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Abstract Tpagery from the first Earth Resources Technology Satellite was used
to discriminate physical features of drainage basing in an effort to improve
equations used to estimate streamflow characteristics.

Records of 20 gaged basins in Maryland and Delaware were analyzed for
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tiple linear regression. A control group of equations used basin character-
istics derived from maps. An experimental group of equations used basin
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40 equations the standard error of estimate was reduced more than 10 per-
cent. As an example, the standard error of estimate of the eguation 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 treduced 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 im-
prove the accuracy of estimates of some streamflow characterlstlcs at sites
in the Delmarva Peninsula.
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| - PREFACE

The image'anélysis phase of'this invgs;igationvvas designed to use
the time-lapse aﬁalysis capébilitiés'of ESIAC (Electrnnig<3atellita
Image Analysis Console) at the.Staﬁfofé Res§arch Instiﬁute. Thié_equipf
ment was being designed and tested.ﬁndgx-NASA Confréct NAS 5—2;8#1 coti-
currently with this invesfigation; In addition, this investigation used
the photographié extractions of basin characteristics being produced
from satellitE-imagery'ﬁy the Topographic Division, U.S. Geological
Survey. as part'of'a thematic mapring invéstigation under NASA Ceutract
§-70243-AG. |

The objective of the investigation was to test two hypotheses.

’

First, it was postulated that indices of dynamic basin characteristics

could be extracted from imagery acquired by the Farth Resources Techmology
Satellite (now Landsat). BSecond, it was postulated that these indices

could be used quantitatively to improve equations for estimating stream-

" flow characteristics.

In order to test the hypothesis that basin characteristics derived

from Landsat imagery can be used to improve equations for estimating stream—

flow, it was necessary first to extract the data from the imagery and

then to use the data in a simple analytic experiment. Several techniques

were trled for accurately extractlng and measuring ba51n charactELlstlcs,

some were representatlve of state«of—the—art at the tlme they were trled.'

The analytlc experlment 1nvolved computlng and comparlng two sets of

multlple llnear regre551on equatlons where one set contalned baszn char—_
acteristics derived from Landsat 1magery. ThlS analytlc experlment was con—

gidered the primary objective limiting the scope of work.
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th-is'concludeﬁ that'somé baéin characteristics can.be extracted
easily from a‘siﬁgle set ofALandsétlimagery with the aid of multispectral
image analjsis éys;ems that employ fi¥m—&en§ity disgriminatioﬁ techniques
only. -Two.oflthe easily—extracted’baéin cﬁaracteristibs can be used to
substantially improve the accuracy;of équaﬁions used to estimate 12 out
of 40 streamflow characteristics for streams on the Delmarve Peninsﬁla of
Delaware, Maryland, and Virginia. This improved accuracy could allow
a reduction in effort néeded to collect data that is used to define these
streamflow charécteristics at gaged sites. The savings in manpower and
money could be applied to meetiﬁg other current and anticipated data
needs. |

New image analysis techniques need to be tested as to their capabil-
ities for operatiomal output of basin characteristics data. Techniques
using digital data from computer compatible tapes are a likely source of
data for expanding the.matrices used to develop better equations for
estimating streamflow.

" Consideration might bé given to testing basin characteristics derived
from satellite data for improviné'estimates of streamflow in other phy-
Sibgraphié régions in the nation.

‘Consideration might also be given to the possibility of applying
results of this'investigatioﬁ nationally by dévélépﬁﬁg an?éipénded“bésin ;
chéﬁaéteriétics file for correlation with the nationéirstreamflow data

fiies.



CONVERSION FACTORS

Factors for cohvérting English units to metric units -ave shown to four
significant.figufesf However, in £he'text the metriec equivalents are
shown only to the number of significang,figﬁres congisteﬁtlwith ﬁhe.
values for the English units. A |

English : Multiply by , ) Metric

£t3/s | 0 2.832x 1072 wd/s
(cubic feet per second) (cubic metres per second)
ft (feet) . ' 3.048 x 1071 m (metres)
in (inches) - 2.540 x 1075 mm (millimetres)
wmi (miles) 1.609 km (kilometres)
miZ (square miles) 2,590 m? (square kilometres)
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IMPROVING ESTIMATES OF STREAMFLOW CHARACTERISTICS
USING LANDSAT-1 (ERTS-1) IMAGERY -

By Este T. Hollyday, Nashville, TN.

‘Wbrk done in cooperation with the National Aeréﬁautics
- and Space Administration

Abstract.--Imagery from the first Earth Resoﬁrces:Technology
Satellite (renamed Landsat-1) was used to discriminate physical features
hf drainage Lésiné_in an effort to improve equations used to eétimate’
streamflow characteristiés at gaged and ﬁngaged sites. Recoras of 20
gaged bésiﬁs in thé Delmarva Peninsula of Maryland, Delawére, and
Virginia ﬁere analyzed for 40 statistical streamflow characteristics.
Eﬁuatiohs relating these charécﬁeristics to basiﬁ characteristiés wére
obtained by a techniqua.of multiple linear regression; A control group
of equations dontainé basin charactéristicé derived from maps; An.exper—
imental group of equations contains basin charactéristicé derived from
both”maps and imagery. CharacteristiQS‘from imagéry were foresi, riparian
(stream—bank) vegetatlon, water, and combined agrlcultural and urban iland
use. These basin characterlstlcs were isolated phutographlcally by tech~
niques of film-density digqrimination._ The area of each characteristic

in each basin was measured photometrically.



Comparlson of equatlons in Lhe control group with corresponding equa-~
tions in the experlmental group reveals that for 12 out of 40 equations
the standard erroerf estimate was reduced by more than 10 percent. As

an example, the standard error of éstimate'of the equation for the S5-year

‘recurrence-interval flood peask wasAreduped from 46 to 32 percent. Sim-

ilarly, thé éténdard érrof of the-équétion for the méan.monthiy flow for
September was reduced from 32 to 24 pereent, the standard error.for the
7-day, 2-year recurrence low flow a; reduced from 136 to 102 peréent, and
the standard error for the 3-day, i;jear.flood volume was reduced from 30
to 12 pércent. | | |

It is concluded that data ffom Landsat imagery can substanfially
improve the accuracy'of.éétimates of some streamflow'characteristicé':
at sites in the Delmarva Peninsula,

| | INTRODUCTION

Nationally the U.S. Geological Survej operates more th#n 10,000
stations that are used‘for gaging streamflow. Recor&s éf stage collected
continuously at gaging stations are conﬁerted‘to streamflow and are pub-
lished‘annﬁally. These data are uSeful‘to'plénnefs, éngineers; and:wé#er
managers for designing Water supply reservolrs, controlllng pollutlon,
desmgnlng brldges, managing flood plalnb, forecastlng and managing floods,

producing power, and de51gn1ng and malntalnlng nav1gat10n facilities.

'Thp purpose of thls 1nvest1gatlon is to determlne 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 sCudy to evaluate the national streamflow

data program which had evolved over the previous 80 years (Benson and
Carter, 1973). Existing data were-evaiuated in terms of newly-established
goalé, and a proposal for contiﬁuation 6f a revised program was released

to the open file (Forrest and Walkef, 1§70);



- As.partlof this evaluatién, the records for each gage on uﬁregulated
streams were analyzed to.derivé.statistical measures’ of flow termed
streamflow charéctgristics, whicﬁ*include average flows, variabiiity in
average flows, flood peaks, flood ﬁolﬁﬁes,'and low'flowé. Using:multiple
linear regression techniques the strgéﬁflow characferistics were then
correlated with basiﬁ characteriSticé, which are selected phyéiqgraﬁhic
aﬁd climatic features of the‘correspcﬁding drainage basins. This regres-
sion analysis was done inbpart to transfer the streamflow records from
gaged to ungaged sites, and iﬁ part to évaluate the record. The statis-
tical model that was used is: _

: ' b(1) b(2) b(n},
Y = aX(l) %(2) «a o X(n)
where Y is a streamflow characteristie, X(1) to X(n) are basin char-
~acteristics, and a, b{(l) to b(n) are the regressioﬁ 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 floﬁ characteristies at ungaged sites. These
accuracy goals were given in térﬁs of equivalent years of. record. This
means it.was épecifieﬁ that information provided for any ungaged point
_on a stream should be equivalent in accuracy to that which would have
been attained by an éctual record of é selected number of years (10 or 25)'
at’ that point. Accuracy goals in terms of equivalent years of record
in‘a‘given sthte or region were converted to standard error in percent
~of ‘mean uéing the methods deséribed by Hardison (1969). Independent
of specifying thésa‘acéuracy goals, a value called the standard error of.

estimate, was computed for each regression equatiom. -

4~



This value is a general index of the accuracy of estimates obtained by
use of the equation. By‘hompafing the standard error of estimate of
each streamflow characteristic with the #cnﬁracy goal for that char-
acteristic, it was possible to judge tﬁe degree to'whicﬁ some goals

had already been achieved by existingAﬁata and to judgé the need for con-
tinued data éollectioﬁ. ‘According to-the concepts used in thé eval-
uation study (Benson and Carter, 19731, about 10 percént of the present

streamflow program effort should be redirected to areas of higher

priority.



i Since‘1970 the streamfloﬁfdata program is being reevaluated period-
ically, and tﬁis‘inveétigation is_pertinent td the continuing evaluation
effort in that it tests the impaﬁt of additional basin characteristics
on es;imates_of streamflow chéracteti;tics} If.basin-cﬁaracteristics
derived from Landsat data are added_té,an gquationfén& if thisiadditibn
Tesults in a reduced standard error of estimate of the streaﬁflpw char-
acteristic theﬁ.the new standard errdf may be less than the accuracy goal.
In such a case, a reduétion in effort to collect data on that charvacter-
istic would be'in'order. In this Way,:additional basin characteristics
derived from satellite data coﬁld have a substantial impact on the stream- |
flow information program.

The basin characteristics used in the regression analysis that was
paft of the evaluation were compiied from U.8. Geological Survey ftopograp-
ic maps andxfrom National Weather Service Climatologlcal Data. The maps
are not the most suitéble source of information on basin charaeteristics.
The mapé vary in scale and detail; they also vary in age of photography

used for compiling land-cover information. In order to have maximum

ground visibility,mapping‘photography is uéually taken in early spring.
before leafing-out of trees which generallyvcoincidesvwith conditions of
high water in the eastern half of the nation. The scale is commonly -

1:20,000 or about 3 mi (5 km) on a photograph edge.
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On July 235 1972, the U;S. National Aeronauﬁiqs and Space Admin-
istration (NASA) launéhéd the fits; Earth ResourcesﬂTechnblqu Satellite
(renamed Landsét—l) capabie of :épeaﬁedly_and uniférmlylimaging'the
Earth. rThe opportunity is presented.£o evaluate bgsin charéctefistics
extracted from satellite images. -Al;ﬁough the reéolutiou of_tﬁe Landsat~1
system cannot compare with standard mapping photography, several advan-
tages are foresgen in using Landsat imagery as a soutce of basin cher-
acteristics rather thaﬁ topographic maps or the photographs from which
they were compiled. Landsat can provide seasonal information on land-
cover conditions rather than e#rly spring conditions only. A single
Landsat image covers an area of 13,200 mil (34,200 km2) or 115 mi (185 km)
on an. image edge., The view has nearly uniform lighting condilions allowing
more uniform application of,critefia.for extracting basin characteristics
than a photographic mosaic of comparable coverage. An interpreter cam
select those characteéistics believed to be most -closely related to hydrol-~
ogy rather than accepting the standard éuitural information on topographic
maps.,

Many previous apﬁlications ;f tandsat 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‘teSﬁ

guantitatively the inferred relationships between streamflow and selected

‘land-tover tfPésQ' This report describes results of testing‘the‘hypotheSeév

that hydrogically-significant basin characteristics can be extracted from

" Landsat-1 imagery, and that these characteristics can be used quantitative-

1y to improve equations for estimating streamflow characteristics.

7=



LPHYSIOGI-{AI’HY OF STUDY AREA =
The study area sélécted.for'testiﬁg Landsat imagery in this inveéti~
gétlon encompasses most of the Delmarva Penlnsula and part of the adjacent
malnland coveled by Landsatwl image 1079—15133 and succeedlng 1mages with

comparable coverage (fig. 1). The area 11es w1th1n the'Central Atlantic

Figure 1.-—(caption on next page) belongs near here.

ﬁegional Ecoiogical Téét Site (CAﬁﬁTS)'of the U;S. Geblogica} Survey.
It is part of the Chesapeake Bay‘grcup of Landsat investigations funded
by the National Aeronautics an&'Space Administration. -

Twenty gaged drainége basgins were_selectedei:hin the study area.
(table 1). Drainage areas range froﬁ 3.85 mi2 (9,95 kmz) to 113 miz {
(293 kmz) and aﬁerage 2%.6 mil (6377 kmz). Trom ll.to 31 years of
streamflow déta were available for each gage wheg the daté were éval_
uated in 1970. | |

Mean annual precipitation raﬁges’from 46 in (il70 mm) to 48 in
(1220 ﬁﬁ). Mean annual temperature ranges from 12 fto 14°C, and ex-
tremes are moderate& by nearby Chesapeake Bay and Atlantie Ocean.
During winter there is a 45 percent prébability_ﬁhat the area will be
cloud covered‘duriﬁg a satellite overpass. By using parts from-és ﬁany i
o five successivE images of the same scene, however,_cpmplg;e.coverage

each season is practically assured.
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Table l.--Gaging stations (drainage basins) ﬁséd in multiple éegression analysils .

' Drainage
station - Station name area, Perdaed of
number _ Latitude Longltude in mi2 record. analyzed
01483200 Blackbird Creek at Blackbird, Del. 392158 0754010 3.85 1956-67; Annual max. 1952-56
__'014_83500_.' Leipsic River mear Chesyold, Del. 301358 0753757 9,35 1933; 1943-57; Annual max, 1958-47
© 01484300 Sowbridge Branch near Milton, Del. 384851 0751939 7.08 1956-67 :
01484500 7 Stockley Branch at Stockiey, Del. 383819 0752031 , 5.24 1943-67
" DL4B5000 Pocomoke River near Willards, Md. 382320 0751930 60.5 1949-67 )
- 01485500 Hassawango Creek near Snow Hill, Md. - 381344 0752819 4k 9 1949-67
'-01&8'6(500 Manokin Branch near Princess Aone,. Md. 381250 0754018 5.8 1951~67
. ‘01486500 Beaverdam Creek near Sali'ébury, M4, 382105 0753411 19.5 193667
© 01487000 Wanticoke ‘Rivé'r near Bridgaville; ﬁel. 384345 0753341 75.4 194367
. 61487500 Trap Pond Outlet near Laurel, Del. 383140 0752858 16.7 - 1951-67
" 01488500 :- Harahyhape Creek near Aqaméville, Del. 385059 0754024 44.8 1943~67
01489000 . Faulkner Branch at Tederalsburg, Mi. 384204 0754734 7.10 1950-
_ fO%égouuu" Chicamacomieo River near‘Saleﬁ, M., 383045 - 0755250 15.0 1951-
: -_014910[_)_0- Choptank ﬁiver: near Greensboro, Md. 385950. 0754709 S 113 1948~
“ 01492000 - Beayerdam _Eranch at _Nat'.l:hews, Md. 384841 07558'_15 5.85 1850-
":0149é500 _ Sallie Harris Creek nearfCarminhagl, Ma, 385755 0760630 8.09 1951-56; Amnual max, 1957-67
01493000 Uniéorn Branch near Millington, td. 391459 0755140 22.3 194867
- 01493500 . Morgan Creek near Kenneﬂy_.vi_l.l_é, Md'.. . 391648 0760054 10.5 195167 :
01494000 Southeast CGresk at Church Hill, Md. 390757 0755851 12.5 1951-56; Annual max. 1957-65
.393930 0760610 5.31

HOO
EH%S&@’
N

s . 01579000

Basin Run at Liberty Grove, Md.

1948-58; Annual max. 1965-67



The basin for station number 01579000 lies within the Piedmont
Plateau physidgréphic ﬁrpvince;.all other‘basins are-situated on the
Peninsula withiﬁ the Atlantic CoéSta1 Plaiﬁ province. Thﬁs part of the
Coastal Plain is a flat, low almost featureless plaln.»'Ma#imum éleva—
tions throughout the Penlnsula rarely exceed 80 feet (24 m) above mean
 sea level. Max1mum elevatlons 1n the Pledmont may. exceed 400 feet (120 m)
near the north end of the Peninsula. Rellef within any one square mile
may have a value as:chh as half the local maximum elevation. The shore-~

line of the Peninsula is extremely brokéﬁ and sinuoﬁs along the
Chesapeake_Bay and is characterized by very small relief and tidal
marshes. The shore of the Aplantic Ocean is composed of a long line éf
ba;rier beaches with lagoons on the landward sidg. All gaging stations
are'locaﬁed away from the shore and above tidal influence. The Coastal
" Plain is underlain by a series Qf'southeasterly dipping layers of uncon-
solidated sand and cla& with a subordinaté amount_of gravél. These
layers overlié the weathered crystalline fock of the Piedmont and thicken
to the southe;st from the northwest edge of the Coagtai Plain. Théée

- materials are!drainédlby_sluggish'rivets,_many'of_which have been or. -
are being chapnelize& above tide water for the purpose of improving

"~ the drainage ofﬂagricultﬁrai land.

5.;11;'



.ﬁeﬁore colonial time, the area was completely covered with forest.
Ihe amount of land clearéd for‘égriculture has varied throughout history.
Currently, secoﬁd-.and third—groﬁth.fqﬁest is lafgely restficted‘to
river flood plains, swamps, and wet uéiand‘ﬁepressionsuin ﬁﬁe northern
two-thirds of the area and also to'stéte forest preéeres in thé.southern
one-third of.the area; Tpland foregt-is comppsed predpminantiy_of pine,
mostly Virginia pine in the northern éart of the Peniﬁsula and 1obloliy
pine in the south. ULowland areas have a distin;tive_swamp hardwood
forest composed of ‘pin, willow, and swaﬁp oak; réd and black.gum; red
maple, river birch, yellow poplar, sycamore, beech, and walnut (Vﬁkes,
1957). Permanently-flooded or tidal, fresh-water areas in the south
have extensive stands of bald cypress. Agficultural land in the northern_
half of the study area, is used predominaﬁt1y~fordai;y farming, live-
stock, and feed grain, particularly corn.  1In the southern half it is_n

used for truck farming and poultry production.
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" Level 1 land use {Andersoﬁ'and others,

1972) within the 20 selected

drainége basins was predominantly forest and agriculture in 1970 with

the latter category being most common 1n the northern half of the study

area (E. J. Pluhowski, written commun. 1974)

Level 1 land-use Land use within:hasins, in percéﬁt
categorf N range K | -average
Urban and built up 0.0~ 5.1 0.5
Agriculture. R 20.2 - 96.2 .58.4
Forest o 3.8 - 79.6 $40.9
Water o ' 0.0 - 0.8 0.1
LaNDSAT-1

Landsat-1 is an experimental satellite

sensing from space with unmanned satellites

for demonstrating that remote

is feasible and can provide

valuable data to assist efficient management of water and other earth

resoutces (National Aeronautics and Space Administration, 1972).

Although the satellite was launched in July

1972 with a design life of -

biiyear, it has continuéd to provide imégery and to relay'data through

June 1975. In order to allow systematic, repetitive imaging of the

‘'Earth under nearly constant lighting conditions, it was launched and

 maneuvered into a‘citéular; neatépolér ofbit’that allows the satéllite'to

repeat its ground trace at Lhe same local solar tlme every 18 days.

This is 0942 hours aL the equator and about 10 mmnutes earlier for most

of the lower 48 states and Hawaii,
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ﬂThe satellite contains two'multispectrel imaging systems, a data
relay system, and support syeLems. The Multlspectral Scanner (MSS) is

a llne scannlng devmce with arlayed detectors rather than £11m.or sensi-

tized-phosphor plates. It detects,dayllght.solar energy reflected from
the Earth's surface in the visible and.mear (non-thermal) infrared region
of the spectrum. This energy passes through a single optical system '

that allows it to be reco?ded in four spatially-registered spectral bands,

_MultisPecﬁral Scanner ‘ Wavelength, in .
"'band , e_... ‘ - micrometres

oy . 0.5-0.6
5 - 0.6 - 0.7

6 | 0.7 - 0.8

7 | : 0.8 - 1.1

The‘human eye is sensitive to an 0.4 to 0.7 micrometre wavelength band.

The satellite system scans from west to east at right - angles to the path
of’tra#ela Forward motion of the satellite provides continuous coverage
along the orbital track. The detector response is sampled, bit encoded,
-and transmitted to a ground station. During image processing, the con—

tinuous data stream is located geographically, corrected geometrically

and radlometrlcally, and framed to produce a 35~mm 1mage on 70-mm fllm.

Each frame eovers an area of 34,200 Im?. Further proce551ng prov1des a

varlety of products and formats 1nclud1ng black and Whlte or color—eom—
'p051te 1mages w1th a scale of 1:1, 000 000 on 9~1/2-1nch (240—mm) film.
Each 1mage has lo—pereent forward lap Wlth 1mmed1ately prev1ous and

succeedlng images and about 20 percent smdeﬂlap for imagery of most of
the nation. Spatial resolution for the images averages about 80 m, but

may be considerably higher or lower depending upon Scene contrast. -
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BASIN.CHARACTERISTICS

CHARACTERTSTICS FROM LANDSAT TMAGERY

Spectral Reflectance

A.Basin charecteristic observed'in Laedsat imagery absorbs and re-
flects solar radiation in its own Way. The incoming.eolar radiation
striking an obJect may be compared Wlth the resultlng outgomng or re-
flected radiation for smell~1ncrements of wavelength. The resulting
vdaLa can be used to produce spectral reflectance curves for the selected

object (fig. 2). Dry SNowW reflects greater than 50 PElCEnt and clear

Figure 2.-—-(caption on next'page) belongs near here.

water reflects less than 10 percent of solar radiation over the band
width 0.3 to ielbmicrometree. As a result dry snow appears Very brigh£'
in cloud—free imagery for all four MSS bands, and water appears very
dark, espec1a11y in bands 6 and 7. Color fllms that have emulslon
layers semsitive to blue, green, and red light in the v151ble spectrum
eportray forest as green becauee maximum reflected solar radlatlon occufs
in the green part of the visible spectrum. An infrared color composmLe
of Landsat bands 4, 5, and 7, however, portrays ferest as red because
meximcm reflected raqiation occurs in‘the near~infrared or non-visible

part of the spectrum ﬁetween 0.8 and l}l micrometres,'Band'7. '
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Figure 2.--Generalized spectral reflectance.curﬁes fdr five land-
cover categories compared to Landsat spectral bands.
Curves for concrete,.asphalt,'forest, and water are
modified from Root: and Miller (1971); fo;'dry snow

. from Serebreny and others (1974).
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In theory, a Speclflc basln characterlstlc can be isolated in

Landsat 1magery from others by comparlng film den51t1es (which are re~
lated to spectralArerlectance);‘however, dlfflcultees arenfrequently
encountered when etteﬁpts are'mede'tc;isolete a characceristic-csing
film densities only. Tor a varieﬁy ef‘reesons theeefmay be significant
everlap emeng sPectrel curves. Fcc example, a thin cioud'cocer befween
ground and satellite tends to increase the apparent spectral reflectance

“of all terrain features.' In this wey water with a thin cloud cover may

easily be confused w1th asphalt in 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
eeehalt in coastal.cicies even ic cloud-free imagery., Conversely, shadow
from elther cloud or terrain tends to decrease the apparent spectral reflee-
tance.' In thlS way, asphalt in shadow may be confused with wate;.ln cpen
sunlight, In addition to these problems of isolating‘e specific basin
charecterisfic ic a single Llandsat image, seasonally, the angle of solar
illumination chenges, trees lose_or gaic their leaves, and soil moisture
variee.‘ Accofdingly; cfiteria for isolating baSic charactefistice.must

“also chauge from scene to scene throughout the year.

iThese difficuities 1imit the euccess of iseiating'a-basiﬁ cﬁaracter-
él_ 15t1c that has been selected solely on the ba51s of hydrologlc 31gn1f1—

P .cance. Some preeelected characterlstlcs do not have a unlque spectral

response that is always detectable with the L&ndsat system. As d result

'the selectlon of basin charactellstlcs to be derxved from Landsat 1magery
is a process 1nvolv1ng compromise between hydrologic 51gn1f1cance and

ease of extraction..




Selected Basin Characteristics-

Four ba51n characterlstlcs were finally Selected after g1v1ng con-

ﬂideratlon‘to hydrologic smgnlflcance, ease .of extractlon, and availabil~

ity of hydrologlc and remote-sensing . data in the sLudy area, The four
characterlstlcs and their symbol de51gnat10ns are:. forest (Uf), water
(Uw) , rlparian vegetatiog (Urv),[and comblned agrlcultﬁral'aﬁd urban land
luse (Uau). |

Forest (Uf) is the reiaﬁiﬁe area of a drainage basin that is_covered
by treeé, expressed in Percentage Bf total basin area. In the study area
this includes uﬁland pine forest és weli as lowland, swamp hardﬁbdd forést._
Forest appears to affect streamflow 1nd1rect1y by affecting rates of
evapotransplratlon, prec1p1tat1on 1nterceptlon, and the accumulation and
melting of snow. TForest cover was found significant at no less than the
5 percent 1evé1 in éétimating 19 6ﬁ£ of 41 stfeamflo#.characteristics..
(Forrest and walker, 1970). Torest has a unique spectral responsé detect-
able ﬁiﬁh the Landéat system. | . o ' | |

Wéter CUw) is ﬁhe relaﬁive area of a drainage hasin ﬁﬁat is covered
by a water surface visible from &bove, expressed in percentage of total
basin area. In the étudy area_it is ﬁhe area of mill ponds, induétrial
~ waste lagoomns, and flooded flelda. Wat?r is a measure-of.éurfaqe watep.
storage which affects evaporation, peak fldws for sﬁort- and intermediéfe-
recﬁrrenCE'intervgls,.and 1nw.flows:pf_natu;al streams. Stg;age was
found significant at ﬁo less than the 5 percent level in estimating 2
out.of 41 streamflow characteristics (Forrest and Walker, 1970). Llear
water has a unique spectral response that is easily detéctgd with the

. Landsat system.
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Riparian vegétation'(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 ﬁater'bOQy, expreséed in percentage of total basin area,
In the study area it is area of shrubg.and trees iq swamps,'maréhes,
and seasonally-flooded depressioné. ihe ¥oots ofiriparian vegétation
have-constaﬁt access to water .and thereby affect strgamflow, particularly
intermediate and loy flow, by affecting rates 'of evapotranspiration.
The roots can either withdraw water directly from a stream or intercept
water moving through the ground to a sﬁfeam. Riparian vegetation_was
not used previously in estimating streamflow characteristics. In scme
areas riparian vegetation has a unique spectral response, that can be
detected in Landsat imagery for winter months.

" Combined ag;icultural and urban land use (Uau) is fields, pasture,

buildings, roads, and sand pits, expressed in 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 arbitrarily measured as the difference be-
tween total basin area and the dombined area of forest (U£) and water

(Uw).
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Image Analysis

To make a quantitative test of the inferred relationships between
streamflow and selected bagin characteristics derived from Landsat
imagery the basin characteristics -are first measured and then used in an

analytic experiment. Tigure 3 shows the key steps‘in.this analysis.

Figure 3.-—(caption on next  page) belongs near here.

Cloud-free imagery for each season is selected from catalogued Landsat
data. The imagery is inspected. to estimate the ease of isoléting the
selected characteristics from a single band, or a combination of bands,
over one or more seasons. Characteristics such és forest are then
isolated and extracted. The relative area of each characteristic in
each basin is then measured. After image analysis, the characteristics
derived from Laudsat data are merged with'au available matrix of ﬁap~
derived basin characteristics. The new_mattix ié then éprrelated with
a matrix of streamflow characteristics by a technique of mﬁltiple fé-
gression. |

During image analysis, effort was coﬁcentrated within the 20 gaged
basins., A mask was used_to‘blackﬂout all of an image‘except'the areas
within the basins. The basin mask was prepéred by transferring thé
basin boundaries from topographic maps to opaque film. The opaque. layer
of this film was then removed from the area enclosed by the boundaries.
- Geographic control points were then added to allow registration of thg

mask with imagery having a scale of 1:1,000,000,
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Figure 3.--Flow diagram of technique for improving equations used
to estimate streamflow characteristics. Forest areas
are extracted from Landsat image 1079-15132, are meas-
ured basin by basin, and are added to characteristics
used previously in developing regression equations.
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- Manual extractions of Forest and water were prepared as guides

to automated image analy51s u51ug multlspectral 1mage analy51s systems

and using photography. A p051LIve fllm transparency of band 3 of 1mage
10?9-15133_was overlain with the ba51p mask and a glear film was placed
over the mask. The distribution of pﬂe sélected'baéiﬁ characteristic
was estimated visualiy and drawn'onlthe clear f£ilm by_subjecﬁively
applying criterié of filﬁ dénsity, tekture,‘shape, an& terrain posi-
tion relative to the drainage pattern. Areas believed to meet the
criteria were inked-in to compleﬁe the ﬁxtraction. |
Seasonal changes that mighf_be useful.in identifying and extract-
ing basin characteristics were detected by time—laﬁse processing of two
or more images of the same scene (Serebreny and others, 1974). Color
displays made of a magnified part of image 1079—15133 of October 10,
1972, and of image 1187-15140 of January 26, 1973, using ESIAC
(Electronic Satellite‘lmage Analysis Console at Stanford Research
Institute) revealed that rlparlan vegetatlon could be dlstlngulshed £rom
upland hardwood forest in the winter image of hasin 01485000. Values
of scene radiance along a cursor tra:e through the image of the basin
jndicated thét the vériation in film density (directly related to scene -
radiance) was just large enbugh.tb'isolate_riparian_vegetation by eqqif

densitometry. .
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Photbmechanical,extracﬁinné were made of forest, riparian veg-
etatlon; and witer u51ng one or more bands of images 1079 15133 and
1205-15141 of Tehruary 13, 1973 The fllm density of a selected basin
characteristic throughout the 1mage was measured along with the density
of selected steps in the lmage gray scale. A sultable range in density
was selected for 1solat1ng the characterlsLlc and was specifled for
photochemical control .in a’ hlghrquallty graphlc arts photographlc lab-

oratory. The laboratbry used suitable density-isolating films to pro-

duce binarY-éktractioﬂs in the form of'photographic transparencies.

Two or more of these transparencies can form a composite or sandwich

that reduces unwanted or spurious data while isolating the desired

basin characteristic. The photomechanical extractions used in this

iﬁvestigatioﬁ were produced in the laboratory that is part.of the
Autographiq_Themé Extraction System of the Earth Resources Observation
Syétems prograﬁ of tﬁe Department of Interior (Smith, 1973).
Measurement of the relative area of each characteristic in a gaged
basin was made phutcmetrlcally. nght from a photographlc enlarger was
focused upon an integralting photometer. The basin mask was introduced
between the light sotrce and photometer.  The total illumination pass-

ing through the transparent area inside a2 basin boundary on the mask is

- a measure of the total area of the basin. - A photomechanical extraction

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 theé area of the basin character— .

istic only. The ratio of illumination measurements'was expréssed as
percent of ba51n covered by the selected ba51n characterlstlc. The
photomeLllc equlpment was callbrated by 1ntroduc1ng circular hcles of

known diameter between the light source and the photometer.'
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The.rgtip‘of illuﬁinations fé# different hole dismeters agréed within ~
5 perﬁgnt with the ratio of 5reas calculated for thg corresponding
holeé. The eqﬁipment éelectigq énd‘§etgp‘were cogceivé@ by‘W;'E.-Evans,
Stanford Research Institute. Bas;in';haraé.teriéti.cs' da'.i:afmined l’by' tﬁié'

method are summarized in~tablé 2.
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‘Table 2.--Basin characteristics derived from Landsat~1 imagery.

Area of basin covered by given characteristic,

in percent of total basin are=

Seation Forest '. Water i' .Ripariaﬁr» :; Combined
number ) .- vegetation agr, and urban
sy - (Uw) (Urv)  (Uau)
01483200 43.6 1.1 52.8 55.3
" 01483500 .2 0.0 - 21.0 | 85.8
01484300 29.6 1.8 6.1 68.6
01484500 23.9 0.0 3.9 76.1
01485000 40.8 0.0 11.9 59.2
01485500 79.4 . 0.0 5.4 20.6
01486000 . 67.4 0.0  '10.8 : 32.6
01486500 39.4 0.7 0.8 59.9
01487000 29.3 | 0.0 3.5 707
01487500 . 59,7 1.0 2.4 39,3
01488500 32.3 0.0 18.0 o 67.7
01489000 - 19.5- . 0:.0 . - 3.0 = 80.5
01490000 - 55.2 0.9 . . 3.6 . 43,9
01491000 40.4 . 0.4 39.1 : 59.2
01492000  36.2 0.0 3.0 63.8
01492500 8.3 0.0 138 68.7
01493000 233 . - 0.8 35.6 75.9
01493500 - 6.0- - 0.0 o 6.7 %0
01494000 - 20.2 0.0 18.0 o 79.8

01579000 213 0.0 322 787
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CHARACTERISTICS FROM MAPS'AND.CLIMATOLOGICAL RECORDS

The twelﬁe physiographic and climatic characteristics used in the

regression anal&sis that was part of the evaluation for Maryland and

Delaware (Forrest and Walker, 1970) iﬁcludé the_followiﬁg:

A,

st,

53,

draiﬁagg area, in sguare mileé{ cdntributiﬁg ﬁo surface runoff,
derived from.topographic‘mabs.and shqwn in thg 1atast;U.S.'
Geological Survey streamflow report,. |

main channel siope,_in fee; per mile compufed by the 85~ to
10~percént method (Bengon, 1962);

sitream length, in miles; measured élong the main channel from
gage to basin dividg,

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

area of-lakes; ponds, and swamps, in. percent of contributing .
drainage area, measured by the grid sampling method,

forest area, in pafcent of contributing drainage area, meas-

ured by the grid sampling methods,

s0il index, a relative measure of potential maximum infiltra-

tion capacity in-inéhes, estimated from data provided by the

'U.S8. Soil Conservation Service,

mean annual precipitation in inches, from The National Wemther

- Service, "Climates of States;" grid sampling method. used om .

isohyetal maps,

. ~26-



.-124,2, precipitaﬁion'inténsity; maximum Zﬁ—hohr fainfall, in
inches, expected oﬁ,the averape of once every 2 years;
esfima;ed frﬁm U.s. Weaﬁhgr ﬁﬁreau-TechnicalaPaper 29;

Sn, mean annual snowfgll,rin'iﬁcheé, from Iﬁe Nétional Weather
.Service,“CiimateS'of Statés,"‘ - |
T1, méan miniﬁum‘January‘teﬁpérature,_in'degrges Faﬁrénheit,
| from The National Weathe£:8ervice, ”Climafes of States,“.aﬁd
T7, mear; maximum July temperature, in degrees Tahrenheit, from
The Nationai Weather Servicé; "Climates of étates."

Vélues for these twelﬁe basin ;haracteristids for each of_phe
20.gaged basins used in this investigation are available from the
U.5. Geological Survey computer file,‘Streamflow/Basin Character—
istics, and ére published in previous reports (Forrest and Walker,
1970). The hydrologic significance of each basin characﬁeristic
is discussed in ﬁrevious reports (Benson, iQﬁZ;lThomas and Benson,
;970). Identical values were used in thisﬁinvestigation and in

the original streamflow data evaluation (Forrest and Walker, 1970).
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REGRESSION ANALYSIS
Relations Bétweeh'streamflow_charaéteristics {dependent variables)

and drainage basin characteristices (independent variables) were -derived

. by multiple linear regtessien analysis. This analysis provides:an equa-

tion of the statistical relation Betwéen a streamflow characteristic,

and selected 5asin cﬁaracteristics. if also proyides a measdre of the
accuracy of the relatiqn'deﬁined for'the sample popuiation (knoﬁn as
the standard erfor of the estimate of the dependent variable, of simply
standard error ofnestiméte). Thelétandard error of estimate is a meas—
ure of the spread of the data about the line of relatibn. It is a sta-
tistical parameter such that the value of the streamflow characteristic
estimated with the equation for 2 out of 3 gaging stations will, on the
average, plot within one standard error of the curve of relation. In
addition the wvalue for 19 out of 20 gagigg stations will plot within

two standard errors of the curve.
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-}If-equations are calculated for each of the 40 streamflow character-

.istics using the 20 gaged basins in the study area and 12 basin character-

iétics derived fro@ maps only, pﬁen thesé équations are ;omparable to.the
equations derived in streamfldw pfogrgﬁ evaluation‘fof.ﬁaryland and
Delaware (Forrest and ﬁélker, 19705 aﬁd coﬁstituﬁe“é éontfol grbup for
experimentation. Thé standarnd errof éf estimate,williprovidé a measure
of the accurécy of.the eéuation. If équatioﬁs aré thén calcﬁlﬁted.foﬁ
each of the 40 streamflow cha;acte?istics_from the same 20 gaged basins,
the same 12 mapmderiVEd‘basin éﬁaréctefistics, and 4 bésinrchéréctéf-
istics derived from Landsat imagery in thersame analysis, thén these
equations constitute an expgrimental group for.testing ﬁhéractéristics
derived from Landsat. The new standard erfor of estimate will provide‘
a measure of the accuracy of the new equation. Any ;eduction in tﬁev
standaxd error of estimate between a new or experimental equation and

an old or control equétion represents an increase in thg accuraéy of the
estimate of that particular streamflow characteristic,. The improvement
is due solely to including bagin charaéteristics derived from Landsat

imagery.
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'Caiculations fequired fofﬂthé sﬁebfbtward‘regtession analysis were
performed by digital comﬁuter ﬁsing a gfoup of computer programs knowﬁ
és STATPAC. The program group eiimin§teé éﬁy indefinite values from'the
dependent variables, added a very‘smaii,constant (O:QOOi)lto'thoge var—
iables which mighﬁ be expeéte& to golgq zéro.and tfanéformad ail dependeﬁt
variables and four independent vériables to their loggrithms.j 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 coﬁputed a set of equations by sta:ting_with
the most effective independent variable then adding the next most effec-
tive variable and additional variables_until the accuracy of the equation
was not significantly improved by any additional variablesL» After com-
puting each equation. it provided. several parameters inecluding reg;eSsioﬁ
constant and coefficiénts, multiple correlation cpefficient, standard
error of estimate of the dependent variabie, and percent of the total sums
of squares of the dependent variable-tﬁat.are_explained. In addition,
the progrém tébulated.the‘obsarvéd, the ealculated, and the residual of

each streamflow characteristic (dependent variable) for each of the 20 -

“basins. -
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The streamflow characterisfics'(dependent variable) used in the

regression analysis for the streamflow data evaluatlon for Maryland and

Delaware (rorrest and Walker, 1970) were defined at 105 gaglng stations
and 1uclude the full range of flow. ZIn cdmputing these chafacteristics,
frequency curves were not extrapolatéd béyond twidé the 1ength'6f
recofd. Thésé characteristics inciﬁdé the following:

PT, annual.flood peék,-in cubic:feét per second;'of T—year recur-
‘rence interval' the recurrence intervals of 2, 5, 10, 25, and
50 years. are denoted in thlS report as P2, P5, P10 'P25 and
P50 tespectively,

QA, mean énnﬁai dischafge, in cubic feek pér second, defined.as
the mean of_the anﬁual means,

SDA, standérd.deviation of mean annual discharge, in cubic feet per
segand,

QM,Imeaﬁ-discharge for the.Mrcalendar—montha‘in cubic feet per
second; the M refers to the numerical qrder of the month begin-
ning with jaﬁuary as.l,.

- .8DM, standard dgviatinn nf'ﬁean.discharge for M-calendar-month, in
cubic feet ﬁer second, the @ refers to the numerical order
of thg month begipﬁing with Jaﬁua:y-as 1,
MD,T, low-flow characteristics are the annual minimum D~dayrmean
_floW'for_$~yegr recurrence intefval, in cubic feet per second, | -
VD,T, flood volume characteristics are the:annual maximum D-day ' _ %
mean flow for T—year recur;ence_interval,'in_cubic-feet per

second, and
D50, discharge, in cubic feet per second,:exceeded 50 percent of

the time.



..Yalueé.for the.40 streamfiow'characteristics'forveach of the ZO
gaged basins used in tj.hié :i."nve-stigation.are available frpm the U.5.
Geological Survéy computer file,fStreémfioﬁ/Basin Characteristics.
Identical values were used in this'iﬁ;éstigation apd in.the brigin&l

streamflow data evaluation (Forresf and Walker, 1970).‘ ,
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REGRESSION EQUATIONS

Tables 3; 4, and 5 summafizé the results of the multiple regression
analyses. These analyses definad'matpemat#cal equations of the form:
log Y. = b(1) log X(1) + b(2) "log.-:X(Z)..... + b(n) 1og X(n) +a+ b(n+l)
X(atl) + b(at2) X(t2).., + b(m) X(w) | |

or its equivalent form: -
b(L)

¥ = X(L) x(2)b(2) .o .x—(n)

X(ot2)... + b(m) X(m))

bn), (a + b(oHl) X(ntl) + b(a+2)

where Y represents a streamflow characteristic, X(1) to X{(m) represent

»asin characteristics (where numbers in parentheses designate numeric

order in a series), a represents the regression constant, b{(1l) to b(m)

represent regression coeffiéients. In the program group, %(1l) through
X{(n) were log transformed while X(n+l) through X(m) were not log trans-
fbrmed prior to calcul#ting equations. Basin characferistics (independent
variables) sﬁch as drainage area (A) and stream length (L) which ﬁave a
larger range in Qalues than other independent variables‘fo; thg.20 baéins
weré log transformed. Those with a smgll raﬁge were not log transformed.
No consideration was given in this study to the appropriatgness of a
regression model usiﬁg solely logarithmic transformé, or.to the reason-
ableness of the exponents of characteriétics included in derived equa-

tions. Rather, a simple test Lo isolate affects of characteristics de-

 tived from Landsat by adding them to an existing data matrix and observing

the changes in derived equations was performed.
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In the £ables the first;columﬁ indicates the streamflow character-
istic. 1In tables 3 and 4, the second column presents the number of
basins out of 20 that wére used‘in.thg ;egression‘analygis.‘ The next
set of columns show fhe computed.regféssiAR constant'aﬁd the regression
coefficients for those independent vé;iaﬁles foundntd‘be statistically
significant #t the 95'percent levei,rand which signiﬁicantly'improﬁed

the accuracy of the equation.
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Table 3.-—Control group‘equatinns relating streamflow characteristics to physiographlc and climatie

chﬁracteristics of drainage basina as determined from maps and climatological records.

. Ab(l)sb(Z)Lh(S)Eb(ft)lo(a + b(5)St + B(6)T + b(7ISL -+ b(8)P + b(I)I24,2 + b(LO)Sn + B{1L)TL + b(12)17)

Tlow

Humbex Reéress— : _
charac- of basins ion - Regression coefficient for indicated basin characteristie
teristic used congtant ] ’ :
X : a A s L E st F . si- P 124,2 Sn 71 77
P2 20° 3.666 0.806 : 0.618 -0.963
B5 20 - 10.065  0.754 : . -D.183
P10 20 10.931 0.727 ‘ © -0,198
P25 i8 ~21.546 . 0.447 , ~0.007 | 0.280
250 9 40155 0.499 ‘ 0.492
QA 18 ~1.581 0.984 : 0.188 - 0.387
spA 18 0415 1.019
Q10 18 -0.209 0.908
:Q11 18 -2,003 . ‘0.961 - 0.432 0.030
Q2 18 ~1.690 1.022 0.272 - 0.364
n 18 la.ora .03 | 0.131 0.289
Q2 18 ~0.891 © 1.014 oy 0.025
3 18 -1.158 .08 3 % 0.032
o4 18 0.763 0.980 é 2 | 0.291
. Q5 18 . 0.036 . 0.973 _ ' o E _ |
. (g
. e
H 5
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Table 3,—Control group equa&ions relating streamflow characteristics to physiographie and elMmatic

v = Ap(l)sb(Z)Lb(S)Ebik)io(a + bS8t + B6IF + b(7)51 + b(EI? + b(3)124,2 + B(L0)Sn + B(IL)TL + b(L2)T7)

characteristies of dralnage basing as determined from maps and climatological records-Continued,

Flow

Régress—

¥OOd §1 DVd TVNIDIEY
FHY J0 ALITIEIONACURE

18

e s by

charac= ofﬂ;:ggzs fon Regressilon cdefficient for indicé;ed basin characteristic
teristic used " constant : _
s - a A L E st ¥ St P 124,2 Sn T 17
06 18: -0.141 0.987
Q7 18 ~0.162 . 0.917
Q8 18 -0,078 1.028
Q9 18 -2.866 ~ 0.860 0.598 0;043
spi0 18 -3.457 0.951 0.112
b1 18 -0.318 1.069
. 8D12 18 ~0.308 1.116
‘81 18 ~0.185 . 1.089
5D2 18 .0.228 1.083 -0.023 -
803 18 - ~2.529 - 1.049 0.089 ~0.466
so4 18 ~0.162 1.060
" 8D5 18 -0.261 1,035 _
* 5D6 18 -0.935 | 2.052 ) _
807 18 ~1.016 0.973 ' 0.042
' SD8 - ~0.154 1.150
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Table 3.--Control group equations relating streamflow characteristics to. physiographic and climatie

characteristics of drainage basins as determined f£rom maps and climatologleal records-Gontinuved.

fﬂ)man)MQ m+bﬁmt+MmF+Mna+bww+bwnng+bumﬁ+bunnwbunw)
= S L E 10

.D50

;hzi;g- ofugggizs- REEE:SS“'. Regression coefficlent for indicated.basin characteristic
- beristic used constant
Y : a A L E st F si P 124,72 Sn'. Tl 17
' spg 18 ~0.342 0.914 0.059 ~0.478
7,2 17 S -1.389 1,953
A 17,10 16 ~4.857 4,957
ﬁ7,2q 15 —24.151 4,279 5.704
3,2 10 - 0.770 1.080
v3,25 10 - 1.00% 1,327 -0.068
v7,2 7 - 0.626 1.071
V7,10 17 0.919 1,058
V7,25 10 - 0.900 1.131
11 0,451 1.691




Table 4.~—Experimgntal grnup'equat_:ions relating streamflow characteristics to physilographic and elimatic characteristics

of drainage hasiﬁs ag determined from maps, eclimatologlcal records, and Landsat imagery.

B h(l).:b(z) b BMA), (o + DISHSE + BT + (7)1 + b(BYP + B(9)I24,2 + b(10)Sn + b(LL)TL + b{12)T7 + b(13)Vau + b(LAUE + HL5)Urv + b(L6)UW)
=478 L ’ : ‘

;. di‘:lﬂgi:‘j o fugzzz:is :RE?EiSS”' . - Regressilon coefficient for indicated basin character‘ist‘lc *

* terdstie " used constant - . .

Cy : a . A 5 L E st ¥ oosi P 124,2 Sn  TL 7 Vau UF  Urv Tw
P2 - 20 4,451 0.717 0.514 ~0,008 -0.083 _ 0.009 -0.148
®5 20 © 5.349 0,964  0.570 - -0.092 . © ~0.254

P10 20 -5.331  0.569 ' . -0.126 _ 0.153 . =0.246

4, P2S 18 -21.546 - 0.447 ~ -0.007 . 0.280 :

.o

_ P50 9 40,155  0.499 - : : - : - . 0.492
RN 18 -1.581 0.984 . 0.188 . 0.387
'spa 18 C-0.415  1.018 : |
QL0 © 18 .- =0,209 0,908

TGl 18 0.049 ° 0.999 -0.004 = &
Q12 - 18 . - =~1.690 - 1.022 . 0,272 . 0.364 g%’

Dol - 18  ~1.074  1.031 0,131 , 0.289 EE%

@ S 18 . -0.801 .04 - . 0.025 SSE

S 18 -1.159  1.018 : | : 0.032 a2 E

L% © 18 . ~0.763 0,980 ‘ 0.291 @

: é" 9
v = R
. b




Table ls.——Expét-:iment:al _grdup equations relating streamflow characteristies to physiographic and climatic characteristics

: of 'draina_ge basins as determined from maps, climatological records, and Landsat imagary-{:o;ltinued-

Ab(l) b(2) b(3) bB(4) €a + b(5)St + b(6)F + b(7ISL + b{8)P + b(9)T124,2 + 1{10)8n + b(L1)TL + bL{12)T7 + B(13)Uau + b{1HUE + L{15)Urv + b(16)Uw)
§ & E 10

Flow Number - Regress—

charae~ - of basins ion ' Regression coefficient for indicated basin characteriatic
teristie used constant .
Y a - A s L E st F si P I24,2 . Sn TL 17 Uau ~ UE  Ury Uw
Q5 ¢ 18 0.036  0.973
Q6 ;é o2z L.o48 0.007 : ~0.011
L 18 ~0.076 0,998 _ ~ -0.009
a8 18 1,393 L.024 o | | 0.425 | | ~0.003 .
L Q0 18 -0, 022 '.0;954 } : ~0.008 0.154
T spio 18 ~3.457  0.951 ) S RLT)
sn;i 18 -0.318  1.069
D12 18 -0.308  1.116 .
SDL -~ 18 -0.140  1.074 ' _ . : 0.077 -
sp2 18 -0.268  1..073 ) ' 0.004
§p3° 18 -2.529  1.049 : : 0.089 ~0.466
SDA 18 -0.162 1,040
D5 18  -0.261  1.035
sp6. 18 “0.035 2.052 |
sD7 o8 -0.819  0.998 - 0.007

SDB 18 -0.154  °1.150



Table 4.—-Experimental group equations relating streamflow characterlsties to physiographic and climatic characteristics,

of dr:'ainagé basins as determined from maps, climatological records, and Landaat imagery-Continued.

: Ab(n'sb(z)Lb(g)Eb(:.)m(a + B(5)SE + b(6)F + b(7)5L + b(B)P + b(9)T24,2 + b(10)Sn + BALITL + b(12)T7 + b(13)Uau + b{I4)UE + b(15)Urv + b(16)Uw)

Y =
chagigf _ o_ng?;gz:s R?izssé- Regression coefficlent for indicated basin characgeristic
teristic used constant : ] : :
Y . a A 5" L B St F 81 P 124,2 Sn TL T7 Uau U - Trwv Uw
sD9. 18 0,342 0.914 '0.059 s ~0.478
7,2 17 -e5.603 2.121 | - - oo
7,10 16 4.760 5.543 0.005 ' -0.008
M7,20 . 15 ~24.151 4,279 5.704 |
é 3,2 10 0.850 1,085 ’ 20,183
v3,25 10 1,001 1.327 _ -0, 068
v, 1 0.651 1.047 . -0.092
| ,-\ri,l_d B 0.919 1.058 %é‘
v7,25 0 L8 EEC -0.002 é” g_}* -0.097
pso- 1l —0.451  Lem . . & E‘;:.
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 Table 5.--Comparison of equations as to change in standard error of estimate of the streamflow character-

istic resulting from use of Landsat—derived basin characteristics..

5. E.: _étandard'arror,‘in‘pe:gant.

£,S. E,: improvément.in standard error, in percent, caused by addition of Landsat-derived

characteristics.

‘Flow Independent variables S;E;, - | NS.E.,
charac- included in log units . ~ in percent ® in percent
teriétic ' .

Y :;Control gfoup Experimental group - Control Exper. - Control Exper.i_
P2 A; B 124,2 A; By F; P; UE; UW  0.159  0.092 - 37.4 - 21.2 43.3
P5 A3 P A; 3 B3 Uw 0,197 0.134 46.5  31.5 32.2
P10 AP A; B3 T7; Uw 0.205  0.149 49,0 34.9 28.8
pés Ay Fy T7 A; T3 T7 0.154 0.154 36.3.  36.3
P50 A TT A; 7 0.229  0.229 51,1 5L.1
QA A; B T24,2 A; E; 124,2 - 0.054 0.054 - 12.8  12.8

© SDA A A 0.088 - 0.088 20,1 20.1
QL0 A A 0.149  0.149 28.8  28.8 o
QL1 A; 124,25 Sn A; UE | _0.098  0.111 . 23,0 25.8 12.2"
Q12 A; B; T24,2 A; B; T24,2 0.045 0,045 10,2 10.2
QL Ay B; 124,2 A; T3 124,2 . 0.047 0.047 10.8  10.8
Q2 Ay P NS . 0.054 - 0.054 - - 12.8  13.8
Q3 A P Ay B 0.062  0.062 143 14.3

e AL -



Table 5.--Comparison of equations as to change in standard error of estimate of the streamflow character-—
istic resulting from use of Landsat—derived basin characteristics-Continued.

8. E.: Standard error, in percent.:

AS, Bt Improvement in standard error, in percent, caused by addition of Landsat-~derived

characteristics.

Flovw N E Independent variables ' K S.E., . AS.E.,
charac— ' ~inecluded : in log units _ ~in perc_ent_‘af .in percent
teristic . "

Y Control group Experimental group  Control Exper. Control  Exper.
Q4 A; 124,2 A; 124,2 0.078 0.078 17.1 . 17.1
L Q5 A A | 0.120 0.120 280 28.0
Ry - Q6 A A; F; UE 0.153  0.097 36.2 22.8 . 37.0
Q7 A A; UE ©0.238  0.168 57.2  39.6  30.8
Q8 A A; I24,2; UF 0.134 0.106 31.5  24.6 21.9
Q9 A3 124,25 Su A; Uf; Uw ~0.136 0.102 31.9  23.8 25.4
- 8D10 Ay TL A; T1 ~ 0.159  0.159 - 37.2 37.2
- 8§Dl A A 0.165 0.165 - 39.0 39.0
SD12 A A - 0.139  0.139 32.5 32.5
SD1 A A; Uw ‘ 0.083  0.073 19.3  17.0 11.9
sD2 A A; UE 0.102  0.101 23.8  23.5 . 1.3

]
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Table 5.--Comparison of equations as to change in standard error of estimate of the streamflow character-
istic resulting from use of Landsat-derived basin characteristics-Continued,

S. E.: Standard error, in percent.

A S. E.: Improvement in standard error, ° percenﬁ, caused by addition of Landsat-derived
characteristics. '

Flow. ‘ - Independent wvariables - ' 5.E., ‘ ‘ " AS.E.,
charac- -' : included _ in log units ~ in percent?® in percent
teristic o _ A .

Y - Control group Experimental group Control Exper. Control  Exper.

SD3 Ay P; 124,2 A; P 124,2 0.084  0.08% o194 - 19.4

SD4 A A 0.088  0.088 20.1  20.L .

SD5 - A A © 0.106 = 0.106 2.6 24.6

8D6 L L _ 0.158 0,158 37.0  37.0

sb7 A; Sn A; Uau 0.225  0.213 54,0  50.8 5.9

SD8 A A 0.160  0.160 37.5  37.5

SD9 A} B; Sn A; E; Sn - 0.158  0.158 ©39.5  39.5

M7,2 L L; UE | 0.482 0.388 136 102 25.0

M7,10 L. | TS N 1.220 0.825 _ No meaningful equation

M7,20 Ly 124,2 L; 124,2  * - 1.264 1,264 No meaningful equation
A A; Uw ! 0.127 0.051 29.5  12.0 59.3

V3,2
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Table 5.--Comparison of equations as to change in standard error of estimate of the streamflow character-

istic resulting from use of Landsat-derived basin characteristics-Continued.

§. E.: Standard error, in percent.
Improvement in standard error, in percent, caused by addition of Landsat~-derived

AS. E.:
characteristics.

Flow Independent variables 8.E., : . AS.E.,
chatrac- - incliuded in log units in percent?® in percent
teristic

Y _ Control group Experimental group  Control Exper. Control  Exper.
V3,25 A; St . A; St 0.112 0.112 . 26.1 - 26:1
V7,2 A A; Uw 0.088 0.073 20.1 17,0 15.4
V?,lO A A : -0.114  0.114 26.4 26.4
V7,25 A Ay Fy Tu . 0.094  0.048 21,9 10.8 - 50.7
L L ‘ © 0.181 0.181  42.8 42.8

D50

a
. Standard error, in approximate equlvalent _percent, calculated from standard error in

1ogar1thm1c units (Thomas and Bemson, 1970, p. 31).

bStandard error increased by 12,2 percent‘ equation not 1mproved
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Téble 5 summarizes the differences between independent variableyu
included in the cqntfol and in the experimental equations. The standard
error cf each equation is given in 1ogarithmic units and alsc in approx-
imate equivalent percentage. The percentages are actually the arithmetic
averages of the plus and minus percentages about the mean calculatea from
the standard error in ;og units. . Thps, an average standard error of 24.4
percent represents a deviation of 27.3 percent on the plus sidé 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 frqm Landsat were included in‘the experimen-
tal group of .equations. The change is expressed as a percentage of the
old (control group) standard .error in log units.

The value of the changé is given for all equations computed except
the 7-day, l0-year low flow, and the 7-day, 20-year low flow. The stan—
dard errors for these equations were not significantly less than the
standard deviatipns of the values of the dePendent variables..

An dimprovement in the accuracy of the control group equations is
'éohsidered substantial when there is at least a 10-percent reduction in
the standard error of estimate of the control group equations by includ-

: iﬁg basin charécteriStics derived'froﬁ Laﬁdsat.iﬁégérﬁ. Table 5 shows
_that»the standard errors of 15 out of 40 equations were changed. TFourteen
éﬁﬁé£ions were improved and one eqdatioﬁ was mot impfoved. Among the

14 equations improvéd, 12 were improved by at least 10 percent.
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OCCURRENCE OF VARIABLES IN EQUATTIONS

Table 5 shows that variables derived from Landsat werc included 18

times in the experimental group equations. The most often used var—

iables were forest and water as indicated below:

Streamflow
characteristic Total Number
group - | - of equations
High - 10
Average' | _ 14
Low ’ 3
Variability 13

All characteristics 40

Uaun

1

1

Uf

1

1

9

Number of times that

indicated variable

Uxv

0

0 -

0

occurred in equations

Uer

1
8

Forest, Uf, was included in 5 out of 14 equations for streamflow char-

acteristics describing average flow. The coefficients (table 4) for
forest are rnegative and imply an inverse relation between forest cover
and mean monthly streamflow for summer and early fall months in the

study area. Forest was also included in 2 out of 3 equations for low

flows. In both. cases the coefficients aré also negative, implying an

inverse relation between forest cover and annual minimum 7-day mean

flow. .

b



Water, Uw, was included in 6 out of 10 equations for high flows.

In all 6 occurrences, the coefficients for water are negative, implying
an inverse relation bétween water and flood peaks and volumes with less
than 25~y;ar recurrence. Water as defined and measured in this investi-
gation is considered to be a measure of surface water storage.

Combined agricultural and urban land use, Uau, was included in only
1 out of 13 equations for flow variability. Riparian vegetation, Urv,
as defined and measured in this investigation was not included in any
of the equations for streamflow characteristics.

Inferred hydrologic signific mce was u;ed in the initial selection
of all basin characteristics. However, the basis for includipg any
characteristic in an equation is primarily statistical. The inter-rela-
tions 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. Despite the inability of the relations to describe the
fundamental causes of streamflow variations, the basin characteristics
frequently imcluded in the equations are numerical measures that are

related to the flow variations.
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Regression analyses were performed with both measures of forest,
T (mapwderived) and Uf (Landsat-derived), and surface water storage, St
(map-derived) and Uw (Landsat—derivéd), in the data matrix., This exped-
ient was expected to result in one measure being replaced by ihe other
where significance was obtained. In 3 cases (P2, Q6, and M7,10) how-
ever, the inclusion of Uf generated the inclusion of F. In all 3 cases
the exponents of F and Uf are of opposite sign, Because the simple corre-
lation coefficient of F versus Uf is 0;82; inclusion of béth in the
derived equation tends to'cancel their effect and makes the computed stan-
dard error suspect. 4 conclusion which is étill valid for the 3 cases.
however, is that Uf is a more powerful characteristic than F; otherwise,
¥ would have appeared in the control group egquations. Where only UE
appears, the standard error improvement criterion is valid as a demon~

gstratable effect of using Landsat-derived data.

Concurrent appearance of St and Uw did not occur. The simple corre-

lation coefficient of St versﬁs Uw is 0.02, and the two determinations
were completely independent. |

F and St were included in only one control gfoup eqdatioﬁ each.
In contrast to this, Uf and Uw ﬁere included in 9 and 8 experimental

group equations, respectively. Accordingly, Uf may be a more reliable
measure of forest cover in the study area than ¥, and Uw may be a more
reliable measure of basin storage than St. If so, the frequent inclu-

sion of Uf and Uw in the experimental group equations is consistent

with the frequent inclusion of F and St in equations for the Potomac
River basin immediately west of the study area (Thomas and Benson,

1970).
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In the Potomac River basin study, however, F was included in 11 out
.of 14 high flow equations and in only 2 out of 15 average flow equations.
These results appear inconsistent with results of this investigation un-
less differences in the avefage physiography of the two study areas are
considered. Im the flat, sandy vnrrz-m of the Delmarva Peninsula,
forest should be more closely related to evapotranspiration and therefore
to low flows as well as mean monthly:flows for summEf_and £all months.
In the hilly, rocky terrain of the Potomac River basin, forest should be
more ¢losely related to steep untillaﬁle slopes and tﬁerefore to flood
£lows.

The basin characteristic ripa:ian vegetation, Urﬁ, was not accurate-
ly isolated during image analysis, and it contains considerable upland
vegetation. This may be the prinﬁipal.réason why riparian vegetation

was not included in any of the experimental group equations.

~4,G



SUMMARY AND CONCLUSIONS

This study tested the usefulness. of basin characteristiecs derived
from Landsat imagery for impfoving 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 om 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 sys—
tems employing £ilm density-discrimination tedhniques; Other hydrolog-
ically-significant characteristics may be extracted 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 program were the same characteristics used in the original
streamflow data program evaiuation (Forrest and Waikef, 1970). They cover
a wide range of characteristics found to be significant in séveral pre-
vioﬁs studies and include, contributing drainage étea, maiﬁ.chanﬁel slope,
stream length, mean basin elevation, area of lakes, ponds, and swamps,
forest afea, gsoil imnfiltration index, mean annual précipitétion; preciﬁifa—
tion_intensity, snowfall, and mean minimum January an&_méan maximum July

temperature.

50—



The streamflow characteristics Jocived from the records of 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 planming 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 montthly
discharges, standard deviation of the ﬁean monthly discharées, low-£low
characteristics, floéd volume characteristics, and the discharge equalled
or exceéded 50 percent of the.time..

These streamflow characteristics were felated to the basin char—
acteristics o6f the corresponding.zo drainage basins by a technique of
multiple regression using a digital computer. A control group of equa-
tions was compufed using basin characteristics defived From maps and
climatological records. An experimental group of equations was computed
using basin charaéteristics derived from Landsat imagery as well as from
maps and climatoleogical records, The standard errof of estimate of the
ﬁwo groups of equations was compared to see if any reduction in standard
error could be considered a substantial improvement upon the original
equations. | |

Based on a reduction in standard error of estimate equal to or
greater than 10 percent, the eqﬁations for 12 streamflow characteristics
were. substantially improyed by adding to the analyses basin characteristics
derived from Landsat imagery. These improvements are suﬁmariZed in

table 6.
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"Table 6.—-Twelve streamflow characteristics and corresponding standard

errors reduced by at least 10 percent.

Standard error,

in percent Change in
Experi- = standard error,
Control mental in percent of
Streamflow characteristic . group group control group
P2, annual flood peak of 2-year
~ Tecurrence 37.4 21.2 , 43,3
P5, annual flood peak of S5-year |
recurrence 46.5 31.5 - 32.2
P10, annual f£lood peak of 10-year v
recurrence 49.0 34.9 28.8
Q6, mean monthly flow for June 36.2 22.8 37.0
07, " " " July 57.2 39.6 . 30.8
08, " " »" " August 31.5 24.6 21.9
Q9, " "o " " September 31.9 23.8 2504
5D1, standard deviation of mean .
flow for January o 19.3 17.0 11.9
M7,2, annual minimum 7?day mean - o
flow for 2—year fécurrence 136 102 25.0
V3,2, annual maximum 3-day mean A
floW‘for 2-year recurrence 29.5 iz.0 59.3
V7,2, annual maximum 7-day mean
flow for 2-year recurrence 20.1 17.0 15.4
V7,25, -annual maximum 7-day mean
flow for 25-year recurrence 21.9 10.8 , 50.7
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Improvements occurred in all flow regimes. The basin characteristics
derived from Landsat imagery that were included most frequenkly in the
experimental group equations are forest, Uf, and water, Uw. It is possible
that these two characteristics are more reliable measures of forest cover
and basiﬁ storage than F and St used in the prévious streamflow data eval-
uation for Maryland and Delaware (Forrest and Walker, 1970).

| By comparing the reduced standard ertor of each streamflow character-
istic with the accuracy goal for that characteristic, it is possible to
judge thé degree ﬁo which some goals can.be aéhieﬁed by &sing basin.char—
acteristics derive. from Landsat imagery. In those cases where the goals
can thus be achieved, the streamflow data collection effort can be re-

directed to areas of higher priority.
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