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SI UNITS AND U.S. CUSTOMARY EQUIVALENTS

['SI, International System of Units, a modernized metric system of measurement. All values have been rounded to four significant digits ex-
cept 0.01 bar, which is the exact equivalent of 1 kPa. Use of hectare (ha) as as alternative name for square hectometer (hm?2) is restricted
to measurement of land or water areas. Use of liter (L) as a special name for cubic decimeter (dm?) is restricted to the measurement of
liquids and gases; no prefix other than milli should be used with liter. Metric ton (t) as a name for megagram (Mg) should be restricted to
commercial usage, and no prefixes should be used with it. Note that the style of meter? rather than square meter has been used for con-
venience in finding units in this table. Where the units are spelled out in text, Survey style is to use square meter]

SI unit U.S. customary equivalent SI unit U.S. customary equivalent
Length Volume per unit time (includes flow)—Continued
millimeter (mm) = 0.039 37 inch (in) decimeter? per second = 15.85 ' gallons per minute
meter (m) = 3.281 feet (ft) (am3/s) - "(gal/min)
= 1.094 yards (yd) = 543.4 .. barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.540 0 mile, nautical (nmi) 1 bbl=42 gal)
meter? per second (m3/s) = 35.31 feet3 per second (ft3/s)
Area = 15 850 gallons per minute
. (gal/min)
centimeter? (cm?) = 0.155 0 inch2? (in2)
meter? (m?) = 10.76 feet? (ft?) Mass
= 0.000 2471 nere® YO .
= X acre —
hectometer? (hm?) = 2.471 acres gram (g) = - 0.03527 ouggg‘t)l)voirdupols (oz
= 0003 861  section, (640 acres or kilogram (kg) 2.205. pounds avolrdupos (Ib
2 — 32 Nt avdp
kilometer? (km?) = 0.3861  mile* (mi?) megagram (Mg) = i108 tons, short (2 000 1b)
= 0.9842 . ton, long (2240 1b)
Volume :
centimeters (cm?) — 0.06102  inch? (in3) Mass per unit volume (includes density)
decimeter® (dm?) = 61.02 inches?® (in3)
= 2.113 pints (pt) kilogram per meters = 0.062 43 pound per foot3 (1b/ft3)
= 1.057 quarts (qt) (kg/m?)
= G me e
= . 0 00 t3
meters (m?) = 3531 feots (%) Pressure
= 1.308 yards? (yds3)
= 264.2 gallons (gal) kilopascal (kPa) = 0.1450 pound-force per inch?
= 6.290 barrels (bbl) (petro- (1bf/in2)
leum, 1 bbl1=42 gal) 0.009 869 atmosphere, standard
= 0.000 810 7 acre-foot (acre-ft) (atm)
hectometer? (hm3) = 810.7 acre-feet (acre-ft) = 0.01 bar
kilometers (kms3) = 0.2399 mile? (mi3) = 0.296 1 inch of mercury at
— 60°F (in Hg)
Volume per unit time (includes flow)
dec(i‘rineat/ex;* per second = 0.035 31 foot? per second (ft¥/s) Temperature
md/s
= 2,119 temp kelvin (K)

feet3 per minute (ft3/
min)

temp deg Celsius (°C)

[temp deg Fahrenheit (°F) 4459.67]/1.8
[temp deg Fahrenheit (°F) —32}/1.8

The policy of the “Journal of Research of the U.S. Geological Survey” is to use SI

metric units of measurement except for the following circumstance:

When a paper describes either field equipment or laboratory apparatus dimen-
sioned or calibrated in U.S. customary units and provides information on the
physical features of the components and operational characteristics of the equip-
ment or apparatus, then dual units may be used. For example, if a pressure gage
is calibrated and available only in U.S. customary units of measure, then the
gage may be described using SI units in the dominant position with the equiva-
lent U.S. customary unit immediately following in parentheses. This also ap-
plies to the description of tubing, piping, vessels, and other items of field and
laboratory equipment that normally are described in catalogs in U.S. customary

dimensions.

S. M. LaNg, Metrics Coordinator,
U.8. Geological Survey

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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URBAN AND REGIONAL LAND USE CHANGE
DETECTED BY USING LANDSAT DATA

By WILLIAM J. TODD* Sioux Falls, S. Dak.

" Abstract.—The Atlanta Reglonal Commlssmn and the Earth

demonstration of the use of andsat

‘dlgml data to detect

land use change in the Atlanta, Ga.;areéi. Temporal overlays’

combining Landsat band-5 data fromi ‘Octobér 1972 and 1974
were made by using the General Electrlc Image 100 system.

The 1972 data were divided by-the 1974 data, and low ratios

indicate areas where land use and 'larfd ¢over- had changed.
These low ratios were classified into ia land -use-change theme.
A classification based ‘on thé use of the four ‘bands of the
multispectral scanner- data, :taken “int 1974 51elded six land
use categories: (1) Commercial-industrial-multifamily, (2)
single-family residential, (3) cleared land, (4) open space,
(5) forested land, and (6) water. These six 1974 categories
and the change theme were combined to determine changes
between 1972 and 1974.

Metropolitan areas often occupy large expanses of
terrain. They include areas of diverse land use and
land cover and are under the jurisdiction of many
municipal and courity governmental agencies. Only in
the past few decades have regional planning agencies
been created which are responsible for multicounty
areas. Because a metropolitan area may be very large,
often exceeding 5,000 km?, it is difficult for a regional
agency to monitor land use change.

In the fall of 1975, the ARC (Atlanta Regional
Commission)—a regional planning agency responsible
for a seven-county area including the city of Atlanta—
and the EROS (Earth Resources Observation Sys-
tems) Data Center participated in a project to dem-
onstrate the use of satellite data to detect land-use and
land-cover change. The technique involved comparing
data obtained from NASA’s (National Aeronautics
and Space Administration’s) orbiting Landsat-1 satel-
lite in October 1972 and in October 1974. Areas of
change in land use and land cover were mapped by
using digital interpretation equipment and specialized

computer processing of the Landsat data available at

the EROS Data Center.
Collaborating on this project were D. R. Hood,
EROS Data Center; C. Blackman and J. R. Wilson,

1 Technicolor Graphic Services, Inc., Sioux Falls, S. Dak.

Jr.,, ARC; and G. W. Spann, Metrics, Inc. The author
gratefully acknowledges their assistance.

INFORMATIONAL REQUIREMENT

The ARC anticipates completion of a map that de-
picts major land use in the greater Atlanta region in
1974. The problem that confronts ARC is how to up-
date that map. The ARC comprehensive regional plan-
ning process requires that the land-use and land-cover
map be updated annually, if possible. -

A traditional means of land use inventory and up-
dating employs black-and-white vertical aerial photo-
graphy at scales of about 1:20,000 (Richter, 1969 ; Dill
and Otte, 1970). Recently, high-altitude photographs
at scales of 1:120,000 or smaller have been used suc-
cessfully in experiments on detection of land-use and
land-cover change (Lins and Milazzo, 1972; Place and
Wray, 1972). Photointerpretation is a well-documented
technique for data collection, and reasonably accurate
results are expected. For the ARC region, the principal
disadvantage of using aerial photography is that it is
not available on a regular basis. Aerial photographic
coverage is obtained at irregular intervals by the U.S.
Geological Survey, NASA, the Agricultural Stabiliza-
tion and Conservation Service, other Federal agencies,
and certain State agencies, but not periodically over
the entire ARC region. Regular photographic coverage
of ARC’s seven-county area would be expensive to ob-
tain.

Satellite data may be an alternative to aerial photog-
raphy for updating land-use and land-cover maps
(Alexander, 1973 ; Anuta and Bauer, 1973). NASA has.
launched two orbiting satellites—Landsat-1 in 1972
and Landsat-2 in 1975—for collecting Earth resources
data. Data from the Landsats are theoretically avail-
able for much of the Earth’s surface every 9 days, if
cloud cover is minimal. To date, an acceptable Land-
sat scene has been available over the ARC region about
once every 3 months. Each Landsat image includes 185
by 185 km, and only one or two consecutive scenes are

529



530 LAND USE CHANGE DETECTED BY USING LANDSAT DATA

needed to cover the entire ARC region. The resolution,
that is, the smallest unit area for which the satellite
data is collected and then sampled, is approximately
0.45 hectares. Individual trees and houses are not large
enough to be detected, but larger urban and regional
land cover types such as residential, commercial and
industrial, water, and forested areas may be mapped.
The same capability exists for monitoring changes such
as subdivision construction, commercial strip develop-
ment, industrial plant expansion, and clear cutting in
forested areas.

ACTUAL AND POTENTIAL USERS

A number of administrative or political organiza-
tions consider the urban region in their planning and
policy decisions. Federal, State, and local agencies all
are concerned with development patterns and land use
change within the urban region.
At the Federal level, numerous agencies within a
number of large departments—Interior, Agriculture,
Transportation, Commerce, and Housing and Urban
Development—have direct or indirect interest in land
use within the urban region. Within the U.S. Depart-
ment of the Interior, several organizations—the Geo-
logical Survey, National Park Service, Fish and Wild-
life Service, Bureau of Land Management, and Bureau
of Reclamation among others—have direct respon-
sibility for land and resource management of areas
within the urban region. Within the U.S. Department
of Agriculture, the Agricultural Stabilization and
Conservation Service, Forest Service, and Soil Con-
servation Service are three organizations whose in-
terests are related principally to areas that are not
built up within the urban region. Other organiza-
tions—Urban Mass Transportation Administration
(Department of Transportation), National Oceanic
~and Atmospheric Administration (Department of
- Commerce), Community Planning and Development
(Department of Housing and Urban Development),
Public Health Service (Department of Health, Edu-
cation, and Welfare), the Environmental Protection
Agency, and NASA—also have active programs which
are related to the urban region. The type and extent
of involvement in the element of land use and en-
vironmental concerns is varied, indeed. Federal pro-
grams range from direct management of designated
areas (for example, National Park Service) to con-
sultation and advice services for land use manage-
ment (for example, Agricultural Stabilization and
Conservation Service) to funding of State and local
agencies for plan implementation (for example, Urban
Mass Transportation Administration).

At the State level, the element of monitoring change
in urban and regional patterns becomes more impor-

tant in certain respects, depending upon the State’s
degree of urbanization. Many States have depart-
ments of transportation, planning, and natural re-
sources. Similar to the level of Federal involvement
in the urban region, State agencies are varied in their
relationship to the problems of the urban region. Cer-
tain State agencies, such as transportation and pub-
lic health, may be directly concerned with urban
growth and planning. Others, such as State planning
and community development, may be more administra-
tive in their relationship (for example, approving lo-
cal master plans or reviewing local applications for
types of Federal assistance).

At the local level, regional planning agencies (multi-
county), county governments, and city governments
must deal directly with the problems of the urban
region. Within these local governments, planning di-
visions, zoning offices, transportation sections, engi-
neering offices, parks and recreation divisions, and
waste-disposal offices, directly or indirectly use land-
use-change data frequently, both in current operations
and in planning and projection of future trends.

APPROACH TO THE ANALYSIS OF LANDSAT
DATA

NASA has launched two satellites—Landsat-1 in
1972 and Landsat-2 in 1975—which orbit the Earth at
an altitude of 915 km. Data are collected by multi-
spectral scanners aboard the Landsats in four portions
of the electromagnetic spectrum—band 4, 0.5 to 0.6
pum (visible green); band 5, 0.6 to 0.7 um (visible
red) ; band 6, 0.7 to 0.8 um (reflective infrared) ; and
band 7, 0.8 to 1.1 um (reflective infrared). Thus, four
elements of data are available for a particular area
every time a satellite makes a pass.

Each Landsat satellite passes over the same nominal
area every 18 days, but the orbits are staggered, re-
sulting in coverage every 9 days over a given area.

Two general data formats are available from Land-
sat—photographic (image) products and CCT’s (com-
puter compatible tapes). The photographic products—
film or paper and available at different scales—con-
tain the entire Landsat scene. The largest standard
scale available from the EROS Data Center is 1:250,-
000. Entire Landsat scenes are also stored on CCT’s,
but in digital format. A single Landsat scene contains
3240 elements (samples) of data for each of 2340
lines—over 7.5 million individual picture elements,
commonly called pixels. A pixel is the smallest area
on the Earth’s surface for which the Landsats can
record reflected electromagnetic radiation. The pixel
is 79 by 57 m, or about 0.45 ha, from the nominal
orbital altitude.



TODD

For detection of land-use and land-cover change,
it is important to choose Landsat dates when pheno-
logical and seasonal differences are minimal. Data
from two passes of Landsat-1 were used—Oectober
15, 1972 (1D 1084-15433 and ID 1084-15440), and
October 5, 1974 (ID 1804-15325)—for the ARC proj-
ect. Digital data from the CCT’s on the two dates were
temporally overlaid for further processing. Not all of
the ARC seven-county area was analyzed for the test.
The six 29.3 by 29.3 km subscenes, totaling 5151 km?,
that were analyzed include most of the Atlanta region.

Digital image analysis

To illustrate the technique used in the test, a small
part of the region (fig. 1) is used throughout this
report. The 22.5 km? area is located approximately 22
km northeast of downtown Atlanta, immediately east

Fiecure 1.—Aerial photographs of northeastern Atlanta region.
Upper, October 1972 (NASA). Lower, February 1975
(USGRS). Approximate location of UTM 1.0-km tick marks
(zone 16) indicates scale and direction.
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of the Perimeter Highway (Interstate 285) which en-
circles Atlanta, and includes the Interstate 85 and
Norcross Southern industrial districts. This part of
the Atlanta region experienced many land-use and
land-cover changes between 1972 and 1974, not atypi-
cal of a dynamic urban-rural fringe zone of a large
metropolitan area.

In figure 1, two aerial photographs of the site are
shown. The upper photograph is from a high-altitude
color infrared aerial photograph taken by NASA in
October 1972. The lower photograph was taken by the
U.S. Geological Survey in February 1975. Landsat
band-5 images of the same area are shown in figure 2;
as the upper image was taken in October 1972 and
the lower in October 1974, a very close temporal cor-
relation exists between the two images and the two
aerial photographs. Interstate 85 gently winds from
the southwest to the northeast portion of the area and

e MB79ON T

e

%

Fieure 2.—Landsat band-5 images of northeastern Atlanta
region. Upper, October 1972 (1084-15433-5). Lower, October
1974 (1804-15325-5). Approximate location of UTM 1.0-km
tick marks (zone 16) indicates scale and direction.
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is evident on both the aerial photographs and Landsat
images. Large industrial and commercial complexes
adjacent to the interstate are areas largely void of
vegetation; such areas have brightly reflecting sur-
faces—rooftops, streets, parking lots—and have lighter
tones on the imagery. Forested areas such as the large
tract located in the south-central portion of the figure
have a dark reflectance in the visible wavelengths and
consequently appear dark on the Landsat images and
aerial photographs. Residential areas are distinguished
on the aerial photographs by their development pat-
tern—rows of houses along closely spaced streets—
and on the Landsat images by the coarse texture.
Visual interpretation—manual detection and de-
lineation—of land-use and land-cover changes may be
made by direct comparison of the two Landsat images,
but the General Electric Image 100 system allows the

-+ 3755N+

1‘. -

Freure 3.—Digital analysis of temporal overlay of Landsat
(band-5 data. Upper, ratioed data (band 5, 1972, divided by
band 5, 1974). Lower, land-use-change theme extracted from
ratioed data. Approximate location of UTM 1.0-km tick
marks (zone 16) indicates scale and direction.

LAND USE CHANGE DETECTED BY USING LANDSAT DATA

land-use-change areas to be extracted digitally, by man
interacting with the system. Change detection using
digital Landsat data is essentially a process of com-
paring data from two different dates on a pixel to
pixel basis, after the data have been digitally over-
laid. A technique termed “ratioing” was used in the
Image 100 system to detect change. Ratioing involves
dividing the intensity of reflected EMR (electromag-
netic radiation) in one band from one Landsat date
by the intensity of EMR of the same band of an-
other Landsat date on a pixel to pixel basis (fig. 3,
upper image). In all areas where the reflected EMR
is approximately the same for each scene (that is, the
same type of land cover in each scene), the result of
the division is nearly 1.0 and such areas appear gray
on the upper image of figure 3. In other areas where
land use and land cover had changed from one date
to the next, the quotient is significantly different from
1.0. Areas with low reflectance values (dark tones) in
1972 and high reflectance values (light tones) in 1974,
(for example, a forested area which was cleared for
construction of an industrial plant) have low ratios
and appear dark on the image of ratioed data. Con-
versely, areas with high reflectance values in 1972 and
low reflectance values in 1974 (for example, a con-
struction site that was landscaped during the time
period) have high ratios and appear light on the ratio
image.

Large areas of land-use and land-cover changes are
evident on the ratio image, particularly areas with
low ratios that indicate a large amount of construc-
tion activity—extension of the existing urban and
built-up area—from 1972 to 1974. Another step in the
change-detection procedure was taken, namely digital
extraction (that is, separation, classification) of the
areas with dark tones (low ratios) from the remainder
of the area. The lower image of figure 3 illustrates
the result of the extraction—a land-use-change cate-
gory (dark areas).

Comparison of the change map with the two aerial
photographs (fig. 1) indeed indicates that the loca-
tion and extent of significant large areas have been
detected successfully. (The identity of the types of
changes themselves is considered separately below.)
There are some scattered small areas of change which
are probably resulting from “noise” in the raw digi-
tal data. (This might be reduced by use of an auto-
matic noise-reduction algorithm.)

The map of land-use and land-cover change is shown
overlaid onto the aerial photographs (fig. 4). For pur-
poses of this analysis, change areas with 3 or fewer
pixels (1.4 ha) were eliminated from consideration.

Extensive warehousing and wholesaling establish-
ments were constructed in the Interstate 85 industrial
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Ficure 4.—Map of land-use and land-cover change overlaid
onto aerial photographs of northeastern Atlanta region.
Upper, Octber 1972 (NASA). Lower, February 1975
(USGS): a, I-85 industrial park development; b, new
warehouse and wholesale development; ¢, industrial park
development; d, land cleared for industrial expansion; e,
land cleared for industrial and commercial development; f,
Knollwood Apartments; g, Westwood Apartments; and #k,
Kelton Woods and Colony North Apartments. Approximate
location of UTM 1.0-km tick marks (zone 16) indicates scale
and direction.

district in the northwestern part of the area from
1972 to 1974. As shown in the 1972 aerial photograph,
portions of that land were forested in 1974, while the
remainder was nonforested open space. Two large
areas—one in the southwest and another in the north-
east—were cleared for industrial or commercial ex-
pansion in the 2-year period. Forested sites were
cleared for the construction of four multifamily resi-
dential developments in the south-central sector of the
area: Knollwood Apartments, Westwood Apartments,
Kelton Woods, and Colony North. Multifamily resi-
dential land use can be distinguished from single

533

family on the aerial photographs (fig. 1) by the larger
structures of the former and on the Landsat imagery
(fig. 2) by their brighter tones.

Exemplary accuracy level

Quantitative assessment of the accuracy level of the
ratioing technique involved evaluation of a 136-km?
area, which included the area represented in the il-
lustrations. The total change category in this test
area consisted of 2549 Landsat pixels (1147 ha) in 438
separate areas. Elimination of the 3-pixel (1.4-ha)
areas and smaller left 106 areas consisting of a total
pixel count of 2108 (949 ha).

The change map was compared with the aerial
photographs (fig. 1), and each of the 106 areas was
checked to determine (1) whether or not land use
change had occurred and (2) how much larger or
smaller the change area should have been. The over-
all evalnation showed that 91.4 percent of the cate-
gory of land-use and land-cover change—which in-
cluded 78 percent of the total number of change
areas—were correctly identified as change. The dif-
ference in areas of land-use and land-cover change,
determined by visual inspection of aerial photographs
and the Landsat-derived information, averages 2.6
pixels (1.2 ha) and is based on comparison of 82 areas
(mean size was 23.5 pixels or 10.6 ha) correctly iden-
tified in the Landsat information as areas of land-use
or land-cover change. Areas incorrectly identified as
change averaged much smaller (7.6 pixels or 3.4 ha)
than those correctly identified. It is significant to note,
finally, that all areas larger than 1.4 hectares in which
land use and land cover had changed in the 2-year
period were categorized as change areas using the
ratioing technique.

Categorization of type of land-use and land-cover
change

During the ARC tests of land-use-change detection,
an additional mode of digital processing was applied
to the Landsat data—that of categorizing the type of
land-use and land-cover change, not merely its loca-
tion. The procedure involved two steps: (1) Cate-
gorizing the 1974 Landsat data into land-use and land-
cover types, and (2) combining the 1974 categoriza-
tion with the change map to determine type of change
in the 2-year period.

Initially, all four bands (4, 5, 6, and 7) of the 1974
Landsat multispectral scanner data were used to sub-
divide the ARC area into six broad land-use and land-
cover types: Single-family residential, commercial-
industrial-multifamily, cleared land, forested, open
space, and water. (The reader is reminded that only
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band 5 was used to extract the land-use-change cate-
gory.) The resulting 1974 land-use and land-cover map
was combined with the 1972—4 change map to cate-
gorize areas of change. Areas classified as both single-
family residential in 1974 and change from 19724
could then be designated “new single-family residen-
tial constructed between 1972 and 1974.”

An accuracy check of the change categorization pro-
cedures was made for the same area used for the
change map evaluation. For the single-family resi-
dential category, 10 of 19 areas of change were cor-
rect, while 53 of 63 areas of the combined class com-
mercial-industrial-multifamily and cleared land were
correct. No areas of change for the other three land-
use and land-cover categories—forested, open space,
water—were found in this area.

In an operational mode, a regional planning agency
will, indeed, be required to ground check the results
of the Landsat digital processing. Ratioing a pair of
Landsat scenes will quickly produce a map showing
areas of land-use and land-cover change in a particu-
lar region; categorization of type of change will give
the agency an important headstart towards alloca-
tion of manpower resources for field verification.
Analysis of the 5000-km? area in the Atlanta region
was accomplished in less than 1 workweek ; the amount
of field checking will depend upon resources available.

POSSIBLE END PRODUCTS

Digital analysis of overlaid Landsat data of dif-
ferent times can provide (1) a map showing change,
(2) tabular aggregations of area change by desired
geographic areas, such as counties, census tracts, and
ecological zones, and (3) computer compatible stor-
age (for example, magnetic tape) of land-use-change
data.

Data on land-use and land-cover change can be
stored on computer tapes and be readily processed to
produce different types of maps and overlays for dif-
ferent user’s needs. Maps at a scale of 1:50,000 or
larger can be produced, as well as small-scale maps
for publication purposes (for example, 1:500,000 or
smaller). Map projection can also be changed to make
overlays for different user’s base maps. The change
polygons on the map of land-use and land-cover
change can be indicated in color or black-and-white,
drawn perhaps by a computer-driven plotter, and re-
produced as paper products or transparent overlays.

Tabular aggregation of the change data by type of
change and geographic areas is readily accomplished

LAND USE CHANGE DETECTED BY USING LANDSAT DATA

by overlaying boundaries onto the Landsat data, very
similar to overlaying the multitemporal Landsat data.
After the geographic areas and change data are over-
laid, simple tallying of change pixels may be made by
unit. Another possibility is to tally the change data
by contiguous aggregations of change pixels, that is,
the number and size of change areas. For example,

. the tallying may indicate the number of change areas

which were found in Fulton County and then list the
areas and their acreage. Change areas may also be
tallied for other breakdowns, including traffic zones,
enumeration districts, soil type, and ownership.

USE OF THE END PRODUCTS

The kinds of use of the data on land-use and land-
cover change depend on the user. Many Federal and
State agencies will only be concerned with coarse
tabular aggregations of change data for entire urban
regions. A large State agency, for example, may be
interested in yearly indications of urban growth acre-
age as input to the formation of a statewide land use
policy. Local agencies, however, may use maps and
tabular data for more detailed analysis. Multicounty,
county, or municipal maps of land-use and land-cover
change might be prepared with tabular aggregations
at smaller units, as input to planning models and de-
cisionmaking.
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‘SIMULATION OF FLOW FROM AN AQUIFER TO A
PARTIALLY PENETRATING TRENCH

By STANLEY A. LEAKE, Jackson, Miss.

Prepared in cooperation with the U.S. Army Corps of Engineers, Nashville District

Abstract.—Construction of the Tennessee-Tombigbee Water-
way in northeast Mississippi will involve dewatering as much
as 46 m of an unconfined aquifer near the Tennessee Valley
divide. Dewatering by trenching is one of the proposed meth-
ods. Methods of calculating effects of dewatering by trenching
have been heretofore limited to situations where ideal condi-
tions such as isotropic aquifers and fully penetrating trenches
occur. In order to study the effects of trenching on the water
table in the more complicated hydrologic system in northeast
Mississippi, a two-dimensional cross-sectional digital model
was developed from an existing two-dimensional digital model.
To make the solutions obtained from the model applicable to
any aquifer thickness or other hydrologic condition, a tech-
nique for nondimensional simulation was developed. With
these techniques, nondimensional water-surface profiles were

generated for given stages of trench penetration of the aquifer -

and for different ratios of anisotropy.

The Tennessee-Tombigbee Waterway is a project un-
dertaken by the U.S. Army Corps of Engineers to
shorten shipping distances from the Gulf of Mexico
to the Tennessee River valley. Construction in the
northernmost part of the project, known as the divide
section (fig. 1), will necessitate prior dewatering of
as much as 46 m of an unconfined or semiconfined aqui-
fer over a 43-km stretch through the Tennessee Valley
divide. Because of the immensity of the required de-
watering, several methods are being studied to deter-
mine which one is suitable for this project. Among the
proposed methods is dewatering by trenching.

The evaluation of transient flow from an unconfined
aquifer to a trench or river is not a simple hydraulic
problem because the descriptive flow equation is non-
linear. For situations where the trench fully penetrates
the aquifer and flow is essentially horizontal, solutions
have been published. Among the most versatile of
these solutions is one developed by Yeh (1970), who
solved the one-dimensional flow equation by using
numerical techniques and published a nondimensional
solution in a tabular form with values of remaining

head given in percent as a function of time, drawdown
in the trench, distance from the trench, and initial
head, specific yield, and hydraulic conductivity of the
aquifer. Perhaps the most widely used solution for this
problem is one put forth by Glover (1973), who ap-
proached the problem by linearization of the flow
equation. The analytical solution to the resultant equa-
tion includes the probability integral or error function.
This solution is applicable when the change in thick-
ness of the aquifer is not large compared with the
total thickness of the aquifer. Several other solutions
using linearization and transformation techniques
have been published, but none of these one-dimensional
solutions is applicable to problems involving partially
penetrating trenches and anisotropic conditions.

The aquifer to be dewatered in the project area gen-
erally consists of thick deposits of sand that contain
discontinuous clay beds. Pumping tests in the area in-
dicate varying rates of vertical flow in the upper 61 m.

One of the proposed ways of trenching this material
is by making a trench that partially penetrates the
aquifer and by deepening it at selected points in time
until the water level in the adjacent aquifer is at the
desired altitude. This procedure along with the appar-
ent anisotropy of the aquifer complicates the problem
of determining the water level in the aquifer for a
given time. Because of these complications, a digital
model was chosen to solve the problem.

DEVELOPMENT OF A CROSS-SECTIONAL MODEL

If a trench is assumed to be straight and infinitely
long and if the aquifer properties do not change in the
direction of the trench, all flow is parallel to the plane
perpendicular to the axis of the trench. This being the
case, the solution is one that results from solving the
two-dimensional ground-water flow equation as applied
to a cross section of the aquifer (fig. 2). A finite-dif-
ference model developed by Trescott, Pinder, and
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Ficure 1.—Location of the Tennessee-Tombighee Divide
section.

Larson (1976) solves the equation. It was modified to
match the boundary conditions of this problem.

If a strip of the aquifer of uniform thickness is to
be simulated, then the governing two-dimensional flow
equation is

2 2
Kb -g—;’} + Ryyb %QZZ' = Sgb % (1)
where # = distance in horizontal direction,

y = distance in vertical direction,
b = thickness of strip,
h = head in aquifer,

K., K, = principal components of the hy-

draulic conductivity tensor,

S, = specific storage, and
¢t = time.
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UNIT WIDTH

Fi1eure 2.—Hydrologic system as modeled.

Assumptions made in using this equation are that K,
is not a function of x, K, is not a function of ¥, and
K., and K, are alined with the coordinate directions
# and y, respectively. Boundaries are defined as the
confining bed of the aquifer and the water table.

In the cross-sectional finite-difference grid (fig. 3),
the cells in the top row are assumed to simulate water-
table conditions. Head change at a water-table cell (fig.
4) is a function of, among other things, the specific
yield (S,) of the aquifer and dimensions of the cell.
In the finite-difference model, the storage coefficient
(8) or the specific yield (S,) is the volume of water
that the aquifer releases from storage per unit de-
crease in head per unit surface area. A different
representation of the specific yield must be used when
translating to cross section from plan view. The volume
of water released from a water-table cell in cross-sec-

tional configuration with a head decline of Ao—#% as

shown in figure 4 is Azb(h,—%)8,. In plan view the
same volume is given by AzAy(ho—h)S,. A correction
for this can be made by assigning a storage coefficient
value of S,b/Ay for water-table cells. '

The thickness of the strip (&) can conveniently be
chosen as a unit length. With this choice, the flow into
the trench, designated as a constant-head boundary,
has the units of discharge per unit length per side.

In designing the finite-difference grid network, the
bottom coincides with the base of the aquifer which is
assumed to be a horizontal plane and zero datum. Like-
wise, the top of the grid network is taken as the water
table. With this design, the initial head values are equal
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time.

to the summation of the Ay’s, which is the saturated

thickness.

To simulate the downward movement of the water
table during the dewatering process, the following pro-

cedure is used. After each time interval, the head at
the water-table cell in each column (fig. 3) is checked
to see if it has declined to a value less than the distance
from the bottom of the aquifer to the center of the
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Fiaure 4.—Finite-difference cell.

cell. If this has taken place, the water-table specific
yield is transferred to the next lower cell in the column
and the transmissivity of the original cell is set equal
to zero. This check is made again at the new cell. The
check and transfer process is repeated until one is
found in which the head is above its center. A similar
algorithm could be developed to accomodate an in-
creasing head in the aquifer.

Another useful feature to be included in the modi-
fied model is the ability to change constant-head values
or add constant-head cells during the simulation. The
original model was designed to simulate a number of

“pumping periods” or periods in which the stresses on -

the hydrologic system are assumed to be constant. The
modified model is programed to designate new con-
stant-head cells at the start of these pumping periods.
This allows the capability of simulating changes in the
water level in a trench, deepening an existing trench,
or adding a new trench at selected points in time.

Simulations done for this study involved a single
partially penetrating trench that was assumed to be
instantaneously made and instantaneously deepened at
selected times. In a given simulation, a trench was
deepened in steps until the entire aquifer thickness was
penetrated.

To test the cross-sectional model, a problem involving
flow to a fully penetrating trench in an isotropic aqui-
fer was simulated. The same problem was simulated
with a plan-view model and the results of the two sim-
ulations were compared. In both simulations an initial
aquifer thickness of 30 m, a specitic yield of 0.2, and a
hydraulic conductivity of 4.6 m/d were assumed. An
instantaneous head decline of 24 m was assumed to take
place at the beginning of the simulation. The same
discrete representations for time and distance were used
in both simulations. Average values in a vertical were
used for comparison with values from the plan-view

SIMULATION OF FLOW FROM AN AQUIFER TO A PARTIALLY PENETRATING TRENCH

solution. The computed values from each of the simula-
tions were in agreement to within 1 percent of the
initial aquifer thickness. These cross-sectional results
were also compared with results obtained from Yeh’s
solution (fig. 5). Although the difference in this com-
parison is somewhat greater than was observed in the
comparison of the two finite-difference solutions, the
results still indicate a close agreement. Values from
Yeh’s solution indicate more drawdown than the values
from the cross-sectional solution. The reason for this
slight difference has not been determined; however,
probable causes include peculiarities in one or both of
the numerical techniques used.

NONDIMENSIONAL SIMULATION

A solution obtained by cross-sectional simulation is
applicable only to the problem described by the input
parameters. It is desirable, however, to obtain a solu-
tion that, for a given set of boundary conditions, is
universal with respect to various input parameters.
This can be accomplished by nondimensionalizing the
basic flow equation (Smith, 1965).

Equation 1 can be transformed to nondimensional
form by dividing each quantity with the units of
length by some fixed length. For later convenience,
the initial aquifer thickness (%,) is chosen for the fixed
length. The resulting variable substitutions are
x*=w/hy, y*=vy/ho, and 2*=1/h,. Equation 1 becomes

Kpgb 32h* | Kb 32h* _ bSyhg dh*

hg ex*Z T sy*2 = by ot 2)
where  water-table conditions exist. Defining
£ =AyK ;;t/ (Syh%), equation 2 is simplified to

32p* LK 32n* _ 3h* | 3)
dx*Z o dY*Z T at*

To apply this equation to points other than those on
the aquifer surface, it must be assumed that the specific
storage is negligible.

To solve equation 3 with a finite-difference model, a
value of unity is used for the starting head, values of
Az/h, and Ay/h, are used for cell dimensions, and
AyK 2/ (8,h%) is used for time. Then for a given an-
isotropy ratio, K,,/K,;, and boundary conditions, the
resultant solution will be applicable to aquifers with
any starting head, specific yield, and horizontal hy-
draulic conductivity.

RESULTS OF NONDIMENSIONAL SIMULATIONS

To illustrate nondimensional simulations of flow to
a partially penetrating trench, a problem involving a

-trench that penetrated half of the aquifer’s thickness
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- FI6URE 6.—Nondimensional water-surface profiles from sample problem.

at the start of the simulation and then deepened to
penetrate the remaining half at some point in non-
dimensional time was selected for simulation. The point
in time was chosen somewhat arbitrarily as ¢*=30.5.
The ratio of vertical to horizontal hydraulic conduc-
tivity was given as 0.02. Drawdown values, as com-

puted by the model at the surface of the aquifer, are
the ratio of the aquifer water-level decline to the total
aquifer thickness. Their distance from the trench is
computed by summing the Az/h, values. The resultant
value is the number of aquifer thicknesses that the
point is from the trench. For various nondimensional
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times, nondimensional water-surface profiles are repre-
sented graphically in figure 6.

SUMMARY

The effects of dewatering by trenching can be eval-
uated by solving the one-dimensional or two-dimen-
sional ground-water flow equations. If the trench fully
penetrates the aquifer and flow in the aquifer can be
assumed to be horizontal, then one or more of several
published solutions can be used. If the flow cannot be
assumed to be horizontal, then the problem can be
solved by modifying a two-dimensional digital model
to simulate the flow problem in cross section.

In the cross-sectional model finite-difference grid, the
upper or water-table cells must drop out when the head
declines to a value less than the distance from the base
of the aquifer to the center of the cell. Specific yield
at the water-table cells must be represented differently
because the head decline there is-not a function of the
area of the cell in the -y plane as is assumed in a plan-

view model. By modifying-the model to read in con-
stant-head values at the start of a pumping period, the
user can change or add constant-head cells that sim-
ulate a trench.

Through variable substitutions made for various in-
put parameters, a problem can be simulated nondimen-
sionally. The resultant solution is universal with
respect to various input parameters.
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A METHOD FOR ADJUSTING VALUES OF MANNING’S
ROUGHNESS COEFFICIENT FOR FLOODED URBAN AREAS

By H. R. HEJL, Jr., Lawrence, Kans.

Abstract.—A method is presented for adjusting values of Manning’s
roughness coefficient for flooded urban areas on the basis of the density of
buildings on a flood plain and verified roughness coefficients for natural
conditions. An urban roughness coefficient can be calculated to emulate the
water-surface profiles to within 0.06 meter for depths of flow less than 0.6
meter and plus or minus 10 percent for depths between 0.6 and 2 meters.

A method is presented here to allow users of the U.S. Geo-
logical Survey’s step-backwater and floodway analyses,
computer program E431 (Shearman, 1976), to adjust values
of Manning’s roughness coefficient (n) for flooded urban
areas. Because few, if any, verified values of n currently are
available for urban areas, users of the step-backwater and
floodway analyses program have a choice of either (1)
eliminating the portion of the cross section occupied by
buildings and selecting a value of n for the areas between the
buildings, or (2) usin