter. Winter
droughts, however, often escape public notice and are
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demand for protection from such floods. There is also
an increasing interest in reducing the damages from
more frequent, but less spectacular, floods.

Yields of wells in the region range from less than a
few gallons per minute to several thousand gallons per
minute, depending on the geology. The variations in
geology, as they affect the occurrence, movement, and
chemical character of water, are so complex in most of
the region, particularly in the Appalachian Highlands,
that evaluation of the quantity and quality of the
recoverable ground water can be made only after
detailed, local geologic investigation. Figure 4 illus-
trates geologic materials of contrasting hydrologic
properties.

The chemical quality of natural waters also differs,
depending on the kinds of rock with which the water
comes into contact and the length of time that contact
is maintained. Thus, ground-water supplies generally
contain more dissolved solids than fresh surface water,
and the concentrations of dissolved solids in surface
water are highest during times of low flow. Treatment
of some supplies to remove or alter the dissolved solids
is desirable or necessary for many purposes.

All these variations are considered in greater detail
in later sections.

GROWTH OF POPULATION AND INDUSTRY

The population of the Delaware River service area
more than doubled between 1900 and 1950. The
increases since 1870 for the service area and for three
metropolitan areas are shown in figure 5.

Coupled with the population growth is a tremendous
expansion in industry. For this report the principal
interest in industry is in the water requirements.
Figures on use of water by industry are available only
for recent years, and such use is summarized in a later
section on water use (p. 160-169).

Even if the increases in population and industry were
uniformly distributed over a large area, problems would
arise from the steadily increasing demand. The
increases, however, are not evenly distributed but are
largely concentrated in a few metropolitan areas. The
resulting concentration of demand greatly magnifies the
water problems. The change from predominantly rural
to predominantly urban population between 1790 and
and 1950 is shown by figure 6.

The continued growth of population and industry will
require extensive and integrated development of water
resources of the entire Delaware River basin to make a
much larger part of the water supply available for use.
INCREASING AGRICULTURAL AND RECREATIONAL USES

Irrigation of farm crops, which requires water when
water supplies are scarcest, is profitable under certain
circumstances, and since 1950 has increased rapidly.
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The practice of irrigation is likely to increase regardless
of population trends. Use of water for irrigation is of
particular importance, because in this region it is es-
timated that about 90 to 95 percent of the water applied
(usually by sprinkler systems) becomes a part of the
crop or is lost by evapotranspiration. Such water
is thus used consumptively and is not available for any
additional use. Only a small percentage of the water
withdrawn for most other purposes is used consump-
tively. The remainder, if returned to a stream or
aquifer at a favorable location, is available for reuse.

The people of the region are fortunate in having
recreational areas conveniently located near the large
population centers. The Catskill and Pocono Moun-
tains in New York and Pennsylvania and parts of the
Pine Barrens and the Appalachian Highlands in New
Jersey are well suited for recreational purposes, because
they are upstream from the areas of intensive water use.
Use of such recreational areas is increasing rapidly
and doubtless will continue to increase in the future.
Outdoors recreation, especially camping, boating, and
hiking, is rapidly becoming a principal leisure pastime of
of the people of this region.
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INCREASING PER CAPITA USE

Demands for water are increasing more rapidly than
the population, principally because of rapidly increasing
use by industry and for irrigation. Higher living
standards for larger numbers of people tend to increase
per capita use for domestic purposes. Furthermore,
the stimulus to industry which such living standards
provide causes an even greater increase in water use.
On the other hand, increasing costs of water and
metering of formerly unmetered supplies tend to reduce
waste of water and consequently to reduce per capita
use.

Statistics on per capita use of water vary greatly and
may be misleading unless a full description of water
included and water excluded is made. For example,
most municipalities and water companies furnish all
the water for domestic and public requirements but
supply only a part of the water for iudustrial require-
ments. Use of water in an arid region with extensive
irrigation might be several thousand gallons per capita
per day, and that in a predominantly residential and
business area in a humid region might be less than 100
gped (gallons per capita per day).

According to figures collected by the U.S. Geological
Survey on water withdrawn for use in the Delaware
River basin in 1955 (excluding water for hydroelectric
power development), 6,100 mgd is used by about 5.8
million people. This water is withdrawn at a rate of
more than 1,000 gped, a rate above the average for
eastern United States and caused by the large with-
drawals of water for industrial use. Tt is less than the
national average (about 1,600 gped), which is strongly
influenced by use of very large quantities of water for
irrigation in the arid West.

POLLUTION OF STREAMS AND AQUIFERS

Disposal of wastes from municipalities and industry
in densely populated areas is a particularly vexing
problem. It has received considerable attention in
this region in the past and doubtless will receive even
more in the future. Wastes are commonly discharged
to streams, either before or after treatment. Many
streams at times have become too polluted for some
uses and some have been, or are, obnoxious.

Organic wastes discharged to flowing streams are
decomposed by aerobic bacteria where sufficient dis-
solved oxygen is present. The streams thus tend to
purify themselves, though the self-purification capacity
of a stream is limited and excessive amounts of organic
matter cause serious pollution problems. Treatment
of some wastes before discharge and State control of
other waste discharge have done much to alleviate the
problem.

Many of the industrial wastes reaching streams are
inorganic and remain practically unaltered throughout

the stream courses. Water in the Schuylkill River
above Reading, Pa., is acid during periods of low flow
because of the drainage from mines in the area. The
normal purification processes do not occur in the acid
environment, and no fish live in it. Alkaline waters
entering the river near Reading neutralize the acid and
restore normal conditions.

Although disposal of large amounts of waste is usually
accomplished by dumping in streams, considerable
quantities in some places reach aquifers, generally the
shallow ones. Poorly located and poorly constructed
wells in shallow aquifers are easily polluted from local
sources, such as barnyards and privies. About 50
years ago such pollution was so common that many
people considered all shallow aquifers to be polluted,
and to this day this erroneous idea is widely held.
Pollution of deep aquifers is less common but sometimes
does occur, particularly in limestones where large
solution channels exist.

During periods of high runoff streams in the region
generally become muddy or turbid, and for many uses
the suspended sediment must be removed from the
water. Although the problem is less acute in this
region than in many others, it is one of considerable
magnitude.

In addition to making the water temporarily unsuit-
able for use, suspended sediment settles out and builds
deposits in reservoirs, lakes, bays, and navigation
channels. During periods of high runoff, movement of
coarse sediment along streambeds adds to the fine-
grained deposit. Many small reservoirs in the region
have been filled with sediment, and repeated dredging
is required to keep ship channels and harbors open.

Some erosion-derived sediment is present in most
streams, at least during high stages, regardless of man’s
activities. However, cultivation of soils or removal of
protective vegetation accelerates erosion.

An especially serious sediment problem arose in the
Schuylkill River as a result of uncontrolled dumping
and erosion of coal-mine wastes. The river became
notorious throughout the nation as an extreme example
of deterioration. This situation has been corrected to
a great extent by an intensive restoration project and
the controlling of waste disposal.

SALT-WATER ENCROACHMENT

A problem confronting all areas near salt-water bodies
is the contamination of fresh-water supplies by salt
water. The large metropolitan areas of the region are
near salt water, and the problem has become a major
one.

Encroachment by salt water may occur either in
streams or aquifers, commonly in both. Prolonged
periods of low flow in the Delaware River result in the
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encroachment of salt water into the reach of the estu-
ary between Wilmington, Del., and Philadelphia, Pa.
During such periods, salt water may also encroach into
aquifers along the river, most noticeably as a result of
large-scale pumping, which induces a flow from the
river into the adjacent aquifers. However, simply
because it is heavier and denser than fresh water, salt
water seeps out of stream channels to contaminate
areas normally containing fresh water whether pumping
occurs or not, if the hydraulic head in the aquifers is
not sufficiently high to prevent the seeping.

The rising sea level is another factor in the salt-water
problem. Marmer (1949, p. 203) has shown that the
sea level along the entire Atlantic coast rose in relation
to the land surface at the rate of 0.02 foot (6 mm) per
year between 1930 and 1947. Although this rate seems
negligible, the total rise of sea level would amount to
2 feet per 100 years if the rate were maintained. An
increase in salinity of the Delaware estuary, probably
due to this recent rise in sea level, caused Chester, Pa.,
to abandon its local supply in 1951 and to obtain a
safe supply inland from the Susquehanna River basin.
If the sea level continues to rise, streams and aquifers
all along the coast will be vitally affected and water
supplies now seemingly safe (as those of Philadelphia
and Camden) will be ruined by salt-water encroachment.

According to Barghoorn (1953), the long-term rate
of submergence by the sea at Boston, Mass., was about
6 inches per century in the 4,500 years prior to 1620,
and at Saugus, Mass., the submergence was 2%-3 feet
in the period 1650-1952.

Under natural conditions, fresh ground water extends
below sea level in many areas close to the shore. Heavy
pumping of wells near the salt water causes it to move
toward and sometimes into the wells. Contamination
of this kind has occurred along much of the coast of
New Jersey and southern Delaware and along the shore
of Delaware Bay.

HYDROLOGIC EFFECTS OF URBANIZATION

The growth of urban areas is one of the greatest
forces affecting water supplies. It brings many changes
which have local and even regional effects on the occur-
rence and use of water. The net effect is difficult to
evaluate and undoubtedly varies a great deal both in
place and in time. Some of the results of the change
from native or rural conditions to urban are listed:

1. Water use increases sharply, except in areas formerly
irrigated.

2. Scattered small ground-water supplies are replaced
largely by a single public surface-water supply, or
ground-water withdrawals may be multiplied by
numerous privately or municipally owned wells.

3. Large areas are covered by roofs and pavements
which intercept precipitation and thus tend to
increase runoff, especially in the form of sudden,
concentrated discharge; this change in runoff
characteristics tends to reduce ground-water
recharge.

4. Storm-drainage systems provide rapid runoff and
decrease recharge, except as noted in item 6.

5. The increased use of water tends to cause lower flows
in drought periods, and the more rapid runoff
tends to cause higher flood flows in streams.

6. Sewers often develop leaks. If sewers are below the
water-table, ground water is drained away and
the water table falls. If sewers are above the
water table, leaking sewerage adds to recharge and
pollutes affected aquifers.

7. Large numbers of septic tanks in some suburban
areas tend to pollute shallow aquifers, and where
these areas are served by public water supplies,
the “imported” water discharged through the
septic tanks recharges the local aquifers and raises
water levels.

8. Municipal and industrial waste disposal tends to
increase pollution of streams and aquifers.

9. Urban developments often encroach on stream flood
plains, which are natural waterways and an in-
tegral part of the river’s discharge system. The
encroachment on the flood plain impedes flood
flows and increases flood hazards to life and
property.

INTERBASIN DIVERSIONS

Diversion of water from the Delaware River basin to
areas east of the basin has become a factor of consider-
able importance, and diversions to the Delaware River
basin are being made and probably will increase.

In 1955 a diversion of 365 mgd was made to the New
York metropolitan area from the headwaters of the
Delaware River in the Catskill Mountains. The U.S.
Supreme Court has granted permission for an increase
to 800 mgd after completion of the Cannonsville Reser-
voir. These diversions are compensated, at least in
part, by release of water from storage to augment low
flows of the river. Although the total water supply et
points below the diversion has been reduced, a larger
part of the remaining supply has been made available
for users downstream. The reduction in total supply
would be detrimental to users downstieam only if a
very large proportion of the total water resources of
the entire basin were developed and used.

The U.S. Supreme Court has granted New dJersey
permission to divert 100 mgd from the basin without
compensating releases from storage. The present diver-
sion (1958) amounts to about 40 mgd through the
Delaware and Raritan Canal.
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On the estuary, where salt-water encroachment and
pollution are serious problems, the city of Chester, Pa.,
abandoned its Delaware River supply in 1951 and
began diverting water from Octoraro Creek in the
Susquehanna River basin. The diversion system is
designed to yield 30 mgd; this amount can be increased
to 75 mgd when needed. Present (1958) diversion is
about 13 mgd.

Diversions from a basin are equivalent to consumptive
use, because none of the water returns to the streams or
aquifers of the basin from which the diversion occurs.

ECONOMIC AND LEGAL ASPECTS OF WATER DEVELOPMENT

Development of new supplies of satisfactory quality
becomes more difficult and costly as demands increase
because (1) the most suitable reservoir sites may be
already developed, (2) distant sources rcquire costly
aqueducts to transport the water to the place of use,
(3) competition for supplies increases, (4) sites suitable
for reservoirs and well fields commonly may be occupied
by urban and industrial developments and are very
expensive to acquire for water developments, (5) poltu-
tion and water-purification problems tend to increase.

Costs of water in this region are very low in relation
to costs of most other raw materials used in industry.
If necessary, the economy of the region could absorb a
comparatively large increase in water costs. Neverthe-
less, costs of water are important and often are a
determining factor in the location of an industry and in
the ability of some industries to compete with similar
industries in other localities.

In arid regions the existence of organized human
activities depends on the appropriation and use of most
or all of the water supply. The water law of many
arid regions, consequently, is based largely on the prin-
ciple of prior appropriation. In regions with abundant
supplies and low demands there is no need for such
laws, thus in such regions the doctrine of riparian
rights has become the principal basis of water law.
This doctrine permits use of streams by landowners
whose property adjoins a stream or lake, provided
there is no undue interference with the stream or lake.
Increasing use of the water supplies in humid regions
has forced many departures from a strictly riparian
principle. Water law varies considerably between
States, and many of the principles upon which laws
are based are scientifically unsound. For example,
ground water is often regarded as a part of the land so
far as legal rights are concerned. This view disregards
the fact that ground water is not static like the land,
but crosses property lines and political boundaries as
it moves from points of recharge to points of discharge.
A well field on a single property might lower the water
table for many miles in all directions and at the same

time reduce streamflow. For example, the pumping
of some wells in Camden, N.J., affects ground-water
levels in Philadelphia, Pa., and vice versa, that is, the
effects of withdrawal extend beneath the Delaware
River and across State boundaries.

SUMMARY OF WATER LAW BY STATES

Use of water by one State, which affects the rights
of another State, is governed by Federal law, and
several U.S. Supreme Court decisions have been made
for the Delaware River basin. Some of these decisions
are discussed in the preceding section on interbasin
diversions. Others are discussed later under “River
Master of the Delaware River.” Navigable waters
and interstate commerce is also under control of the
Federal Government. Short descriptions of water laws
as they have been enacted and interpreted in the
several States of the basin follow.

Delaware.—The riparian doctrine applies to natural
water courses in Delaware, and some versions of the
English common law hold with respect to absolute
ownership of percolating ground water. The right to
unlimited consumptive use of ground water seems
much more secure than that to use of surface water,
especially the water from smaller streams. But the
water law in Delaware, as a whole, is not defined
clearly, either in the statutes or in the court decisions.

New Jersey.—Basically, the riparian doctrine holds
in New Jersey, but it is modified by court decisions to
a doctrine of reasonable use for ground water and
beneficial use for surface water. There is no State
control over either consumptive or nonconsumptive
private use of surface water. Riparian law does not
apply to public water supplies sold for use off the prop-
erty on which the supply is developed. This use is
controlled by the State on the principle that all waters
of the State belong to the public and shall be allocated
in the public interest. Such State control of surface
water was enacted in 1907 and of ground water in 1910.
Encroachment of buildings on flood plains, even if the
flood plain is on private property, may be controlled
below high-level flood line by application of riparian
law. In this sense, buildings or developments that
impede flood flows or increase flood hazards may be
declared against the public interest, and court action
may be brought to force their removal.

New York.—Water rights are generally considered as
property rights in New York. They are not absolute;
they are usufructuary and subject to many controls and
limitations by the State. Domestic use has a consti-
tuted priority over all other uses. Except for statutory
control over public water supplies, navigable waters,
canal waters, Long Island ground water (in part), and
pollution of water, the laws are a part of the common law.
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Pennsylvania.—The riparian doctrine generally pre-
vails in Pennsylvania, and several Commonwealth
agencies have control over different aspects of water
law. The Water and Power Resources Board allo-
cates water to ‘‘public water-supply agencies” and
“surface water” only; thus, less than 10 percent of
surface water in Pennsylvania is under this control.
The board must also determine whether to grant or
reject applications for charters by water companies.
Well drillers must be licensed by the Commonwealth
and are required to supply the Pennsylvania Topo-
graphic and Geologic Survey with certain information
regarding each well.

DEFICIENCIES OF DATA

Solutions for the long-term water problems of the
region depend in large measure on detailed knowledge
of the occurrence of water and its circulation through
the hydrologic cycle (described at the beginning of the
next section). Information concerning this circulation
in the Delaware River basin is incomplete and will
require considerable time, effort, and money to obtain.

Precipitation has been measured at a few places for
more than 100 years, but a reasonably adequate net-
work of gaging stations has been in operation for only a
few years, and some areas, particularly in the moun-
tains, still are not adequately covered.

The longest streamflow records cover about 50 years,
but satisfactory areal coverage was achieved only very
recently. Records are too short to provide an adequate
basis for determining frequencies of occurrence of
large floods or severe droughts. Information about
the runoff from large parts of the Coastal Plain and
from areas of less than about 10 square miles is very
inadequate.

The occurrence and movement of ground water have
been investigated intensively in only a few small areas.
Data on well yields are generally very sparse. Reported
well yields may often represent pumping rates that are
less than the actual water-yielding capacity of the
aquifers or they may represent short-period pumping
rates that are greater than the long-term capacity.

Much detailed geologic and hydrologic information
is needed to aid in evaluation of ground-water supplies
and their relation to surface water.

The chemical quality of water supplies has been
investigated intensively in only a few areas and for a
period of less than 15 years (beginning about 1943).
Most of the investigations hiave been limited to surface
waters.

In the Delaware River basin the areal changes in
ground-water quality and the changes in quality with
increased pumping rates are very poorly understood.
The variations in chemical quality of surface water are

due to the geologic environment, changes in rate of flow,
sea-water encroachment, and pollution from agricul-
tural, municipal, and industrial sources. The quanti-
tative effects of these variations are not yet understood.

Data on sediment loads of streams are very scanty.
It is impossible to make accurate forecasts of the reduc-
tion in storage capacity caused by deposits in reservoirs.
Satisfactory methods of measuring the total sediment
load, especially of the heavy materials transported along
the bottom of the streams, do not yet exist.

Evaporation from water surfaces has been measured
by evaporation pans at a few widely scattered localities
for a number of years, but interpretation of the results
is complicated by energy storage in deep water and
methods of computing évaporation loss are still in the
developmentalstage. Evapotranspiration can be meas-
ured accurately only on a laboratory scale. In practice
it is usually approximated by subtracting runoff from
precipitation. This method gives no clue to the time
variations in evapotranspiration.

Detailed analyses of the elements of the hydrologic
cycle require a knowledge of changes in soil moisture.
Measurements of soil moisture have been made for only
a few areas. Techniques are being developed to
remedy this situation.

Most hydrologic data apply only to specific points.
For example, a precipitation record shows the amount
of water falling at a specific location, a streamflow record
shows the flow past a gaging station, and a chemical-
quality record shows the water quality at the station.
Until the present, very little has been done to construct
a regional picture with the various hydrologic data or
to relate them to such relevant factors as topography,
geology, and land use.

The water problems, classified here for convenience of
discussion, are closely interrelated. Developments
designed primarily for one purpose commonly have
either beneficial or adverse effects on many other prob-
lems as well. This discussion presents a general view
of the problems for the basin. Most of these are
considered in greater detail in later sections.

THE WATER SUPPLY
THE HYDROLOGIC CYCLE AND WATER BUDGETS

Water is not a_ static resource but a changing one.
The quantity and quality of water at a particular
place may vary greatly from time to time. The
changes may be rapid or very slow; they may occur
on the land surface, underground, or in the atmosphere,
and they may involve all forms of water—solid,
liquid, and vapor. Optimum development and use of
water depend in large part on adequate understanding
of the complex pattern of circulation (from ocean to
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atmosphere to land and, by various processes, back to
ocean or atmosphere) known as the hydrologic cycle.

The hydrologic cycle is described in qualitative terms
in most hydrology textbooks and in many water-
resources reports. However, quantitative information
is needed for the evaluation of the water resources of a
region, and such information is available for only a few
of the many phases of this complex cycle. For large
areas, measurements of the quantities involved are
limited to precipitation, streamflow, and evaporation
from water surfaces. Therefore, except for a few
small experimental areas, the quantitative relations of
the components of the cycle can be expressed only in
a rather simplified form, usually called a water budget.

For a particular area and interval of time, the inflow
of water is equal to the outflow (solid, liquid, and vapor)
plus or minus the change in storage. Water in storage
includes that in surface-water bodies, in ground-water
bodies, and as soil moisture in the soil and subsoil
above the zone of saturation. Tt is seldom possible to
evaluate the storage change for large areas, such as the
Delaware River basin, but if the time interval selected
is sufficiently long (usually several years), the net
change in storage is negligible in comparison with the
total inflow or outflow. The relation then reduces to:
inflow equals outflow.

The boundaries of many budget areas are chosen
to coincide with topographic divides. For such areas
the inflow under natural conditions is usually the
precipitation on the area. The most accurate estimate
of precipitation on large areas would be obtained from
an isohyetal map for the budget period. When the
network of precipitation stations is adequate, satis-
factory estimates may often be made without con-
structing an isohyetal map. If the boundaries of the
budget area do not coincide with topographic divides,
inflow includes both streamflow and ground-water
inflow. 1In some areas, however, there is some ground-
water inflow even where the area boundaries coincide
with the topographic divides. Streamflow and ground-
water inflow must be estimated from streamflow
records and the hydrogeology of possible inflow sites.

Outflow may occur by evaporation from water
surfaces or moist ground surfaces, by transpiration
from plants, by streamflow, or by ground-water flow.
The streamflow and ground-water outflow are measured
or estimated from streamflow and ground-water records
and the geology of possible outflow sites. Measure-
ments of the vapor discharge are limited to evaporation
from water surfaces, which generally is only a small
part of the total vapor discharge. Consequently, the
evaporation and transpiration measurements are usually
combined in a single term, ‘evapotranspiration.”
When the total inflow is the precipitation and the total

liquid outflow is the runoff (the natural, or unregulated,
streamflow), the difference between precipitation and
runoff is a good estimate of evapotranspiration. How-
ever, because the calculated difference includes all the
errors in records of precipitation and runoff, and all
unknown amounts of ground-water outflow, a more
general term, “water loss,” is commonly used. The
relation of water loss to evapotranspiration depends
on the accuracy of the precipitation and runoff data
and on the net amount of ground-water flow into, or
out of, the area. Those who plan development of
additional supplies of water regard most of the evapo-
transpiration as a loss because it cannot be recaptured
for use. However, agronomists, foresters, and con-
servationists interested chiefly in increasing soil moisture
and reducing direct runoff regard the runoff, rather than
the evapotranspiration, as a loss.
In its simplest form the long-term water budget is
expressed as:
P=L+R,

in which
P=precipitation on the area,
L=water loss, P—R,
R=runoff from the area.

Activities of man have marked influences on the
hydrologic cycie and water budgets. Interbasin di-
version introduces additional inflow or outflow. De-
forestation may decrease evapotranspiration and in-
crease runoff. In some drylands regions, runoff has
been nearly eliminated by diversion and consumptive
use of streamflow and by the increased use of ground
water. This decrease in runoff is accompanied by a
corresponding increase in total evapotranspiration. In
an area where the water table has been lowering for
many years, a water budget would have to include the
change in ground-water storage.

Average annual values of P, L, and R for the Dela-
ware River basin were compiled and mapped for the
30-year period, 1921-50, and may be used instead of
total values in the simplified budget. Thus, for the
Delaware River basin:

P=L+R,or
44 inches=23 inches 421 inches.
By converting these figures from inches (measured as
depth of water over the entire area) to other units of

annual volume, we obtain:
P=44 inches (30 million acre-feet, or 9.8 trillion

gal)

L=23 inches (16 million acre-feet, or 5.1 trillion
gal)

R=21 inches (14 million acre-feet, or 4.7 trillion
gal).
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How much of this water can be used? There is no
simple answer to this question. Part of R is derived
from floods of infrequent occurrence and cannot be
stored economically. A minimum flow must be main-
tained in many streams for nonwithdrawal uses, such
as dilution of wastes, and a part of R must be reserved
for these purposes. A part of L may be recoverable by
development of ground-water supplies (or by drainage),
which lowers the water table and consequently de-
creases the evapotranspiration loss from ground water,
or by changing to land-use practices that result in less
evapotranspiration. The total effect of ground-water
developments probably would be small in the Appa-
lachian Highlands but might be of considerable impor-
tance in the Coastal Plain, if large quantities of water
were withdrawn.

Withdrawal of water for use does not remove the
water from the hydrologic cycle. Some of it may be
returned to streams or ground-water storage and the
remainder is evaporated or transpired. In some
drylands regions, the precipitation is approximately
equal to evapotranspiration, because all streamflow,
except that from rare floods, has been eliminated.

Better concepts of the water available for use can be
formulated after studying the separate parts of the
budget and their variations.

THE GROSS SUPPLY—PRECIPITATION

The source of all the water that enters the Delaware
River region, except for ocean water in bays and es-
tuaries, is the precipitation.

CAUSES AND FORMS OF PRECIPITATION

Precipitation occurs when moisture in the atmosphere
condenses around condensation nuclei to form drops or
snow crystals that become large enough to fall to earth.
This process may be modified by ascending and de-
scending air currents that cause freezing (or “super-
cooling”) and result in raindrops or snowflakes, of
different sizes or in hailstones.

Whatever the nature of the precipitation in the region,
the primary causes are the movement of moist air
masses into or over the region, the ascent and cooling
of the moist air and the formation of clouds, and the
subsequent condensation. Three processes can cause
precipitation, according to Blair (1942).

Cyclonic precipitation, the first of these processes, is
the result of the meeting of masses of air of different
temperature and moisture content. If cold air moves
into the basin and forces moist warm air upward,
precipitation occurs. Such cold masses move into the
region frequently in wintertime from the northwest or
west. They meet the warm air which has moved up
from the Atlantic Ocean or the Gulf of Mexico and

cause rainfall or snow over large areas. In summer,
the movement of the cold air southward is less pro-
nounced, but rainfall may result from warm moist air
that is moving in from the south or southwest and
that is being forced upward over a stationary mass of
cooler air. In this situation too, rainfall can occur over
extensive areas.

Most of the summer rains, however, are caused by
a second process, different in origin and much more
local in character: The surface air, differentially
heated during periods of hot sunny weather, rises and
cools, and results in thunderstorms and sometimes
hailstorms. These storms are often of very high
intensity and local flooding may follow.

Orographic precipitation, brought about by the third
process in Blair’s classification, follows when moisture-
laden air is forced upward because of mountain barriers.
In the mountainous northern part of the basin this
type of precipitation is of considerable significance,
but in the southern part of the basin it is of only slight
significance because of the relatively flat terrain.
However, even in the Coastal Plain the areas of
higher elevation generally receive more precipitation
than the lower adjacent areas; and over the whole
region rainfall increases on the windward side of the
higher hills and mountains and decreases on the leeward
side.

No discussion of the precipitation in the Delaware
River region can be complete without mentioning the
effect of hurricanes. Hurricanes Connie and Diane,
which occurred within a 5-day period in August 1955,
demonstrated dramatically the flooding that can result
from the deluge that tropical storms can unload.
Historically most tropical storms bypass this region,
but when such storms do reach the area, they usually
are accompained by very heavy rains.

VARIATIONS IN PRECIPITATION
VARIATIONS IN PLACE

The areal variations in average annual precipitation
for the period 1921-50 are shown by the isohyetal map
(pl. 3). The isohyets (lines of equal average precipi-
tation) are based on records from 266 stations and on
the correlation of precipitation with such topographic
parameters as elevation, distance from a mountain
barrier, and orientation to prevailing-wind direction.
The method used is described by Nordenson (Hely,
Nordenson, and others, 1960). By this method the
isohyets in mountainous regions can be defined with
much greater accuracy than was formerly possible.
Prior to compilation of plate 3, it was not possible to
make satisfactory estimates of precipitation on drain-
age areas in the Catskill Mountains region.
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On plate 3 thin black lines indicate percentage of the
total annual precipitation falling in the 5-month period,
May through September—the summer or growing
season. Although the average precipitation varies
little from month to month, the U.S. Weather Bureau
discovered a slight but significant increase in percentage
of summer precipitation from the coast toward the
interior. Above the Fall Line the growing-season
precipitation is 47-50 percent of the annual precipi-
tation, but below the Fall Line it drops off rather
steadily and reaches a low of 43 percent in southeastern
New Jersey.

Although the differences may appear slight, the
average difference of about 3 inches of summer rain
between the low and the high percentages is significant.

VARIATIONS IN TIME
LONG-TERM RECORDS

Average values have a limited usefulness and may
even be misleading unless additional information about
the range and distribution of the individual values is
available. Graphs of annual precipitation and the
5-year moving averages for long-term records at
Philadelphia, Pa., and for the average of a group of
three stations, Albany and New York, N.Y., and
Philadelphia, Pa., are shown on figure 7. The records
in this group, obtained from the ‘‘Climatic Summaries”
of the U.S. Weather Bureau, have been checked for
consistency by double-mass plotting, a correlation
technique explained in the discussion of runoff records
(p. 103). On the basis of the double-mass analysis,
Albany records prior to 1874 were adjusted by a factor
of 0.857; records for New York City and Philadelphia
were consgidered satisfactory. (Records for Baltimore,
Md., go back to 1817 but comparison with records for
nearby localities indicates the probability of serious
errors in parts of the Baltimore record prior to 1871.)

The Philadelphia records show that the annual totals
of precipitation range from less than 30 to more than
60 inches and have an overall average of 42.4 inches.
Periods of wet and dry weather stand out very clearly.
For example, in the period from 1860 to 1875 the pre-
cipitation was well above average, but during the period
from 1880 to 1895 rainfall was below average for 13
years and above average for only 3. Sudden changes
also occur frequently, as shown by the years 1920 and
1921, with 46 and 36 inches, respectively, and 1953 and
1954 with 48 and 37 inches.

The graph of the averages of the three stations shows
less pronounced extremes because the wet periods at
one station may be accompanied by dry periods at
another.

Figure 8 shows by means of vertical bars the number
of years when the annual precipitation at Philadelphia

and the group average were within indicated limits.
If the occurrence of weather events were entirely a
matter of chance and if a very large number of years of
record were available, these bars should follow rather
closely the normal (Gaussian) distribution indicated by
the smooth probability curve. It is well known that
precipitation data, especially for periods shorter than
a year, are not distributed normally. In this region,
however, the distribution of annual precipitation is not
very different from the normal. Consequently, the
following statistical parameters are approximate meas-
ures of dispersion or variation of annual precipitation
in northeastern United States.

In drylands regions the differences between the actual
and normal distributions are greater, and these param-
eters are not valid as measures of dispersion, although
they may be of some use as a means of comparing varia-
bility of annual precipitation in different regions.

COEFFICIENT OF VARIATION OF ANNUAL PRECIFVITATION

The coefficient of variation is derived from a more
basic statistical parameter, the standard deviation.
The standard deviation is the most commonly accepted
and useful measure of dispersion about a mean (average)
and is defined by the formula

S=yz2n

but is usually computed by the more convenient but
equivalent formula

8=z X2n— M,

in which

S=standard deviation

2=summation

X=an individual value of the variable

n=number of individual values summed

z=an individual deviation, X—M

M=mean value, ZX/n.
If the distribution of the variable is normal, as just
described, about 68 percent of the values will fall be-
tween the limits M — S and M-+ 8 and about 95 percent
will fall between AM—2S and M-+28. At this point
the question may be raised concerning the validity of
using parameters based on the normal distribution,
when the distribution of annual precipitation may not
be normal. Many controversial statements have been
made on the basis of statistical analyses. Nearly all
these analyses have been made to determine the signifi-
cance or nonsignificance of certain events, such as
rainfall resulting from cloud seeding, usually without
adequate data for the analyses. The present analysis
is not concerned with such significance but merely
attempts to summarize briefly a large mass of statistical
data and to point to general probabilities of the
precipitation pattern.
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FIGURE 7.—Long-term records of annual precipitation in and near Delaware River basin.
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FIGURE 8.—Actual and normal distributions of annual precipitation.

The standard deviation tends to vary as the mean
varies, consequently, it is not satisfactory for comparing
groups of data with greatly differing means. Relative
variation is measured by the coefficient of variation
(C) which is the standard deviation expressed in
percentage of the mean: =100 S/AM. This coefficient
is useful in studying variations in rainfall and runoff
independently of the areal variations of-the means.
is dimensionless and therefore independent of units
used. If M and C are known, S can be computed in
the same units as M. For example, a station with
mean annual precipitation (M) of 60 inches and stand-
ard deviation (S) of 6 inches has a coefficient of variation
(C) of 10. A station with M=15 inches and S8=3
inches has ('=20. The second station has half as
much absolute variation as the first, but twice as much
relative variation.

A study of coefficients of variation of annual precipi-
tation at 19 stations in or near the area covered by this
report was made and the results are summarized in
table 1. The coefficient (C) was computed for different
periods depending upon length of record available.
Records for a 29-year period within the 30-year stand-
ard period (1921-50) were considered equivalent to the
30-year record for this purpose. The values for the
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longer periods provide an estimate of the long-term
value of C.

No areal pattern in the values of C is evident. The
average coeflicient for the 30-year period is 14.7 and the
range is 11.6 to 19.5. Estimates of C for past periods
of 50 years or less might be made on the basis of values
shown for stations nearest the point where a value is
desired. If the coefficient is 16, about 68 percent of
the annual amounts can be expected to range from 84
to 116 percent of mean, and about 95 percent of the
annual amounts can be expected to range from 68 to
132 percent of mean. If the coefficient is 20, the limits
become 80 to 120 percent and 60 to 140 percent, respec-
tively. However, because the actual distribution of
annual precipitation differs somewhat from the normal,
the error involved in a range of M—28 to M+28 is
much greater than that for M—8 to M+-S.

All the foregoing discussion refers to the coefficient
of variation for a single station. Average precipitation
over a large area is less variable than precipitation at a
point. The average of the coefficients for the three
individual long-term records shown in figure 9 is 14.8,
but the coefficient for the group average of the same

TaBLE 1.—Coefficients of variation of annual precipitation at sta-
tions in and near Delaware River basin

Mean | Standard| Coeffi-
Station Period Years |(inches)| deviation| cient of
(inches) | variation
Albany, N Y. .. 1921-50 30 33.78 4.31 12.8
1901-50 50 | 33.23 4,30 12.9
1876-1950 75 | 34.47 4.91 14.2
1851-1950 100 | 34.33 5.02 14.6
1826-1955 130 | 34.74 4.89 14.1
Cooperstown, N.Y___________.__ 1921-50 30 | 42.10 4.94 11.7
1901-50 50 | 42.96 7.25 16.9
1876-1950 75 | 41.70 7.26 17. 4
1854-1953 100 | 41.10 6. 85 16.7
New York, N.Y .. ____._.______ 1921-50 30 | 42.02 6. 50 15.5
1901-50 50 | 41.93 5.88 14.0
1876-1950 75 | 42.80 6.07 14.2
1851-1950 100 | 42.89 6.27 14.6
1826-1955 130 | 42.20 6.42 15.2
Philadelphia, Pa________________ 1921-50 30| 41.54 5.63 13.7
1901-50 50 | 42.17 5. 60 13.3
1876-1950 75 | 41.07 5.75 14.0
1851-1950 100 | 42.42 6,36 15.0
1820-1955 136 | 42.43 6.38 15.0
Baltimore, Md ... _.____._____ 1921-50 30| 42.58 7.01 16.5
1901-50 50 | 42.40 6. 54 15.4
1876-1950 75 42. 89 6.63 15.5
Oneonta, N.Y______ .. ___ 1921-49 29 | 37.66 4.69 12.5
1895-1949 55 | 38.22 5.52 14.4
Port Jervis, N.Y.___. .| 1921-50 30| 42.14 6. 57 15.6
1890-1950 61 43.82 6.77 15.4
Roxbury, N.Y ____ -| 1921-50 30 [ 42.53 4,92 11.6
Hawley, Pa____ _| 1922-50 29 | 41.23 6.63 16.1
Reading, Pa__._.__________._____ 1921-50 30 | 40.02 5.67 14.2
1890-1950 61 | 40.97 5.83 14.2
Belvidere, NJ. - . _____ 1921-50 30| 47.38 7.04 14.9
1804-1950 57 | 47.22 6.94 14.7
Indian Mills, N.JJ_._____________ 1921-50 30 | 45.88 6.18 13.5
1901-50 50 | 46.75 6.16 13.2
New Milford, N.J__.____________ 1921-50 30| 43.42 5.59 12.9
Plainfield, N.J__________________ %921—50 30 | 47.68 6.34 13.3
890-1917
ooz 1} 60| 484 5.85 12.1
Pleasantville, N.J. _____ 1921-50 30 | 43.39 7.50 17.3
1899-1950 52 { 42.91 7.63 17.8
Trenton, N.J_.__________________ 1921-50 30 44. 46 6. 56 14.8
1900-50 51 | 44.44 7.18 16.2
Bridgeville, Del._________.______ 1921-50 301 43.24 8.41 19.5
1891-1950 60 { 43.50 7.67 17.6
Dover, Del _____________________ 1921-49 29 | 44.81 7.99 17.8
‘Wilmington, Del________________ 1921-49 29 | 44.03 6.46 14.7
1894-1949 56 | 44.19 6.86 15.5
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three is 10.8. This may be considered an indication of
the order of magnitude of the difference between the
coeflicient for an area of several thousand square miles
and the coefficient for a locality within that area.

MONTHLY PRECIPITATION

The previous discussion has shown that there is
considerable variation in annual precipitation from
year to year. The differences for a given month can be
even larger. A striking example is the difference in
monthly totals of August 1955 and August 1957. At
Scranton, Pa., for example, 12.11 inches fell in August
1955, the larger part of which was due to hurricanes
Connie and Diane. In August 1957 a total rainfall of
only 1.38 inches was recorded, as compared with a
20-year average of 4.08 inches. At Allentown, Pa.,
12.10 inches fell in August 1955 as compared with 1.39
inches in August 1957 and with a long-term mean of
4.49 inches. Similarly, the record for Newton, N.J.,
was, respectively, 15.19, 1.30, and 4.66 inches.

Diagrams of maximum, mean, and minimum monthly
precipitation (fig. 9) illustrate the magnitude of the
variations that occurred during the standard period
September 1920 to October 1950, which is used for
most compilations of runoff data in this report. These
diagrams also show the relatively uniform distribution
of mean monthly precipitation throughout the year.
Summer precipitation is, on the average, slightly
greater than winter precipitation. Extreme values,
either high or low, are most likely to occur in the
summer or fall—the seasons of thunderstorms and
hurricanes. Greater monthly precipitation occurred
during August 1955 at three of these stations:

Precipitation,
August 1955
Station Period
Percent of
Inches average
annual
Roxbury, N.Y . _ 1915-1955 11. 59 27.2
Plainfield, N.J__ .. ... 1888-1955 15. 64 32.8
Reading, Pa___ . iiaaaas 1870-1955 14.85 37.3
DROUGHT

Although there is no adequate definition of drought,
the effects are well known: soils dry out and plants
wither, small springs and streams cease flowing or are
reduced to a mere trickle, and major streams decline to
unusually low flows. Where severe drought continues
long enough or covers a large enough area, whole
populations are affected as people leave their drought-
stricken homelands to seek. a living in other areas—the
vast migration in the 1930’s from the ‘“dust bowl” in
the Great Plains is a recent, well-known example.
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Communities, industries, and the native vegetation
all tend to adapt themselves to the generally prevailing
or normal conditions of their environment. Thus, any
extended period with precipitation sufficiently below
normal to affect the life and culture of an area may be
considered a drought, even though a similar amount of
precipitation might be considered abundant moisture
in a more arid region.

In the Delaware River region, water shortages re-
sulting from drought usually occur in summer or early
fall, because streamflow and ground-water levels are
normally lowest and the demand for water is highest
then. However, drought effects that become apparent
during the growing season may develop from lack of
precipitation many months earlier; these are the so-
called “delayed’”’ or “hidden” droughts. Although
spring and summer rains may be adequate for the
needs of growing crops, they may provide little or no
contribution either to streamflow or to ground water.
For example, in 1930 New York State had 65 munici-
palities that were seriously affected by the low stream-
flow, but crop yields were above normal (Hoyt, 1936,
p. 35-36); farmers would not recognize such a period
as being a time of drought, but water-supply operators
would.

Municipal and industrial water shortages, especially,
have often occurred because water-supply facilities did
not keep pace with the needs of growing communities;
such was the situatiop in New York City in 1948-49.
Such water shortages should be carefully distinguished
from those resulting from droughts.

The low flows of streams in the Delaware River basin
and southern New Jersey and the frequency of the low
flows are discussed on page 128. Because of large
aquifer storage, ground-water supplies from deep wells
in major aquifers may be unaffected even by lengthy
droughts, but shallow wells or wells in less extensive
aquifers having very limited storage may be affected
adversely by several weeks or months of subnormal
precipitation.

HYDROMETEOROLOGY OF FLOODS IN DELAWARE RIVER BASIN
By W. W. Swayne and C. S. Gizman (U.S. Weather Bureau)

Basinwide rain of greater intensity and of more
critical distribution of time and space than any during
the meteorological history of the Delaware River basin
(including the record-breaking August 1955 occurrence)
may reasonably be expected to occur at some time in
the future. This occurrence must be considered in
planning and design. A brief summary of some char-
acteristics of basinwide flood situations, considered
in relation to the factors that control rainfall intensity,
will provide some insight into the reasons for this
viewpoint.
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FIGURE 9.—Maximum, mean, and minimum monthly precipitation at typical stations.

The water that falls as rain over the Delaware River
basin is transported into the region by currents of
moist air blowing perhaps 40 miles per hour from the
southeast and south and at elevations as high as about
5,000 feet. The winds pick up their load of moisture
by evaporation from the south Atlantic Ocean or the
Caribbean Sea. To fall as precipitation, this moisture
must undergo intensive lifting with consequent ex-
pansion and cooling of the air. The lifting is most

often associated with situations in which potential

energy is being converted to the kinetic energy of the
winds. Such a conversion may result when warm air
rises and cold air nearby sinks or when the air aloft
is very cold relative to that at the surface. The
first situation is illustrated by the storms, popularly
called “northeasters,” that form off the Atlantic coast,
and the second by hurricanes and other tropical storms.

The hurricanes that deliver heavy rainfall to the
basin usually form over the Atlantic Ocean between
the Antilles and the Cape Verde Islands. They first
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move westward, then turn northward, and strike
the Delaware River basin from the south. One hur-
ricane may follow another within a few days. For
example, the rainfall from hurricane Connie occurred
on August 14-15, 1955, and was followed by rainfall
from hurricane Diane on August 18. 1t is possible
that the time interval could be even shorter. The rain-
fall from the second storm could also occur farther
downstream than that from the first, and thus make
a more critical hydrologic sequence.

The rainfall connected with a hurricane is not
necessarily associated with any one part of the storm.
The rainfall of a young storm in a more tropical lo-
cation is commonly located close to the path. If the
storm moves into more temperate latitudes and weak-
ens, the rainfall may spread out well ahead of the storm
and to the right of the storm’s path. However,
even here there may be two general areas of rainfall,
one well ahead of the storm and one near the center.
These areas of rainfall may change from time to time
during the life of the storm. Thus, even within a
single storm, it would be possible to have a heavy-
rainfall sequence in which one burst would occur up-
stream on the rivers and then again farther downstream
within the same day. This situation is illustrated to
some extent by hurricane Diane which delivered rain
over New York and northeastern Pennsylvania on
August 17, and early on August 18 but over east-
central Pennsylvania, farther south, later on August 18.

The intensity of rainfall associated with winter and
spring floods is completely overshadowed by the tropical
storms in summer. The most noteworthy spring occur-
rence was a storm in March 1936 which delivered rain-
fall for 36 hours (amounting to less than one-third of
that associated with hurricane Connie, August 12-16,
1955) on a snowpack in the basin. Another noteworthy
occurrence was that of March 1904, when ice jams pro-
duced the highest water levels of record at several points
on the Delaware River, a situation in which a pro-
nounced warm spell after many weeks of unusually cold
weather, rather than any excess of precipitation, caused
the flooding.

Hydrologic factors, particularly infiltration rate and
water-equivalent of snow on the ground, are of consid-
erable significance in affecting flood intensity. Though
the volume of rain ranks among the top five for the
basin as a whole, the floods on the Delaware River asso-
ciated with hurricane Connie were inconsequential,
largely because a long drought preceded the rain. The
rains associated with Diane about 4 days later were only
slightly more intense, but they resulted in the record-
shattering floods of August 19-20.

Plainly, the occurrence of high rates of rainfall in a
basin are not solely dependent on either the position of
the storm tracks with respect to the basin nor on the
original location of the storm circulation.

DISPOSITION OF PRECIPITATION

The precipitation that reaches the ground within a
particular region leaves as streamflow, ground-water
outflow, evaporation, transpiration, or diversion to an-
other region. A large part of the total streamflow may
occur within brief periods after storms or snowmelt, or
the streamflow may be well sustained even through long
dry periods. The mode of outflow, the streamflow
characteristics, and the availability of water in the soil
and aquifers all depend on weather and on climatic,
physical, and cultural characteristics of the region.

Prevailing temperatures may determine the type of
precipitation (rain or snow), cause snow to melt, influ-
ence evapotranspiration, decrease absorptive capacity
(infiltration capacity) of the soil by freezing, increase
infiltration capacity by alternate freezing and thawing,
and influence water use. The intensity and duration
of rainfall may be such that the infiltration capacity of
the soil, the drainage capacity of the subsoil, or the
storage capacity of shallow aquifers is exceeded and the
excess must run off as overland flow. Steep slopes
cause rapid runoff. Unfilled permeable aquifers pro-
vide storage space to absorb precipitation, and aquifer
discharge sustains fair-weather flow of streams. Land
use influences infiltration capacity and evapotranspira-
tion. Urban and industrial development affect infiltra-
tion capacity of parts of the region and influence water
use and diversion. There can be no simple relation
between precipitation and the various modes of outflow,
except possibly on a basis of long-term averages.

NATURAL WATER LOSS—EVAPOTRANSPIRATION

Evapotranspiration, the discharge of vapor to the
atmosphere, continues as long as moist surfaces are
exposed to the atmosphere or moisture is available to
living plant roots. The rate depends chiefly on the
following factors (not arranged in any order of impor-
tance): (1) exposed area of moist surfaces and water
surfaces, (2) vegetational cover, (3) relative availability
of moisture to plant roots, (4) humidity, (5) tempera-
ture, (6) winds, and (7) duration and intensity of
sunshine.

The section on climate (p. 6-8) includes a discussion
of air temperature and its variations and indicates the
amount of seasonal variation in potential evapotranspi-
ration. Quantitative measurements of evapotranspira-
tion from large areas, such as the Delaware River basin,
are not possible. Consequently, the best estimates are
usually obtained by computing average annual water
loss (L in the simplified water budget, p. 13-15) and by



22 WATER RESOURCES OF THE DELAWARE RIVER BASIN

making allowances, if necessary, for effects of ground-
water inflow and outflow.

Although ground-water divides may occur very close
to, or coincide with, topographic divides, particularly in
hilly and mountainous areas such as most of the Appala-
chian Highlands, in some places the two divides may be
a considerable distance apart. In the flat terrain of the
Coastal Plain an intense local rain might cause a
temporary shift of several miles in the ground-water
divide. Figure 10 presents some examples of situations
where the topographic and ground-water divides do not
coincide and where ground-water outflow might bypass
a stream-gaging station.

TOPOGRAPHIC AND SURFACE-WATER DIVIDE

RUNOFF
NOTE' /
NOT TO SCALE

ARROWS NOT QUANTITATIVE

LAND SURFACE:

FLS ST SN i
///SALT // /// o ~.;J ya ’//
//'//W/ATERV / S ol T 7
/ ST ~ N
i L L e T

SROUND-WATER DIVIDE, ARTESIAN AQUIFER @&

nTE TOPOGRAPHIC AND SURFACE-WATER DIVIDE —
N
NOT TO SCALE
ARROWS NOT QUANTITATIVE
GROUNG-WATER DIVIDE, AQUIFER  B—

LAND SURFACE

WATER TABLE,
AQUIFER (B)

SPRING OR

WATER TABLE, AQUIFER &

PIEZOMETRIC SURFACE
AQUIFER @)

F1GURE 10.—Examples of situations where topographic and ground-water divides
do not coincide.

Average annual water loss for the standard period,
1921-50, was computed for the Delaware River basin
and all New Jersey; the results are presented on plate 4
and in table 23. The isograms on this map are based on
computed losses from the area above each gaging
station and between gaging stations on the same stream
and are adjusted where advisable to be compatible with
the data from the precipitation map (pl. 3) and the run-
off map (pl. 12). Comparison of the water-loss map
with the precipitation and runoff maps shows that the
pattern of isograms on the precipitation and runoff
maps are similar, but the pattern of equal-loss lines is
strikingly different.

The water losses range from 18 inches over the higher
part of the Catskill Mountains to 30 inches west of the
Delaware Bay. One area of low losses (20 inches or
less) lies mostly in Passaic County, N.J., but extends
into Orange County, N.Y. From this low-loss area
northwestward there is a steep increase to 25 inches in a
long narrow strip extending through the Pequest River
basin in Sussex County, N.J., and then into New
York beyond Middletown. Another area of high loss
(27 inches) centers around Allentown and Bethlehem,
Pa., in the Great Valley.

Some of the water-loss differences can be explained
easily. The steep hills and mountains of the Appa-
lachian Plateaus, with their shallow soils, absorb and
hold little water; a large part of the precipitation runs
off rapidly, and there is therefore comparatively little
opportunity for evapotranspiration. The high losses
around Allentown and Bethlehem and also those in the
strip in Sussex County, N.J., probably are caused by
the limestone aquifers and deep residual limestone soils
that absorb water readily, cause increases in evapo-
transpiration, and permit significant amounts of ground-
water outflow.

Generally thin soils overlie gneissic bedrock in the
area of low water loss in Passaic County and cause
rapid runoff (Rogers and others, 1951). The higher
losses along the coastal areas and around Delaware Bay,
on the other hand, are the result of higher temperatures,
greater water-holding capacity of the soil, flatter
terrain, and probably of ground-water outflow.

In general, the water losses indicated for areas within
the Appalachian Highlands are approximately equal to
the evapotranspiration from those areas, except for a
few limestone valleys where considerable ground-water
outflow may be included in the loss and some areas in
northeastern New Jersey where large withdrawals of
ground water influence the computed loss.

In the Coastal Plain ground-water outflow from most
areas is probably appreciable. Losses are believed to
exceed evapotranspiration by about 2 inches on the
average, but in some areas the difference is much
greater.

The average annual water loss in the Delaware River
basin is about 15.6 million acre-feet, or 5.1 trillion
gallons.

EVAPORATION FROM FREE WATER SURFACES

Evaporation from standard class-A pans has been
measured by the U.S. Weather. Bureau for many years.
The measurements multiplied by a coefficient (usually
about 0.70) were commonly accepted as good estimates
of the evaporation from all water surfaces. Recent and
current investigations, however, have added much to
the understanding of evaporation, and it is now known
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that the simple procedure just described is not adequate
except for shallow-water bodies or for averages of a year
or several years.

Temperature of the water surface is one of the factors
controlling evaporation rates. When the water surface
is cooler than the air, some of the incoming heat energy
is absorbed through evaporation and some warms the
water and is temporarily stored there. When the
water surface is warmer than the air, the water cools
and releases some of the stored energy to supplement
incoming energy in causing evaporation.

The heat-storage capacity of water in evaporation
pans is negligible because of their small size. The
storage effect -of most shallow-water bodies is con-
siderably greater, but the daily (or monthly) tempera-
ture of such bodies tends to be about equal to the
corresponding air temperature. Deep-water bodies
change temperature much more slowly and to not
reach the extremes that air temperature does. Conse-
quently, heat storage in deep-water bodies is important
in calculating monthly and seasonal evaporation rates.
During the annual cycle of temperature change the
heat energy released by the water tends to balance the
heat absorbed; thus the annual evaporation from deep
water is about the same as from shallow water.

Investigations at Lake Hefner, Oklahoma City,
Okla. (Kohler, 1954, p. 136-137) resulted in the develop-
ment of a formula which makes it possible to compute
evaporation from meteorological factors observed at
first-order weather stations. Data from cooperative
weather stations may be used in conjunction with those
from first-order. stations to supplement the network.
This method was used by the U.S. Weather Bureau to
compute evaporation at 72 stations in the Delaware
River basin and in New Jersey, including 12 first-order
stations and also including those where pan evaporation
was observed. The agreement between computed and
observed evaporation was satisfactory at all stations.

The results of these computations are shown on the
map of mean annual evaporation (fig. 11). The indi-
cated evaporation for most areas is probably within
10 percent of actual evaporation, although some
generalization or smoothing of the isograms was
necessary.

The map shows a general decrease in evaporation
ranging from 37 inches in the south to 28 inches over
the Appalachian Plateaus. No correlation is apparent
between the pattern of isograms and the detailed topog-
raphy of the area, but the general decrease toward
the north is undoubtedly due to lower temperatures
resulting from the combination of higher elevation and
more northern latitude.

The lines of equal evaporation from lakes differ con-
siderably from the lines of equal water loss, not only

because they were drawn from data based on different
principles, but also because the loss from land areas is
affected by a greater number of influences than the
evaporation from open water.

Nonetheless, in general, there is only a slight range in
the difference between annual water loss and evapora-
tion from free water surfaces. This difference is about
9 inches in the hills and mountains north of Blue
Mountain and Kittatinny Mountains, is just south of
the 30-inch line on figure 11, and averages 8 inches
along the 34-inch evaporation line.

Figure 11 also shows the percentage of the annual
evaporation from shallow-water bodies that takes
place during the growing season (May through Sep-
tember). It ranges rather uniformly from 65 percent
in the southern part to 73 percent in the northern part.
The smaller percentage of winter evaporation in the
northern part of the area is a result of the prevalence
of lower temperatures and ice cover.

The heat storage in deep-water bodies causes the
actual evaporation from such bodies to be less than
that indicated by the map for the growing season and
larger than that indicated for the nongrowing season.

As a part of the Geological Survey’s Delaware River
basin hydrologic investigation, J. Stuart Meyers made
a detailed study to determine the mean annual volume
of evaporation in the basin and in New Jersey east of
the basin. Meyers used the latest topographic maps
to determine the surface areas of fresh-water bodies
and of permanently wet swamps. The accuracy was
limited, however, for several reasons:

1. Some areas were mapped only on 15-minute quad-
rangles at 1:62,500 scale, and the maps are not
up to present standards of accuracy. Such maps
may not show swamp areas adequately. For ex-
ample, on the map available to Meyers, Manantico
Creek basin in New Jersey is shown with 0.15
square mile of swamp, but on the map issued since
Meyers’ study was made the area shown as swamp
is 1.7 square miles. Doubtless there are nu-
merous other situations where similar errors may
have occurred.

2. Areas of lakes, ponds, and reservoirs were taken di-
rectly from maps; no adjustment was made to
obtain average pool areas.

3. Areas in cranberry bogs are included in total swamp
areas.

4. Lengths and widths of permanent streams could not
always be determined accurately, especially on
the 1:62,500 quadrangle maps. For larger
streams, average widths were carefully measured
on the maps; for many small streams it was com-
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FIGURE 11.—Map of Delaware River basin and New Jersey showing average annual and seasonal evap-
oration from free water surfaces, 1921-50.
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monly necessary to estimate width on basis of
tributary drainage area, flow regimen, and general
knowledge of the geographic setting of the streams
under consideration.

Evaporation rates used are shown in figure 11.

Meyers’ study indicates that lakes, reservoirs, and
ponds cover only 53,000 acres of the approximately
8,170,000 acres in the Delaware River basin. This
area amounts to about 0.6 percent of the area of the
basin from which an average of 135,000 acre-feet of
water evaporates annually. Swamps cover about
94,000 acres in the basin, which is approximately 1.2
percent of the area; the average annual evaporation
from these swamps is 251,000 acre-feet. Perennial
streams have a total surface area in the basin of about
41,000 acres, or 0.5 percent. From the surface of these
streams the computed annual average evaporation is
107,000 acre-feet. The total area of fresh-water surface
in the basin is about 188,000 acres, or 2.3 percent
and the average annual evaporation is 493,000 acre-
feet, or about 3.2 percent of the water loss. The total
fresh-water area in New Jersey east of the basin is
about 217,000 acres, or 7 percent of the total land area,
and the average annual evaporation is 618,000 acre-feet.

The parts of these losses that occur during the growing
season can be estimated from figure 11 if consideration
is given to the extent of deep-water bodies and to heat
storage.

The quantity of water lost by evaporation from ex-
posed-water surfaces in the Delaware River basin is less
than 2 percent of the total precipitation in the basin and
less than 4 percent of the total runoff. Losses by evap-
oration from water surfaces alone are relatively insig-
nificant in comparison to the total of the water resources
of the basin. Nevertheless, the loss from individual res-
ervoirs may be a serious problem to the users.

Results of this study are summarized in greater detail
in table 2, pages 26-30.

TRANSPIRATION

Transpiration is the method by which moisture from
living cells of plants and animals is returned to the
atmosphere. However, transpiration by animals
(vapor discharge by perspiration and respiration) is
such a small fraction of the total that it is usually
neglected in water budgets, and only plant transpira-
tion is usually considered.

In a sense each plant is a water pump. Actuated by
the sun’s energy, plants withdraw water from the ground
through their roots and discharge the excess water
chiefly through their leaves. Consequently, trans-
piration occurs during the daylight hours. Transpira-
tion also fluctuates seasonally; it is lowest in the winter
when plants are dormant or dead and highest during
the growing season when plant activity is at its greatest.

718-196 0—64——3
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Direct measurement of transpiration over large areas
is not possible; indeed, measurement of transpiration
even on small controlled plots is difficult. Moreover,
evaporation from land and water surfaces and trans-
piration from the associated plant assemblages are not
easily separated; therefore, in the study of vapor dis-
charge from land areas it is usually evapotranspiration
rather than transpiration that is measured.

In some field studies the evapotranspiration loss from
shallow aquifers can be estimated from an analysis of
continuous water-level records of wells tapping these
aquifers, and in some places, especially in the drylands,
the effects of evapotranspiration on streamflow can
be determined by analysis of meteorological and
hydrologic data. In the Delaware River basin it
has not been possible to make such estimates.

RUNOFF AND THE WATER CROP

“Runoff,” the third term in the simplified water
budget mentioned on page 14, is discussed in consider-
able detail on pages 103-121. From such a simple budg-
et it is commonly inferred that average annual runoff
represents the potentially usable yearly water supply,
or the theoretical annual water crop. Certainly, B
is the only potentially manageable part of the water
cycle, and it is from this that all man’s water needs
must be met.

The term “water crop’” is commonly used for either
total stream discharge or water yield, which includes
net ground-water outflow. Such a concept, however,
is oversimplified for it does not take into account the
fact that part of the discharge (R) may not be recovera-
ble for use and that part of the natural evapotranspira-
tion may be recoverable. Nevertheless, the water
crop is most useful as an aid in estimating the safe
water development of a basin.

The term “water crop’ is here defined as the water
from streams and aquifers that annually may be used
by man, provided that long-term withdrawals do not
exceed long-term replenishment. Floodwaters that are
not stored for future use are wasted and therefore are
not a recoverable part of the water crop. In addition
to natural limitations, man places his own limitations on
the water that can be used. Usually a large part of
the water withdrawn returns to streams or aquifers after
use and may be withdrawn again. Water diverted to
another basin does not return to the basin of its origin
and is therefore equivalent to water used consump-
tively, at least so far as the basin of origin is concerned.

The quantity of water available for withdrawal de-
pends on many variable and partly interrelated factors
among which are: (1) weather and climate; (2) physical,
characteristics of the drainage basins involved; and
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TaBLE 2— Estimated average annual evaporation losses from free water surfaces tn Delaware River basin, Delaware, New Jersey, Pennsyl-
vanta, and southeastern New York for water years 1921-60

TABLE COMPILED BY J. STUART MEYERS

[Areas of salt marshes, bays, and portions of streams that are subject to tidal influence have not been included; thus, Delaware estuary is excluded. Figures are obtained by
measurement and computation to nearest acre and acre-foot.

areas]

hey should be rounded to not more than 2 significant figures for small areas and 3 significant areas for large

Index
No.
(pl. 10;
table
22)

Drainage area subdivision!
(stream and place)

Evap. ?
rate

Water surface areas 3 (acres)

Volume of water evaporated (acre-ft per yr)

(in, per
yr)

Lakes

Swamps

Streams

Total

Lakes

Swamps

Streams

Total

10

31

78
79

81
82
83
84

85

Walkill River above Pellets
Island Mountain, N.Y...__.._.
New Jersey coastal area tribu-
tary to Hudson River________
Total Walkill River and

New Jersey coastal area

above Hackensack-Pas-
saic Rivers..._.._......
Hackensack River above New
Milford, N.J . oo o
Hackensack River, New Mil-
ford tomouth._______________
Total Hackensack River..
Paﬁs‘:}ic River above Chatham,
Passaic River, Chatham to
Pompton River______.____._.
otal  Passaic River
above Pompton River..
Ramapo River above Pequan-
nock River_______________._._
Pequannock River above Ram-
apoRiver. . _.___ . ____...__...
Pompton River, below Ramapo
and Pequannock Rivers....
Total, Pompton River
above Passaic River..__

Total Pompton and Pas-

saic Rivers at their

Total, Passaic River
above Patterson._.__....
Passaic River, Paterson to
mouth ...
Total Passaic River.__...

New Jersey coastal area be-
tween Hackensack-Passaic
and Raritan Rivers......_....
South Branch Raritan River
above North Branch Raritan_
North Branch Raritan River
above South Branch Raritan_.
Raritan River below North and
South Branches and above
Bound Brook, N.J____..._._._
Raritan River, Bound Brook
tomouth.__________.___._...._
Total Raritan River.._.._

New Jersey coastal area—Rari-
tan River to Asbnry Park_.__
New Jersey coastal area—As-
bury Park to Seaside Park__._.
New Jersey coastal area—Sea-
side Park to Atlantic City. ...
New Jersey coastal area—
Atlantic City to Cape May_. _
Total New Jersey coast—
1l\zllmtﬂm River to Cape

Jersey exclusive of area
draining to Delaware
River and Delaware Bay.

East Branch Delaware River
above Margaretville, N.Y . ___
PlaNttgkill above Dunraven,

Mill Brook above Arena,
Tremper Kill above Shaver-

town, N.Y. ...
T%I';ry Clove Kill above Pepac-

ton, N.Y__._.

East Branch Delaware T
below 78-8¢4 and above
Downsville, N, Y ...

Total East Branch Dela-
ware River above
Downsville..._.._......

See footnotes at end of table.

31.6
34.2

33.9
34.1

33.1
33

33.1
32.5
33.2

34
32
32.4

34
34.2

34.7
35

356.3
35.6

29

28.6
29

28.3
28

28.2
28.2

3,513
38

7,656
362

955

12,124
407

9,250
108

20,180
1,032

2, 515
20

31,945

1,160

1,402
60

3,551

8,018
2,927
556

962
148

48
196

4,477
663

12,531

3,960
171

9,358

21,212
8,265
1,578

418
136

2,535

12,643

1,

138
3,801

2,391
7,869
184

1,462

3,939

5,140

4,131

3,482
5,820
12, 506
T 18,416
3,248
2,105
1,007

266
744

6,224
17,141

380
10, 455

9,843
16, 060
34,610

1,010
254
318
138

5,803
10,202
1,419

6, 600
21, 330

10, 835

50,670
8,960
5,700
3,033

734
2,046

701
861
382

2,780

17,174

47,111

16,261
27, 891
3,024

325

10, 444

14,383

6,450

24, 866

817

710

1,720

285

1,427

17,604

40,969

28,439

39,274

17,693

68, 363

2,281

796

1,944

4,724

3, 98|

33,105

14,528

64, 2856

48,076
112,361

5

14,708

2
15,070

25,683
1,750

434
504
306

605
952

27,433

991
168
655

2,407
3,820

2,005
944
— 2,949
156
651
463

818
737

3,056

42,396

40,182

0
41,202

70, 644
4,930

2, 669

5,520

8,179

1,581
1,323
1,424

3,830
5,500

45,452

1,230
1,344
826

1,715
2,715

75, 574

2,810
448
1,770

6,825

0,

442
1,737
1,250

2,320
2,100

4,482
3,520
3,846

10, 860
15,700

551
1,008
3,549
1,798

2,367

7,407

7,050
812
10,988
37,023
23,280

2, 669
182
661
1,138
548

1,545
12,667
4,710
25,626

12,086

1,594
2,940
10, 440
5,332

6,600

19,928
2,348
32,070
108, 850
69,070

526
1,930
3,348
1,626

4,468
36, 940
122,638
76,028

omowg

11

52

6, 906

29,790

72,103

119,077
32

S © © ¢ Nwo

2, 529

9,461

185
41

22

11

430

81,538

158,328

280

43
26

31
18
22

5

482

152

Son

26

124

20,3 06

82,827,

212,338

341,705
77

S X=1

12
21

447

58
52
21

12

1,022

7,430

26, 547

116, 346

124,955

33,935

240,074

451,079

676

103
63

73
42
52
12

1,146

132

48

727

907

316

115

1,736

2,167
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TaBLE 2.— Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Delaware, New Jersey, Pennsyl-
vania, and southeastern New York for water years 1921-50—Continued

Index
N

0.

(pl. 10;
table
22)

Drainage area subdivision!
(stream and place)

Evap. 2
rate

(in. per
yr)

Water surface areas 3 (acres)

Volume of water evaporated (acre-ft per yr)

Lakes

Swamps

Streams

Total

Lakes Swamps

Streams

Total

87

89

91

92

95

97

100
102
103

104

106

107

109

110
1

112

East Branch Delaware River
below Downsville and above
Harvard, N. Y. ____._______._

Total East Branch Dela-
Ware River above Har-

N.

Beaver Kill below Turnwood
and above Craigie Clair, N.Y.
Willowemoc Creek above De-
Bruce, N.Y _ ..o o.__
Willowemoc Creek below De-
Bruce and above Livingston
Manor, N.Y ...
Little Beaver Kiil above Liv-
ingston Manor, N.Y__.______.
Beaver Kill below upper gages
and above Cooks Falls, N.Y__
Total Beaver Kill above
Cooks Falls_______..._..

East Branch Delaware River
below upper gages and above
Fishs Eddy, N.Y._.____.._..__
Total East Branch Dela-
ggre River above Fishs

East Branch Delaware River
below Fishs Eddy and above
unction with West Branch
elaware at Hancock, N.Y..
Total East Branch Dela-

ware above junction

with West Branch_._._.

West Branch Delaware River
above Delhi, N.Y._____...____
Little Delaware River above
Delhi, N.Y oo
West Branch Delaware River
below 95 and 96 and above
Walton, N.Y . _..______...__
Total West Branch Dela-

ware River above Wal-

Trout Creek above Cannons-
ville, N.Y

West Branch Delaware River
below upper gages and above
Hale Eddy, N.Y. .__.....____.

Total West Branch Dela-
ware River above Hale
EdAdy..oeooeoo o

West Branch Delaware River
below Hale Eddy and above
junction with East Branch
Delaware River. .. __.__..____.

Total West Branch Dela-
ware above junction
with Fast Branch. .____

Total East and West
Branches Delaware

Delaware River below Branches
and above Callicoon Creek..

Callicoon Creek above Calli-
coon, N.Y____________________

Callicoon Creek, Callicoon to
mouth_ .. . ...

Tenmile Creek above Tusten,

Delaware River below upper
pomts and above Barryville,

Total Delaware River
above Barryville_ ______

Delaware River below Barry-
ville and above Lackawaxen

Total Delaware River
above Lackawaxen
River ... . ..o...__..

West Branch Lackawaxen
River above Prompton, Pa.

Dyberry Creek above Dyberry,

Lackawaxen River below 110~
111 and above Honesdale, Pa_
Total Lackawaxen River
above Honesdale.__....

See footnotes at end of table.

29.2
28.7
29.3

29.2
28.6

28

27.5

28.2

27.5

27
27
27

27

27.5

28
28.8
28.5
29

29.2

27.8

28.2

10

352

798

821

165
78
277

130

201

229

142

29
M
167

130
61
212

1,069

85

48
18
187

1,259
248
177

308

g 8

187
676

314
496
479

339 115
71

408

314
148
506

2,534
131
203
156

116

46

2,988

423
1,240

744
688
1, 430

613

58

456

2,124

745

135

1,00

1,069

5,129

1,739

45

1,426

719

45

1,983

465

4,128

555

103

3,428 1,729

103

4,699

1,066

9, 856

1,272

13
89

1,471

764
45

2,448
224

4,683
382
161

417

209

21

3,631 1,832
105
14

5,765
523
155

885

13,128

378

956

11

106

179

211

73

138

676
66

76

1,072

188

1,389

25

239

403

494 169
11
1
14

31

1,563
148

171

2,413

2,226
184
13
424

3,127

434

507

227

§

1,891

2, 626

1,052

995

1,161 516

520

4,297

896

5,974

2,411

1,103
356

1,121

941

2,412

1,218

2 .-88

1,887

308

5,292

100

1,59
110

1,210
7,721

152

652
374
755

5, 600

5, 6596

514

7,873
109
85
134

3,677

8, 360
3, 360
1,346
1,216

4,218

2,575

725

2,672

2, 156 1,036

5,687 2,868
1, 547
2,112
0
2,049

4,497

5,193

10, 958
3,719
264
21
164

2,883

8, 385

19, 513
7,841
3,230
21
2,938

10, 052

18, 509

750

12,513 13,073

243

18, 009

370

43, 595

1,363

19, 069
1,065
973
1,447

1,511
873
1,775

13,263 13, 316
704

1,199

1,311

18,379
2562
198
315

44, 958
2, 467
2,270
3,401

L7

1,376

328

3,485

4,159 3,214

765

8,138
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TABLE 2.— Estimated average annual evaporation losses from free water surfaces in. Delaware River basin, Delaware, New Jersey, Pennsyl-
vania, and southeastern New York for water years 1921-50—Continued

Index Evap.? ‘Water surface areas 3 (acres) Volume of water evaporated (acre-ft per yr)
I;Iti. Draina.ige area gul;div;‘sionl (rate
. 10; stream an ace in. per
(gable ¢ ks yrl)) Lakes Swamps Streams Total Lakes Swamps Streams Total
22)
114 | Middl k above Hawley,
A_e_gf?_,ﬁ_jﬁ,__a:,_?,y 28.3 558 1,224 107 1,889 1,316 2,886 252 4,454
Lackawaxeu River below upper | -
Wg:hges and abgvec Ha{(vleyl,) Pa.| 28.5 164 352 173 689 390 836 410 1,636
116 enpaupac Teek above
Wilsonville, Pa___. ... ... .. 28.6 | 8,106 4,395 251 12,752 19,315 10, 480 598 30, 393
Lackawaxer:i Rn;)et below uxtmer
gages and above junction
with Delaware River.. . ._..| 29 9 1,229 86 1,327 2, 969 986 5,282
Total Lackawaxen River. 11,158 8,576 1,267 21,001 26, 507 20, 386 3,011 49,903
120 | Mongaup River above Mon-
go;xg up, lr‘)‘l Y_Y _______ ‘.7 ......... 29.5 | 2,385 2,278 37 5,034 5,865 5,600 912 12,377
Delalwgte givgr beIl’ow ?p%;r
oints and above Port Jer
Ry ndsove ot lerv® | a5 | 2,0m 6,000 1,488 9,546 5,110 14,780 3,583 23,473
121 Total Delaware River
above Port Jervis_______ 2,222 22,459 10, 969 54, 650 50, 745 54,081 25, 885 130, 711
124 | Neversink River above Halls
Mills, N.Y__._.____.____ ___. 29.8 20 0 98 118 49 0 243 292
N%Xeil‘ismk de{r)er b%ow Hlal}(s
s ove ers
Ny, oo T a5 5 0 80 85 12 0 197 209
Nei;e];-sing I})iver $1ovngeve.r-
s 0 urn
?_]?_ .?’.,_‘Te. - .??- - .?_ - .e.. 29.8 2 65 65 132 5 162 162 329
Ngversink Réverb belovz') leimdci
ourne and above Oaklan
ey, N.Y ... 30.1 | 1,717 62 317 2,096 4,305 156 795 5,256
Neverslnl;l Riverd be{)%w Oak-
ey and above Go-
) defiroy, Ny ................ 30.7 632 72 154 858 1,616 184 394 2,194
128 Total, Neversink River
above Godefiroy.....-. 2,376 199 714 3,289 5, 987 502 1,791 8, 280
Delaware I;ive; belo'\iv‘r iusnper
es -Stat
iag _%n? ..?‘.7? .......... ?, 30.6 370 154 269 793 944 392 686 2,022
Total Delaware River
above Tri-State Rock._.. 23, 968 22,812 11, 952 58,732 57,676 54,975 28,362 141,013
D(él&warﬁ llI{iverd b:low MTri-
t;, qg. oncabove T 1 s2| e 697 387 1,183 249 1,75 974 2,978
130 otal Delaware River
B above Montague . ... 24,067 23, 509 12, 339 69,915 57,925 56, 730 29,336 143, 991
13
? uPSh_ Fillibove . _Sho?fn a.kers 29.6 | 1,508 4,097 178 5,783 3,720 10, 110 439 14, 269
133 | Flat Brook ab Flatbrook-
= rog -.?’_ .(iv.?__ f. I..?(_).-. 30.5 237 458 140 835 603 1,166 356 2,124
Delaware River and Flat Brook
thotr Jomtion et R atipac
eir junctio; ac
Bend.j.,?..__?,.z.l.-.__,._’z._.. 30 1, 262 3,981 1,265 6, 508 3,155 9, 960 3,160 16, 275
Total Delaware River
3 M above Wallpack Bend . 27,074 32,045 13,922 73,041 65, 403 77,965 33,201 176, 659
135 | McMichaels Creek  above
Bsgégudgbgrg,k B T3 i 30 196 5 130 331 490 13 325 828
rodhead Creek below 135 an:
above Minisink Hills, Pa.__. 29.6 659 1,397 339 2,395 1,625 3,445 836 5.906
Delaivl&;?;‘e I%ive{) belolv)v 1upper
0] and above Delaware
%Vater (€Y 30.2 369 401 966 1,736 929 1,009 2,432 4,370
Totbal Delz]i.ware vléiver
ke ov.e, .]? eawmater 28, 298 33,848 15,357 77, 503 68, 447 82,432 36, 884 187,763
140 | Paulins Kill bove Blairstown
NI above Tamstown, 30.8 | 2,167 2,786 212 5,165 5, 560 7,185 544 13,269
143 | Pequest River above Hunts-
ewq“e er aove T 31.3 | 399 474 28 901 1,041 1,287 3 2,351
Pequest River below 140 and
15| B 143 an}(}l abﬁvebPeq%es]tv‘gI Jo. 312 253 2,186 151 2, 590 658 .5, 684 392 6,734
aver Brook above Belvidere,
eNVJe ..-.? ..................... 30.8 129 584 55 768 331 1, 500 141 1,972
Delawgre Izllveg bel%wl vlilgper
R7o: nd above PeVOe® | s06| 42 506 1,104 2,036 1,087 1,201 2,817 5,195
145 Total Delaware River
. aboIvt'e Belgledere_. i 31,672 40, 384 16, 907 88, 963 77,124 99, 299 40,851 217,274
~Delaware River below Belvi-
dere ’I?ndal ab(]);e] Lehigh g;ver 30.7 144 243 1,068 1,455 369 621 2,732 3,722
ot elaware ver
148 |Lehieh Iztlbove I{)ehigh Rldvg,;r 31,816 40, 627 17,975 90, 418 77,493 99, 920 43, 583 220, 996
ehi iver above Sto ts-
gle 4 M 28.9 956 3,211 12 4,294 2,304 7,736 306 10, 346
Lehlgh River below Stoddarts-
1 ville ’Igndlﬁﬁe ggnneryb Pa.| 29.2 | 2,04 6, 521 460 9,025 4,975 16, 870 1,120 21, 965
1 1 F, o —
")I‘gnnery%.. e 3,000 9,732 587 13,319 7,219 23, 606 1,426 32,311
150 Dxlldowu Creek above Long 3
..................... 29.6 0 0 1 1 0 0 3
1562 tchery,
Wﬂd. - _C.l:efl_{. i‘f‘fie - _1_:{% f - ?l:?, - 29.9 2 37 12 51 5 92 30 127
Pohopoco Creek below 152 and
above Parryville, Pa__......_ 30 9 13 138 160 22 32 345 399

See footnotes at end of table.
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TABLE 2.— Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Deloware, New Jersey, Pennsyl-
vania, and southeastern New York for water years 1921-50—Continued

Index
Ni

0.
(pl. 10;
table

22)

Drainage area subdivision!
(stream and place)

Evap.?
rate
(in. per
yr)

‘Water surface areas 3 (acres)

Volume of water evaporated (acre-ft per yr)

Lakes

Swamps Streams

Total

Lakes

Swamps Streams Total
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159
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165

169

173

174

181

182
183
185

189

196

200

203

Aquashicola Creek above Pal-
merton, Pa___________________
Lehigh River helow upper gages
and above Walnutyort, Pa__.
Total Lehigh River above
Walnutport___ _.____._

Little Lehigh Creek above
Allentown, Pa________________

J o;dan Creek above Allentown,
Monocacy Creek above Beth-
lehem, Pa___ ... ______________
Lehigh River below upper gages
and above Bethlehem__._____
Total Lehigh River above Beth-
lehem

Qouth Branch Saucon Creek
above Friedensville, Pa_______
Saucon Creek below 161-162and
above Friedensville.._________
Lehigh River below upper gages
and above junction with Dela-
ware River__..... _._______..
Total Lebigh River___._._
Total Lehigh and Dela-
ware Rivers____________
Delaware River below Lehigh
River and above Musconet-
cong River_______________._.__
Musconetcong River above
outlet from Lake Hopatcong. -
Musconetcong River below
Lake Hopatcong and above
Hackettstown, N.J___________
Musconetcong River below
Hackettstown and above
Bloomsbury, N.J..._____._._.
Musconetcong River, Blooms-
bury to junction with Dela-
ware River. ...
Total Musconetcong
River .. oo

Total Musconetcong and
Delaware Rivers above

their junction at Rie-
gelsville, Pa___.______..
Delaware River below Mus-
conetcong River and above
Tohickon Creek._______._.._.
To};ll]ck%n Creek above Pipers-
Tohickon Creek below Pipers-
ville and above junction with
Delaware River at Point
Pleasant, Pa________________..
Total Tohickon Creek.-_.
Delaware River below Point
ll\?%asant and above Trenton,
Total Delaware River
above tidewater at
Trenton_.________.__....

Astsun ink Creek above Tren-
on,
Crosswicks Creek above Exton-

e, N..
Neshammy River above Rush-
land, Pa______ ...
Neshamlny River below Rush-
I;nd and above Langhorne,
North Branch Rancocas Creek
above Pemberton, N.J___.___
Delaware River bolow upper
gages and above Schuylkill

Total Delaware River
above Schuylkill River.
Schlflylkill River above Potts-
ville, Pa__ ...
Schuylklll River below Potts-
vme and above Landingville,
L1ttle Schuylkill River above
Tamaqua, Pa________________
Schuylkill River below upper
gages and above Berne, Pa___
Total Schuylkill River
above Berne_._____..__._

See footnotes at end of table.
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TABLE 2.—Estimated average annual evaporation losses from free water surfaces in Delaware River basin, Delaware, New Jersey, Pennsyl-
vania, and southeastern New York for water years 1921-50—Continued

Index Evap.? ‘Water surface areas 3 (acres) Volume of water evaporated (acre-ft per yr)
0. Drainage area subdivisiont rate
(pl. 10; (stream and place) (in. per
tgg)le yr) Lakes Swamps Streams Total Lakes Swamps Streams Total
204 | Tulpehocken Creek above
Reading, Pa_________________. 32.4 19 0 297 316 51 0 802 853
Schuylkill River below upper
gages and above Reading - 3.5 81 65 792 938 213 171 2,080 2,464
205 Total Schuylkill R
above Reuding._ . _..._. 1,411 101 2,031 3, 543 3, 635 263 5,316 9, 214
Schuylkill River below Read-
ing and above Pottstown, Pa. 32.3 115 316 983 1,414 310 851 2, 646 3,807
207 | Perkion.en Creek above Fred-
[29 10 S o 32 90 0 395 485 240 0 1,053 1,293
Perkiomen Creek below Fred-
erick and above Graterford,
Pa o ooioiiieoo- 32.4 12 0 151 163 32 0 408 440
Schuylkill River below upper
gages and above Norristown,
Pa oo 33 250 2 1,738 1,990 688 6 4,777 5,471
209 Total Sehuylkill River
above Norristown________ 1,878 419 5, 298 7, 595 4,905 1,120 14, 200 20, 225
Wissahickon Creek above junc-
tion with Schuylkill River.... 33.5 48 0 170 218 134 0 475 609
Schuylkill River below upper
points and above Philadel-
phia, Pa...____...__.________. 33.8 226 0 832 1,058 636 0 2,345 2,981
Schuylkill River, Philadelphia
to junction with Delaware
33 0T 34.2 53 9 5 67 151 25 14 90
Total Schuylkill River_ .. 2, 205 428 6, 305 8,938 5, 826 1,145 1,7034 24, 005
215 | Mantua Creek above Pitman,
[0 PPN 34.9 45 39 4 88 131 114 12 257
217 | Crum Creek above Woodlyn,
Pa ol y 34.1 429 13 49 491 1,220 37 139 1,396
219 { Ridley Creek above Moylan,
) YO 34.1 32 3 52 87 91 9 148 248
220 | Chester Creek above Chester,
) 4.2 1 67 115 203 316 191 328 835
222 | Oldmans Creek above Woods-
town, NLJ .o 34.9 35 70 17 122 102 204 49 355
Delaware River below upper
points and above Christina
N2 S, 34.5| 393 4,663 1,018 6,074 1,131 13, 400 2,926 17,457
Total Delaware River be —_
tween Schuylkill River
and Christina River______ 1,045 4,856 1, 265 7,156 2,991 13, 955 3, 602 20, 548
223 | Christina River above Coochs
Bridge, Del__________.____..__.. 34.8 5 5 27 37 15 15 78 108
225 | White Clay Creek above New-
ark, Del... ... 34.6 32 11 186 229 92 32 536 660
227 | Red Clay Creek above Wood-
dale, Deloooooooooooeooeooe 3.4 o 9 85 335 691 26 244 961
228 | West Branch Brandywine
Creek above Coatesville, Pa..] 33.8 50 0 88 138 141 0 248 389
Brandywine Creek _below
Coatesvilleandabove Chadds
Ford, PA-eeoeoooeceeecmaeee 3¢ 85 211 610 906 241 598 1,728 2, 567
Brandywine Creek below
Chadds Ford and above Wil-
mington, Del-__._.o.cooo..- 34.4 31 7 208 246 289 220 586 706
Christina River below upper
C L T 34.8 1 162 409 202 773 480 1,186 586 2,242
Total Christina River.___ 606 652 1,406 2, 664 1,739 1,877 4,016 7,
232 | Salem River above Woodstown
i 35 7 30 22 123 207 88 64 359
77 | Loper Run above Bridgeton,
I 35.4 9 0 1 10 27 0 3 30
New Jersey tributaries to Dela-
ware Bay below 232 and 77
and between Christina River
and Natuxent Point.___._____ 35.2 | 860 3,343 480 4,683 2,524 9,810 1,408 13,742
74 | Maurice River above Norma,
N 35.2 | 478 5, 261 123 5,862 1,402 15,430 361 17,193
75 | Manantico River above Mill-
ville, NoJoooo oo 35.6 | 42 40 11 93 125 119 32 216
New Jersey tributaries to Dela-
ware Bay below 74 and 75and
between Natuxent Point and 256
Cape MaYo oo oo ooeoooeeoeee 35.8 | 1,704 3,802 278 5,784 5, 082 11,345 829 17,
Total New Ji elBesf area
tributary to Delaware
Bay between Christina 2, 697 48, 856
River and Cape May._.. 3,164 12,476 915 16, 555 9,367 36,792
Areain State of Delaware tribu-
%ary toc}]])e]staiw;;areR Bay bp(i
ween ristina River an
Cape He{ﬂo O 36 | 2 502 5,584 571 8, 657 7, 506 16, 755 1,713 25,974
Total elaware iver
and Delaware Bay..... 52, 618 94,330 41,030 187,978 134,844 250, 969 106, 586 492,399
R%n?ining part of Sgaé,e aig[
elaware exclusive of drain-
age to Delaware Bay......... 37 1,401 14, 252 835 16, 488 4,320 43, 960 2,573 50, 853
I Areas are subdivided at river gaging stations and ofher convenient points. The 2 Average annual evaporation from figure 11.

index number (pl, 10 and table 22) of the gaging station is given in addition to the
place name when the data as listed apply to the entire drainage area above the gage.

3 Areas under “lakes” include those of ponds and reservoirs.
U.S. Geological Survey topographic quadrangle maps available in March 1957.

Areas obtained from
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(3) economic, legal, and political aspects of water
development. Important among the factors under (3)
are the requirements for nonwithdrawal uses, such as
hydroelectric power development, dilution of wastes,
prevention of salt-water encroachment, navigation,
maintenance of fish and wildlife, and recreational uses.
The latter requirements are usually met by low or
normal streamflow. Withdrawals may be made down-
stream from places of nonwithdrawal use, but usually
some water is discharged to the ocean (or leaves the
particular region) to meet some requirement for mainte-
nance of flow; such water is not a withdrawable part
of the water crop.

The magnitude of the water crop varies from year to
year and from place to place. The variations due to
weather can be averaged over a period of years to
obtain the perennial water crop. As man’s needs
increase, however, the development of ground-water
supplies and surface-storage facilities results in an
increase in the average quantity available for consump-
tive use.

For example, the water crop might be considered to
be the water available from natural (unregulated)
streamflow. The low flows of streams would then
impose limitations on the withdrawal of water and
might even be insufficient to meet requirements of
nonwithdrawal uses. Provision of facilities for storing
water during periods of high streamflow make it possible
to augment low flows at points downstream and to
withdraw a larger part of the total streamflow. If
sufficient storage is available for regulation complete
enough for uniform streamflow, and if no water is
required for nonwithdrawal use, the water crop is equal
to the runoff. Complete regulation, however, is seldom
possible or practical in humid regions; also advantage,
may be taken of the natural storage capacity in aquifers
by withdrawing ground water. Extensive ground-
water development may result in lowered water tables,
decreased evapotranspiration from ground water, de-
creased ground-water outflow, and increased space in
which flood waters may be stored. Thus, a part of the
natural water loss might be salvaged and become a part
of the water crop.

With the economic conditions that are likely to pre-
vail in the foreseeable future, the attainable perennial
water crop in the Delaware River basin probablyis
considerably less than the runoff, which averages about
4.7 tgy. Even though the harvestable water crop
could be increased by water recovered from the natural
water loss, there probably always will be a great deal of
storm runoff that cannot be stored because of physical
or economic reasons. Additionally, demands for non-
withdrawal uses must be satisfied; for example, unless
a salt-water barrier of some kind is constructed to pre-
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vent ocean water from moving ever farther up the
Delaware River, increasingly larger amounts of fresh
water will be required to flush the salt water seaward as
time goes on. This procedure will diminish the recover-
able water crop to the extent that fresh water is
“wasted” to the sea in the flushing action.

The runoff (which is the principal budget item
involved in the water crop) is conveniently divided
into two major parts: (1) direct runoff, which reaches
stream channels by overland flow quickly after rain or
snowmelt or by lateral percolation through surface and
subsurface layers of litter and shallow soil; and (2) base
runoff (or base flow), which reaches stream channels
after considerable delay usually as ground-water
discharge or as release from natural surface storage (in
swamps, lakes, and stream channels). The direct
runoff is the principal contributor to storm and flood
flows, and the base runofl maintains the fair-weather
flow of streams.

FACTORS AFFECTING THE QUANTITY AND DISTRIBUTION
OF THE WATER CROP

The three principal groups of factors that influence
the water crop were mentioned on pages 14and 24 and are
used as the basis of the following discussion:

1. Weather and climate: Climate is one of the most
important factors influencing the magnitude of
the water crop and its variability in place; weather
is the principal factor causing variability of the
water crop in time. The most important ele-
ments of weather, precipitation and temperature,
are discussed elsewhere in this report.

Snow, one of the forms of precipitation, deserves
some special comment. The principal hydrologic
effect of snow is temporary storage of water during
cold weather and the release of the stored water
with the advent of warm weather. Storage in
snow is of great importance in parts of the western
United States where the snow accumulation on
the high mountains provides delayed runoff
for use in the spring and summer. Snow is much
less important to the Delaware River region,
because the differences in elevation and climate
are less extreme and because snowmelt runoff
usually occurs in winter and early spring when
runoff from rainfall is sufficient to meet most de-
mands. The effect on the regimen of streams in
the northern part of the Delaware River basin is
significant, however. Snow may also have several
minor effects. For example, insulation of the
ground from sudden changes in air temperature
may prevent the ground from freezing and allow
infiltration to continue; or the cover of snow on
frozen ground may prevent the ground from thaw-
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ing and may increase direct runoff from snowmelt
orrain. The snow cover may absorb considerable
quantities of rain. If rain saturates the snow and
continues to fall, large quantities of snowmelt, in
addition to the rainfall, may be released in a flash
flood.

2. Physical characteristics of the drainage basin: The
storage capacity of a basin is determined by its
physical characteristics, including the works of
man. Temporary storage of water within a drain-
age basin generally has a stabilizing influence on
streamflow and thus on the water crop. Storage
is the most important of all the factors subject to
human control and development; it is discussed in
following sections on surface storage and ground-
water storage.

The ability of the soil to absorb precipitation
and transmit it to the aquifers is a closely related
factor of great importance, which is discussed in
the section on infiltration capacity. The prin-
cipal effects of land use or vegetational cover on
the water crop are reflected in the infiltration
capacity.

Topography also has important effects, some of
which are related to storage. Areas of consider-
able relief commonly contain suitable sites for
construction of artificial surface-storage facilities,
but practically none are suitable for providing
storage for all storm runoff from major floods.
These areas are also deficient in natural storage
capacity, both on the surface and underground.
Areas of low reliel in the basin have few suitable
sites for any but very small surface reservoirs,
but these areas commonly have large ground-
water storage capacities. Steep land slopes favor
direct runoff, and flat slopes allow more time for
infiltration.

The topography has a controlling influence on
land use and thus affects the water crop indirectly.
For example, steep slopes may be suitable only for
forest, and level lands near a stream may be
suitable for agricultural, urban, or industrial
development.

3. Economic, legal, and political aspects of water de-
velopment: Detailed analysis of specific projects
is beyond the scope of this study, but the limita-
tions imposed by these projects are important in
any evaluation of the water crop. For example,
economic limitations probably would prevent the
storage of all the water that it is physically possible
to store. Legal and political considerations might
impose additional restrictions. All the human
factors are subject to change, and the overall
limitations imposed will probably decrease as the

need for water increases, but at any particular place
the limitations may increase appreciably. As
water becomes more difficult to obtain, users will
pay higher prices, and laws may be altered to meet
new conditions.

The requirements for nonwithdrawal use also
are dependent upon human factors, subject to
change both in time and place. In drylands
regions higher priority uses often take nearly all
the available supply. In the Delaware River
basin, however, an increase in nonwithdrawal
uses is more likely to occur than a decrease because
of the increasing needs for: (1) dilution of wastes;
(2) control of salt-water encroachment; and (3)
maintenance of navigation facilities.

SURFACE STORAGE

The natural surface-storage capacity of a basin
includes the capacity of its lakes, ponds, swamps, and
stream channels. During periods of storm runoff the
nflow to these water bodies usually exceeds the outflow,
consequently the water levels rise. The outflow rate
is partly determined by the stage, or elevation of the
water surface. When the inflow rate drops below the
outflow rate, the stage begins to fall and the release of
stored water sustains flow at downstream points. Thus,
surface-water storage and ground-water storage to-
gether provide the fair-weather flow of streams, and
increase the harvestable water crop by making more of
the streamflow available for withdrawal.

Natural storage may be supplemented by artificial
reservoirs with either controlled or uncontrolled outlets.
When outlets are uncontrolled, the effects of the storage
are similar to those of natural storage except that
outflow rates are partly determined by design of the
outlet structure. Such storage reduces flood peaks,
unless the reservoir is full at the time of peak runoff,
but has no effect on low flows occurring long after storm
runoff has ceased.

Controlled storage may be classified as flood-control
storage or as conservation storage. Flood-control
storage is utilized to reduce flood peaks and thus to
diminish damage at downstream points; but, because
storage space must be emptied soon after each flood,
flood-control storage has no effect on most low flows.
Conservation storage is utilized to store excess runoff
for later use during periods of low runoff. Storage
for hydroelectric power is intermediate between these
two types. Its purpose is to supply power when
needed, regardless of streamflow conditions. In prac-
tice its effects are usually closer to those of conservation
storage than to those of flood-control storage.

In the Delaware River basin the best storage sites are
upstream from the Fall Line. In the Coastal Plain,
surface-water storage sites are scarce, even for small



THE WATER SUPPLY 33

reservoirs. However, in places where ground water is
locally scanty and where the area is underlain by thick
aquicludes, small serviceable surface reservoirs have
been constructed, especially in some of the westward-
flowing tributaries of the Delaware River in New
Jersey. Some sites for such small reservoirs still
remain and may eventually be utilized if economically
feasible.

The useful life that may be expected of these small
reservoirs is unknown because the sediment-transport
data for the small streams involved does not exist.
Neither, for that matter, can we be certain of the
expected life of large reservoirs, such as Pepacton or
the one proposed at Tocks Island. The useful life of
these large reservoirs probably will be about several
hundred years; that of small reservoirs will be much less,
probably less than a hundred years.

Surface-water storage and ground-water storage are
closely related in some places. For example, the water
level in swamps rises and falls with the connecting
water table; leakage from reservoirs and ponds may
become ground water; raising the level of water in a
reservoir in permeable materials may cause a rise of the
water table for considerable distances and increase the
storage of water in the aquifers.

There is a widespread movement in the Delaware
River basin to construct farm ponds. In the more
rugged parts of the region these ponds are filled mostly
by storm runoff in small wet-weather drainage courses.
They are usually built on relatively impermeable ma-
terials, and the pond water is therefore insulated from,
and commonly above, the water table. Such ponds
have little or no effect on ground-water storage.
Evaporation takes a heavy toll from such ponds during
dry weather, but because the area of these ponds is not
great, the total effect on the basin’s water crop is small.

In the lower lands of the basin, especially where the
soils and aquifers are thicker and more permeable,
the ponds commonly connect with the water table,
and the effects of ponds on ground water are greater.
For example, Barksdale and Remson (1956, p. 524)
report:

In August 1953 the floodgates were opened in a small dam
near Seely, N.J. The level of the pond, which is about 2,000
feet long, was lowered more than 4 feet. As a result, in the
course of the next several weeks the water level in a well 500
feet from the pond fell 1.5 feet. The specific yield of the aquifer
is about 30 percent, so that obviously several million gallons of
ground water was being drained from the aquifer in the area
within a few hundred yards on either side of the pond. Thus,
it can be appreciated that the impounding of this small surface-
water body resulted in the storage of a substantial amount of
ground water. In many and perhaps most areas this would be
considered advantageous; in others, particularly areas of heavy
precipitation, it might be better to allow the dl:ainage of this soil

so that the storage space would be available to reduce overland
flow and erosion. Where the aquifer materials have large specific
yields, the judicious placement of small dams can result in sub-
stantial increases in local ground-water storage. On the other
hand, in areas where the specific yield is low, relatively little
water could be stored in the ground around such a pond.

GROUND-WATER STORAGE

Aquifers serve dually as natural reservoirs and
conduits, and they have a pronounced effect on the
time distribution and magnitude of the water crop.
As in a surface reservoir, the quantity of water stored
underground fluctuates in response to changing rates of
inflow and outflow, although with considerable lag.
The amount in storage increases during and after
periods of precipitation, or water added to the soil in
excess of field capacity percolates downward to the
zone of saturation; in contrast, storage decreases
during and after periods of drought. Recharge from
equivalent amounts of precipitation is much less during
the growing season than during the winter, because
during the growing season more of the water is lost by
evapotranspiration from the soil and vegetation and
less water infiltrates to the water table. At the same
time the discharge from the ground-water reservoir
continues; hence, the amount of water in storage
decreases. Limits within which the quantity of water
stored underground fluctuates naturally are determined
chiefly by the volume of pore space in the reservoir
that can accept and transmit water and by the eleva-
tions of the discharge outlets.

The chief effect of ground-water storage on the water
crop is to maintain streamflow during dry periods and
to distribute the flow more evenly in time. In the
Delaware River basin this regulatory effect is of great
importance; it is estimated that about half the average
annual runoff is derived from ground-water discharge,
but marked variations in this proportion occur within
the basin.

When a ground-water supply is developed, the
ground-water storage has even more effect on the water
crop than it has under natural conditions. When
water is pumped from aquifers, more storage space is
provided to accept recharge from precipitation, which
otherwise might have run off directly. Pumping lowers
the water table and reduces: (1) natural evapotrans-
piration; (2) underground outflow; and (3) ground-
water discharge to streams or other surface-water
bodies. The draft on storage is offset by additional
recharge that is induced where the normal water-table
slope toward a surface-water body is reversed.

Ground water can be withdrawn from storage at
rates temporarily exceeding the rate of natural recharge
(temporary overdraft), and the aquifers can be replen-
ished either naturally or artificially. When with-
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drawals exceed recharge mining of ground water occurs.
In such instances mining the aquifer depletes the supply.
In several parts of the United States, including parts
of New Jersey, aquifers have been recharged artificially
with excess local streamflow or with imported supplies
(Barksdale and DeBuchananne, 1946, p. 726-737).

By use of these processes during the development of
ground-water supplies, recharge and discharge of the
aquifers are increased, and the fluctuations in ground-
water storage may be greater than those under natural
conditions. Except for the decrease in natural loss by
evapotranspiration and ground-water outflow, the
potential water crop in the basin is not thereby in-
creased; however, more of it is made available for use
locally.

The part of the anunual water crop that is available
locally from ground water varies greatly, depending
chiefly on the storage and transmissibility characteris-
tics of the aquifers. Thus, less ground water is availa-
ble in an area underlain by impermeable rocks or clay
than in an area underlain by thick permeable sand.
In the Delaware River basin ground water is most
abundant in the Coastal Plain; in the Appalachian
Highlands, where ground water is not so abundant, it
occurs in greatest quantities in the deeper valleys that
are underlain by coarse glacial deposits or limestone.

Ground-water supplies tend to differ from surface-
water supplies in physical, chemical, and biological
character, and ground-water supplies therefore may be
more desirable than surface supplies for some purposes.
For example, at Louisville, Ky., a plentiful supply of
water is available from the Ohio River, but many
industries prefer ground water for cooling in summer
because of its lower temperature, greater clarity, and
more uniform chemical characteristics. Accordingly,
withdrawals from the aquifer in summer greatly exceed
the natural recharge, and in winter cold river water
is used to recharge the aquifer. Thus, aquifer storage
is utilized to provide cold water when surface supplies

are too warm.
INFILTRATION CAPACITY

The characteristics of the rocks and soils above the
zone of saturation determine the rate at which water
can be absorbed and transmitted to the underlying
aquifers. Consequently, the rocks and soil largely
determine the proportions of direct runoff and ground-
water recharge. Permeable well-drained soils absorb
water readily and continue to do so as long as storage
space is available in the aquifer. Most soils absorb
water more readily when nearly dry than when wet.
A permeable soil over an impermeable subsoil quickly
becomes saturated and infiltration decreases to the
rate at which the subsoil transmits water downward.

The infiltration capacity of a soil may be changed by:
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(1) freezing, which makes the surface less permeable;
(2) alternate freezing and thawing, which loosens the soil;
and (3) changes in vegetational cover and methods of
cultivation, which affect soil structure, organic matter,
and plant and animal life in the soil. Furthermore,
urbanization results in elimination of infiltration from
large areas.

A virgin soil tends to be much more permeable than
the same soil under cultivation or grazing. The effects
of cultivation on infiltration capacity are illustrated by
experience at Seabrook, N.J., where almost one billion
gallons of cannery waste is disposed of annually by
irrigation from large sprinkler nozzles in a wooded area
of approximately 260 acres. In describing the experi-
ence at Seabrook, Thornthwaite (1951) states:

Any land that had been tilled would become saturated and
soupy to plow depth after 2 inches of water had been applied.
At the same time, adjacent pine-oak woodland which had not
been plowed took 56 inches at the rate of 6.3 inches per hour
without becoming saturated. This area received more than 150
inches in 10 days with still no sign of being satisfied.

The infiltration rates observed at Seabrook could be
maintained only where soils and subsoils are deep,
permeable, and well drained.

Land use and management may affect the infiltration
capacity to extents that vary in time and in place,
depending upon local conditions. The effects of various
types of land use and various methods of cultivation
have been studied extensively by small-plot experiments,
but evaluation of the effects in a large complex area, such
as the Delaware River basin, is difficult.

FACTORS AFFECTING THE QUALITY OF THE WATER CROP

A satisfactory water supply must be adequate in
quality and quantity. Water passing through the
atmosphere and over or through the soil and rocks
acquires suspended and dissolved impurities. Some of
these impurities may be of no consequence for a
particular use, but may seriously impair the water for
other uses. For example, water containing a small
concentration of dissolved iron may be suitable for
drinking but not satisfactory for the manufacture of
plastics or rayon. Dissolved oxygen enhances the
palatability of drinking water, is essential to the exist-
ence of some forms of aquatic life, and plays a part in the
self-purification of natural waters. Dissolved oxygen
also makes water corrosive to metal pipes, and for such
uses as boiler-feed water its concentration should be
below a certain level. Natural water is never chemically
pure although much is biologically pure. We shall,
therefore, consider the sources of the impurities and their
effect on the uses of the water.

IMPURITIES DERIVED FROM THE ATMOSPHERE

Rainwater and snowmelt are the purest of natural
waters. In some areas, rain falling on the rooftops is
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collected in cisterns and serves for domestic use without
further treatment. KEven this relatively pure water
contains oxygen, nitrogen, and carbon dioxide dissolved
from the atmosphere, but oxygen and carbon dioxide
are found in greater proportions in the dissolved gases
than in the air. The rain washes from the atmosphere
other gases and such substances as ammonia, nitric
acid, and sulfuric acid, as well as fine particles of dust
and soot. The nature and proportion of the impurities
in the rainwater are variable: mineral acids, for example,
are common near cities or industrial centers, and ordi-
nary salt is common near the seacoast. Mineral im-
purities, however, are present in rainwater in extremely
small quantities.
IMPURITIES DERIVED FROM ROCKS AND SOILS

Rain that falls on the earth’s crust begins immediately
to dissolve rock and soil. Clarke (1924, p. 116) esti-
mated that, in the region draining to the North Atlantic,
130 tons of minerals per square mile of land is dissolved
annually and carried off to the ocean. The nature and
concentration of the dissolved matter in the water
depend upon many conditions. Long contact between
water and rock material favors solution, consequently,
ground water is usually more mineralized than water
which runs quickly over the surface to the streams.
When the ground is frozen, or saturated by previous
rainfall, little rain penetrates the ground and runoff
to the streams is increased. In the early spring, rain
accompanied by snowmelt results in heavy discharge
to streams. In either situation, the stream waters are
less mineralized than in periods of low flow when stream-
flow is largely derived from ground water.

Water may react chemically directly with rock min-
erals, as it does with feldspars, or serve as a solvent of
oxygen or carbon dioxide, which also react with earth
materials. The direct action of water is referred to as
“hydrolysis,” the action of oxygen as ‘“‘oxidation,” and
the action of carbon dioxide as ‘‘carbonation.”
Whether the action be hydrolysis, oxidation, or car-
bonation, the water leaches out and carries away in
solution ions of sodium, potassium, calcium, magnesium,
iron, manganese, chloride, sulfate, nitrate, bicarbonate,
and colloidal or soluble silica, iron, and aluminum.
Through hydrolysis the feldspars give up their potas-
sium, sodium, and calcium to the water. These ions
are then replaced by hydrogen ions from the water.
By this process the feldspars are converted to less
soluble clay minerals, and as a result the solvent water
becomes more alkaline and more mineralized. Silica
minerals, which are very abundant in the Delaware
River basin, are attacked more by acid ground water
than by neutral or alkaline water.

Dry air contains about 0.03 percent carbon dioxide
by volume, but rainwater may contain as much as
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3 percent dissolved carbon dioxide (Rankama and
Sahama, 1950, p. 312). Aerobic bacteria in the soil
oxidize organic material to carbon dioxide which further
enriches the soil water in carbon dioxide. Dissolved
carbon dioxide forms carbonic acid which is very
effective in dissolving such carbonate rocks as limestone
or dolomite. A

The concentration and proportions of dissolved mate-
rials depend chiefly upon the mineral constituents of
the aquifer from which the water came. Compared to
water from other sedimentary rocks, water flowing over
or through limestone or dolomite will be rich in calcium
and magnesium. On the other hand, water flowing
from an acidic, igneous, rock terrane, such as an area
underlain by granite, gneiss, or schist is low in dissolved
solids but relatively high in silica, sodium, and
potassium.

MUNICIPAL, INDUSTRIAL, AND AGRICULTURAL WASTES

Natural water contains some impurities, and use of
the water for domestic, industrial, or agricultural pur-
poses usually adds more. Whether these additional
impurities impair the usefulness of the water depends
upon their nature, their concentration in the water, and
what use is to be made of the water.

The quality of water may be impaired by some uses
even when no impurities are added. For example, far
more water is used for cooling than for all other indus-
trial purposes. The discharge of waste cooling water
to a stream raises the stream temperature, especially
where the stream water is reused several times, and it
may become too warm for further use as a coolant.
Fish and other aquatic life are affected by a rise ir
temperature because (1) warm water contains less
dissolved oxygen than cooler water, and (2) fish are
more active at the higher temperature and therefore
consume more oxygen. Thus, an increase in water
temperature may asphyxiate the fish by depleting the
oxygen.

Some organic wastes, such as those in sewage, are
oxidized by the dissolved oxygen in stream waters with
the aid of certain kinds of bacteria. This natural
purification process, too, proceeds faster at higher
temperatures. Faster reaction may be an advantage
if there is sufficient dissolved oxygen to consume all the
organic waste material. However, the waste putrefies
if the dissolved oxygen is not sufficient to oxidize it,
for in the absence of oxygen the waste is destroyed by
reactions producing gases of objectionable odor, such
as hydrogen sulfide. Thus, information on the con-
centration of dissolved oxygen is useful in evaluating
water quality; so also is the biochemical oxygen de-
mand, which is a measure of the oxygen required for
the destruction of organic matter by aerobic biochemi-
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cal action. If the dissolved oxygen is sufficient to
satisfy the biochemical oxygen demand, the oxidizable
wastes probably will be removed by natural purification
in the stream.

Dissolved minerals, such as common salt (sodium
chloride), do not disappear in this fashion. They may,
however, be flushed away or be sufficiently diluted that
they are not deleterious. The sewage of the city of
Philadelphia adds about 100 tons of sodium chloride
daily to that already in the Delaware River. With a
fresh water flow of 12,000 cfs (cubic feet per second),
for example, the 100 tons per day of sodium chloride
constitutes only 3 to 4 ppm in the river water. This
concentration is not objectionable and is insignificant
compared to the amount of salt introduced from the
ocean.

Industrial wastes are of many kinds. Wastes from
breweries, dairies, and slaughter houses, for example,
contain organic material which, like sewage waste, is
subject to oxidation. Some contain toxic substances,
such as the phenols from coke plants, the arsenic from
weed-killers or insecticides, and the cyanides from elec-
troplating processes. Others include mineral acids
from chemical manufacturing or salt brines from petro-
leum wells. ‘Some wastes do not dissolve in the water.
Oils and greases float or become emulsified ; solid parti-
cles, such as paper fibers, sewage solids, or sediment
may make the water turbid by remaining suspended;
or may foul stream beds or reservoir bottoms by settling
out there.

Radioactive substances from nuclear reactors and
radioisotopes used in medical therapy or in industrial
processes are potential contaminants of aquifers and
streams. Although their disposal is restricted by
various regulations, it is always possible that—through
accident, ignorance, carelessness, or sabotage—radio-
active materials may reach ground- and surface-water
bodies. The rate at which these materials give off
radioactive radiation can neither be retarded nor
accelerated. If ingested, some may become concen-
trated in lethal quantities in particular tissues of the
body. Radioactive materials are also harmful to some
industrial processes, such as the manufacture or
processing of photographie film.

Drainage from farmlands is sometimes rich in am-
monia, nitrates, and phosphates, which stimulate the
growth of algae. Algae are beneficial in that they
produce oxygen and consume carbon dioxide and some
are a food supply for fish and other aquatic life; but
where algal growth is excessive the algae or their prod-
ucts can poison farm animals and impart undesirable
taste and odor to domestic water. Algae are undesira-
ble in cooling water and in water used for laundry,
photography, and the manufacture of paper and rayon.

WATER RESOURCES OF THE DELAWARE RIVER BASIN

When the streamflow is large compared to the volume
of waste discharge, dilution may be sufficient to reduce
the concentration of impurities to an unobjectionable
level. The disposal of wastes by dilution, however,
is not as simple as it may seem. Suppose an industry
wishes to discard 500 gpd of a waste containing 20 ppm
of ecyanide by dumping it into a small stream having
an average flow of 1 mgd (millions gallons per day),
or 1.55 cfs. If the waste is uniformly mixed with the
total daily flow of the stream, the resulting cyanide
concentration in the stream will be only 0.01 ppm.
But in dry seasons the stream discharge will be less
than 1 mgd, and the resulting concentration of cyanide
will be greater. If the batch of waste is all dumped
within a half-hour period, the concentration of cyanide
in the stream may be 0.5 ppm, which would be fatal to
most fish. Again, the waste may not mix thoroughly
with the stream water, and some of the water may con-
tain more than 0.5 ppm of the waste. The waste may
concentrate on one side of the stream or, if denser than
the stream water, on the bottom. Mixing is also
affected by wind, river alinement, roughness of the
channel, and tidal action.

Most polluted water can be made suitable for use by
treatment, but the process may be too costly. For ex-
ample, several treatment methods are known for the
conversion of sea water to fresh water, but as yet none
of these methods produce fresh water at a cost low
enough to compete in the Delaware River basin with
naturally fresh water for irrigation, domestic, or
industrial use.

Most wastes are introduced into the streams in areas
of heavy population and industrial concentration, as
the Allentown-Bethlehem area on the Lehigh River,
the Easton, Trenton, and the Philadelphia metropolitan
areas on the Delaware River, and on the Schuylkill
River at and below Reading. Other important sources
of pollution are in the headwater areas of the Schuylkill
and Lehigh Rivers.

MINE DRAINAGE

The anthracite coal mines of the Schuylkill and
Lehigh River basins have a pronounced effect on the
quality of the water in these streams and on some of
their tributaries. Associated with the coal are shales
containing pyrite, a sulfide of iron. When the coal is
mined, the shales are exposed to attack by air and
running water. As water saturated with air flows
across these shales or through the pyrite-bearing refuse
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