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Metric unit English equivalent

Metric unit

English equivalent

Specific combinations—Continued

Lengtli .
miilimetre (mm) = 003937 inch (in)
metre (m). = 28 feet (ft)
kilometre (km) = .62 mile (mi)

Area

10.76 square feet (ft2)
-.386 square mile (mi?)
2.47 acres

square metre (m?)
square kilometre (kms?)
hectare (ha) :

(ININl

Volume

0.061 cubic inch (in3)
61.03 . cubic inches )
35.31 cuble feet (ft3)
© .00081 acre-foot (acre-ft)
10.7 acre-feet

2.113 pints (pt)

cubic centimetre (cm?)
litre (1)

cubic metre (m3)
cubic metre

cubic hectometre (hms3)
litre

I e
[r2]

litre 1.06 quarts (qt)

litre . .26 . gallon (gal)

cubic metre .00026 mlll&on glallons (Mgal or

B . . 1 ga

cubic metre = 6.290 barrels (bbl) (1 bbl—42 gal)
Weight ‘

gram (g) = 0.035 ounce, avoirdupois (oz avdp)

gram = .0022  pound, avoirdupois (lb avdp)
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tonne = .98 ton, long (2, 240 1b) ’

Speclﬁc combinations

kilogram per square

. centimetre (kg/cm?)

kilogram per square
centimetre = .98

cubic metre per second .
(m3/8) = 35.3

0.96 atmosphere (atm)
bar (0.9869 atm)
cubic feet per second~(fi3/s)

litre per second (1/s)

cubic metre per second
per. square kilometre
[ (m3/s) /km?]

metre per day (m/d)

metre per kilometre
(m/km)

kilometre per hour

- (km/h)

metre per second (m/s)

metre squared per day
(m2/d)

cubic.metre per second
(m3/s)

cubic metre per minute
(m3/min) .

litre per second (1/s)

litre per second per
metre [(l/8)/m]

kllometre per hour
(km/h)

metre.per second (m/s)

gram per cubic

~ centimetre (g/cm3)

gram per square
centimetre (g/cm?)

gram per square

i

i

i i

It

.0353 cubic foot per second

91.47 cubic feet per second per
square mile [(ft3/s)/mi?}]
3.28 feet per day (hydraulic
conductivity) (ft/d)
5.28.  feet per mile (ft/mi)

~.9113 foot per second (ft/s)
3.28 feet per second

feet squared per day (ft2/d)
(transmissivity)

million %allons per day
(Mgal/d

264.2 gallons per minute (gal/min)
15.85 gallons per minute
3

gallons per minute per foot
. [(gal/min)/ft]

.62 mile per hour (mi/h)
2.237  miles per hour

62.43 pouﬁds per cubic foot (lb/ft3)

2.048 pounds per square foot (lb/ft2)

centimetre .0142 pound per square inch (lb/in?)
Température
degree Celsius (°C) = 1.8 degrees Fahrenheit (°F)

degrees Celsius
(temperdture)

[(1.8 X°C) 4+ 32] degrees Fahrenheit

Any use of trade names and trademarks in this publication is for descriptive purposes only and
does not constitute endorsement by the U.S. Geological Survey.
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FRACTURING AND SUBSIDENCE OF THE LAND SURFACE CAUSED
BY THE WITHDRAWAL OF GROUND WATER IN THE MILFORD AREA, UTAH

By R. M. CORDOVA and R. W. MOWER, Salt Lake City, Utah

Prepared in cooperation with the Utah Department of Natural Resources

Abstract.—Fracturing and subsidence of the land surface
in the Milford area of Utah have resulted from the decline
of water levels due to pumping in unconsolidated deposits of
Quaternary age. To the writers’ knowledge, these are the first
such effects of ground-water withdrawal reported in Utah. :

The fracturing is in an area about 1 mile (1.6 km) wide
and 11 miles (18 km) long near Milford, in an unsaturated
clay-silt zone (locally peaty at top) in the upper part of the
principal ground-water reservoir. The fractures rangé in
length from several feet to more than 100 feet (30 m), and
their maximum measured depth in 1972 was 4 feet (1‘.2‘ m).

Land subsidence in the Milford area is demonstrated by
three lines of evidence: (1) collapse structures, (2) well cas-
ings that protrude higher above the land surface than when
first placed in the borehole, and (3) lower elevations at Na-
tional Ocean Survey (formerly U.S. Coast and Geodetic Sur-
vey) bench marks in 1970 than in 1908. This evidence shows
that land subsidence in the Milford area is of two types, each
having a different origin. One type has a near-surface origin
in the clay-silt zone in the upper part of the principal ground-
water reservoir, and the other is in the lower artesian aquifers
of the principal ground-water reservoir. The amount of ob-
served subsidence ranges from 0.05 foot (0.015 m) at the bench
mark at Read to about 6 feet (1.8 m) at collapse structures in
the Hay Springs area.

The: withdrawal of ground water from wells has
caused fracturing and subsidence of the land surface
in a part of the Milford area, Utah. To the writers’
knowledge, these are the first such effects resulting
from ground-water withdrawal reported in Utah.

The Milford area is in southwestern Utah. The town
of Milford, approximately in the center of the area,
is about 200 miles (322 km) southwest of Salt Lake
City (fig. 1).

The area is in the Basin and Range physmmaphlc
province and consists of a valley that is almost entire-
ly bounded by elongate subparallel mountains. The al-
titude of the valley bottom ranges from about 4,850 to
5,500 feet (1,478 to 1,676 m), and the valley was oc-
cupied during Pleistocene time by Lake Bonneville to

the altitude of about 5,120 feet (1,561 m). Erosional
and depositional features of this lake are still pre-
served. '

The mountains consist of sedimeéntary rocks of
Paleozoic, Mesozoic, and Tertiary age, igneous rocks
of Tertiary #nd Quaternary age, and metamorphic
rocks of Precambrian age. Most of the valley is un-
derlain by unconsolidated Quaternary materials.

The Quaternary deposits compose the principal
ground-water reservoir of the Milford area (Mower
and Cordova, 1974). This reservoir is the source of
neaily all the water \fvithdrav'vn from wells and is the
locus of the fracturing and subsidence of the land sur-
face, The thickness of the reservoir ranges from 0 to
about 840 feet (256 m) but is generally less than 500
feet (152 m).

DESCRIPTION OF FRACTURING

The fracturing is in an area about 1 mile (1.6 km)
wide and 11 miles (18 km) long, extending mostly
southwest of Milford (fig. 1). The fracturing has de-
veloped in the upper part of the principal ground-
water reservoir in an unsaturated clay-silt zone which
is peaty at top in the Hay Springs area. The clay-silt
zone ranges in thickness from about 3 feet (1 m) to
about 40 feet (12 m) but most commonly ranges from
15 to 25 feet (5 to 8 m). The largest fractures are in
Tadpole Springs and Hay Springs areas (fig. 1),
both of which are now dry. The photographs in fig-
ures 2 and 3 show examples of the fracturing.

The maximum measured depth of the fractures in
1972 was 4 feet (1.2 m) ; however, the total depth could
not be measured because of bridging or partial filling.
Although the total depth of the fractures could not be
determined, they possibly extend to the bottom of the
unsaturated clay-silt zone.
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selected information pertaining to fracturing and subsidence of the land surface.
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F1GURE 2.—Linear fracturing in the SW14SWI14NEY, sec. 24,
T. 28 S.,, R. 11 W, in the Tadpole Springs area. The stick
at upper right is 4 feet (1.2 m) long. Photographed Octo-
ber 5, 1972,

The fractures are generally linear, but some are
elliptical; they range in length from several feet to
more than 100 feet (30 m). Linear fractures that in-
tersect form polygons similar to those formed in dry-
ing mud. Most polygons range in longest diameter
from about 3 feet (1 m) to about 40 feet (12 m).

DESCRIPTION OF LAND SUBSIDENCE

Land subsidence in the Milford area is demon-
strated by three lines of evidence: (1) collapse struc-
tures, (2) well casings that protrude higher above the
land surface than when first placed in the borehole,
and (3) lower elevations in 1970 than in 1908 at bench
marks of the National Ocean Survey (formerly U.S.
Coast and Geodetic Survey). The evidence suggests
that land subsidence in the Milford area is of two
types, each having a different origin. One type has a
near-surface origin in the clay-silt zone in the upper
part of the principal ground-water reservoir, and the
other is in the lower artesian aquifers of the prin-
cipal ground-water reservoir. In this report the former
type is referred to as near-surface subsidence and the
latter type as deep-seated subsidence.

The collapse structures (see fig. 3, bottom photo-
graph) include small grabens and elliptical sinks
bounded by normal faults. These structures are in the
areas of the Tadpole and Hay Springs and also in
the SE1/ sec. 7 and the west half of sec. 18, T. 28 S.,

Fi1cure 3.—Linear (top) and elliptical (bottom) fracturing and
land subsidence of near-surface origin (collapse structure)
in the NENEYNEY, sec. 15, T. 29 S, R. 11 W., in the
Hay Springs area. Metre stick is scale. Photographed May
16, 1973.

R. 10 W. The maximum amount of subsidence by col-
lapse structures in the Hay Springs area is about 6
feet (1.8 m) and about 2 feet (0.6 m) in the other areas.

Casings of at least two wells in the most heavily
pumped part of the valley protrude higher above the
land surface than when they were installed. A result
of land subsidence is shown in figure 4. Well (C-29-
10)6baa-2 was drilled in 1953; therefore, the subsi-
dence of at least 0.33 foot (0.10 m) at the well oc-
curred during the period of heavy pumping that be-
gan in 1950 (fig. 5). Subsidence at a second well (C-
28-10)2%aad-1, for which the drilling date is un-



F1GURE 4.—A result of land subsidence at pumped well (C-29-
10) 6baa—2. Discharge pipe between standpipe and well is
displaced vertically 0.33 foot (0.10 m) at flexible con-
nection. Photographed October 5, 1972.

known, amounts to at least 0.1 foot (0.03 m), based on
evidence similar to that at well (C-29-10)6baa—2.
Comparative surface-elevation data by the National
Ocean Survey are available for the area from Milford
northward to Black Rock. (See fig. 1 and table 1.) A
comparison of elevations determined in 1908 and 1970
shows a maximum subsidence of 0.415 foot (0.126 m)
at Milford. Although comparative elevation data are
not available south of Milford, the displacement of

FRACTURING AND SUBSIDENCE OF LAND BY WITHDRAWAL OF GROUND WATER, UTAH

the discharge pipe of well (C-29-10)6baa-2 (fig. 4)
indicates at least 0.33 foot (0.10 m) of subsidence.

TABLE 1.—Elevations at selected bench marks for 1908 and 1970

[Bench mark : Designations are those of the National Ocean Survey ;
see figure 1 for locations. Elevation: First-order leveling by the
National Ocean Survey; the elevation of bench mark W4 was con-
sidered as constant for this evaluation of changes; elevations, in
feet, are based on the sea-level datum of 1929]

1908 1970 Differ-
Bench mark elevation elevation ence
WA e 4852.963 4852.963 0.000
€0 et e 4883.825 4883.773 —.052
D5 4905.896 4905.759 —.137
17127 S 4956.690 4956.275 —.415

CAUSES OF FRACTURING AND SUBSIDENCE

Fractures and near-surface subsidence

Fractures and near-surface subsidence were caused
by the dewatering of part or all of the clay-silt zone
after pumping of ground water from aquifers beneath
the zone had lowered the potentiometric surface. Prior
to about 1950, the potentiometric surface was near or
above the land surface in the area of fracturing, and
the clay-silt zone was saturated by ground water.
After lowering of the potentiometric surface, at least
the upper part of the clay-silt zone was no longer
saturated. The clay-silt and peaty materials dried,
and contraction, fracturing, and subsidence resulted
during the processing of drying. Fracturing of the
land surface due to ground-water withdrawal has been
reported in States other than Utah; for example, see
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F1cure 5.—Relation of water levels in selected wells to pumpage from wells.
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Robinson and Peterson (1962) for a description of
earth fissures in southern Arizona.

The following evidence supports the concept that
the development of the fracturing is comparatively re-
cent and coincided with the withdrawal of ground
water by wells: (1) fractures are commonly little
eroded and the walls have the appearance of being
freshly broken, (2) vegetation has not grown in the
fractures, (3) fracturing has developed locally in

previously cultivated fields, and (4) the fracturing

could not have occurred if the surface area was satu-
rated, as it was prior to about 1946 when, according
to local residents, the Tadpole and Hay Springs areas
virtually ceased discharging ground water.

‘Where peat is the dominant material, as in the Hay
Springs area, the fracturing is the result of differen-
tial subsidence that occurred after the lowering of the
water table. Subsidence of the peat results mainly
from one or a combination of the following processes:
(1) oxidation due to action of aerobic bacteria above
the water table (for example, see Weir, 1950); (2)
sinking or compacting of the peat aftér the buoying
interstitial water is removed (W. E. McKinzie, U.S.
Soil Conserv. Serv., oral commun., 1975). Peaty areas
which have subsided are known in several other States.
For example, subsidence of the Sacramento-San Joa-
quin Delta of California has exceeded 8 feet (2.4 m)
(Weir, 1950, p. 46) ; the main reason for the subsidence
is concluded to be oxidation. ‘

The subsidence outside the Hay Springs area does
not have an exact parallel in other States. After ex-

cluding piping and gypsum solution because of nega--

tive field evidence, it is tentatively concluded that an
organic soil zone of high porosity and weak structural
strength is buried by a relatively thin surficial mineral
soil; the organic soil zone is tabular or perhaps len-

FRACTURING AND. SUBSIDENCE OF LAND BY WITHDRAWAL OF GROUND WATER. UTAH

ticular in geometry. Also, removal of the interstitial
water. in effect weakened the support of the overlying
surficial zone so that subsidence occurred.

Deep-seated subsidence

Deep-seated subsidence was caused by reduction of
artesian pressure by pumping from the aitesian
aquifers of the principal ground-water reservoir, re-
sulting in an increase of the grain-to-grain pressure
of the aquifer materials. Therefore, the aquifers com-
pacted or shrank in volume, and the land surface sub-
sided. (See Poland and Davis, 1969, for a detailed dis-
cussion of the causes and effects of land subsidence due
to fluid withdrawal.)

Withdrawal from the ground-water reservoir began
in the Milford area in the early 1900’s (about 1914 for
irrigation) and increased gradually until 1950. Since
1950 the annual rate of withdrawal for the entire area
(mainly for irrigation) has increased markedly (fig.
5). Coinciding with the increased withdrawal rate was
a fairly steady decline of water levels in most of the
valley. The decline of the potentiometric surface from
March 1960 to March 1972 is shown in figure 6.
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FRESH GROUND WATER FOUND DEEP BENEATH
NANTUCKET ISLAND, MASSACHUSETTS

By F. A. KOHOUT, E. H. WALKER; M. H. BOTHNER, and J. C. HATHAWAY,
Woods Hole, Mass., Boston, Mass.; Woods Hole, Mass.

Work done in cooperation with the Massachusetts Water Resource Commission and the Conservation

Foundation of Nantucket

Abstract.—In a deep water-resources and stratigraphic test
well near the center of Nantucket Island, about 30 miles (48
kilometres) off the New England coast, freshwater has been
found at greater depths than predicted by the Ghyben-Herz-
berg principle. An uppermost lens of freshwater, which oc-
cupies relatively permeable glacial-outwash sand and gravel
to a depth of 520 feet (158 metres), is believed to be in
hydrodynamic equilibrium with the present level of the sea and
the height of the water table. However, two zones of fresh-
water at 730 to 820 ft (222-249 m) and 900 to 930 ft (274—
283 m) are anomalously deep. Although several explanations
are possible, the most likely is that the entire surface of the
Continental Shelf was exposed to recharge by precipitation
during long periods of low sea level in Pleistocene time. After
the last retreat of glacial ice, seawater rapidly drowned the
shelf around Nantucket Island. Since then, about 8,000 years
ago, the deep freshwater zones which underlie dense clay
layers have not had time to adjust to a new equilibrium.
Under similar circumstances, freshwater may remain trapped
under extensive areas of the Continental Shelf wherever clay
confining beds have not permitted saltwater to intrude rapidly
to new hydrodynamic equilibria positions. The implications
are far reaching because all continental shelves worldwide
were exposed to similar hydrologic influences during Pleisto-
cene time.

Drilling of a deep water-resources and stratigraphic
test well was begun in 1975 on Nantucket Island by
the U.S. Geological Survey in cooperation with the
Massachusetts Water Resources Commission and the
Conservation Foundation of Nantucket. The objec-
tives of the test were to determine thickness of the
freshwater lens and to obtain information on the geo-
logical formations underlying the island down to base-
ment rocks, expected from seismic profiling to lie at
about 1,700 feet (518 metres) below sea level. At the
time of writing, the drilling was temporarily stopped
at 1,076 ft (328 m). Preliminary data show unex-

pectedly low salinity of ground water underlying the
island, and three hypotheses to explain the observa-
tions are considered.

Nantucket Island is located south of Cape Cod
and about 40 mi (64 m) eastward from outcroppings
of pre-Pleistocene codstal-plain sediments at Gay
Head at the western tip of Martha’s Vineyard Island
(fig. 1). Cape Cod and the Islands are remnants of
end moraines and outwash plains formed during sev-
eral advances of continental glaciers during Pleis-
tocene time (Woodworth and Wigglesworth, 1934;
Kaye, 1964; Oldale, 1969; Oldale and others, 1973).
Tertiary and Cretaceous sediments at Gay Head have
been distorted by folding and thrustfaulting from
the forward push of glacial ice (Kaye, 1964, p.
C134).

Shallow sediments underlying Nantucket are domin-
antly sand and gravel of glacial-outwash origin. The
sediments are quite permeable, and precipitation that
does not return to the atmosphere through evapora-
tion and transpiration infiltrates the ground with lit-
tle or no direct runoff. After percolating vertically to
the water table, the ground water flows almost hori-
zontally through the permeable sediments and even-
tually is discharged by submarine springs and seepage
through the sea floor around the periphery of the
island.

Nantucket Island can be considered a typical oceanic
island possessing hydrologic characteristics that ap-
proach the requirements of the Ghyben-Herzberg
principle (Brown, 1925). The Ghyben-Herzberg prin-
ciple states that the difference in density between
freshwater and seawater is such that the depth of the
freshwater-seawater interface below sea level will be
about 40 times the height of the water table above
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Fieure 1.—Map showing area of investigation in
Massachusetts.

sea level. Thus, if the freshwater head at a given point
were 1 ft (0.3 m) above sea level, the depth to the
interface in the ground would be at 40 ft (12 m)
below sea level. In the case of the drilling site near
the center of Nantucket the average freshwater head
of 12 ft (3.7 m) above sea level would correspond to
a theoretical depth to the interface of about 480 ft
(146 m) below sea level for sea water of 35 permil
(parts per thousand) salinity. Other studies (Hubbert,
1940; Cooper and others, 1964 ; Kohout, 1960; Kohout
and Klem, 1967; Henry and Kohout, 1972; Pinder
and Cooper, 1970; Segol and others, 1975) have
shown that, rather'than" a sharp freshwater-seawater
interface, there will be a transition zone (or zone of
diffusion) between freshwater and seawater and ‘that
cyclic flow of seawater inland from the floor of the
sea into the transmon zone, thence upward, and back
to the sea produces a modification that favors the fresh-
water side of the balance. The present data’ suggest
that these modlﬁcatlons are operatlve at Nantucket
Island.

DATA

The hole is being cored continuously, and samples
are bemg analyzed to determine minerals, texture,
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fossils, inorganic and organic chemical content, and
porosity and permeability ; a suite of electric logs will
be run to total depth; these data will be presented in
detail in other publications (Folger and others, 1976).
Installation of piezometer wells subsequent to comple- -
tion of core drilling will provide the capability for
monitoring any future advance of the salt front.

- The salinity is obtained within minutes after the
core is recovered by testing interstitial water squeezed
from parts of the core that have not been invaded by
dnlhng mud. In partlcular, the clay beds are so tlght
that no mud invasion is possible. The technique is
well described in Manheim (1966) and Manheim and
Waterman (1974, and references therein).

The profile of salinity obtained thus far by squeez-
ing core samples and measuring salinity with an
ENDECO refractometer (estimated accuracy of 0.5
permil) is shown in figure 2. The refractive index of
water varies with salinity and gives a quick evalua-
tion by use of only a few drops of fluid.

The hole penetrated sand and gravel outwash ma-
terials and occasional thin glacial clay layers of Pleis-
tocene age to a depth of about 300 ft (91 m); from
300 to 350 ft (91-107 m) greensand of probable
Cretaceous age was found; the greensand was under-
lain by Cretaceous sands, clays, and hgmtes to a depth
of 1,076 ft (328 m).

The upper part of the test hole to a depth of 520
ft (158 m) shows salinity of less than about 1 permil.
The determinations are approximate and will be con-
firmed by chemical analyses. However, confidence in
the data is assured by periodic cross checking of the
refractometer against other solutions of known salin-
ity. From 520 to 630 ft (158-192 m), the salinity in-
creased irregularly from 0.5 to 29 permil compared
with" the average salinity of ocean water in the va-
cinity of Nantucket of about 33 permil (Bumpus,
1965; Bigelow and Sears, 1985). This increase of sa-
linity in 110 ft (34 m) correlates approximately with
observations at Miami, Fla., where the zone of dif-
fusion is 60 to 100 ft (18-30 m) thick (Kohout, 1960;
Kohout and Klein, 1967; Henry and Kohout, 1972).
The maJor difference is that the sahnlty at Nantucket
does not increase smoothly from that of freshwater to
that of seawater. The salinity increases sharply in
sandy zones at about 550 and 575 ft (168-175 m),
while water in the interbedded clays at 568 ft (173 m)
and 596 to 614 ft (182-187 m) is relatively fresh (fig.
2). The difference suggests that the increase of salin-
ity of water in the clay beds lags behind saltwater
intrusion occurring in the more permeable sands. Sub-
sequent to the rise in sea level after the last glacial
retreat saltwater would move most rapidly in per-
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meable sand layers. Salinity increase in the clays
would occur primarily by vertical dispersion of salt-
water under a relatively small hydraulic gradient into
the low permeability clay.

N ' "

DISCUSSION

The relatively freshwater and transition zone to 630
ft (192 m) can be considered to be the Ghyben-Herz-
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berg freshwater lens beneath Nantucket Island. Sev-
eral dense clay layers are present below 400 ft (122
m), but these apparently have not limited develop-
ment of the freshwater lens to a depth of more than
500 ft (152 m). On the basis of a Ghyben-Herzberg
hydrostatic balance, seawater of about 33 permil sa-
linity should theoretically be present at a depth of
about 510 ft (155 m) for a freshwater head of 12 ft
(3.7 m) above sea level. Because the base of the transi-
tion zone occurs below 600 ft (183 m), there is an
indication that hydrodynamic factors have modified
the equilibrium in favor of a relatively thick fresh-
water lens at this point near the center of the island.

Below 630 ft (192 m) the salinity of the interstitial
water was expected to remain close to 33 permil but
actually decreased anomalously and remained below
0.5 permil from 730 to 820 ft (222-250 m) and was
very fresh, about 0.1 permil at 790 ft (241 m). This
zone appears to be sufficiently permeable to be re-
garded as an aquifer. It is isolated from the upper
water-table aquifer by tight clay. Similarly, a second
decrease in salinity occurs at about 910 ft (277 m).
To explain these occurrences, we must consider the
geologic background of Nantucket and its possible
influence on the salinity profile. Several hypotheses
may be considered, and these are arranged in increas-
"ing order of probability in the following paragraphs:

Hypothesis 1. The possibility of connate water from
Cretaceous deposition.—Marine fossils have not been
found in the Tertiary and Cretaceous sediments. Paly-
nological data and the presence of lignite and car-
bonaceous clays indicate that the sediments were de-
posited mainly in a nonmarine environment (P. C.
Valentine and R. A. Christopher, U.S. Geol. Survey,
oral commun., 1976). Thus, the freshwater that we
now squeeze from the sediments might be connate;
that is, residual from the time of deposition of the
sediments. The great age of the sediments and rela-
tively great mobility of water during many fluctua-
tions of sea level in more than 100 million years
since the start of the Cretaceous period dictate against
- this hypothesis.

Hypothesis 2. Puossible connection with remote re-
charge areas beyond Nantucket Sound.—It is possible
that obscure aquifer connections may exist between
the freshwater zones at 700 to 1,000 ft (213-305 m)
on Nantucket Island and remote areas of recharge
having sufficient head to produce hydrodynamic
equilibrium at these depths. Such heads are available
(1) at inadequately small areas on Nantucket believed
to be perched on clay lenses, (2) at Gay Head on
Martha’s Vineyard Island 40 mi (64 m) to the west,
and (3) under significantly large areas beneath the
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backbone of Cape Cod 40 to 50 mi (64-80 km) to the
northwest. Pleistocene glacial deposits have been pene-
trated in several drill holes on Cape Cod to depths of
about 500 ft (152 m) overlying crystalline basement
rocks. Cretaceous sediments may occur somewhere be-
neath the southern coast of Cape Cod and, based
on seismic profiling, are believed to form & cuesta
beneath Nantucket Sound (Oldale and others, 1973,
p. 7; Oldale, 1969, fig. 1, and references therein).
Recharge to these sediments would require hydraulic
continuity from the Pleistocene sand and gravel de-
posits of Cape Cod in such a manner that a continu-
ous seaward hydraulic gradient would exist beneath
Nantucket Sound extending to Nantucket Island. The
deepest parts of the Sound are about 70 ft (21 m)
below present sea level, and the bottom is probably
floored with low permeability lacustrine clays de-
posited by ice marginal glacial lakes (R. N. Oldale,
oral commun., 1976; Koteff and Cotton, 1962). These
factors might combine in such a way that artesian
aquifers would extend the 30 mi (48 m) from Cape
Cod beneath Nantucket Sound to Nantucket Island
(fig. 1). The hypothesis lacks supporting data and
appears to be a fairly remote possibility.

Hypothesis 3. Continental Shelf recharged during
Pleistocene time.—During Pleistocene time sea level
stood at least 400 ft (122 m) below that of the
present (Whitmore and others, 1967; Emery and
Garrison, 1967 ; Emery and others, 1967). The exposed
Continental Shelf would have been recharged by pre-
cipitation over its entire area during this time. Salt-
water would have been flushed out of aquifers and clay
confining beds to great depth during a time period
exceeding 1 million yr. As the glacial ice retreated,
seawater covered the Continental Shelf around Nan-
tucket Island about 8,000 yr ago, but the deep zones
of fresh ground water which underlie dense clay
layers would not have had time to adjust to a new
equilibrium. Consequently large volumes of fresh-
water remain trapped below clay confining beds. Ris-
ing sea level would reverse the hydraulic gradient,
possibly starting at the seaward edge of the Con-
tinental Shelf where aquifers presumably crop out.
The back-pressure of the saltwater would be trans-
ferred to the freshwater and would create the po-
tential for inland migration of the freshwater-salt-
water transition zone and the potential for upward
leakage of freshwater through the confining beds. The
clay beds found in the deep part of the Nantucket
test well have extremely low permeability, however,
and the rate of return to equilibrium by the ground-
water reservoir would be slow compared to the rate
of rise of sea level. This hypothesis differs from hy-
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pothesis 2 in that no hydraulic connection with a
present-day recharge area is needed to account for
the deep freshwater zones. The implications are far
reaching because all areas of the Atlantic-Gulf of
Mexico Continental Shelf were exposed to the same
influences. Pleistocene-recharged freshwater may be
trapped wherever clay confining beds have not per-
mitted saltwater to intrude rapidly to new hydro-
dynamic equilibria positions.

SUMMARY

This report gives preliminary data obtained during
the drilling of the upper 1,076 ft (328 m) of a deep
test well near the center of Nantucket Island, 40 mi

(64 km) off the New England coast. Fresh ground

water is present beneath Nantucket to depths greater
than would be predicted by the Ghyben-Herzberg
principle. Origin of the water as connate freshwater
deposited with the sediments during Cretaceous time
is improbable. Possibly, an artesian aquifer system
could underly Nantucket Sound and would provide
hydraulic connection to remote recharge areas on
Martha’s Vineyard or Cape Cod. The circumstances
are not favorable for this explanation because the
sediments above crystalline basement thin to a feather-
edge shoreward. A third possible explanation is that
of freshwater recharged- aquifers underlying the Con-
tinental Shelf during low sea level in Pleistocene
time. Sea level subsequently rose to flood the area
around Nantucket Island about 8,000 yr ago. However,
the fresh ground water has not had time to adjust to
a new equilibrium and remains trapped wherever
clay beds have impeded the adjustment. After the
test well is cored to basement crystalline rocks, piezo-
meter wells will be installed. Water-level measure-
ments, chemical analyses, and radiocarbon dating of
the water from the piezometers should throw ad-
ditional light on the origins of this anomalously deep
freshwater beneath Nantucket Island.
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IMPROVING ESTIMATES OF STREAMFLOW CHARACTERISTICS BY
USING LANDSAT-1 IMAGERY

By ESTE F. HOLLYDAY, Nashville, Tenn.

Work done in cooperation with the National Aeronautics and Space Administration

Abstract.—Imagery from the first Earth Resources Tech-
nology Satellite (renamed Landsat-1) was used to discrimi-
nate physical features of drainage basins in an effort to im-
prove equations used to estimate streamflow characteristics
at gaged and ungaged sites. Records of 20 gaged basins in the
Delmarva Peninsula of Maryland, Delaware, and Virginia were
analyzed for 40 statistical streamflow characteristics. Equa-
tions relating these characteristics to basin characteristics
were obtained by a technique of multiple linear regression. A
control group of equations contains basin characteristics de-
rived from maps. An experimental group of equations contains
basin characteristics derived from maps and imagery. Char-
acteristics from imagery were forest, riparian (streambank)
vegetation, water, and combined agricultural and urban land
use. These basin characteristics were isolated photographically
by techniques of film-density discrimination. The area of each
characteristic in each basin was measured photometrically.
Comparison of equations in the control group with correspond-
ing equations in the experimental group reveals that for 12
out of 40 equations the standard error of estimate was reduced
by more than 10 percent. As an example, the standard error
of estimate of the equation for the 5-year recurrence-interval
flood peak was reduced from 46 to 32 percent. Similarly, the
standard error of the equation for the mean monthly flow for
September was reduced from 32 to 24 percent. the standard
error for the 7-day, 2-year recurrence low flow was reduced
from 136 to 102 percent, and the standard error for the 3-day,
2-year flood volume was reduced from 30 to 12 percent. It is
concluded that data from Landsat imagery can substantially
improve the accuracy of estimates of some streamflow char-
acteristics at sites in the Delmarva Peninsula.

Nationally, the U.S. Geological Survey operates
more than 10,000 stations that are used for gaging
streamflow. Records of stage collected continuously at
gaging stations are converted to streamflow and are
published annually. These data are useful to planners,
engineers, and water managers for designing water-
supply reservoirs, controlling pollution, designing
bridges, managing flood plains, forecasting and man-
aging floods, producing power, and designing and
maintainihg navigation facilities. The purpose of this

investigation is to determine if imagery from Landsat
can improve on one aspect of this program; namely,
regionalization of streamflow information, or the
transfer of streamflow records from gaged to ungaged
sites. In 1970 the Survey initiated a study to evaluate
the national streamflow data program which had
evolved over the previous 80 years (Benson and Car-
ter, 1973). Existing data were evaluated in terms of
newly established goals, and a proposal for continua-
tion of a revised program was released to the open
file (Forrest and Walker, 1970).

As part of this evaluation, the records for each gage
on unregulated streams were analyzed to derive sta-
tistical measures of flow termed streamflow charac-
teristics, which include average flows, varibility in
average flows, flood peaks, flood volumes, and low
flows. Using multiple linear regression techniques, the
streamflow characteristics were then correlated with
basin characteristics, which are selected physiographic
and climatic features of the corresponding drainage
basins. This regression analysis was done, in part, to
transfer the streamflow records from gaged to un-
gaged sites and, in part, to evaluate the record. The
statistical model that was used is:

Y=aX(1)*™ X (2)*® .X(n)”("),‘

where Y is a streamflow characteristic, X (1) to X (n)
are basin characteristics, and a, (1) to d(n) are the
regression constant and coefficients.

The equations so generated were used to determine
data collection needs by comparing the accuracy of
the equations with the accuracy goals specified for
estimates of flow characteristics at ungaged sites.
These accuracy goals were given in terms of equi-
valent years of record. This means it was specified
that information provided for any ungaged point
on a stream should be equivalent in accuracy to that
which would have been attained by an actual record
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of a selected number of years (10 or 25) at that point.
Accuracy goals in terms of equivalent years of record
in a given State or region were converted to standard
error in percent of mean using the methods described
by Hardison (1969). Independent of specifying these
accuracy goals, a value called the standard error of
estimate was computed for each regression equation.
This value is a general index of the accuracy of esti-
mates obtained by use of the equation. By comparing
the standard error of estimate of each sfreamflow
characteristic with the accuracy goal for that charac-
teristic, it was possible to ascertain the degree to
which some goals had already been achieved by exist-
ing data and to judge the need for continued data
collection. According to the concepts used in the
evaluation study (Benson and Carter, 1973), about 10
percent of the present streamflow program effort
should be redirected to areas of higher priority.
Since 1970 the streamflow data program has been
reevaluated periodically, and this investigation is per-
tinent to the continuing evaluation effort in that it
tests the impact of additional basin characteristics
on estimates of streamflow characteristics. If basin
characteristics derived from Landsat data are added
to an equation and if this addition results in a re-
duced standard error of estimate of the streamflow
characteristic, then the new standard error may be
less than the accuracy goal. In such a case, a reduction
in effort to collect data on that characteristic would
be in order. In this way, additional basin characteris-
tics derived from satellite data could have a substan-
tial impact on the streamflow information program.

The basin characteristics used in the regression
analysis that was part of the evaluation were com-
piled from U.S. Geological Survey topograpic maps
and from the National Weather Service Climatologi-
cal Data. The maps are not the most suitable source
of information on basin characteristics. The maps
vary in scale and detail; they also vary in age of
photography used for compiling land-cover informa-
tion. In order to have maximum ground visibility,
mapping photography is usually taken in early spring
before leafing-out of trees which generally coincides
with conditions of high water in- the eastern half of
the Nation. The scale is commonly 1:20,000 or about
3 miles (5 kilometres) on a photograph edge.

On July 23, 1972, the U.S. National Aeronautics
and Space Administration launched the first Earth
Resources Technology Satellite (renamed Landsat-1)
capable of repeatedly and uniformly imaging the
Earth. The opportunity was presented to evaluate
basin characteristics extracted from satellite images.
Although the resolution of the Landsat-1 system can-
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not compare with standard mapping photography,

several advantages have been foreseen in using Land-

sat imagery as a source of basin characteristics rather
than topographic maps or the photographs from
which they were compiled. Landsat can provide sea-
sonal information on land-cover conditions rather than
early spring conditions only. A single Landsat image
covers an area of 13,200 square miles (84,200 square
kilometres) or 115 mi (185 kin) on an image edge.
The view has nearly uniform lighting conditions
which allow more uniform application of criteria for
extracting basin characteristics than a photographic
mosaic of comparable coverage. An interpreter can
select those characteristics believed to be most closely
related to hydrology rather than accepting the stand-
ard cultural information on topegraphic maps.

Many previous applications of Landsat imagery to
water problems have emphasized the inventory or
mapping of land-cover types or conditions that should
be related to hydrology. This investigation sought to
test quantitatively the inferred relationships between
streamflow and selected land-cover types. This report
describes results of testing the hypotheses that hy-
drogically significant basin characteristics can be ex-
tracted from Landsat-1 imagery and that these charac-
teristics can be used quantitatively to improve equa-
tions for estimating streamflow characteristics.

PHYSIOGRAPHY OF STUDY AREA

The study area selected for testing Landsat imagery .

iin this investigation encompasses most of the Del-

marva Peninsula and part of the adjacent mainland
covered by Landsat-1 image 1079-15133 and succeed-
ing images with comparable coverage (fig. 1). The
area lies within the Survey’s Central Atlantic Re-
gional Ecological Test Site. It is part of the Chesa-
peake Bay group of Landsat investigations funded
by the National Aeronautics and Space Administra-
tion,

Twenty gaged drainage basins were selected within
the study area (table 1). Drainage areas range from
3.85 mi? (9.97 km?) to 113 mi? (293 km?) and average
24.6 mi? (63.7 km?). From 11 to 31 years of stream-
flow data were available for each gage when the data
were evaluated in 1970. :

Mean annual precipitation ranges from 46 inches
(1,170 millimetres) to 48 in (1,220 mm). Mean an-
nual temperature ranges from 12° to 14°C, and ex-
tremes are moderated by the nearby Chesapeake Bay
and the Atlantic Ocean. During winter there is a
45-percent probability that the area will be cloud
covered during a satellite overpass. By using parts
from as many as five successive images of the same
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F16URE 1.—Study area showing location of Landsat frames and 20 gaged drainage basins.

scene, however, complete coverage each season is prac-
tically assured.

The basin for station number 01579000 lies within
the Piedmont Plateau physiographic province; all
other basins are situated on the Peninsula within the
Atlantic Coastal Plain province. This part of the
province is a flat, low, almost featureless plain. Maxi-
mum elevations throughout the Peninsula rarely ex-
ceed 80 feet (24 metres) above mean sea level. Maxi-

mum elevations in the Piedmont may exceed 400 ft
(120 m) near the north end of the Peninsula. Relief
within any one square mile may have a value as much
as half the local maximum elevation. The shoreline
of the Peninsula is extremely broken and sinuous
along the Chesapeake Bay and is characterized by
very small relief and tidal marshes. The shore of the
Atlantic Ocean is composed of a long line of barrier
beaches with lagoons on the landward side. All gag-
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TABLE 1.—Gaging stations (drainage basins) used in multiple regression analysis

U.S. Geological Survey ‘Station . ] Drainage Period of
Number Name Latitude Longitude &,‘;f?, recor%r gna?yzed
01483200____ Blackbird Creek at Blackbird, Del ________ 392158 0754010 3.85 1956-67; annual max,
o 1952-56 ,
01483500_--- Leipsic River near Cheswold, Del _________ 391358 0753757 9.35 1933 ; 1943-57; annual max,
. Co. ) 1958-67
01484300____ Sowbridge Branch near Milton, Del ________ 384851 0751939 7.08 1956-67
01484500____ Stockley Branch at Stockley, Del __________ 383819 0752031 5.24 1943-67
01485000--.-- Pocomoke River near Willards, Md ________ 382320 0751930 60.5 1949-67
01485500-___ Nassawango Creek near Snow Hill, Md .___ 381344 0752819 44.9 1949-67
01486000_..- Manokin Branch near Princess Anne, Md __ 381250 0754018 5.8 1951-67
01486500--.__ Beaverdam Creek near Salisbury, Md __._. 382105 0753411 19.5 1936-67
01487000.... Nanticoke River near Bridgeville, Del_____ 384345 0753341 5.4 1943-67
01487500--_- Trap Pond Outlet near Laurel, Del _______ 383140 .0752858 16.7 1951-67
01488500_-__ Marshyhope Creek near Adamsville, Del____ 385059 0754024 44.8 1943-67
01489000__._. Faulkner Branch at Federalsburg, Md______ 384244 0754734 7.10 - 1950-67
01490000.... Chicamacomico River near Salem, Md _____ 383045 0755250 15.0 1951-67
01491000__-_ Choptank River near Greensboro, Md _____ 385950 0754709 113 194867
01492000..._ Beaverdam Branch at Matthews, Md ______ 384841 0755815 5.85 1950-67
01492500.___. Sallie Harris Creek near Carmichael, Md ._ 385755 0760630 8.09 1951-56 ; annual max;
. . 1957-67
01493000____ Unicorn Branch near Millington, Md ______ 391459 0755140 22.3 194867
01493500_--_ Morgan Creek near Kennedyville, Md ______ 391648 0760054 10.5 1951-67
01494000___. Southeast Creek at Church Hill, Md ______ 390757 0755851 12.5 1951-56 ; annual max,
) . 1957-65 .
01579000_._. Basin Run at Liberty Grove, Md ____.__.___ 393930 0760610 5.31 1948-58; annual max,
1965-67

ing stations are located away from the shore and
above tidal influence. The Coastal Plain is underlain
by a series of southeasterly dipping layers of un-
consolidated sand and clay with a subordinate amount
of gravel. These layers overlie the weathered crystal-
line rock of the Piedmont and thicken to the south-
east from the northwest edge of the Coastal Plain.
These materials are drainéd by sluggish rivers, many
of which have been or are being channelized above
tide water for the purposé of improving the drainage
of agricultural land.

Before colonial times, the area was completely cov-
ered with forest. The amount of land cleared for agri-
culture has varied throughout history. Currently, sec-
ond- and third-growth forest is largely restricted to
river flood plains, swamps, and wet upland depressions
in the northern two-thirds of the area and also to
State forest preserves in the southern one-third of the
area. Upland forest is composed predominantly of
pine, mostly Virginia pine in the northern part of
the Peninsula ard loblolly pine in the south. Lowland
areas have a distinctive swamp hardwood forest com-
posed of red maple; river birch; yellow poplar; syca:
more; beech; walnut; red and black gum; and pin,
willow, and swamp oak (Vokes, 1957). Permanently
flooded or tidal fresh-water areas in the south have
extensive stands of bald cypress. Agricultural land in
the northern half of the study ared is used pre-
dominantly for dairy farming, livestock, and feed
grain, particularly corn. In the southern half, it is
used for truck farming and poultry production.

In 1970, level 1 land use (Anderson and others,
1972) within the 20 selected drainage basins was pre-
dominantly forest and agriculture, the latter category
being most common in the northern. half of the study
area (E. J. Pluhowski, written commun., 1974).

Level 1 land-usge Land use within basing, in percent

category 'Rcmye Average
Urban and built up ______ 0 -51 0.5
Agriculture _____________ 20.2-96.2 58.4
Forest _____ . ___.____ 3.8-79.6 40.9
Water __________________ 0 - .8 1
LANDSAT-1

Landsat-1 is an experimental satellite for demon-
strating that remote sensing from space with un-
manned satellites is feasible and can provide valu-
able data to assist efficient mahagement of water and
other earth resources (National Aeronautics and
Space Administration, 1972). Although the satellite
was launched in July 1972 with a design life of 1
year, it has continued to provide imagery and to
relay data through June 1975. In order to allow sys-
tematic, repetitive imaging of the Earth under nearly
constant lighting conditions, it was launched and
maneuvered into a circular, near-polar orbit that al-
lows the satellite to repeat its ground trace at the same

"local solar time every 18 days. This is 0942 hours at

the Equator and about 10 minutes earlier for most
of the lower 48 States and Hawaii.

The satellite contains two multispectral imaging
systems, a data relay system, and support systems.
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The multispectral scanner (MSS) is a line-scanning
device with arrayed detectors rather than film or sensi-
tized-phosphor plates. It detects daylight solar energy
reflected from the Earth’s surface in the visible and
near (nonthermal) infrared region of the spectrum.
This energy passes through a single optical system
that allows it to be recorded in four spatially regis-
tered spectral bands.

Multispectral scanner band Wavelength, in micrometres

4 0.5-0.6
5 6.7
6 - 8
7 8-1.1

The human eye is sensitive to a 0.4- to 0.7-micrometre
wavelength band. The satellite system scans from west;
to east at right angles to the path of travel. Forward
motion of the satellite provides continuous coverage
along the orbital track. The detector response is sam-
pled, bit encoded, and transmitted to a ground station.
During image processing, the continuous data stream
is located geographically, corrected geometrically and
radiometrically, and framed to produce a 55-mm
image on 70-mm film. Each frame covers an area of
13,200 mi? (39,200 km?). Further processing provides
a variety of products and formats including black-
and-white or color-composite images with a scale of
1:1,000,000 on 9%%-in (240-mm) film. Each image has
10-percent forward lap with immediately previous and
succeeding images and about 20-percent side lap for
imagery of most of the Nation. Spatial resolution for
the images averages about 260 ft (80 m) but may be
considerably higher or lower depending upon scene
contrast, -

BASIN CHARACTERISTICS

Characteristics From Landsat Imagery
Spectral reflecance

A basin characteristic observed in Landsat imagery
absorbs and reflects solar radiation in its own way.
- The incoming solar radiation striking an object may
be compared with the resulting outgoing or reflected
radiation for small increments of wavelength. The re-
sulting data can be used to produce spectral reflectance
curves for the selected object (fig. 2). Dry snow re-
flects greater than 50 percent and clear water reflects
less than 10 percent of solar radiation over the band
width of 0.3 to 1.1 um. As a Tesult dry snow appears
very bright in cloud-free imagery for all four MSS
bands, and water appears very dark, especially in
bands 6 and 7. Color films that have emulsion layers
sensitive to blue, green, and red light in the visible
spectrum portray forest as green because maximum
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FIGURE 2.—Generalized spectral reflectance curves for five
land-cover categories compared to Landsat spectral bands.
Curves for concrete, asphalt, forest, and water are modified
from Root and Miller (1971) and for dry snow, from Sere-
breny, Evans, and Wiegman (1974).

reflected solar radiation occurs in the green part of
the visible spectrum. An infrared color composite of
Landsat bands 4, 5, and 7, however, portrays forest
as red because maximum reflected radiation occurs in
the near-infrared or nonvisible part of the spectrum
between 0.3 and 1.1 um, band 7.

In theory, a specific basin characteristic can be iso-
lated ‘in Landsat imagery from others by comparing
film densities which are related to spectral reflectance;
however, difficulties are frequently encountered when
attempts are made to isolate a characteristic using film
densities only. For a variety of reasons there may be
significant overlap among spectral curves. For ex-
ample; a thin cloud cover between ground and satel-
lite tends to increase the apparent spectral reflectance
of all terrain features. In this way, water with a thin
cloud cover may easily be confused with asphalt in
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another part of the same scene where there is no cloud
cover. Suspended sediment also increases the spectral
reflectance of water. Thus water with sediment may
be confused with asphalt in coastal cities even in cloud-
free imagery. Conversely, shadow from either cloud
or terrain tends to decrease the apparent spectral re-
flectance.- In this way, asphalt in shadow may be con-
fused with water in open sunlight. In addition to
these problems of 1solat1ng a specific basin characteris-
tic in a single Landsat i image, seasonally, the angle of
solar illumination changes, trees lose or gain their
leaves, and soil moisture varies. Accordlngly, criteria
for isolating basin characteristics must also change
from scene to scene throughout the year.

These difficulties limit the success of isolating a basin
characterlstlc that has been selected solely on the
basis of hydrologic significance. Some preselected
characteristics do not have & unique spectral response
that is always detectable with the Landsat system. As
a result, the selection of basin characteristics to be de-

rived from Landsat imagery is a process involving -

compromise between hydrologlc significance and ease
of extractlon

Selected basin characteristics

Four basin characteristics were finally selected after
giving consideration to hydrologic significance, ease
of extraction, and availability of hydrologic and re-
mote-sensing data in the study area. The four charac-
teristics and their symbol de51gnat10ns are dlscussed
below.

Forest (Uf) is the relatlve area of a dramage basin
that is covered by trees; it is expressed as a percentage
of total basin area. In the study area, this includes
upland pine forest as well as lowland, swamp hard-
wood forest. Forest appears to affect streamflow indi-
rectly by affecting rates of evapotranspiration, pre-
clpltatlon interception, and the accumulation and melt-
ing of snow. Forest cover was found significant at
no less than the 5-percent level in estimating 19 out
of 41 streamflow characteristics (Forrest and Walker,
1970). Forest has a unique .spectral response detect-
able with the Landsat system.

Water ( Uw) is the relative area of a drainage
basin that is covered by a water surface visible from
above; it is expressed as a percentage of total basin
area. In the study area it is the area of mill ponds,
industrial waste lagoons, and flooded fields. Water is
a measure of surface water storage which affects evap-
oration, peak flows for short- and intermediate-recur-
rence intervals, and low flows of natural streams. Stor-
age was found significant at no less than the 5-percent

level in estimating 2 out of 41 streamﬁow charac-

IMPROVING ESTIMATED STREAMFLOW CHARACTERISTICS BY USING LANDSAT-1

teristics (Forrest and Walker, 1970). Clear water has
a unique spectral response that is easily detected with
the Landsat system.

Riparian vegetation (Urv) is the relative area of
a drainage basin that is covered by vegetation situated
on or near the bank of a stream or other water body;
it is expressed as a percentage of total basin area. In
the study area it is the area of shrubs and trees in
swamps, marshes, and seasonally flooded depressions.
The roots of riparian vegetation have constant access
to water and thereby affect streamflow, particularly
intermediate and low flow, by affecting rates of evapo-
transpiration. The roots can either withdraw water
directly from a stream or intercept water moving
through the ground to a stream. Riparian vegetation
was. not used previously in estimating streamflow
characteristics. In some areas, riparian vegetation. has
a unique spectral response that can be detected in
Landsat imagery for winter months.

Combined agricultural and urban land use (Uau)
is fields, pasture, buildings, roads, and sand pits; it is
expressed as a percentage of total basin area. In the
study area, it is all areas not covered by either forest
or water. No attempt was made to extract this basin
characteristic from Landsat imagery. It was arbi-
tarily measured as the difference between total basin
area and the combined area of Uf and Uw.

Image analysis -

To make a quantitative test of the inferred relation-
ships between streamflow and selected basin charac-
teristics derived from Landsat imagery, the basin
characteristics are first measured and then used in
an analytic experiment. Figure 8 shows the key steps
in this analysis. Cloud-free imagery for each season
is selected from cataloged Landsat data. The imagery
is inspected to estimate the ease of isolating the se-
lected characteristics from a single band, or a com-
bination of bands, over one or more seasons. Charac-
teristics such as forest are then isolated and extracted.
The relative area of each characteristic in each.basin
1s then measured. After image analysis, the charac-
teristics derived from Landsat data are merged with
an available matrix of map-derived basin characteris-
tics. The new matrix is then correlated with a matrix
of streamflow characteristics by a technique of mul-
tiple regression.

During image analysis, effort was concentrated
within the 20 gaged basins. A mask was used to black
out an entire image except the areas within the basins.
The basin mask was prepared by transferring the
basin boundaries from topographic maps to opaque

‘ﬁlm The opaque layer of this film was then removed
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from the area enclosed by the boundaries. Geographic
control points were then added to allow registration
of the mask with imagery havmg a scale of
1:1,000,000.

Manual extractions of forest and water were pre-
pared as guides to automated image analysis using
multispectral image analysis systems and photography.
A positive film transparency of band 5 of image
- 1079-15183 was overlain with the basin mask, and a
clear film was placed over the mask. The distribution
of ‘the selected basin characteristic was estlmated
visually and drawn on the clear film by subjectively
applying crlterla of film density, texture, shape, and
terrain position relative to the drainage pattern. Areas
believed to meet the criteria were inked-in to complete
the extraction.

Seasonal changes that might be useful in identify-
ing and extracting basin characteristics were detected
by time-lapse processing of two or more images of the
same scene (Serebreny and others, 1974) Color dis-
plays made of a magnified part of image 1079-15133
of October 10, 1972, and of image 1187-15140 of
January 26, 1973 using the Electronic Satellite
Image Analysis at Stanford Research Institute re-

~ vealed that riparian vegetation could be dlstmgulshed
from upland hardwood forest in the winter image of
basin 01485000. Values of scene radiance along a
cursor trace through the image of the basin indicated
that the variation.in film density (directly related to
scene radiance) was just large enough to isolate ripa-
rian vegetation by equidensitometry.

Photomechanical extractions were made of forest,
riparian vegetation, and water using one or more
bands of images 1079-15133 and 1205-15141 of Feb-
ruary 13, 1973. The film density of a selected basin
characteristic throughout the image was measured
along with the density of selected steps in the image
gray scale. An appropriate range in density was
chosen for isolating the characteristic and was speci-
fied for photochemical control in a high-quality
‘graphic arts photographic laboratory. Suitable den-
s1ty-1solat1ng films were used to produce binary ex-
tractions in the form of photographic transparencies.
Two or more of these transparencies can form a com-
posite or sandwich that reduces unwanted or spurious
data while isolating the desired basin characteristic.
The photomechanical extractions used in this investi-
gation were produced in the laboratory that is part
of the Autographic Theme Extraction System of the
Earth Resources Observation Systems program of the
Department of the Interior (Smith, 1973).

Measurement of the relative area of each charac-
teristic in a gaged basin was made photometrically.

IMPROVING ESTIMATED STREAMFLOW CHARACTERISTICS BY USING LANDSAT-1

Light from a photographic enlarger was focused
upon an integrating photometer. The basin mask was
introduced between the light source and photometer.
The total illumination passing through the transparent
area inside a basin boundary on the mask is a measure
of the total area of the basin. A photomechanical ex-
traction with transparent areas representing the basin
characteristic was then registered with the mask. The
total illumination passing through both basin mask
and extraction is a measure of the area of the basin
characteristic only. The ratio of illumination measure-
ments *was expressed as the percentage of basin
covered by the selected basin characteristic. The photo-
metric equipment was calibrated by introducing cir-
cular holes of known diameter between the light
source and the photometer. The ratio of illuminations
for different hole diameters agreed within 5 percent
with the ratio of areas calculated for the correspond-
ing holes. The equipment selection and setup were
conceived by W. E. Evans, Stanford Research Insti-
tute. Basin characteristics determined by this method
are summarized in table 2.

TABLE 2.—Basin characteristics derived from Landsat-1

[Area of basin eovered by given characteristics, in percent of total
basin area]

i 1an Combined
Station Forest Water Rvggerta- agri g\:}ltural
wrn (Uw) tion urban
( Urv) (Uau)
01483200 _.__-_ 43.6 1.1 52.8 55.3
01483500 ___.___ 14.2 0 21.0 85.8
01484300 ______ 29.6 1.8 6.1 68.6
01484500 ______ 239 0 3.9 76.1
01485000 ______ 40.8 0 11.9 59.2
01485500 ____-_ 79.4 0 54 20.6
01486000 ______ 67.4 0 10.8 32.6
01486500 ______ 39.4 q 8 59.9
01487000 ____-_ 29.3 0 3.5 70.7
01487500 ______ 59.7 1.0 24 39.3
01488500 .___._ 32.3 0 18.0 67.7
01489000 ______ 19.5 0 3.0 80.5
01490000 ______ 55.2 9 3.6 439
01491000 ____._ 40.4 4 39.1 59.2
01492000 ______ 36.2 0 3.0 63.8
01492500 —-__-_ 31.3 0 13.8 68.7
01493000 ______ 23.3 8 35.6 75.9
01493500 ____._ 6.0 0 6.7 94.0
01494000 e 20.2 0 18.0 79.8
01579000 ____._ 21.3 0 322

8.7

CHARACTERISTICS FROM MAPS AND
*  CLIMATOLOGICAL RECORDS

The twelve physiographic and climatic characteris-
tics used in the regression analysis that was part of
the evaluation for Maryland and Delaware (Forrest
and Walker, 1970) include the following:

A: Drainage area, in square miles, contributing to
surface runoff, derived from topographic maps and
shown in the latest U.S. Geological Survey stream-
flow report.
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&§: Main channel slope, in feet per mile, computed by
the 85- to 10-percent method (Benson, 1962).

L: Stream length, in miles, mesured along the main
channel from gage to basin divide.

E : Mean basin elevation, in feet above mean sea level,
measured from topographic maps by the grid
sampling method (20 to 80 points in the basin were
sampled).

St: Area of lakes, ponds, and swamps, in percent of
contributing drainage area, measured by the grid
sampling method.

F: Forest area, in percent of contributing drainage
area, measured by the grid sampling method.

Si: Soil index, a relative measure of potential maxi-
mum infiltration capacity in inches, estimated from
data provided by the U.S. Soil Conservation Service.

P: Mean annual precipitation, in inches, from the
National Weather Service “Climates of States,”
measured by the grid sampling method used on
isohyetal maps.

[24,2: Precipitation intensity, maximum 24-hour rain-
fall, in inches, expected on the average of once every
2 years, estimated from U.S. Weather Bureau
Technical Paper 29.

Sn: Mean annual snowfall, in inches, from the Na-
tional Weather Service “Climate of States.”

T1: Mean minimum January temperature, in degrees
Fahrenheit, from the National Weather Service,
“Climates of States.”

T'7: Mean maximum July temperature, in degrees
Fahrenheit, from the National Weather Service,
“Climates of States.”

Values for these twelve basin characteristics for
each of the 20 gaged basins used in this investigation
are available from the U.S. Geological Survey com-
puter file, Streamflow/Basin Characteristics, and -are
published in previous reports (Forrest and Walker,
1970). The hydrologic significance of each basin
characteristic is discussed in previous reports (Ben-
son, 1962 ; Thomas and Benson, 1970). Identical values
were used in this investigation and in the original
streamflow data evaluation (Forrest and Walker,
1970).

REGRESSION ANALYSIS

Relations between streamflow characteristics (de-
pendent variables) and drainage basin characteristics
(independent variables) were derived by multiple
linear regression analysis. This analysis provides an
equation of the statistical relation between a stream-
flow characteristic and selected basin characteristics.
It also provides a measure of the accuracy of the re-
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lation defined for the sample population known as the

standard error of the estimate of the dependent var-

iable, or, simply, standard error of estimate. The
standard error of estimate is a measure of the spread
of the data about the line of relation. It is a statistical
parameter such that the value of the streamflow char-
acteristic estimated with the equation for 2 out of 3
gaging stations will, on the average, plot one standard
error of the curve of relation. In addition the yalue
for 19 out of 20 gaging stations will plot within two
standard errors of the curve.

If equations are calculated for each of the 40 stream-
flow characteristics using the 20 gaged basins in the
study area and 12 basin characteristics derived from
maps only, then these equations are comparable to the
equations derived in streamflow program evaluation
for Maryland and Delaware (Forrest and Walker,
1970) and constitute a control group for experimenta-
tion. The standard error of estimate will provide a
measure of the accuracy of the equation. If equations
are then calculated for each of the 40 streamflow
characteristics from the same 20 gaged basins, the
same 12 map-derived basin characteristics, and 4 basin
characteristics derived from Landsat imagery in the
same analysis, then these equations constitute an ex-
perimental group for testing characteristics derived
from Landsat. The new standard error of estimate
will provide a measure of the accuracy of the new
equation. Any reduction in the standard error of esti-
mate between a new or experimental equation and an
old or control equation represents an increase in the
accuracy of the estimate of that particular streamflow
characteristic. The improvement is due solely to in-.
cluding basin characteristics derived from Landsat
imagery.

Calculations required for the stepforward regres-
sion analysis were performed by digital computer
using a group of computer programs known as
STATPAC. The program group eliminted any indefi-
nite values from the dependent variables, added a very
small constant (0.0001) to those variables which might
be expected to go to zero, and transformed all de-
pendent variables and four independent variables to
their logarithms. Program D0094, Multiple Linear
Regression (stepforward), first provided the follow-
ing statistical parameters: means, standard deviation,
and correlation matrices of all variables.

The stepforward program computed a set of equa-
tions by starting with the most effective independent
variable and then adding the next most effective var-
iable and additional variables until the accuracy of
the equation was not significantly improved by any
additional variables. After computing each equation,
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the program provided several parameters including
regression constant and coefficients, multiple correla-
tion coefficient, standard error of estimate of the de-
pendent variable, and percent of the total sums of
squares of the dependent variable that are explained.
In addition, the program tabulated the observed, the
calculated, and the residual of each streamflow charac-
teristic (dependent variable) for each of the 20 basins.

The dependent variables used in the regression an-
alysis for the streamflow data evaluation for Mary-
land and Delaware (Forrest and Walker, 1970) were
defined at 105 gaging stations and include the full
range of flow. In computing these characteristics,
frequency curves were not extrapolated beyond twice
the length of record. These characteristics include the
following:

PT: Annual flood peak, in cubic feet per second, of
T-year recurrence interval; the recurrence intervals
of 2, 5, 10, 25, and 50 years are denoted in this re-
port as P2, P5, P10, P25, and P50, respectively.

@A : Mean annual discharge, in cubic feet per second,
defined as the mean of the annual means.

8DA : Standard deviation of mean annual discharge,
in cubic feet per second.

@M : Mean discharge, in cubic feet per second, for the
M-calendar-month; the M refers to the numerical
order of the month beginning with January as 1.

SDM : Standard deviation of mean discharge, in
cubic feet per second, for J/-calendar-month; the M
refers to the numerical order of the month beginning
with January as 1.

MD,T: Low-flow characteristics are thé annual mini-
mum D-day mean flow in cubic feet per second for
T-year recurrence interval.

VD,T: Flood volume charcteristics are the annual
maximum D-day mean flow in cubic feet per second

 for 7'-year recurrence interval.

D50 Discharge, in cubic feet per second, exceeded 50
percent of the time.

Values for the 40 streamflow characteristics for each
of the 20 gaged basins used in this investigation are
available from Streamflow/Basin Characteristics com-
puter file. Identical values were used in this investiga-
tion and in the original streamflow data evaluation
(Forrest and Walker, 1970).

Regression Equations

Tables 3, 4, and 5 summarize the results of the mul-
tiple regression analyses. These analyses defined
mathematical equations of the form:

IMPROVING ESTIMATED STREAMFLOW CHARACTERISTICS BY USING LANDSAT-1

log F=5(1) log X (1) +5(2) log X(2) ...
+b(n) log X(n)+a+b(n+1) X(n+1)
+b6(n+2) X(n+2) ... +b(m) X(m)

or its equivalent form:

Y=X(1)m)X(2)b(2) L. X(n)""‘,’» 10 [e+d(n+1) X(n+1)

+b(n+2) X(n+2)...+d(m) X(m)],

where ¥ represents a streamflow characteristic, X (1)

to X (m) represent basin characteristics (where num-
bers in parentheses designate numeric order in a
series), a represents the regression -constant, 5(1) to
b(m) represent regression coefficients. In the program
group; X (1) through X(n) were logarithmically
transformed while X (n+1) through X (m) were not
so transformed prior to calculating equations. Inde-
pendent variables such as drainage area (4) and
stream length (Z) which have a larger range in values
than other independent variables for the 20 basins
were logarithmically transformed while those with a
small range were not so transformed. No considera-
tion was given in this study to the appropriateness of
a regression model using solely logarithmic transforms
or to the reasonableness of the exponents of charac-
teristics included in derived equations. Rather, a
simple test to isolate effects of characteristics derived
from Landsat by adding them to an existing data
matrix and observing the changes in derived equa-
tions was performed.

In the tables, the first column 1ndlcates the stream-
flow characteristic. In tables 3 and 4, the second
column presents the number of basins out of 20 that
were used in the regression analysis. The next set of
columns show the computed regression constant and
the regression coefficients for those independent var-
iables found to be statistically significant at the 95-
percent level, and which significantly improved the
accuracy of the equation.

Table 5 suminarizes the difference between inde-
pendent. variables included in the control and in the
experimhental equations. The standard error of each
equation is given in logarithmic units and also in ap-
proximate equivalent percentage. The percentages are
actually the arithmetic averages of the plus and minus
percentages of the mean calculated from the standard
error in log units. Thus, an average standard error
of 24.4 percent represents a deviation of 27.3 percent
on the plus side and 21.5 percent on the minus side
of the mean of the streamflow characteristic (Benson,
1962). The last column shows the change in standard
error where one or more variables derived from Land-
sat were included in the experimental group of equa-
tions. The change is expressed as a percentage of the
old (control group) standard error in log units.
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TABLE 3.—Control group equations rclating streamflow characteristics to physiographic and climatic charactematws of drain-
age basing as determined from maps and climatological records
[Y__Ab(l)So(z)Lb(J)ED(O)lo[¢+b(5)ﬂl+b(0)l' +b(T)81+b()P+b (B 12}, 2+h(10)8n+b(ll)Tl»b(l2)T7] ]

Tlow Num- Re-
charac- b:fr 1,;{3& Regression coefficient for indicated basin characteristic 2
terlstie pasing constant 4 s L E St F D 3 124,2 Sn T1 7

used 4

P2 20 3.666 0.806 ——— —— 0.618 —— P —ee ———- —0.963 —— —_——— ——
P5 20 10.065 754 ——— ———— ——— ——— ——am e —0.183 ———- ——- ———— ———
P10 20 10.931 727 ——- ——— ——m PRSI P ———— —.198 ———— ——- ——m ————
P25 18 —21.546 447 ——— ———— P - —0.007 ———— —_——— ———— ———— —— 0.280
P30 9 —40.155 .499 ——e ——_——— —— —— —- ——e I —— —— —— .492
QA 18 —1.581 984 ——- N 188 —_——— —_—— —- —_—- 387 ——— ——- ————
SDA 18 —.415 1.019 - N —— —_——- —_—— —_ ——— ——— —_——— e ————
Q10 18 —.209 .908 ——— ———— ——— — ——- ——_——— ——_——— R ——m ———m e
Q11 18 —2.003 .961 ——— —— - I ——— ——— e 432 0.030 —_ —_—
Q12 18 —1.690 1.022 ———— ———e 272 ———— ——- _— ———— 364 ——— ———— ——e
Q1 18 —1.074 1.031 ——- ——t 131 —_——— —— —_——— ——_—— .289 —— — ———
Q2 18 —.801 1.014  ____ - ——- - ——e —_— 025 _—- P ———— ————
Q3 18 —1.159 1.018 ——— S R —s R ——m .032 —_——- ——_——— —— ———
Q4 18 —.763 .980 _——— ——— ———— ——— ———— _—_——— —_——— 201 _—— ———— ————
Q5 18 —.036 973 —— ———e —_—— ——— N R e ——— —- - —
Q6 18 —.141 987 —— ——— —— —— ——— I . ——— ——— ——— _——
Q7 18 —.162 917 ———- ——— —— ——— ———— ——_—— ——— ——— ——— J— ————
Q8 18 —.078 1.028 ——— _— P —— _——— —— —— .598 043 ———— ————
Q9 18 —2.866 .860 ——e ——- ——e —— ———t ——— R ——— ——— —— ————
SD10 18 —3457 951 _—— - P ———- JE —_——— I ——_——— . 112 ————
SD11 18 —.318 1.069 —— ———— - ——— ———- ——— P ——- ——— — ——
SD12 18 —.308 1.116 —— - PR ——m —_——— R I ——— _—— ——— ————
SD1 18 —.1856 1.089 ————— ———- ——— ———— ———— —_——— _——— ———— — 023 —e ———
SD2 18 228 1.083 — ———e ———— R —— ———— ——_——— ——— . R ———
SD3 18  —2.529 1.049 ———- ——— ———- —— ———— —_—— .089 —.466 ——- ——— ———
SD4 18 —.162 1.040 ———— —— —e- - ——— ——_—— ——— ——— ——— ——— ———
8SD5 18 —.261 1.035 —— ———— —— ——m —— _——— —— P S —— ————
SD6 18 —.935 R ——— 2.052 ———- ———- ———- ———— —_——— ———- ——- _— ————
SD7 18 —1.016 973 ——- ——- —— ——— ———- — —— ——— 042 ——- ———-
SD8 18 —.154 1.150 ——— P ——- ———— R ——_——— —— ———- ——e — ———
SD9 18 —.342 914 ——- . .059 . J— ——— ———— _——— —.478 ———— ————
M7,2 17T —1.389 ——- ——- 1.953 - —_—— —— —— —— —_——— —_—— e P
M7,10 16 —4.857 —— —— 4.957 - N ———— J ——- ———— —— ——— ————
M7,20 15 —24.151 ——— ———e 4.279 o - _——— ———— ——— 5.704 ——— _— ———
V3,2 10 170 1.080 R ———e ——- ——— ——- R ———e ———— ———— ——— ————
V3,25 10 1.001 1.327 ——— N .- —.068 ——— ——e ———- ———— ——- ——— ——
V1,2 17 .626 1.071 ——— . ——— ——— ———— P ———e ———- R ——— _————
yi7,10 17 919 1.058 J— ——— —— —— e ——_—— _—— —— —- ——-- ———e
V7,25 10 .900 1.131 . . ——- —— —- ——_——— ———— ———- ——— —— _——
D50 11 —.451 ——— ———e 1.691

1 Explanation of symbols for flow characteristics are found in

the section “Regression Analysis.”

3 Explanation of symbols for basin characteristics are found in the section “Characteristics From Maps and Climatological Records.”

The value of the change is given for all equations
computed except the 7-day, 10-year low flow, and the
7-day, 20-year low flow. The standard errors for these
equations were not significantly less than the standard
deviations of the values of the dependent variables.

An improvement in the accuracy of the control
group equations is considered substantial when there
is at least a 10-percent reduction in the standard error
of estimate of the control group equations by includ-
ing basin characteristics derived from Landsat imag-
ery. Table 5 shows that the standard errors of 15 out
of 40 equations were changed. Fourteen equations
were improved and one equation was not improved.
Among the 14 equations improved, 12 were improved
by at least 10 percent.

" Occurrence of Variables in Equations

Table 5 shows that variables derived from Land-
sat were included 18 times in the experimental group
equations. The most often used variables were forest
and water as indicated below:

Streamflow Total
characteristic number Number of times
group of that indicated variable
equations occurred in equations
Uau Ut Urv Uw
High ______ o ______ 10 0 1 0 6
Average . ____._____ 14 0 5 0 1
Low o ____- 3 0 2 0 0
Variability - __________ 13 1 1 0 1
All characteristics 40 1 9 0 8

Uf was included in 5 out of 14 equations for stream-
flow characteristics describing average flow. The coef-
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IMPROVING ESTIMATED STREAMFLOW CHARACTERISTICS BY USING LANDSAT-1

TABLE 4—Ea}pemmental group equations relating streamflow characteristics to physiographic and climati¢c characteristics of
dramage baams as determined from maps, climatological records; and Landsat imagery

[Y_Ab(l)sb(z)Lb(a)Eb (4)10[a+D(5)Bt+b(ﬂ)l'¢b(7)b ¢+D(8)P+b(9)l24 240 (10)8n+b(u)T1+b(]2)T7+Ml2)l T+0ADTaurd@HUT+0 16 Urv+d16)Uw | ]

Regres-
clﬂg:;:- Nug;ber 2})‘:}'} Kegression coefticient for indicated basin characteristic 2
feristic basins  ‘stant A s L E 8§t  F Si P 124,2 #®n  T1  T7 Ueu: Uf Urv  Uw
! used a

P2 20 4491 0717 .___ ____ 0514 ____ —0.008 ____ —0.083 ____ __.__ ____ ____ e 0009 ____ —0.148
P5 20 5349 964 0570 ____ ____ ——— A —.092 . el el Coll cmal cmem —eee —.2564
P10 20 —5331 569 ____ ____ ____ emm e —mem S126 . .l 0153. ____ .. ___. —.246
P25 18 —21546 447 ____ ____ ____ e =007 oL L L il ool 280 . . ____ .
P50 9 —40.155 499 ____ ____ ____ o _liL . il e mmem ool 492 . ____ ___L .
QA 18 —1581 984 ____ ____. 188 ____ PR, ceee 0887 L o L oL L. o ——
SDhA 18 —415 1.019 ____ ____ ____ e el e mmmm mmmmmmmmdeml ol il ddce oo ———
Q10 18 —209 908 ____ ____ ____ mee ol oo O SO ——
Q11 18 049 999 ____ . _.__ mmmemmmm cmmemmemmmmmmlmmim e el —004 ____ ____
Q12 18 —1.690 1.022 ____ ____ 272 L. . .. P 364 ____ ____ ___. S ———
Q1 18 —1.074 1.031 ____ ____ 5 £ 5 R 289 ool el mcil emoe oo R
Q2 18 —891 1014 ____ ____ ____ M > S OO ——
03 18 —1.159 1.018 ____ ____ ____ - 032 . LD D D Do o
Q4 18 —763 980 ____ ____ ___. . PR —— 291 L. ol ol e e oo —
Q5 18 036 973 -___ . .- mememmem o cmme cmme e e e mmme e e ——
Q6 18 —122 1.048 ____ ____ ____ S S N > S
Q7 18 —.076 998 ____ _.__ ___. mmmmcmmm ool edomcmclShml il mccd e —009 ____ ____
08 18 —1. 493 1.024 ____ ____ ___. e cmme e PR 425 . . . .- —.003 ____ —-
Q9 18 —022 964 ____ ____ ____ U —.008 ____ 154
8D10 18  —3457 951 ____ ____ U © U S -
8D11 18 —~318 1069 ____ ____ ___. A, ool cmme e edle el o e mmem e
8D12 18 —308 1116 ____ ____ ____ meme e oo mmme mmmm cmem cdc cmem melecceo eenn i
8D1 18 —.140 1074 ____ -___ ____ S, mmmm fmcm mmel cmcm el mmcm memm oo 077
SD2 18 —.268 1078 ____ ____ ___. cmmmemmm ol defemmme ool el SR | 17 S,
8D3 18 —2.529 1.049 ____ ____ mmmm e e o 080 —466 ____ _.__ ____ . ____ ____ ———
Spsa 18 —162 1.040 ____ ____ ____ o DT e I
SD5 18 —.261 1.035 ____ ____ mmmm mle el o mcmm el eimm oo cccd emnl e oo ——
8D6 18 —935 ._. ____ 2002 ____ ____ Slem oo fmcm mmme mmmm mmmm mmme e e meem ————
8SD7 18 —.819 998 ____ -____ mmmemmmm o oo cole mmcm emmn e ool 007 . - ——
SD8 18 —154 1150 ____ ____ ___. __.. . ____ lom mmmm mmmm e e e RO
SD9 18 —.342 914 ____ ____ 059 ____ . ____ L1 T I ————
M72 1T  —95.603 ... _.._ 2121 L. ____ . .. 5 —015 ____ ____
M7,10 16 4760 ____ ____ 5543 ____ ____ 005 . oo ol il . . —008 ____  ____
M7,20 15 —24151 ___. _.__ 42(9 e memm mmmm e S > 1 (1 : JS OO . ——
V3,2 10 850 1085 ____ .____ ____ U e cmfm el e oo e e e —.183
V3,25 10 1.001 1327 ____ __-_ meee =068 L L oL cmee mm e cmmm e e o ——
V7.2 17 691 1.047 ____ ____ ____ B, oo leml mmml cll Zell ol eCi oo —.092
V7,10 17 919 1058 ____ ____ ____ __  ____ ____ e e e e e - S
7725 10 1.048 1148 ____ ____ ____ e =002 L. ol ool len cionccal cionemel aoo. —097
D50 11 —451 . ____ 1691 ____ ____ ____ ____ mmms memm mmem e m mmem e —iem e

lExplanation of symbols for flow chamcteristics are found ln the section "Regression Analysis.”
s Kxplanation of basin’ chnracteristlcs are found in the sectlons Lnaracterlstics From Maps and Climatological Records” and “‘Selected Basin

Chamcterlstlcs "

ficients (table 4) for Uf are negative and imply an
inverse relation between forest cover and mean
monthly streamﬂow for summer and early fall months
in the study area. Uf was also 1ncluded in 2 out of 3
equations for low flows. In both cases, the coefficients
are also negative, implying an inverse relation between
forest cover and annual minimum 7-day mean flow.
Uw was 1ncluded in 6 out of 10 equations for hlgh
flows. In all six occurrences, the coefficients for Uw
are negative, implying an inverse relation between
water and flood peaks and volumes with less than 25-
year recurrence. Uw as defined and measured in'this
investigation is considered to be a measure of surface
water storage. - ' '

Uau was included in only 1 out of 13 equations for
flow variability. Urv as defined and measured in this

-investigation was not included in any of the equations

for streamflow characteristics.

Inferred hydrologic SIgmﬁoance was used in the
initial selection of all basin characteristics. However,
the basis for including any characteristic in an equa-
tion is primarily statistical. The interrelations between
the basin characteristics along with the inability of
the characteristics to completely describe a drainage
basin makes tenuous any assertions about the physical
effects of the basin characteristics on streamflow. Des-
pite the inability of the relations to describe the fun-
damental causes of streamflow variations, the basin
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TABLE 5.—Comparison of equations as to change in standard error of estimate of the streamflow characteristic resulting from
use of Landsat-derived basin characteristics

[A S.E., improvement in standard error caused by addition of Landsat-derived characteristics]

‘Standard error

cﬁ&?,‘{"c. Independent variables included 2 In log uni‘ts In percent 3 AS.E.
terls]tic Control group Experimental group Control l;‘l‘lxel;letlelil Control Pn’élr’:’t'l’lll (percent)
Y group Zroup group group

P2 A: E; 1242 A; E; F; P, Uf; Uw 0.159 0.092 37.4 21.2 43.3
P5 A; P A; 8; Py, Uw 197 134 46.5 315 32.2
P10 A; P A, P; T7; Uw 205 149 49.0 34.9 28.8
P25 A; F; T7 A; F; T7 154 154 36.3 36.3 —
P50 A; T A; T7 229 .229 51.1 51.1 —
Q4 A E; 1242 A; E; 1242 .054 .054 12.8 12.8 —
SDA A A .088 .088 20.1 20.1 ——
Q10 A A 149 .149 28.8 28.8 —
Q11 A; 1242; Sn 4, Uf .098 a1 23.0 25.8 12,2
Q12 A; BE; 1242 A; E; 1242 .045 045 10.2 10.2 o
Q1 A; B; 1242 A E; 1242 .047 047 10.8 10.8 _—
Q2 A; P A; P .054 .054 12.8 12.8 —
Q3 A; P A; P .062 .062 14.3 14.3 ——
Q4 A; 1242 A; 1242 .078 .078 171 171 ——
Q5 A A 120 120 28.0 28.0 —
Q6 A A; F; Uf 153 097 36.2 22.8 37.0
Q7 A A; Uf 238 .168 57.2 39.6 30.8
Q8 A A; 1242 Uf 134 .106 31.5 24.6 21.9
Q9 A I242; Sn A; Uf; Uw 136 102 319 23.8 25.4
SD10 A:T1 4; 7 159 159 37.2 37.2 —
SD11 A A .165 165 39.0 39.0 o
SD12 A A 139 .139 32.5 32.5 —
SD1 y: A4; Tw .083 .073 19.3 17.0 11.9
SD2 A; Sn A; Uf 102 101 23.8 23.5 1.3
SD3 A; P; 1242 A; P; 1242 .084 084 19.4 19.4 -
SD4 A A .088 .088 20.1 20.1 _—
SD5 A A 106 106 24.6 24.6 ——
SD6 L L 158 158 37.0 37.0 ——
SD7 A; Sn 4; Uau 225 213 54.0 50.8 5.9
SDS8 A A .160 .160 37.5 37.5 _—
SD9 A; E; Sn A; E; Sn 158 158 39.5 39.5 —
M7,2 L L; Uf 482 388 136 102 25.0
M7,10 L L; F; Uf 1.220 .825 ) Q) ®)
M17,20 L; 1242 L; 124,2 1.264 1.264 *) ) *)
V32 A4 A; Uw 127 051 29.5 12.0 59.3
V3,26 A4; 8t A; St 112 112 26.1 26.1 ——
V12 A A; Uw .088 .073 20.1 17.0 15.4
V7,10 A A 114 114 26.4 26.4 —
V725 A A; F;, Uw .094 .048 21.9 10.8 50.7
D50 L L 181 .181 42.8 42.8 ———

I Explanation of symbols for flow characteristics are found in the section “Regression Analysis.”
? Explanation of symbols for independent variables are found in the sections ‘‘Characteristics From Maps and Climatological Records” and

‘‘Selected Basin Characteristics.”

2 Standard error, in approximate equivalent percent, calculated from standard error in logarithmic units (Thomas and Benson, 1970, p. 31).

¢ Standard error increased by 12.2 percent; equation not improved.
8 No meaningful equation.

characteristics frequently included in the equations
are numerical measures that are related to the flow
variations.

Regression analyses were performed with both meas-
ures of forest, #/ (map-derived) and Uf (Landsat-
derived), and surface water storage, S¢ (map-derived)
and Uw (Landsat-derived), in the data matrix. This
expedient was expected to result in one measure being
replaced by the other where significance was obtained.
In three cases (P2, @6, and M7,10), however, the
inclusion of Uf generated the inclusion of F'; the ex-
ponents of F and Uf are of opposite sign. Because the
simple correlation coefficient of ¥ versus Uf is 0.82,
inclusion of both in the derived equation tends to
cancel their effect and makes the computed standard

error suspect. A conclusion which is still valid for the
three cases, however, is that Uf is a more powerful
characteristic than F; otherwise, # would have ap-
peared in the control group equations. Where only Uf
appears, the standard error improvement criterion is
valid as a demonstrable effect of using Landsat-derived
data.

Concurrent appearance of St and Uw did not occur.
The simple correlation coefficient of S¢ versus Uw is
0.02, and the two determinations were completely in-
dependent.

F and St were each included in only one control
group equation. In contrast to this, Uf and Uw were
included in nine and eight experimental group equa-
tions, respectively. Accordingly, Uf may be a more
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reliable measure of forest cover in the study area than
F and Uw, a more reliable measure of basin storage
‘than §¢. If so, the frequent inclusion of Uf and Uw
in the experimental group equations is consistent with
the frequent inclusion of # and S¢ in equations for
the Potomac River basin immediately west of the
study area (Thomas and Benson, 1970).

In the Potomac River basin study, however, # was
included in 11 out of 14 high flow equations and in
only 2 out of 15 average flow equations. These re-
sults appear inconsistent with results of this investiga-
tion unless differences in the average physiography of
the two study areas are considered. In the flat, sandy
terrain of the Delmarva Peninsula, forest should be
more closely related to evapotranspiration and, there-
fore, to low flows as well as mean monthly flows for
summer and fall months. In the hilly, rocky terrain
of the Potomac River basin, forest should be more
closely related to steep untillable slopes and, there-
fore, to flood flows. "

Urv was not accurately isolated during image analy-
sis, and it contains considerable upland vegetation.
This may be the principal reason why Urv was not
included in any of the experimental group equations.

SUMMARY AND CONCLUSIONS

This study tested the usefulness of basin charac-
teristics derived from Landsat imagery for improving
equations used to estimate streamflow characteristics.
The Delmarva Peninsula of Maryland, Delaware, and
Virginia is a study area representative of rural land
use in areas of low topographic relief on the humid
east coast of the United States. Basin characteristics
derived from Landsat imagery, especially forest (Uf)
and water (Uw), are representative of characteristics
which most readily can be extracted from Landsat
imagery by multispectral image analysis systems em-
ploying film density-discrimination techniques. Other
hydrologically significant characteristics may be ex-
tracted as remote sensing technology improves.

The basin characteristics derived from maps and
climatological records and used in the control group
of equations computed by the multiple-regression pro-
gram were the same characteristics used in the original
streamflow data program evaluation (Forrest and
Walker, 1970). They cover a wide range of charac-
teristics found to be significant in several previous
studies and include contributing drainage area; main
channel slope; stream length; mean basin elevation;
lake, pond, and swamp areas; forest area; soil infiltra-
tion index; mean annual precipitation; precipitation
intensity ; snowfall; and mean minimum January and
mean maximum July temperature.

IMPROVING ESTIMATED STREAMFLOW CHARACTERISTICS BY USING LANDSAT-1

The streamflow characteristics derived from the
records of the daily discharge of 20 gaged basins in
the study area are representative of the full range in
flow conditions and include all of those commonly
used for design or planning purposes. They include
annual flood peaks with recurrence intervals of 2, 5,
10, 25, and 50 years; mean annual discharge; standard
deviation of the mean annual discharge; mean monthly
discharges; standard deviation of the mean monthly
discharges; low-flow characteristics; flood volume
characteristics; and the discharge equaled or exceeded
50 percent of the time. '

These streamflow characteristics were related to the
basin characteristics of the corresponding 20 drainage
basins by a technique of multiple regression using a
digital computer. A control group of equations was
computed using basin characteristics derived from
maps and climatological records. An experimental
group of -equations was computed using basin charac-
teristics derived from Landsat imagery as well as from
maps and climatological records. The standard error of
estimate of the two groups of equations was compared
to see if any reduction in standard error could be
considered a substantial improvement upon the orig-
inal equations.

Based on a reduction in standard error of estimate
equal to or greater than 10 percent, the equations for
12 streamflow characteristics were substantially im-
proved by adding to the analyses basin characteristics
derived from Landsat imagery. These improvements
are summarized in table 6. o

Improvements occurred in all flow regimes. The
basin characteristics derived from Landsat imagery
that were included most frequently in the éxperi-
mental group equations were Uf and Uw. It is pos-

TABLE 6.—Twelve streamflow characteristics and correspond-
ing standard errdrs reduced by at least 10 percent

Change

Standard error, gta,i,ga,-d
in_percent error,

tream -
chzsa racte r?g tle 1 C&‘;turg 1 Pn’::g%;ll pe:gent
group of

control
group
P2 . 374 21.2 433
P5 46.5 31.5 32.2
P10 .. 49.0 34.9 28.8
Q6 - 36.2 22.8 37.0
QT 57.2 39.6 30.8
08 o 315 24.6 21.9
Q9 . 31.9 23.8 25.4
8Dl . 19.3 17.0 11.9
M72 . . 136 102 25.0
V3,2 e~ 29.5 12.0 59.3
V1,2 - 20.1 17.0 15.4
V1,25 oo 21.9 10.8 50.7

1 Bxplanation of symbols for streamflow characteristics are found
in the section ‘“Regression Analysis.”
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sible that these two characteristics are more reliable
measures of forest cover and basin storage than F
and St used inlthe previous streamflow data evaluation
for Maryland and Delaware (Forrest and Walker,
1970).

By comparing the reduced standard error of each
streamflow characteristic with the accuracy goal for
that characteristic, it is possible to judge the degree
to which some goals can be achieved by using basin
characteristics derived from Landsat imagery. In
those cases where the goals can thus be achieved, the
streamflow data collection effort can be redirected to
areas of higher priority.
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