


from the exceptionally heavy rainfall in August 1967· (more
than 17 inches). The heavy rains substantially recharged
the water table aquifer, and a new base flow recession curve
was established. During the winter and early 'spring, there
are a series of short recession curves, each curve represent­
ing response to a pulse of ground-water recharge.

The relationship between groand-water stage and the
base flow of the Nanticoke River is shown in Figure 10. The
two curves shown relate ground-water stage and base flow
prior to,· and following 1961. During late 1960 and 1961,
the main channel of the Nanticoke River was widened and re­
portedly deepened 6 to 7 feet by ditching (E. Schmertzler,
U. S. Soil Conservation Service, written communication,
1971). The ditching extended from just above the gaging
station upstream for a distance of about 7 miles. However,
the channel control at the gage was unaffected so the outlet
from the basin remains the same. No change in the stage­
discharge relationship was observed at the gage. However,
the river stage was lowered along part of the river upstream
due to increased conveyance through the deeper and wider
channel. At observation well Nc45-l, located 1,000 feet
from the deepened main channel, the water table was per­
manently lowered about 2 feet (Figure 10). After drainage
of the shallow aquifer in 1961, a new equilibrium was estab­
lished between ground-water stage at well Nc45-l and base
flow of the river as shown by the lower curve in Figure 10.

In addition to deepening the main channel, some feeder
ditches have been constructed in the area. Where these feeder
drains extend to the water table, the hydrologic effect is
an increase in the number of stream channels and a reduction
in the average distance "a" from streams to ground-water di­
vides. A reduced "a" decreases the time required for drainage
of the aquifer. to streams and thereby lowers ground-water
levels.

The ditched area encompasses 13.8 square miles, or 18
percent of the Nanticoke River basin. The extent to which
the water table has declined throughout the ditched area is
not known. The greatest decline will occur immediately
adjacent to the deepened main channel or where feeder ditchas'
have been constructed below the water table. Inasmuch as the
water table decline was 2 feet at well Nc45-l, just 1,000
feet from the main channel, it is likely that the regional de­
cline is small, probably less than 1 foot. The gain from stor­
age by a I-foot lowering of the water table would increase
ground-water runoff by 1.8 inches during the year of ditching
(assuming an average specific yield of 0.15 for the shallow
water-bearing sand). As the ditched area covers 18 percent of
the basin, the net increase in base flow would be approximately
0.3 inch for the entire Nanticoke basin during the year of ditch­
ing. This figure is speculative but does suggest that the in­
crease in base flow during 1960-61 was probably small. In fact,
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an increase of 0.3 inch o~ runoe~ is smaller than the error
inherent in stream-gaging methods. The e~~ect of this
small increase on long-term computations of base flow is
negligible.

Hydrologic Budget

An approximate hydrologic budget has been prepared for
the Nanticoke River basin for the 10-year period 1959-68.
The budget is based on the precipitation and runoff data
given in Figure 9 and a surface drainage area of 75.4 square
miles. Factors in the hydrologic budget are as follows:

Inches Gallons per day
Budget Factors: per year per mi 2

Overland runoff 4 109,000
Ground-water runoff 12 570,000

Total Runoff 16 16 760,000

Soil moisture and surface water
evapotranspiration 22 1,060,000

Ground-water evapotranspiration 3 140,000

Total Evapotranspiration 25 25 1,200,000

Total Budget (Precipitation) 41 1,960,000

NOTE: Ground-water recharge (15 in/yr) is the sum of ground­
water runoff (12 in/yr) and ground-water evapotranspira­
tion (3 in/yr).

In summary, about 60 percent of the precipitation on the
basin is lost by evapotranspiration and about 40 percent is
runoff as measured at the gaging station near Bridgeville.
About 10 percent of the precipitation is overland runoff and
30 percent is ground-water runoff. Recharge to the shallow
aquifer is approximately 37 percent of precipitation.

These percentages are similar to those given by Mather
(1969) for the Bridgeville area. However, the values of run­
off and evapotranspiration presented here are slightly less
because the precipitation was slightly below average during
the 10-year period 1959-68 shown in Figure 9. Mather's values
for computed runoff during .several very dry months in the mid
1960's are considerably less than the measured runoff shown in
Figure 9. The reasons for this disparity are discussed in the
section on Beaverdam Branch basin.

The deepening of the main channel and construction of
feeder ditches in the Nanticoke River basin has produced the
following effects: (1) There has been a very slight decrease
in the amount of ground water in storage in part of the basin;
(2) ground-water runoff was probably increased very slightly
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during 1960 and 1961, as a result of drainage from the water
table aquifer; and (3) the recession slope may have been
steepened due to a reduction in the average distance "a"
from streams to ground-water divides. The magnitude of these
effects is not accurately known. However, as discussed in
the previous section, the increase in ground-water discharge
during 1960 and 1961 was probably small. Over the 10-year
period used to prepare the hydrologic budget, the increase was
negligible.

SOWBRIDGE BRANCH BASIN

Sowbridge Branch drains an area of about 7 square miles,
a few miles northwest of Milton, Delaware (Figure 1). There
is very little relief in the basin. Altitudes range from
about 20 feet above mean sea level in the east end near the
gaging station to more than 50 feet in the western headwater
area. About half the basin is covered by trees and brush, and
the other half is mostly cultivated land. There are no towns
or villages in the basin.

About 1 mile upstream from the gaging station is a small
dam, which impounds Reynolds Pond. Surface storage occupies
about 4 percent of the basin area-nearly all of which is
Reynolds Pond. After periods of heavy overland runoff, the dam
is sometimes opened by the owner. This regulation has produced
a double peak on the streamflow hydrograph, the second peak
being due to flow from the pond after the dam opening. Some
slight difficulty has been experienced in separating the base
flow component from the streamflow hydrograph because of the
second peak. In a few instances, the dam has been raised dur­
ingbase flow conditions, thereby temporarily reducing stream­
flow for a few. days. However, the effects of regulation are
apparent in the streamflow hydrograph, and the computed values
of base flow are not significantly affected by this regulation.

Graphs showing precipitation, streamflow, and water table
fluctuations for the 10-year perioQ, 1960-69, are shownln
Figure 11. As in the other basins, the average annual precipi­
tation was a few inches less during this period than the long­
term mean because of the drought in the mid 1960·s.

Hydrogeology

Pleistocene age fine to coarse sand constitutes the uncon­
fined aquifer in Sowbridge Branch basin. These sand beds are
part of the Columbia Formation, which is considered to have a
fluvial origin by Jordan (1964). Little is known of the char­
acter, thickness, and hydraulic properties of the aquifer ex­
cept in the downstream part of the basin near the gaging station.

Two test holes drilled about half a mile from the gaging
station penetrated orange-brown to light-brown silty fine to
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coarse sand. Saturated thickness of the sand is 38 to 55
feet in the two holes. Underlying the Pleistocene age sands
are gray silt beds, presumably Miocene in age.· A thicker
section of saturated sand (74 feet) was penetrated in a test
hole drilled about half a mile east of the basin. At this
site the Pleistocene section was predominantly gray to tan
medium sand, with clay partings, and sand of the Miocene age
Manokin aquifer apparently occurs directly below the Pleisto­
cene sand. The silty nature of the Pleistocene sand, reported
clay partings, and the below-average saturated thickness sug­
gest a below-average transmissivity for the unconfined aquifer.

The "hydraulic characteristics of the water table aquifer
are not known in detail but have been estimated from well data
near the eastern part of the basin. These data suggest that
Sowbridge Branch basin is characterized by smaller transmis­
sivity and hydraulic diffusivity than the other basins describ­
ed in this report. Analyses of water-level recessions at ob­
servation well Ng11-1 for 4 years indicate a hydraulic
diffusivity of 24,000 ft 2/d using the method of Rorabaugh (1960).
Assuming an average value of S equal to 0.15 for southern Dela­
ware, the transmissivity at this well is 3,600' ft 2/d or 27,000
(ga1/d)/ft. Transmissivities at three nearby wells ranged from
3,200 to 4,200 ft 2/d or 24,000 to 31,000 (ga1/d)ft, based on
specific capacity data and estimates from lithologic logs.
For the basin as a whole, the well data indicate an average
transmissivity of 3,600 ft 2/d or 27,000 (gal/d) ft. However,
the estimated transmissivity from winter base flow recession
curves (using Rorabaugh's equation) is about 8,000 ft 2/d or
60,000 (gal/d) ft. This higher value of T may be more accurate
than the T value obtained from the scanty well data.

The water table altitude ranges from more than 40 feet
above sea level in the western headwater area to less than 10
feet above sea -level downstream at the gage (Boggess, Adams,
and Coskery, 1964). At observation well Ng11-1, the water
table has fluctuated from 9 to 15 feet below land surface from
1959 to 1971 (Figure 11). In general the water table is more
than 10 feet below land surface in most of the basin throughout
the year (Boggess, Adams, and Coskery, 1964). This indicates
that ground-water evapotranspiration is small through most of
the basin. However, the channel of Sowbridge Branch is bor­
dered by swamps throughout most of its length, and evapotrans­
piration could be expected to be appreciable in the immediate
vicinity of the stream.

Vertical leakage between the Pleistocene age unconfined
aquifer and the underlying Manokin aquifer (Miocene age) is
probably negligible compared to discharge from the unconfined
aquifer to Sowbridge Branch. The head difference between the
two aquifers is not known but is probably small. Without a
substantial head difference, the silty confining bed would im­
pede substantial leakage.
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Base Flow-Ground-Water Stage Relationships

Sowbridge Branch is a tranquil stream. Rises in stage
after heavy rains are moderate, and the base flow declines
slowly after extended periods of no recharge. The high summer
base flow and particularly the high September flow are dis­
tinguishing characteristics of Sowbridge Branch. Mean annual
discharge was 9.3 ft 3/s during the' 10-year period shown in
Figure 11. A flow of 18 ft 3/s was exceeded only 10 percent
of the time, and a flow of 4 ft 3/s was exceeded 90 percent of
the time during 1959-68.

Base flow constitutes 78 percent of the streamflow, based
on separation of the streamflow hydrograph for the 1959-68
period. During the summer and fall in 6 of the 10 years, the
streamflow hydrograph was characterized by one or two long
base flow recessions, with short periods of superimposed direct
runoff (Figure 11).

The relation of ground-water stage to the base flow of
Sowbridge Branch is shown in Figure 12. Observation well
Ngll-l, which was used for the diagram, is located 1 mile
northeast of the basin. However, the well probably indicates
water table fluctuations within the basin. The two curves
shown in Figure 12 relate ground-water stage and base flow
during the periods of appreciable and negligible evapotrans­
piration. Because of the large scatter of data points, the
divergence of the two curves should not be used for estimating
ground-water evapotranspiration. For the purpose of estimating
base flow from ground-water stage, the curves provide,at best,
a range of values.

Ground water-surface water relationships in Sowbridge
Branch basin are not very well understood. Sowbridge Branch
is distinguished by a higher average summer base flow (0.90
(ft3/s)/mi2) than the three other basins (about 0.70 (ft3/s)mi2).
The higher summer base flow may result from a slightly higher
summer water table. Unlike wells in the other basins, where
summer water levels are slightly lower than winter levels, ob­
servation well Ngll-l is characterized by a mean summer water
level which is 0.5 foot higher than the mean winter water level.
The reason for the anomalously high summer water table is un­
certain but may be related to the above average depth water
table plus the occurrence of silty sands and clay partings in
the upper 10 feet of the Pleistocene sands (unsaturated zone).
These factors would tend to delay infiltration to the water
table. Comparison of Figures 6, 9, 11, and 13 shows that the
spring recharge peak at well Ngll-l lags the wells in the
three other basins by about 1 month. It should be noted that
the delayed recharge and slightly higher summer water 'level
observed in well Ngll-l may not be indicative of conditions
throughout Sowbridge basin and therefore the preceding dis­
cussion is hypothetical.
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Hydrologic Budget

An approximate hydrologic budget is presented here for
the Sowbridge Branch basin. The budget is based on the sur­
face drainage area (7.08 square miles) although the ground­
water basin appears to be larger (8.0 square miles). The
western margin of the basin borders on the large Ellendale
Swamp. Within this area of little relief, the determination
of both the topographic and ground-water divide is sUbjective.
Alternate. interpretations of the location of these divides
change the size of the drainage basin by 10 percent, and,
therefore, budget factors may be in error by a least this
percentage.

For the other basins described in this report, the
ground-water recharge rates are considered to be the equivalent
mean winter base flow. This assumption is based on the fact
that there is little difference between winter and summer
ground-water levels and therefore:

winter base _ summer base flow plus ground- =
flow - water evapotranspiration

ground-water
recharge

However, for Sowbridge Branch, where summer water levels are
apparently 0.5 foot higher than winter levels, the mean winter
base flow is slightly less than the ground-water recharge rate.
The recharge rate for Sowbridge Branch is really the average of:
(1) winter base flow and (2) summer base flow plus ground-water
evapotranspiration. An accurate estimabeof ground~water

evapotranspiration cannot be obtained from Figure 12, or other
available data. The recharge rate for Sowbridge basin is thus
uncertain but is considered as slightly in excess of the aver­
age winter base flow.

The estimated hydrologic budget for Sowbridge Branch basin
is as follows:

Inches Gallons per day
Budget Factors: per year per mi2

Overland runoff 4 190,000
Ground-water runoff 14 670,000

Total Runoff 18 18 860,000

Soil moisture and surface water
evapotranspiration ~ 21 <:1,000,000

Ground-water evapotranspiration >- 2 >- 100,000

Total Evapotranspiration 23 23 1,100,00,0

Total Budget (Precipitation) 41 1,960,000
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NOTE: Ground-water recharge is approximately 16 in/yr, i.e.,
the sum of ground-water runoff (14 in/yr) and ground­
water evapotranspiration (>2 in/yr).

To summarize, approximately 56 percent of the precipita­
tion is lost by evapotranspiration, and 44 percent is measured
runoff •. About 34 percent of the precipitation discharges to
Sowbridge Branch as ground-water runoff. Recharge to the
shallow aquifer accounts for at least 39 percent of precipita­
tion and at least 5 percent is evaporated and transpired direct~

ly from the aquifer. Most of the ground-water evapotranspiration
undoubtedly occurs in the swampy area immediately adjacent to
the stream. Very little evapotranspiration occurs away from
the stream in other parts of the basin, where ground-water lev­
els are generally more than 10 feet below the land surface.

STOCKLEY BRANCH BASIN

Stockley Branch basin is about 2 miles soutn of George­
town, Delaware, as shown in Figure 1. The ground-water basin
is slightly larger (5.56 square miles) than the surface drain­
age area of the stream (5.24 square miles). The average
altitude is 46 feet above mean sea level and ranges from about
30 feet near the gaging station to more than 50 feet in the
western part of the basin. About half the basin is covered by
forest, and surface storage is less than 1 percent. In the down­
stream area of the basin near the gaging station, there are many
small abandoned sand pits which contain water throughout the
year. In this area evapotranspiration losses occur directly
from the aquifer and cause a slight reduction of base flow.
However, there is no known regulation of the stream, and, be­
cause the area of sand pits is a relatively small part of the
basin, Stockley Branch is considered to be a natural-flow
stream.

Precipitation, streamflow, and water table fluctuations
for the 10-year period (1959-68) are shown graphically in
Figure 13. As shown in Table 1, precipitation during this
period was slightly less (42 inches) than the long-term average
(47 inches).

Hydrogeology.

The unconfined aquifer in the Stockley Branch basin con­
sists of Pleistocene age fine to very coarse sand and minor
gravel lenses. The sands are generally light in color . (white
to tannish gray to light brown) and were considered to be near­
shore deposits of the Columbia Group by Jordan (1964). In
the middle of the basin at well Pf24-2, the sands extend to
a depth of 77 feet and on the west edge of the basin to 78 feet.
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Underlying the Columbia Group is the Miocene age Manokin
aquifer. A leaky confining bed of tine-grained silty sand
with clay layers was penetrated immediately below the Columbia
Group in one well in the basin. However, the Manokin has been
mapped as subcropping directly beneath the Columbia Group in
this area (Sundstrom and Pickett, 1969), and direct hydraulic
continuity between the surficial sands and the Manokin aquifer
may occur locally in the basin.

The transmissivity and hydraulic diffusivity (T/S) have
been estimated at two sites in the basin. At observation well
Pf24-2, near the center of the basin, T/S is estimated to be
32,000 ft 2/d. This well is located between the two major
tributaries of Stockley Branch, and the response of the ground­
water levels to several recharge events was analyzed for T/S,
using the wedge-shaped aquifer method of Stallman and Papadopulos
(1966). The specific yield at well Pf24-2 is 0.15, based on
analyses of water-level rises during periods of negligible
evapotranspiration, using a water-budget method. The trans­
missivity at well Pf24-2 is, therefore, about 4,800 ft 2/d.
At a high-capacity irrigation well in the western part of the
basin, the transmissivity is estimated to be 7,000 ft 2/d, based
on specific-capacity data from a .short pumping test. For the
basin as a whole, the well data indicates an average trans­
missivity of 6,000 ft2/d or 45,000 (gal/d)/ft. By comparison,
the basin transmissivity obtained from the winter base flow
recession curve is 8,000 ft 2/d or 60,000 (gal/d)/ft (Table 2).
Based on an average saturated thickness of 70 feet, the hydraulic
conductivity is in the range of 85 to 110 ft/d which are rea­
sonable values for a fine to coarse sand aquifer.

The altitude of the water table ranges from about 30 to
45 feet above mean sea level. At· well Of52-2, near the north­
ern boundary of the basin, the water table fluct~ated from 0 to
8 feet below land surface during 1961-67 (Figure 11). However,
in the middle of the basin (well Pf24-2), the water table is
deeper and fluctuated from 8 to 11 feet below land surface
during 1970~73. Average altitude of the water table in the
basin is about 40 feet above mean sea level.

Reported water levels in the underlying Manokin aquifer
are about the same as in the unconfined aquifer at Georgetown
a few miles to the north. There is apparently no substantial
head difference and probably no substantial recharge ~o the
Manokin in the basin, although, based on regional geology, it
should be a recharge area.

Base Flow-Ground-Water Stage Relationships

Stockley Branch is a tranquil Coastal Plain stream having
moderate rises in stage after heavy rains and sustained base
flow during drought. The. average dis~harge is 6.95 ft 3/s
(1943-1968). The flow exceeded 14 ft /s only 10 percent of the
time and exceeded 1.8 ft 3/s 90 percent of the time.
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Separation of the streamflow hydrograph for the 10-year
period, 1959-68, indicates that 81 percent of the flow is
ground-water discharge and 19 percent is overland runoff.
Figure 2 shows the master base-flow recession curve used to
separate the Stockley Branch streamflow hydrographs. The
scatter of points used to prepare the master curve is small
(Figure 2), and the computations of base flow and overland
runoff are probably as accurate as the streamflow records on
which they are based. During 7 of the 10 years used for hydro­
graph separation, there was one long base-flow recession from
about April to September (Figure 13). A marked exception
occurred in August 1967, when about 14 inches of rain fell on
the basin. Recharge to the unconfined aquifer was substantial,
and the resulting base flow was higher than at any time during
the year (Figure 13).

The relationship between ground-water stage and base flow
of Stockley Branch is shown graphically in Figure 14. The
diagram has considerable scatter; however, it was possible to
define approximate curves relating ground-water stage to base
flow during (1) the period of appreciable evapotranspiration
and (2) the period of small evapotranspiration. The scatter
in Figure 14 is produced by variations in evapotranspiration
as well as by variations in the time of last recharge. The
curves shown in Figure 14 include water-level measurements
made before and after the critical period, which explains some
of the scatter of data points. (See further discussion of
this subject in the section on Beaverdam Branch.) The dif­
ference between the two rating curves in Figure 14 is an
approximate measure of ground-water evapotranspiration.

Base flow can be estimated reasonably accurately from
Figure 14 if the depth to water level in the observation well
is known. The .winterrating curve in Figure 14 has been
particularly useful in separating streamflow hydrographs for
Stockley Branch during the winter and spring, when the hydro­
graph contains many short base-flow recessions with super­
imposed direct runoff. During lengthy periods of base flow,
the master recession curve shown in Figure 2, used in con­
junction with the rating curve in Figure 14, provides a good
estimate of streamflow.

Observation well Of52-2 (Figure 14) was destroyed in
1968; however, a new observation well (Pf24-2) near the
middle of the basin indicated a close correlation between base
flow and ground-water stage during 1970-73.

Hydrologic Budget

An approximate hydrologic budget is presented here for
Stockley Branch basin for the 10-year period, 1959-68. The
budget is based upon the precipitation and streamflow data
given in Figure 13 and a surface drainage area of 5.24 square
miles. Factors in the hydrologic budget are as follows:
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Inches Gallons per day
Budget Factors: per year per mi 2

Overland runoff 3 140,000
Ground-water runoff 13 620,000

Total Runoff 16 16 760,000

Soil moisture and surface water
evapotranspiration 23 1,100.000

Ground-water evapotranspiration 3 140,000

Total Evapotranspiration 26 26 1,240,000

Total Budget (Precipitation) 42 2,000,000

NOTE: Ground-water recharge (16 in/yr) is the sum of ground­
water runoff (13 in/yr) and ground-water evapotranspira­
tion (3 in/yr).

In summary, about 55 percent of the precipitation is
evaporated and transpired from the surface and soil-moisture
zone. About 7 percent of the precipitation is overland run­
off. Thirty-eight percent of the precipitation is recharge
to the water table, and 31 percent is ground-water discharge
to Stockley Branch. Evapotranspiration directly from the
water table accounts for 7 percent of the precipitation.

SUMMARY OF AQUIFER-STREAMFLOW RELATIONSHIPS

The four basins are characterized by similar climate,
geology, topography, and land use (about equally divided
between agricultural land and forest cover).

The streams obtain about 80 percent of their flow from
ground-water discharge. During periods of base flow, the
hydraulic characteristics of the unconfined sand aquifer
(transmissivity, storage coefficient, and average distance
from stream to ground-water divide) in conjunction with var­
iable rates of evapotranspiration determine the form of
recession of base flow.

A close correlation exists between ground-water stage
and stream discharge during base-flow.conditions. Base flow
can be estimated fairly accurately from observation well
records.

Estimates of transmissivity can be made from base-flow
recession curves. However, care must be taken to avoid periods
of appreciable evapotranspiration and long periods of stream­
flow records are needed.· Recessi0n curves are steepened dur­
ing the period from late spring to early fall due to evapotrans­
piration.
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Slopes of the summer base-flow recessions may approximate
straight-lines on semi-logarithmic graph paper, but these
slopes can be oversteepened by 50 to 100 percent. Accord­
ingly, calculations of aquifer diffusivity (T/S) will be
in error by the same percentage. During periods of neg­
ligible evapotranspiration, recharge is usually frequent
and recession curves are too short to be accurately defined.
Only during winter droughts, such as in 1965, when the base­
flow recession curves are lengthy and are controlled by the
aquifer characteristics, can the T/S and T be determined
with reasonable accuracy.

Transmissivities obtained from aquifer test and geolog­
ical data vary widely reflecting local difference in lith- .
ology and therefore hydraulic conductivity. However, average
T values obtained from well data are similar to T values ob­
tained by analysis of the winter base-flow recessions in all
the basins except Sowbridge Branch basin. Well data are scanty
in Sowbridge basin and the transmissivity obtained from the
base-flow recession method may be more valid. Basin transmis­
sivities for the shallow unconfined aquifer are most likely
about 8,000 ft2/d or 60,000 (gal/d)/ft in Nanticoke, Sowbridge
and Stockley basins and about 11,000 ft2/d or 82,000 (gal/d)/ft
in Beaverdam Branch basin.
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APPENDIX

Conversion Factors

For use of those readers who may prefer to use the
International System of units (SI) rather than English
units, the conversion factors for the terms used in this
report are listed below:

Multiply English units

inches (in)
feet (ft)
miles (mi)

square miles (mi2)

cubic feet per second
(ft3/s)

million gallons per day
Mgal/d

Length

2.540
0.3048
1.609

Area

2.590

Flow

28.32
0.02832

0.04381

To obtain SI units

centimetres (em)
metres (m)
kilometres (km)

square kilometres (km2)

litres per second (l/s)
cubic metres per second

(m3/s)
cubic metres per second

(m3/s)

Hydraulic conductivity (k)

feet per day (ft/d) 0.3048 metres per day (m/d)

Transmissivity (T)

feet squared per day
(ft2/d)

gallons per day per foot
(gal/d)/ft

0.0929

0.0124

metres squared per day
(m2/d)

metres squared per day
(m2/d)

Temperature

degrees Fahrenheit (OF) (QFX~}-32

56

degrees centigrade
(or celsius) (OC)




