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PREFACE.

-+

The waters of the State have been recognized by the Geological
SBurvey as a part of its mineral resources, and therefore as coming
within the scope of its investigations and surveys. The hydrography
has- been included in the work of the topographic survey, and the
surface-waters have been described in the first volume of this series
of a final report. The courses of the streams and their drainage
basins are shown in detail on the topographic maps of the State.
Water a8 a mechanical agent in its action upon the sarface and in
relation to important facts in the geologic history has been studied
carefully, and particularly in the form of ice in the glacial period.

The need of wholesome water for household consumption, as also
good water for use in the arts, has prompted many inquiries about the
available sources from which steady and abundant supplies of such
water may be had, and the large number of these inquiries has
demonstrated the necessity of gathering all of the facts relative to the
ocecurrence of waters on the surface and in the earthy and rocky beds
under it.

The first pablication of the Geological Burvey on the subject was
in a chapter on “ Water,” in the “Geology of New Jersey,” 1868.
Chemical analyses of the waters of the larger rivers of the State and
of a few typical well-waters were given in this volume. In the
annusal report of the State Geologist for the year 1874 the importance
of good water for the supply of the cities and towns of the Btate was
again discussed, and the Highlands were referred to as a desirable
source for these supplies. In 1876 the question of public water-
supply for the cities in the northeastern part of the State was put
before the Board of Managers of the Survey by the authorities of
these cities, and the help of the Survey was asked. A large part of
the report for the year 1876 was devoted to the subject of water-
supply, illustrated by 2 map of the Passaic drainage basin, and its
lakes and sites for storage reservoirs. Many analyses were given to
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vi PREFACE,

show the excellence of the waters of the Highlands and their value
as compared with existing supplies. The data obtained by the field
surveys and the laboratory work of that year have been useful in the
general information afforded and in their practical application to the
work of petting new city supplies in that part of the State. The
importance of the subject has been still further shown in the space
given to it in the annual reports published since 1876. Water-supply
bas become one of the leading topics. Qur knowledge of the State
and its natural waters given in these annual reports is due to the far-
gighted and comprehensive views of the subject held by the late
Prof. Cook, State Geologist, and expressed in the practical work
which he started. The subterranesn as well as the surface-waters
were studied in their accessibility, volame and character, and the
artesian wells along the Atlantic coast belt of the State are demon-
strations of the accuracy of his studies.

The work for this volume on water-supply was begun in 1890,
and was put in charge of Mr. C. C. Vermeule, the topographer and
consnlting engineer of the Geological Survey. His intimate knowl-
edge of the physical geography of the State, obtained during his long
service at the head of the topographic division of the Survey, was a
most valuable basis for the study of the hydrographic features and a
comprehensive treatment of the question of water-supply in New
Jersey., Reports on the progress of the work have been made
annually, and meny facts on stream-flow, evaporation, rainfall and
city consumption of water have been given in them. A ecensus of the
water-powers of the State was made in 1890 and 1891 and was pub-
lished in the annnal report for 1891.. Cbservations upon stream-flow
have been carried forward from the beginning of the work and
careful gauginge of the large streams have been made. Valuable
data relative to stream-flows in the adjacent Middle Atlantic and the
New England States have been collected and discussed. In these
reports on the progress of the work much information of practical
value has been made accessible and available. The publication of the
final results in this volume has been delayed beyond the time allotted
to it when the work was begun. The longer periods of observation
and the greater accumulation of data for a thorough discussion of the
problems of rainfall, evaporation and stream-flow, and their relations
to one another and to the various drainage basins of the Btate, have
yielded results of permanent value in all studies of water-supply.
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The large influence of geological conditions npon storage and delivery
of ground-water is here shown clearly in the diverse phases of the
streams of the northern and southern parts of the Btate, and the true
bearing of evaporation and ground-storage upon stream-flow is
demonstrated. The preponderating effect of temperature in deter-
mining the amount of evaporation and consequently the total run-off
of streams for a given rainfall, and the entirely subordinate influence
- exerted by forests or other vegetation thereon, seem proven by these
gtudies. These and other phenomena incidentally developed promise
1o be valuable sidelights upon other scientific and economic problems.

The indicated eertainty of oceasional periods of small rainfall, and
the persistence of evaporation as determined by temperature for the
various sections of the State, are suggestive of conservative estimates
for the yield of water-gathering territory; but, on the other hand,
the revelation of the important and reliable yield of ground-waters at
such times gives greater confidence that our estimated minimum yield
will not fail us.

The collation of much valuable data hitherto scattered and inacces-
sible, from sources without the State, the direction of his field-work
80 as to fill out these data and render them available for application
to our own streatns, and finally the careful study and analysis of the
whole, have enabled Mr. Vermenle to produee a report which must
become 2 hand-book to people of the State and of great value to all
who may be engaged in like studies elsewhere.

The importance of this question of water-supply to our citizens,
most of whom are dependent upon public water-supply systems, and
its intimate relation to the general health, make it deserving of the
time and space which have been allotted to it in this report. The
subject is a growing one and the conditions are so rapidly changing
that no report thereon can be considered final, The space here given
to it is inadequate to its faull discussion, It merely rounds out an
epoch in the accumnlation of information therein for public uee.

Joun C, Buock,

Btate Geologist.
TrexTOR, N. J,, June 26th, 1894,
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WATER-SUPPLY.

INTRODUCTION.

The task of preparing a report upon the hydraulic resources of the
State, which should be a hand-book of our streams and a guide to
their utilization for the supply of communities in search of more
abundant or purer water for domestic consamption, or for water-
power purposes, was first undertaken in 1890.

Bince its inception the Survey has included these waters among the
natural sources of wealth which it was designed to aid in the develop-
ment of. In the Geology of New Jersey, 1868, a short chapter was
devoted to the subject, and several analyses of river and well-waters
published. In every annoal report since 1874, it has received some
attention ; more and more as the growth of our city population has
ocontinued at a rapid rate, and the demand for a larger and better
supply of water consequently increased. Then, too, our State and
local Boards of Health have become vigilant and critical, and a more
general observance of sanitary laws has caunsed the rejection of sources
onoe considered adequate.

The completion of the topographic survey furnished full and
accurate data as to the size of water-sheds, their configaration, extent
of forests, facilities for artificial storage and much other information
necessary for the intelligent study of our streams.

These conditions of better facilities for the work and steadily-
increasing demand for its results made the time opportune for its
undertaking. The greatest obstacle in the way was the lack of accurate
measurements of the flow of our streams and of time in which to
obtain series of gaugings covering periods long enough to embrace a
sufficient range of rainfall and flow-off to make deductions therefrom
safe and valuable. Our experience with such observations has led
us to place little reliance upon the results of one or two years taken
alone, although such short series may become valuable when used
carefully in connection with longer series upon other similar streams.
The consequence has been, first, that we have prolonged our investi-

1 m
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2 GEOLOGICAL SURVEY OF NEW JERSEY.

gations beyond the time originally allotted to them in order to per-
fect our data, and second, that we have proceeded to avail ourselves
of all that had been done elsewhere in this line, which would apply
to our conditions. Some long series of gaugings on water-sheds
resembling our own in location and topographical conditions have
been collected, re-arranged and are published for comparison and
study.

The time was thought to be too brief to obtain such long series for
our own streams, but we proceeded to collect such data as would
enable us to compare them with those for which we had gaugings.
Fortunately, we have had placed at our disposal records which have
enabled us to compute the flow of the Passaic for seventeen years,
and thus to add a valuable contribution to the study of this subject of
stream-flow. It is to be noted that this Passaic series and the similar
Croton series together cover a period of over a quarter of a century,
and therefore practically all the conditions of rainfall which are likely
to occur at any time. We are especially fortunate in obtaining so
many good series typical of New Jersey water-sheds, and with the
shorter ones which we have from our own gaugings, we feel that we
have quite enongh data for reliable deductions.

From these long-series observations we have attempted to devise a
formula for computing stream-flow which would conform to observed
phenomena and be generally applicable to all streams, believing such
a procedure to be quite possible and more practical and consistent
than any method of treatment of the subject which we found ready
at hand,

It is with much hesitation that we undertake here the application
of a theory that is entirely new, but we must plead necessity as our
excuse. The methods which have prevailed in computing stream-flow
heretofore have not been, and have scarcely pretended to be, scientific
and natural. They do not follow natural laws. The fundamental
idea seems to be that the amount of water flowing off of a given area
within any given period is some percentage of the rain falling upon
that area in such a period. A moment’s reflection will show the fal-
lacy of such reasoning. We have records of many months in which
the rainfall was less than evaporation and not a particle of rain
reached the streams, yet in those months the streams continued to
flow and yield a substantial amount of water. Again, we have many
instances in our records of flow, during the winter and early spring
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months, when the total stream-flow was much greater than the total
rainfall, and, indeed, such a state of affairs is not uncommon for sum-
mer months also. Any system of percentages in such cases leads to
blunders too absurd to be tolerated. The impossibility of making
any system of percentages yield results in accord with what is actually
shown in our tables of rainfall and flow, forced us to seek some more
reliable method of estimating the flow of our streams, and we hope
that the results will find approval. Indeed, our experience has
taught that percentages and averages, when applied to stream-flow,
not only give erroneous results, but hide the truths which would
otherwise be apparent enough. In consequence we have carefully
avoided such percentages and averages in making our analyses,

The reader who has followed the results of our studies in the
annual progress reports, and who now compares them with the
formulee and method adopted in this book, will appreciate that
we have not stumbled upon our method. It has been a slow and
halting progrees, always on the same lines but starting out with some
natural obscurity. These annual reports are now entirely superseded
by this book, and you are in all cases to accept this as correct where
a difference is noted in data or conclusions. It is based on fuller ob-
servations and a clearer conception of the laws of stream-flow,
evaporation, demands of vegetation and quantity and rate of delivery
of ground-waters, than we possessed in 1890, or even one year ago.

Even up to the hour of going to press the collection of data has
proceeded, and we have found it necessary to confine our work to that
portion which was in hand long enough before to admit of its careful
reduction and analysis. The present report, therefore, must not be
considered final in the sense that it is conclusive, and the results here
given may yet be subject to modification. We only claim for them
greater aocuracy than has heretofore been attainable.

We are also aware of certain imperfections in our formule, some
of which we have pointed out in applying it and all of which we
have farnished the means of judging of. Most of these imperfections
might be corrected, excepting that we have feared to make the method
too complicated for easy practical application.

We are especially pleased that the results as to the amount of water
collectible, given by our system of computation, are so well in accord
with the conclusions of the more conservative hydraulic engineers.
Such conclusions, based on the experience of a remarkably careful
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and competent body of observers, are not likely to be far from the
truth, and it is especially gratifying to have been able to verify them
by a method which does no violence to natural law in any of its
stages of reasoning. We do differ from some authorities in ascribing
causes for variation in the yield of streams for a given rainfall and
in other incidental matters; but as to most of these, they are not
well agreed, and we trust that they will find little difficulty in aceept-
ing our conclusions as to such minor details.

In estimating the supplying capacity of a water-shed, it is always
very important to be conservative. A failure of the supply may lead
to disastrous results, while an excess is always to be looked for in
years of heavy rainfall. Our records on the Passaic, for instance,
show yearly rainfalls ranging from 36.68 inches to 70.88 inches, and
a yield of the stream of from 16.66 to 42.23 inches.

With a very large reservoir capacity, it might be thought poesible
to carry over stored water from the full years to the deficient ones, but
the danger of any attempt of this kind is well shown by the records
of flow during successive dry years on the Croton, Sudbury and Pas-
saic. It will be noted that frequently the flow for eighteen conseca-
tive months or so, embracing parts of two years, will be at a lower
rate than that shown by the least calendar year.

There seems to be a tendency towards periods in rainfall which
exposes us to the danger of two or more years of low rainfall coming
in succession, consequently our basis in computations of this character
maust be the yield for the driest period.

The water-supply resources of New Jersey are excellent, and if
they are judiciously developed will support the needs of a very large
population, but the present and proepective demands are also large.

In 1883 the population in the State dependent upon systems of
public water-supply amounted to 587,660, using 48,923,406 gallons
daily. In 1894, 1,114,403 persons were supplied with 107,840,361
gallons daily. In twelve years the population supplied nearly
doabled and the consumption of water had increased 120 per cent. The
per capita consumption now averages 97 gallons daily, and ranges
from 60 gallons in towns of less than 15,000 population to 149 gal-
lons in the city of Camden. Of the total supply in 1894, about
8,000,000 gallons daily was drawn from wells and 100,000,000 from
streams.

The southern New Jersey cities are rapidly increasing in size and
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importance, and this subject is demanding more and more attention
from them, but it is in the northeastern counties that it assumes the
greatest importance. This is not alone due to the large urban popu-
lation within our own borders, but to the great and growing metro-
politan distriot of which it forms a part. This district may be taken
4o include the counties of Hudson, Easex and Union, with Passaic
northward to Paterson, and Bergen to Hackensack and Englewood,
in our own State; New York, Kings and Richmond, with Long
Island City and Newtown in Queens county, in the State of New
York. Practically, all of the population thus included will soon be
dependent upon public water-supply. Iis magnitude and growth
are shown in the following table compiled from the United States
©oensus :

i .
i nr;nm(‘)rrlalél:m NEW J::s::(u:fm'uon NEW YORE CITY.
YEaR. -

Population. Per cent. Population. Per W?t' Population. Per cent,
increase, increase. increase.
1840...... 453,374 |.........coee. 72,404 |.......coeeee. 816,392 |....ceeenns
1850...... 798,066 76.0 116,932 61.8 519,988 64.4
1860...... 1,375,400 723 224,617 92.0 830,869 60.0
1870...... 1,815,454 32.0 870,957 65.0 971,273 17.0
1880...... 2,387,910 816 516,192 39.1 1,206,299 24.2
1890...... 8,180,038 83.2 726,442 40.8 1,515,301 25.6

For the last three decades the whole district has increased in popu-
lation quite uniformly at the rate of 32.2 per cent. per decade. The
New Jersey portion has preserved an increase of 40 per cent. for the
1ast two decades. We may estimate the future increase at 30 and 40
per cent. respectively. This gives the following future population :

New Jersey Portion
Metropolitan District, of the Same.
1900.......emieeieienecsnenerans 4,134,000 1,017,000
DT} () 5,374,000 1,424,000
1920.cccentnieicriinireconnnensanas 6,986,600 1,998,000
1980......00veereerrernsnnesnenrannes 9,082,000 2,791,000
1940....c00000meneeieniininnieniinens 11,807,000 38,907,000
19560.....cc0inerreennsrnrannencneene 15,349,000 5,470,000
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The present consumption in this distriot averages closely 100 gal-
lons daily per capita. At this rate, the whole supply needed wil}
amount to 1,500,000,000 gallons daily by 19560. Our investigations
show that the supplying capacity of the neighboring water-sheds for
the driest year does not exceed 14 inches of rainfall. This amounts
to practically two-thirds of a million gallons daily for each square
mile of water-shed, and the above demand will require the total yield
of 2,250 square miles of water-shed, the equivalent of three streams
as large as the Passaic above Paterson.

While the demand thus increaces, the sapply of pure and whole-
some water near at hand decreases because of the encroachments of
population and its attendent defilement of streams. This whole area
must'shortly be supplied from sources without, and it is the consider-
ation of these facts which has led to investigation of available sources
of supply.

This great prospective demand for potable waters and wholesome
gathering-grounds in the vicinity of our northeastern cities is of
interest to our citizens, but they are even more directly concerned
with the demand which will arise within our own borders. By 1950-
our estimate shows that the New Jersey portion of this population
will itself require a supply of 547,000,000 gallons daily, or the total
yield of 820 square miles of drainage area. It will not be an easy
matter to find so much water as this without going to the Delaware:
river or its tributaries. Since fifty years cannot be considered a long
time in the future for which to make provision, it is evident that the
time has come for us to know what our resources are and to provide
for their preservation and wise development.

Our Highland water-sheds, to which we call attention more fully
hereafter, must be the first source from which this demand is to be
met. They lie convenient to the metropolitan district, at a sufficient
elevation for delivery of their waters by gravity, are not populous,.
have just the right amount of forest, geological and topographical
oconditions favorable to purity, and if they could be preserved in their
present favorable condition would form in all respects an ideal
gathering-ground. They have already begun to be utilized, and
every succeeding decade must see a more rapid advance in their devel-
opment. They are also threatened at points with pollution.

Their protection and conservation for the future needs of the State
seem to be merited by their unusual excellence.
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The present report deals largely with the peculiarities of our water-
sheds favorable or unfavorable to purity rather than with chemical
analyses to indicate the fitness of streams for water-supply. The
examination of a water-shed will reveal to the experienced eye its
fitness or unfitness for such purpose, and will indicate what analyses
may be expected to reveal. Such analyses, in order to be reliable
indications of the quality of & stream, should be taken at intervals
throughout at least one year. A water-shed may show upon exam-
ination elements of danger which no careful sanitarian can ignore, yet
one or two analyses may fail to indicate the presence of anything
deleterious in the waters. If| on the other hand, the examination of
a water-shed shows conditions naturally favorable to parity, yet a
given analysis reveals elements of danger, it will usually be found
that these are traceable to accidental or artificial causes which are
within the reach of ordinary remedies. In brief, we cannot make up
for the lack of general conditions favorable to purity. Such condi-
tions are usually permanent, and their presence or abeence is of first
importance in selecting a source of public water-supply. For this
reason we have, in general, considered it preferable to leave chemical
and microscopical examinations to be made as they are needed.

We have published a collection of chemical analyses and have sup-
plemented these by a few made especially for this report, but the
principal aim in view has been not to detect or indicate pollution, but
rather to give a good idea of the chief chemical characteristics of our
stream-waters in their natural state, and of those known to be badly
polluted. The whole is designed as a general guide to which future
analyses may be referred, or for purposes of comparison of various
classes of streams,

In this, as in all, the report deals primarily with the natural
resources of the State, without attempting any examination or criti-
cism of existing systems of pablic water-supply. Where the streams
are known to have become dangerously contaminated or to be seriously
threatened attention is called to the fact, but conditions of population
and sources of contamination are undergoing so rapid a change in
many parts of the State that chemical or microscopic analyses, how-
ever elaborate, made now are almost sure to become valueless, and
may become misleading a few years hence. -

Next to the subject of water-supply comes that of water-power.
There are many reasons why a study of these two should go hand in
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hand, but foremost are the facts that both need the investigation of
amount of available stream-flow and that the two interests come con-
tinually into conflict. Such an investigation must be an aid in deter-
mining the proper status and importance of each and in directing
their development on lines which will reduce the probability of serious
interference. The water-power interests of the State have never be-
fore received much attention. For a time an impression prevailed
that water-power had passed its day of usefulness, and property of
this character was depreciated in consequence. The error of this is
demonstrated by the results of our canvass of the water-powers. The
amount of water-power in use has never been as great as at present.

Taking the census figures for 1870 and 1880, and comparing them
with our own, we have:

1870. 1880. 1890-91.

Net H. P. Net H. P. Net H. P,
Total power in UBe....cccceewrererennisreeee 25,832 27,088 30,870
Flouring snd grist-mills.................. 11,108 12,183 12,880
Saw-mills, &C.ccevrrennnreriiianniiirinnnins wnvennee 3,903 4,085

This shows a small but steady increase in each decade, amounting
in the last to 14 per cent. It does not show the real changes which
have taken place, for there has been a steady loes of small, inefficient
water-powers, which had to be made good by the construction of
larger and better-equipped plants. Many small saw and grist-mills
have thus been abandoned, the former because of scarcity of timber,
and the latter from the competition of large, well-equipped modern
mille. Where the stream is of sufficient capacity, these large plants
are erected upon the sites of the small mills; otherwise these sites are
abandoned and new ones developed.

It is the existence of many of these small, insignificant, abandoned
water-powers which has given rise to the impression that the use of
water-power is decreasing. The fact has been overlooked that a
single water-power plant such as that of the Dandee Water-Power
and Land Company, at Passaic, is equal to all of the abandoned
forge-powers in the State. The two eflicient plants recently erected
on the Musconetoong by the Warren Paper Company, with 700 net
horse-power, are equal in power to thirty of the abandoned saw-mill
powers, Water-power is not falling into disuse in New Jersey ; on
the contrary, it is being used more efficiently than ever before. The
cordial sympathy and interest which the owners and users of water-
power have shown in our work, and the substantial aid which they
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have given, show that they feel the need of such an investigation as
has beea undertaken,

The above-menticned considerations, and the fact that the increas-
ing use of eleciricity and possibilities of electric transmission of
power are opening up new fields for its use, make the time peculiarly
auspicions for laying hefore the public a statement of our water-
power resources, and calling special attention to our large, unde-
veloped powers, Indeed, at the time of this writing experiments
are being made in {ransmitting power electrically for the propulsion
of boats on the Erie canal, and a large plant is being installed for
transmitting the power of Nisgara Falls for use in the shops and
manufactories of Buffalo, in our neighboring State.

If the unused water-power of our State can be transmitted to our
great manufacturing centers to drive machinery, or applied fo the
propulsion of cars in the streets of our cities, a distinet economie gain
will result as surely as from the development of our mineral or agri-
cultural resonrces. An inquiry for water-power will certainly follow
the application of electric transmission, and we look for a marked
impetus to be given to its utilization.

‘We have no disposition to ignore the limitations of water-power,
or to claim for it more than its just due. Competition and the pre-
vailing tendency to lower prices call loudly for economies in cost of
production, and cheap power may play an important part in the
future of some of our industries, We have presented the bald facts
a8 to the available power of our streams, and believe that the preven-
tion of unwarranted expectations is as great an aid to future develop-
ment as the presentation of the resources. Those who are competent
to properly weigh the facts presented, and apply them to their own
particular case intelligently, will probably be able, now and then, to
discover and avail themselves of substantial advantages in the use of
this kind of power. These will welcome this aid to a correct deci-
gion. It is only such intelligent and well-directed enterprise which
will permanently promote the use of water-power and advance the

" interests of the State.

Besides the application of the studies here made to the uses indi-
cated by our title, we may mention that such an investigation shonld
be & direct aid in designing drainage or irrigation works, in control-
ling floods or building bridges.

The main facts as to the estimated flow of the various classes of
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streams are presented in Tables No. 51 to No. 61 A, inclusive. To
apply these to any particular stream of the class at any given point,
it is only necessary to know the area drained by the stream, expressed
in square miles, and to apply this as a multiplier to the flow there
given in thonsand gallons daily per square mile, or the horse-power
per square mile on one foot fall, to ascertain the capacity of the
stream considered. Many such areas are given in Appendix I

As we have already remarked, this report is intended to be a prac-
tical hand-book of the streams of the Sisie. The flow of streams,
however, is merely one, and rather an incidental one at that, of a
chain of related phenomens. It is pature’s way of removing the
surplus rainfall after evaporation and plant-growth have beer sup-
plied. Any rational diseussion of stream-flow, therefore, must begin
with a determination of the amonnt of rainfall, and must next ascer-
tain the laws of evaporation and the amount of water thus disposed
of, as well as the amount required by vegetation at different seasona,
and the absorption and delivery of ground-waters. As each of these
subjects has a wide and important bearing outside of the immediate
field of our report, it follows that incidentally a thorough investiga-
tion of our subject must throw light upon other important economic
and scientific questions. We regard the aconrate ascertainment of the
relations of rainfall, temperature, evaporation and grournd-water de-
pletion, such as is attempted by our formule, as almost as important
to agriculture, forestry, climatology, and possibly hygiene, as it is to
the subject of this report, but we have gone no farther herein than to
incidentally suggest these applications,

Tt would be a pleasure to be able to acknowledge our indebtedness
to all those who have so cordially aided us in our work, directly and
indirectly, but we find it impossible to do so. Many prominent
hydraulic engineers have contributed data, most of the users of water-
power in the State are entitled to our thasks, and there has been
general disposition to aid and encourage our investigations.

Messrs. Cyras F. Sproul, Asher Atkinson, Peter D. Staats, George
E. Jenkins and D. H. McLanry have assisted in gauging and collect-
ing data, and Mr. J. R. Prince has prepared the maps and diagrams
and done much of the mathematical work, The collation of data
collacted, the reduction of gaugings and comparison, arrangement and
te-arrangement of measurements of flow and rainfall necessary to dis-
cover the Jaws governing the flow of streams, has been a labor of
great detail, most of which, of course, does not appear in the results.
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THE LAWS WHICH GOVERN STREAM-FLOW.

As a preliminary step to any intelligent study of the flow of
streams, we must consider the causes which give rise to the phenom-
enon. ‘

The waters of the earth are taken up by the process which we call
evaporation and formed into clouds, to be again precipitated to earth
in the form of rain or snow, Of the water which falls upon the
basin-of 2 stream, a portion is evaporated directly by the sun ; another
large portion is taken up by plant-growth and mostly transpired in
vapor ; still another portion, large in winter but very small in summer,
finds its way over the surface directly into the stream, forming surface
or flood-flows ; finally, another part sinks into the ground to replenish
the great reservoir from which plants are fed and stream-flows main-
tained during tle periods of slight rainfall, for the rainfall is fre-
quently, for months together, much less than the combined demands
of evaporation, plant-growth and stream-flow. These demands are
inexorable, and it is the ground-storage which is called npon to supply
them when rain fails to do so.

All of these ways of disposing of the rain which falls upon the
earth may be classed as either evaporation or stream-flow. Evapora-
tion we make to include direct evaporation from the surface of the
earth, or from water-surfaces, and also the water taken up by vegeta-
tion, most of which is transpired as vapor, but a portion of which is
taken permanently into the organisms of the plaats. Stream-flow
includes the water which passes directly over the surface to the
stream, and also that which is temporarily absorbed by the earth to
be slowly discharged into the streams. A portion, usually extremely
small, passes downward into the earth and appears neither as evapora-
tion nor as stream-flow. It is usually too small to be considered, and
we may for our purposes assume that all of the rain which falls upon
a given water-shed and does not go off as stream-flow is evaporated,
using the latter word ip the broadened sense which we have above
described.

We therefore have to consider first rainfall as the source of supply,

and secondly evaporation and stream-flow as the demand to be sup-
plied.

NEW JERSEY GEOLOGICAL SURVEY
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12 GEOLOGICAL SURVEY OF NEW JERSEY.

BAINFALL,

The best source of information as to the rainfall of the State is the
Climatology, published by the Survey in 1888, which contains col-
lections of all data obtainable to that date. The State Weather Ser~
vice now publishes monthly bulletins and yearly reports, giving the
rainfall by days at some fifty stations. This work has been of the
greatest assistance in connection with our recent gaugings, and when
it is continued long enough we shell have much more accurate knowl-
edge a8 to the distribution of rainfell than we have at present. Much
information has also beer promptly furnished us by the United
States Weather Bareau. The records given in the Climatology, sup-
plemented by later data now obtainable, have furnished the basis of
our conclusions as to rainfall for use in this report. The long series
of rainfall tables published at the end of this chapter we regard as
more valuable to the hydraulic engineer than averages or deductions.
These we shall make, however, for eimplicity in generalization.

A careful study of these long series shows a strong tendency to
- cyclea of high and low precipitation. We are likely to have a period
of years of high average rainfall, followed by a low period. We see
at once that, under these conditions, differences shown by eomparing
a series of eight or ten years' length at onme station with a fifty or
sixty-year series at another, may be entirely differences of time and
not of place,

Plate I. shows this clearly. The annual raiefall is here plotted by
taking for each year the average of that year, the preceding and the
following year. Curves thus obtained are slightly smoothed out, but
in no case departed from by more than one inch in annual rainfall,
These type curves show unmistakably the tendency of which I have
spoken, They cover 69 years at Philadelphia, 61 years at Troy, 58
years at New York, 50 years at Newark and shorter periods at the
other stations.

While the maxima and minima do not always agree in time at dif-
ferent stations, it is nevertheless clear that, upon the whole, it is safest
to compare cotemporaneous periods if we wish to ascertain the rela-
tive rainfall at two or more stations, I have consequently proceeded
upon this plan in deducing rainfall averages for the several sections
of the State.

This diagram shows clearly, also, the danger of placing too much
confidence upon observations at a single rainfall station. The Lake

NEW JERSEY GEOLOGICAL SURVEY
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WATER-SUPPLY. 13

Hopateong record has been much quoted as indicating the rainfall of
our Highland region, but the curve shows that while most of the
other stations were showing more than average rainfalls, at about
1863, Lake Hopateong was passing through a remarkably dry period.

If we compare the average rainfall at this station during the 24
years covered by its record with the average at New York for the
game time we find it 8 inches less, and it is 4.2 inches less than Phila-
delphia, The carve of Plate I. strongly suggests, however, that this
relation might be reversed during another period, and undoubtedly it
is not safe to judge the rainfall of any considerable part of the High-~
lands by this record alone.

It might be interesting to trace the reasons why these variations
oceur, such as the effect of the prevailing direction of the wind upon
the exposure of a given station, especially in hilly regions, but such
matters are beyond the scope of this report. Study of cotemporaneous
records convinces me that this variation is purely local~—too local to
affect the yield of even a small water-shed appreciably.

Plate L. is, finally, useful in pointing out the danger of basing con-
clusions upon a short series of rainfall or stream-flow observations
without referring such observations to some long-period series with
which it is comparable.

‘We see here that the ratio between the three series at New York
Newark and Philadelphia varies with different periods. The vari-
ation between places as near as New York and Newark, even, is very
considerable. This warng us that our next hypothesis may not be
strictly accurate. It is that the ratios here shown between each place
and the average of New York and Newark for the period of ebserve-
tion will be preserved for the fifty years covered by the cotempo-
raneous observations at New York and Newark. Nevertheless this
supposition will eliminate the error arising from comparing periods
not cotemporaneons and of unequal length, and will thus lead us as
near the trath as we can get from the light we now have, It iz on
this hypothesis that we have computed the average annual precipita-
tion for each place shown in the last column of Table No. 1.

We have grouped these places as follows in order to determine the
average annual precipitation for various sections of the State, and
when so grouped certain well-defined differences of rainfall appear :

T he~Beavoast==This Trciudes stations Sudy~Hook; ~Barmgst,—
| Atlantic City, Cape May and Norfolk, Va. Atlantic City shows a
lower reinfall than the others, and this we consider purely local,

NEW JERSEY GEOLOGICAL SURVEY
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TABLE No. L

Annuval Precipiftation for Octemporaneous Periods, With
Deduced Average Annual Precipitation.

B PRECIPITATION 2

- = DURING SAME PE- 'Y 5
3 Z.1 mopar— |8
5] 258 |72 TR
PLACE. 3 = = L R
< &2 ; Y =] o8 e
+E | £E& RN IR L
28 185 | E | B |ZE£ 285
121 < E, = = A 4B
New York.... e 1836-1892! 46.12( 46.121,.......) 4411 46.12
Newark... s, 1843-18920 46.681 48.18) 46.68) 43.77| 46.62
New Brunsmcl-. vervas o) 1854-1B920 4690G| 46.64; 47.26) 43.001 46.43
Trenton....oecreenees .| 1866-18801 47.568! 46.02) 48.21] 440} 4692
Marzigville, Pa..... | 1798-1866} 43.86)......... S PUUUURRE ORI
Philadelphia. Pa 1825-1892) 48.35|........c]ceriineee| 43,351 4411
Baltimore, Md...ccivcovvmiiiisnsnrennenne 1836-1887) 41.98] 45.05.........| 4447 4233
Bandy Hook....ovrirmerievsnerenrancreane 1874-1886] 51.08] 4299 4600 38.54) 53.39
Freehold ..coovicvniininnnens pessesmvarnnane.] 1874-18831 46,73 41.17! 45.85, 39.00) 49.73
Barnegat.ccoveevrasnrniniiesrsarneenn.nd ] 1874-1886( 48 31| 42.68 45.82) 38.65 50.66
Moorestawn venernensaanaaes,] 1863-1887( 4323 48.82) 4741 42.76! 4471
Atco... cereneney 1872-18821 46,76 42.40] 47.00| 4140, 47.54
Vineland .. ctserssrsnneneeane.s ) 1B66-1886) 48,27] 45.54] 47.40! 4218/ 43.28
Atlangic CILV ......... esrenntan an wernieens) 1874-18871 42.55] 48.25! 46.33] 238.80 4416
Cape May.... seansersarsneannanennn.] 1871-1885] 47.10] 43.60] 46.89; 40.66) 48.43
Greenwich... ereerienriennensanes| 1864-1873 41530 BO.T9{ 48.87) 4761 39.04
Dover, Del . veevnnnn ..| 1870-1881| 4395 42.52..,...... cereeeens| 45.73
Norfolk, Va.. ..) 1870-1891| 5220) 45.08) 48.46| 40.90| 51.91
Perkmmen Water—Shed Pa . 1884-1892) 4932} 4833 50.19] 39.33| 46.54
Neshaminy Water-Bhed, Pa............| 1884~1892! 49.23! 48.33| 50.19] 39.33| 46.44
“Tohickon Water-Shed, Pa...... ........ 1884-1892) 51.46] 48.33] 50.18) 39.33 43.68
Baston, Pa veiiiisiiiniienins sveeneeeo 1884-1892) 49.34] 48.33! 50.10] 30.33; 46.56
Bethlehem, Pa... vvesarsasnrresnnna| 1878-1889] 43,581 4571 ....0iiidereianens 43.00
New Germantowu vensnrneninens| 1869-1876] 4408 44.36] 48.301 45.84] 44.2¢
Somerville..eiemrmrirenan..s veenereens| 18781887 44620 42 68) 45.86) 40.94| 46.33
South Oragge...cvererierans cretiarersees 1871-1892! 4864 43.03
Lake Hopatcong..,.... ................... 1846 1869 42.54 4173
Newton'.....ovannt senirnneaaaniaass 1882-1886) 44.86 45.00
S N atratrerare 1880-1834" 4239 45,08
Blooming Grove, Pavicrnee veeee| 1867-1891) 44.20 4428
Honesdale, Pa...cveien oenens cee] 1882-18911 4317 40,40
Liberty, N. Y... versansinnnnne| 1801-1860] 47.79 48.23
Passaic Water-Shed,..... .o .| 1877-1892] 4877 46.65
Croton Water-Shed......... .| 1868-18811 44 84 4515
Connecticnt Water-Shed e 18711878 43.34 43.40
Budbury Water-Shed............. A 1R875-1890; 45.80 45.58

Bearing in mind that Atlantic City has between it and the mainland
six miles of meadow and bays, this station may represent rather sea-
ward than coast-line rainfall, The other stations range well with our

Y st - et g,
N

e e e e s P2 e A

Southern Divide.~This includes stations Freehold, Ateo and Vine-
land,
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WATER-SUPPLY, 15

Lower Delaware Region.—Includes Philadelphia, Moorestown,
Greenwich and Dover, Del.

Ceniral Delaware Valley.—Includes Philadelphia, Trenton, Ne-
shaminy water-shed, Tohickon water-shed, Easton and Bethlehem,

Red Sandstone Plain.—Includes Trenton, Neshaminy and Perkio-
men water-sheds, New Brunswick, Somerville, New Germantown,
Newark, South Orange, Passaic water-shed, New York. These sta-
tions show annual precipitation ranging close to our average.

Highlands and Kitfatinny Vailley.—Stations Easton, Bethlehem,
Port Jervis, Newton, Lake Hopatcong, New Germantown and South
Orange are included in this region.

Upper Delaware Valley.—This includes stations Eeston, Bethlehem,
Newton, Port Jervis, Blooming Grove, Honesdale and Liberty.

As to the distribution of rainfal] by seasons and months our data
are not sufficient for very refined deductions, nor is it likely that we
are to be better informed in the near future. It is safe to say that
the monthly and seasonal ratioz are likely to change from year to
year until our records cover much longer periods thauv they do at
present. We have arranged the following table, showing the per-
centages of prec1p1tat1on falling in each season, as shown by records
at hand, It is noticeable that the longer series harmonize better than
the shorter:

Parcentage of Annual Precipitation Falling in Each Season.

"«5‘ . - =] -
zE | F g g &
w0 g g = £
B 5 = S e
-y @& @ - =
per cent. | per cend, | per cent, | per cent.
New York... reeeriesvaserasarncrrnnaran | DY 25 28 23.5 23.5
Newark... vernrtieevarsarmrarasarenns| 4D 25 28 23.5 23.5
New Brunswmk ....................... voanera| 34 25 30 23 22
Morriaville, Pa....ivvciiserirereniarsenienns 45 25 27 27 21
Philadelphis, Pa.....ccooes voncvirennenanns| 68 245 28.5 23.5 23.5
Baltimore............. Vrveesraaiennies SR 52 25 28 24 23
Bandy Hook.....ovvsennreissiermianvisrerennn| 13 27 26 23 24
Atcoa......, rerrans varnaen reimas sesearrerens 10 21 0 |- 25 24
Vineland ...ooocvvene Vetreerenrare e ruanas 2t 23 27 23 27
Barnegat...cooiirirsiaiarers sevariccrserianns] 12 22 25 28 27
Cape Mag....ooovviiiniiinriieennniinnnne| 14 23 27 23 27
Atlantic City...cociieiirerrees Ceerrarsrnane W 14 22 26 24 28
Bethlehkem, Pac.iiivcccisesrisesnrseenanns| 12 22 31 22 25
Port Jervis, N. Y.ooviinriiiinane vereeranes 5 25 29 21 25
Lake Hopalcong .veevievevcremavrsvacennenns| 24 25 28 27 20
Goshen, N.Y....oovvvvinnns -] 8 24 26 25 25
Blooming Grove, Pa | 27 24 32 24 20
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16 GEOLOGICAL SURVEY OF NEW JERSEY,

Arranging these in groups, we find the distribution for the several
districts to be as follows :

Spring. [Summer.| Automn.; Winter.

per cent., | per ¢ent. { per cent. | per cent.
BEACOABE reresrrensrineerrarsniieriasissiearinrerenansenane 22 27 24 27
Bouthern divide ..o viviiemveeesrenn s orerennniennns 22 27 24 a7
Delaware baF.. -..u..ocreeriiarerirssranrererinrnnrisne 25 28 23.5 23.5
Central Delaware valley............. 25 28 23.5 23.5
Red sandstonte plain.....cc.oeeevvennacnn 25 28 23.6 28.5
Highlands and Kittatinny valley 24 28 24 24

Af first sight we seem to have a marked difference of distribution
by seasons, but here again we fird it to be rather a difference of
period than of locality. The records for the Beacoast and Southern
divide cover, mainly, years from 1870 to 1887, and the New York
record for this period shows about the same distribution, varying
greatly from the average of the New York series. On the whole, we
shall be nearer the truth, probably, if we accept the distribution
shown by the long New York and Philadelphia series as correct for
all of our Btate. This gives ng Table No, 2,

An examination of the regults given in this table shows 2 gradual
decrease of rainfall as we proceed inland. The range is from 49.70
inches on the seacoast to 44.09 in the Highlands and Kittatinny
valley, and 43.25 for the Lower Delaware region. The rainfall of
the Raritan water-shed is assumed to be the same as that of the Red
sandstone plain, that of the Passaic a mean of this and the High-
lands, that of the Coast streams a mean of the Seacoast and Southern
divide, that of the branches of the Delaware below Camden a mean
of the Bouthern divide and Lower Delaware, and that of the branghes
of the Delaware, Camden to Trenton, a mean of the Sonthern divide
and Central Delaware valley.

Even more important than the average rainfall are the least rainfalt
and that of ordinary dry years. A study of available data convinces
us that we must expect in all parts of the State oceasional droughts
as severe as those shown in the Philadelphia and New York records.
Buch droughts appear to be confined to rather limited areas and it is
probably true that water-sheds exceeding from 75 to 100 square
miles in extent will never be visited by quite such severe ones, but in
order to include the smaller areas and be always on the safe side we
must assume 2 minimum as small as that of the driest periods of these
records. For convenience of future reference, and as an aid in celect-
ing the driest period, we have prepared Table No. 3.

NEW JERSEY GEOLOGICAL SURVEY
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TABLE No. 3.

Dry Periods—New Tork and Philadelphia Rainfall.

&S | TOTAL RAINFALL FOR
g PERIOD.
#
oy
<
b

o |3 .1
51 8 | § 1 8% | %
= n 23 = o
=R w s =

New York, August, 1842, {0 July, 1843............. .
New York, January to December, 1836.. ... .
Philadelphia, January to December, 1825.. ........
New York, January to December, 1840............0.
New York, September, 1842, to July, 1843.........
New York, January to November, 1836......c0ieees
Philadeiphia, January to Novembar, 1825..........

New York, ﬁebruaw to December, 1840,....,
New York, Qctober, 1842, to July, 1843............
Phitadelphia, March to December, 1881....... b